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Abstract 

Aortic stent graft devices are required to treat patients with life-threatening vascular 

disease. These devices depend on superelastic Nitinol material for their ability to be 

delivered through a minimally invasive endovascular approach and then to self-expand 

for long-term implantation at the target site. In this safety-critical application, Nitinol 

stent components are subjected to challenging in-service conditions in terms of thermo-

mechanical loading. Characterization of the materialôs response to these loading 

conditions is therefore essential for its safe and effective implementation in the design of 

medical devices. 

This thesis reports material characterization work performed on superelastic Nitinol stent 

wire under conditions relevant to its in-service application. The product life cycle of 

Nitinol stent graft components is investigated, highlighting the importance of the 

materialôs bending behaviour and the associated tensile and compressive mechanical 

responses.  

With tensile behaviour and test methods already well established for Nitinol, the work 

first focuses on developing a method for compressive testing of representative Nitinol 

wire material, building on a previous method to enable testing to higher strains. This 

allows characterization of the material in compression for thermo-mechanical loading 

representative of large compaction deformations, in-vivo cycling and different 

temperatures seen during production, sterilization and implantation. The results also 

allow a clear understanding of the materialôs tension-compression stress-strain 

asymmetry, which is essential to understanding its bending behaviour. This investigation 

concludes with a feasibility study into a novel compression test method developed by the 

author, using short wire samples with high-resolution ómicrotesterô equipment to obtain 

improved results. 

The work then focuses on development of a test method for bend testing of thin Nitinol 

wires to investigate the load response to in-service deformations at relevant test 
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temperatures. This allows characterization of the wireôs load-history dependent bending 

response, whereby the force exerted at a given deflection during unloading depends on 

the maximum deflection during loading, with interesting application possibilities for 

stent components. The testing also allows the materialôs temperature dependence, cyclic 

behaviour and large deformation response in bending to be studied. 

Following this, full-field strain measurement of thin Nitinol wires in bending is 

presented, achieved through application of 3-D microscopic Digital Image Correlation 

(DIC) technology. The development of a novel test method, together with extensive data 

analysis, provides results for characterization of the materialôs complex bending 

behaviour, allowing new insight to its tensionïcompression asymmetry, localised 

deformation, load-unload strain hysteresis and load-history dependence of strain state in 

bending. This testing provides useful quantitative characterisation data including neutral 

axis eccentricity at high bend deformations.  

Finally, Abaqus FEA software is used to investigate the effectiveness of its in-built 

superelastic constitutive model for representing the Nitinol stent wireôs bending 

behaviour, and ultimately its suitability for use in stent design and analysis. The uniaxial 

stress-strain test results are used for input to the model, and then bending simulation 

results are compared against the experimental results, both in terms of force and strain 

outputs. Key findings include the modelôs inability to represent the strain localisation 

seen in bending experiments, leading to under-representation of the maximum strains for 

óintermediateô bend deflections, and also the modelôs under-representation of unloading 

forces at these deflections (unless input parameters are adapted to compensate). Despite 

these limitations of the model, the cyclic stiffness and strain changes in bending are 

shown to be reasonably well represented, validating it for its primary use in fatigue 

analysis of stent components.  
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Chapter 1: Introduction 

 

1.1 Context 

The nickel titanium alloy Nitinol has found widespread application as a medical implant 

material in the field of endovascular stents. Stent products are designed for delivery 

within a low-profile catheter to a diseased site within a patientôs vascular system, where 

they can be deployed and expanded to perform a life-saving function. Typically these 

devices are used to treat arterial aneurysms and occlusions.  

Nitinol has the ability to undergo large recoverable strains, and it is this ósuperelasticô 

behavior, together with its excellent biocompatibility, that sets it apart as the material of 

choice for self-expanding stent products. While a large number of self-expanding Nitinol 

stent designs are available on the market, they all rely on the same underlying 

mechanism: superelastic Nitinol in bending. 

One such design is the Anaconda stent graft, manufactured by Vascutek Ltd. This 

product is designed to treat Abdominal Aortic Aneurysms (AAAs), and utilizes a 

patented ring stent design. This stent, made by winding a thin Nitinol wire into a ring 

bundle, uses the large deformation bending of Nitinol to allow compaction into a small 

delivery catheter and then expansion at an implant site where it applies a radial force to 

seal and anchor against the artery inner wall. Further details of the deviceôs design and 

function are given in the óBackgroundô section of Chapter 2. 

In order to analyze and optimize the performance of endovascular products, stent graft 

designers need to understand the bending behavior of their specific Nitinol material as it 

relates to their particular application. For this reason, Vascutek established a 

collaborative project with the University of Strathclyde in order to characterize the 

bending behavior of the Nitinol wire used for their stent graft products.  
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In simple terms, when a structure is deformed in bending, the material towards its inner 

bend surface (intrados) is compressed while the material towards its outer bend surface 

(extrados) is tensioned. (There may also be shear stresses in the material, depending on 

how the structure is constrained and loaded). Therefore, in order to characterize the 

bending behavior of Nitinol wire, it is important to characterize the contributing tensile 

and compressive properties. As will be discussed in Chapter 2, the open literature 

indicates that the mechanical behaviour of Nitinol in compression is very different from 

that in tension, leading to complexities in stresses and strains during bending. It is 

therefore imperative that both the tensile and compressive properties are studied in order 

to understand the bending behavior of superelastic Nitinol components. 

Tensile testing of superelastic Nitinol is commonly performed, and there is a great deal 

of published literature available regarding the mechanical response of Nitinol wires to 

tensile loading. Indeed, a standard test method for tension testing of superelastic Nitinol 

materials is available (ASTM F2516). In Vascutekôs case, they have an internal 

procedure for tensile testing of their stent wire, and hold a considerable database of 

tensile stress-strain results (both from in-house testing and from supplier certification). 

However, compressive testing of medical-grade superelastic material to large strains is a 

greater challenge, and no standard method exists. Far less literature is available on this 

topic, and there is little published information that can be directly applied by device 

designers in their application of the material. In Vascutekôs case, they currently hold no 

compressive stress-strain data for their specification of Nitinol material, and all 

mechanical property specifications are currently based on tensile properties, despite the 

knowledge that the materialôs compressive properties will be considerably different.  

Clearly, then, there is a need for characterization of compressive and bending behavior 

of superelastic Nitinol wire that is relevant to its application in stent graft components. 

Another important factor in designing stent components is the growing use of Finite 

Element Analysis (FEA) tools as part of the design process. It is now expected that 
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regulatory submissions for new endovascular products will include FEA studies on 

critical components to support the durability safety case. Within commonly used FEA 

software packages such as Abaqus, constitutive models for Nitinol material are available 

that require input of numerous parameters for the thermo-mechanical properties. The 

accuracy of these inputs as well as the availability of experimental test results for model 

validation are vital to ensure reliable FEA simulations can be performed.  

In order to support the growing FEA requirements of the stent device industry, it is 

necessary to obtain accurate and robust experimental data that can be used for input to 

and validation of the Nitinol material models used for simulations of their stent graft 

components. 

1.2 Objectives 

The main objective of this work is to perform experimental testing on superelastic 

Nitinol material representative of the stent wire used for self-expanding stent graft 

devices, in order to characterize its behavior in compression and bending under 

conditions that are relevant to its in-service application. This will allow improved 

understanding of the structural behavior of stent graft products, enabling future analysis 

and optimization of designs. 

With Finite Element Analysis becoming more and more instrumental for the 

understanding and optimization of stent components, another objective of the present 

work is to provide experimental material test data for input to and validation of FEA 

models. In the knowledge that FE-based constitutive models can never perfectly capture 

a materialôs behaviour, an important part of the validation activity will be to evaluate the 

capabilities and limitations of existing models in relation to the design of stent 

components. 
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1.3 Thesis Layout 

In Chapter 2, a Background section explains the application and design of stent graft 

products and the required material specification for the Nitinol components, using 

Vascutekôs Anaconda device as a case study. This includes a summary of the productôs 

in-service life cycle, describing the conditions that the Nitinol components will be 

subjected to. This helps to focus the subsequent investigations on areas that are relevant 

to device application. 

The Literature Review then explores important experimental considerations when 

working with Nitinol, and looks at how previous investigators have approached 

compressive and bend testing of the material. The results from these tests are considered 

for any useful qualitative information they can provide about the material behavior. The 

review also includes a brief look at constitutive modelling of Nitinol for FEA, focusing 

on a material model that is widely used in industry for design of stent devices. 

The literature review also highlights novel areas of investigation for the present work, 

including the use of Digital Image Correlation to measure superelastic strains during 

bending of thin Nitinol wires. 

In chapter 3, uniaxial compressive testing of representative Nitinol wire is reported. This 

testing uses specially sourced material samples with test equipment at University of 

Strathclyde. The test regime is designed to obtain material data relevant to compaction, 

thermal processing, deployment and in-vivo loading of stent graft components. The 

compressive results are compared against existing tensile test results from Vascutekôs 

database, in order to gain a good understanding of the tensile ï compressive asymmetry 

of the material. The understanding of both tensile and compressive properties are applied 

later to the analysis of bending behavior. 

Chapter 4 then reports on 3-Point Bend Load-Deflection tests performed on thin wire 

material, using University of Strathclydeôs Bose 3200 machine for its low load cell 

capability. 3-Point bending was chosen as the approach most representative for 
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Vascutekôs stent components in service, and again the test regime was designed to be 

relevant to device application. In particular, the unloading forces in bending are relevant 

to understanding the forces exerted by the material in a stent when deployed in the body. 

In chapter 5, 3-Point Bend testing is again performed but this time using 3D Digital 

Image Correlation (DIC) to measure the surface strains during bending. Here, the 

development of a suitable test method is described for this novel application of DIC, and 

then the testing outputs are processed to obtain useful strain vs deflection results. These 

results are then analyzed using knowledge gained from the previous chapters to 

understand the stress-strain behavior of the material within the wire during superelastic 

bending. This analysis is used to explain load history effects in bending that had been 

highlighted by previous investigators at University of Strathclyde during FEA studies of 

Nitinol beams. 

 DIC is also used to measure strains on óFree-Bendô samples, in order to measure the full 

cross-sectional strain distribution for a given bend radius, including the neutral axis 

position. 

In chapter 6 the tensile, compressive and bending behavior data from the experimental 

testing are used for input to and validation of FE-based models. Here, Abaqus is used 

with its built-in Nitinol constitutive model. Following comparison of experimental 

results with simulation results, limitations of the FEA constitutive material model are 

discussed together with applicability to the design of Nitinol components for stent graft 

products.  

The FEA model of the Nitinol wire in bending is then used to perform additional studies 

of superelastic bending behavior to supplement the knowledge gained during 

experimental testing.  

Chapter 7 provides the main conclusions of the study and proposes recommendations for 

future studies with specific focus on the needs of stent graft devices. 



 

6 

 

Chapter 2: Background and Literature Review 

The practical application of the present work is to provide nitinol wire material 

characterization information for the design of stent graft components. This chapter aims 

to lay the foundations for this work, by giving background information on the following: 

¶ The application and design of stent graft devices, using the Vascutek 

Anaconda device as a case study 

¶ The nitinol material specification used for components of these devices 

¶ The óProduct Life Cycleô of the nitinol components 

Based on this background, the literature review then focuses on relevant work reported 

by previous investigators, in order to guide experimental testing and simulation work 

that will improve the understanding of Nitinol-based stent graft products and allow 

optimization of future designs.  

2.1  Background  

2.1.1 Stent Graft Design and Application: the Vascutek óAnacondaô Device 

In order to give the background to the present work in terms of stent graft design and 

application, a case study of one representative device will be used: Vascutekôs Anaconda 

stent graft.  

 

The Anaconda device is designed to treat Abdominal Aortic Aneurysm (AAA). An 

aneurysm is a local óballooningô of the vessel under blood pressure, caused by thinning 

and weakening of the vessel walls due to disease. If left untreated, there is a danger that 

the aneurysm will rupture which can lead to death within minutes. 

 

The Anaconda stent graft is a modular conduit used to treat aneurysmal aorta by forming 

a seal in healthy artery above and below the aneurysm region, providing an alternative 

conduit for blood via the polyester graft material. The aneurysmal vessel walls outside 

the graft conduit are thereby excluded from blood pressure, and so the danger of rupture 

is averted. Over time, the unpressurized aneurysm will typically shrink in size.  
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Figure 2-1 below shows the blood flow through a patientôs abdominal aorta before and 

after treatment with the Anaconda device, from CT scan images. The óPre-implantô 

image shows clearly the aneurysmal ballooning of the vessel under blood pressure. The 

óPost-Implantô image shows the metal stent components of the device, which are sewn to 

the graft fabric, extending between the abdominal aorta and the left and right common 

iliac vessels below, with blood now flowing through the device. Note that contrast agent 

is injected into the blood to allow visualization using CT. Therefore, regions of the aorta 

where there is no blood flow do not show up in the reconstruction images ï such as the 

aneurismal sac region in the ópost-implantô image. 

 

      

 

Figure 2-1: 3D reconstruction images of patientôs abdominal aorta before and after 

implanting an Anaconda stent graft device. Courtesy of Dr P Bungay, Derby, UK. 

 

Figure 2-2  shows an Anaconda device deployed in a glass model of an aneurysmal 

aorta. With reference to figure 2-2, the Anaconda device is a modular system consisting 

of a proximal body device and two distal leg devices. The body device has proximal ring 

stents that radially seal against the inner wall of the vessel lumen, and also has hook 

components that penetrate the vessel wall to provide anchoring against device migration. 

Pre-Implant Post-Implant 
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Distally, the body device has a bifurcation with two limbs. The  two modular leg devices 

are docked within the distal limbs of the bifurcate body device (again by stent ring radial 

force) and then seal distally in the left and right common iliac vessels. The graft fabric of 

the body and leg devices therefore extends from the aorta above the aneurysm region to 

the iliacs below the aneurysm and is held in place by the stents and hooks. This woven 

polyester fabric is impervious to blood as the blood flows through the device, and 

therefore the aneurysm is excluded. 

 

Figure 2-2: Anaconda device deployed in a glass model of an aorta.  

 

A key feature of the Anaconda device is that it is designed for endovascular delivery. 

This means that instead of requiring open surgery to implant the device, it is delivered 

using a minimally invasive approach via a small incision in the groin into one of the iliac 

arteries. Figure 2-3 shows the tip and sheath of the delivery system that are designed for 

smooth, atraumatic delivery of the device to the implant site under fluoroscopic 

visualization. Figure 2-4 then shows a micro-CT reconstruction image of the proximal 

body device shape when it is compacted within this sheath. 
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Figure 2-3: Anaconda delivery system tip and sheath 

 

As can be seen in figure 2-4, the stent graft device fits inside the low profile sheath (23 

Fr / 7.7 mm OD) by high deformation bending of the metal components (made from thin 

nitinol wire) into a compacted shape. For the ring stent components, this deformation 

occurs by being folded down into a steep ósaddleô shape. The hook components bend to a 

flatter shape against the sheath inner lumen wall. The graft fabric to which these metal 

components are sewn is also folded down during compaction. In this way, the whole 

body device is able to fit within the low profile sheath. Likewise, each leg device of the 

modular system is contained within a 18 Fr (6 mm) OD sheath for low profile delivery. 

 

Once the compacted device has been delivered to the required implant site within the 

aorta, the device must then be unsheathed, positioned and then released from the 

delivery system so that it will remain in the aorta for long-term in-vivo service while the 

delivery system is removed from the patient. Figure 2-5 shows an Anaconda body device 

attached to its delivery system after unsheathing. 
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Figure 2-4: Micro-CT scan reconstruction of compacted Anaconda body device inside 

sheath 

 

 

 

Figure 2-5: unsheathed Anaconda body device on its delivery system 

 

As can be seen, when the device is unsheathed, the metal components recover their 

shape so that the device opens up. The requirement for components that can be highly 

deformed for endovascular delivery and then undergo óself-expansionô during 

deployment is a key reason for the use of superelastic Nitinol material. 
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Once the Anaconda body device has been unsheathed, it can then be repositioned using 

controls on the delivery system handle, allowing the device to be accurately implanted at 

the desired site. Figure 2-6 shows how the proximal end of the device can be collapsed 

for repositioning and then re-opened when positioning is complete. As can be seen, 

collapse of the device involves the stent ring components being deformed into a steeper 

saddle shape, while re-opening unloads these components to a shallow saddle shape for 

contact and sealing with the vessel walls. 

 

 

 

Figure 2-6: collapse and re-opening of the Anaconda body device during re-positioning 

 

Figure 2-7 helps to clarify the design and function of the Anaconda device by showing 

labelled components.  Table 2-1 then explains the function of each labelled component. 
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Figure 2-7: Anaconda stent graft device, with key functional components labelled 

 

Component Function 

Tip At the leading end of the delivery system, this ensures safe passage of the delivery 

system over a guidewire through the endovascular approach. The tip has a smooth, 

bullet-shaped profile and has flexibility to allow passage through tortuous anatomy 

without trauma to the vessel wall. The injection molded tip component is made from 

80 % pebax plastic / 20 % barium sulphate material, for flexibility and radiopacity. 

Sheath During system assembly, the sheath is pulled over the device for compaction and is 

then attached to the delivery system handle, so that the folded device is held deformed 

within the sheath for endovascular delivery. In the procedure, the sheath is retracted 

by the clinician to deploy the self-expanding stent graft at the implant site. The sheath 

is made from pelprene with a stainless steel braid for flexibility with torqueability and 

kink resistance. It has a hydrophylic external coating for endovascular passage, and an 

internal PTFE layer to minimize device compaction and deployment forces. 

Control 

loop 

Control loops are part of the delivery system assembly, used to attach the device to 

the delivery system until final device release. Each control loop passes through an 

eyelet on the device, and is locked in place by a removable release wire. These loops 

are made from Polyethylene braid to provide tensile strength. 

Eyelet 

Control loop 

Release wire 

Hook 

Stent ring 

Fabric 

Distal 

bifurcation 

Tip 

Sheath 
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Component Function 

Eyelet The device has eyelets sewn to the fabric at peak and valley positions of the ósaddleô 

shaped rings. Each eyelet is made from monofilament sewn onto the fabric, providing 

attachment points for the device to the delivery system via the control loops. 

Release 

wire 

There are 2 release wires in the delivery system that ólockô the device to the delivery 

system by passing through the control loops that have been passed through the device 

eyelets. These release wires can be pulled out from the delivery system handle to 

release the device from the system. The delivery system can then be removed from the 

patient, leaving the implanted device in the vessel. The release wires are made from 

mechanically polished Nitinol wire to accommodate the large strains experienced in 

compaction and to allow for low-friction withdrawal. 

Stent ring The stent rings are made from multiple turns of thin straight-set Nitinol wire. They are 

designed to fold down into a compact shape for delivery within a sheath, and then to 

self expand at the implant site with adequate radial force. The main function of the top 

2 stent rings is to hold the device in sealing contact with the vessel wall, so that blood 

will flow through the device without leaking past the device into the aneurysm sac. 

The rings also provide radial force to push the hooks into the vessel tissue for device 

anchoring. All stent rings on a device also have the function of holding the graft fabric 

open, providing a patent lumen for the blood to flow though. The stent rings have a 

Chemically Etched surface finish for corrosion resistance. 

Hook Hooks are sewn onto the fabric at the proximal end of the device, with points 

protruding at the 2nd ring peak and valley positions. Together with the sealing rings 

radial force, these hooks act to anchor the device in the vessel, preventing axial 

migration of the device over time. The hooks are made from Nitinol to accommodate 

large strains during compaction. They are Electro-Polished for corrosion-resistance. 

Fabric The woven polyester fabric is impervious to blood and has sufficient strength to 

maintain integrity under blood pressure, providing a conduit for blood flow through 

the aorta and iliacs in order to exclude the surrounding aneurysm. 

Distal 

bifurcation 

The fabric body has a distal bifurcation, providing docking zones for the two leg 

devices to attach to the body. These leg devices will provide a conduit between the 

body device and the common iliac arteries. Ring stents sewn onto the tubular leg 

fabric hold the graft material patent and allow distal sealing with the iliac vessels.   

Table 2-1: description of the design and function of Anaconda system components 

labelled in Figure 2-7 
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2.1.2 Superelastic Nitinol Material for Stent Components 

Nitinol is a binary Nickel Titanium Alloy, with near-equiatomic percentages of nickel 

and titanium. It has useful óSuperelasticô and óShape Memoryô behaviours that depend on 

underlying phase changes within the material, controlled by temperature or stress. 

Therefore, Nitinol is considered a ósmart materialô.  

 

The two main phases of Nitinol material in service are Austenite and Martensite. The 

austenite phase has a cubic atomic structure and is stable at temperatures above the 

materialôs óAustenite Finishô (Af) temperature. The martensite phase has a monocilic 

crystal structure and is stable at temperatures below the materialôs óMartensite Finishô 

(Mf) temperature or at temperatures above Af  when sufficient stress is applied (óStress-

Induced Martensiteô). Between Mf and Af temperatures, the material is either martensite 

or austenite depending on its temperature history, or is in transition between the two 

phases. For the Nitinol material used in Vascutekôs stent graft devices (Fort Wayne 

Metals NiTi#1 ï see Appendix 1 for specification), the Af temperature is in the range 

12C Ò Af Ò 18C, the Mf temperature is typically Ò -100 C, and Stress-Induced 

Martensite occurs at > 500 MPa tension at room temperature. For the present work, we 

are interested in the material behaviour above Af temperature (from Af up to 

approximately Af + 60 C), where superelasticity occurs. 

 

 One of the main commercial applications of Nitinol is in stent graft components, as it 

can be processed to meet the following requirements: 

¶ Superelasticity for compaction and self-expansion 

¶ High unloading stresses to give ring radial force for sealing and vessel damping 

¶ Stiffness to limit deformation under in-vivo pulsatile loading conditions 

¶ Biocompatibility 

¶ Corrosion resistance for long-term implantation 

¶ Fatigue resistance for long-term pulsatile in-vivo loading conditions 

¶ Kink resistance to avoid damage during compaction 
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The first three of these characteristics are most relevant to the present work, and will  

now be considered in greater detail. 

 

Superelasticity 

The superelastic effect is the ability of Nitinol to transform from its austenite phase to its 

Martensite phase in a given temperature range (the ósuperelastic windowô) when stress is 

applied to achieve a large recoverable deformation. When the stress is reduced, the phase 

change is then reversed with Martensite material transforming back to Austenite, and the 

large transformation strain is recovered. In this way, large deformations such as those 

seen during device compaction can be achieved without plastic deformation, and can 

then be fully recovered when the device self-expands during deployment. Figure 2-8 

shows a typical ósuperelasticô stress-strain graph for nitinol in its ósuperelastic windowô 

temperature range, where the material has been loaded in tension to 6% strain, then fully 

unloaded for strain recovery. The material has then been pulled to failure at 

approximately 12% elongation. The schematic diagrams accompanying the graph depict 

how the material phase changes from cubic austenite to detwinned martensite without 

plasticity to achieve a large recoverable transformation strain during loading. 

 

The uniaxial tensile stress-strain curve for superelastic Nitinol material has a 

characteristic óflagô shape, with the following key features that are typically considered 

when specifying Nitinol for stent graft devices: the initial modulus (or óaustenite elastic 

modulusô); the loading stress plateau; the unloading modulus; the unloading stress 

plateau. These features are highlighted on a typical Nitinol stress-strain curve in fig 2-9. 
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Figure 2-8: Typical stress-strain curve for superelastic Nitinol in uniaxial tension with 

schematic diagram depicting Austenite to Martensite phase change in the material 

during reversible ótransformation strainô deformation 

 

 

Figure 2-9: stress-strain load-unload graph for superelastic nitinol in tension, with 

overlay of dashed lines showing key features: initial modulus (black), loading stress 

plateau (green), unloading modulus (red), unloading stress plateau (orange) 
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The superelastic effect is temperature dependent, occuring only within a temperature 

range above the materialôs Af temperature, known as the ósuperelastic windowô range. 

Below Af, but above Mf, austenite phase will transform to martensite under stress 

(Stress-Induced Martensite or óSIMô) but will not reverse-transform to austenite when 

the stress is removed. Therefore, the material exhibits SIM without superelasticity at 

certain temperatures. (Note that the resulting residual strain could still be recovered by 

heating the material to above its Af temperature ï ie. there is still no plasticity involved 

in the deformation). As temperature increases above the Af temperature, the loading and 

unloading plateau levels increase, as it takes higher stress to transform austenite to 

martensite and vice-versa at higher temperatures. With increasing temperatures and 

transformation stress levels, there is also increased plastic deformation that occurs, 

meaning increased permanent set upon unloading. The maximum temperature at which 

Martensite can be stress-induced is known as the óMartensitic Deformationô temperature 

(Md), beyond which austenite elasticity will be followed by plastic deformation of the 

austenite material, with no óSIMô phase change occuring. For Vascutekôs NiTi#1 wire, 

the ósuperelastic windowô is in the range 12 C to approximately 70 C. 

 

Unloading Stresses 

When Nitinol material is unloaded, such as when a stent is deployed from the delivery 

sheath, it will follow a certain stress-strain path that depends on its level of compaction 

strain. In general, the material can follow two types of unloading stress-strain path: 

1. Linear elastic unloading: from ócompactionô strains < ~1.2 % 

2. Non-linear ósuperelasticô unloading: from compaction strains > ~1.2 % 

 

These two paths are illustrated in figure 2-10. Path óAô represents nitinol material that 

has reached a large transformation strain during compaction and is unloaded to a lower 

óreverse transformationô strain during deployment. Path óBô represents nitinol material 

that has experienced only small strains during compaction, remaining in its austenite 

phase, and has then been unloaded to a lower óelasticô strain during deployment. These 
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scenarios will occur for material at different regions of a stent when it is unsheathed and 

deployed into a vessel, with the stent component attaining a final óoversizeô shape inside 

the vessel.  

 

 
 

Figure 2-10: stress-strain load-unload graph for superelastic nitinol in tension, with 

overlay of unload paths óAô and óBô illustrating ósuperelasticô unloading and ólinear 

elasticô unloading respectively. 

 

Vascutekôs Anaconda stent graft devices come in a range of sizes, and during clinical 

planning the correct size is chosen to treat the particular patient according to their aorta 

inner diameter. The aim is to provide a device where the stent ring will have an oversize 

of 10 ï 20 % within the aorta at the landing zone.  Therefore, when a stent ring is 

deployed in-vivo, it expands to an óoversizeô saddle shape where it is in contact with the 

vessel inner wall. The vessel wall constrains the stent from opening further into a flat 

ring shape. In this equilibrium state, a stentôs radial force is known as its óChronic 

Outward Forceô (COF). Figure 2-11, provided by Vascutek Ltd, is an illustration of the 

Anaconda stent graft device deployed in-vivo, showing the proximal sealing rings 

exerting Chronic Outward Force on the vessel. 

A 

B 
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Figure 2-11: illustration of Anaconda stents deployed in vessel, depicting the proximal 

rings exerting Chronic Outward Force on the vessel walls. Courtesy of Vascutek Ltd 

 

In this deployed position, the stent ringôs nitinol material is at a certain strain depending 

on its position in the ring ï higher strains near outer bend surfaces of peaks and valleys; 

lower strains at intermediate axial positions and near the wireôs centerline.  

 

This unloading strain state determines the stress state of the saddle-shaped ring, which 

determines the radial force (COF) exerted on the vessel. This can be understood as 

follows: at a particular unloading strain, the nitinol material is at a certain stress (as can 

be seen in figure 2-10). The stress level of that material and its distance from the neutral 

axis contributes to the internal moment of a given cross-section of the wire in bending. 

The sum of all these internal moments around a wire turn determines the radial force of a 

single wire strand. The sum of these wire strand radial forces gives the ring radial force 

(COF). 
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For a stent graft device, it is desirable to maximize the radial force (COF) of the 

proximal rings for three reasons: 

1. Sealing performance 

2. Migration resistance 

3. Vessel damping and reduced diametric strain: aortic vessel exhibits óhyperelasticô 

behavior radially, where it stiffens as its diameter increases under radial force. A 

ring with higher radial force will therefore move the vessel to a larger diameter, 

higher stiffness state. Diametric strain due to pulsatile loading will then be 

reduced, meaning that the fatigue loading on the ring will be reduced. 

 

To maximize radial force of a stent without compromising the low-profile configuration 

for compaction, it is required to specify a material that has high stresses at unloading 

strains. To achieve this, the following specifications of superelastic nitinol material are 

desirable: 

¶ High initial linear elastic modulus 

¶ High loading stress plateau 

¶ Low óunloadingô moduli (note: unloading modulus depends on ócompactionô 

strain history, as will be explained in ó2.2: Literature Reviewô) 

¶ High unloading stress plateau 

These characteristics aim at ensuring the material when unloading in a stent remains at 

its highest possible stress state for the ódeployedô oversize position. For Vascutekôs 

NiTi#1 wire, the following specifications have been agreed with the supplier to ensure 

suitable radial force can be achieved by the ring stents in service: 

¶ At 37 C, load plateau @ 4 % strain must be > 560 MPa 

¶ At 37 C, unload plateau @ 4 % strain must be > 250 MPa 

Vascutekôs existing wire specification does not include initial modulus or unloading 

moduli ï this may be an area for quality control improvement in future. 
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As has previously been stated, Nitinolôs stress-strain response is highly temperature 

dependent. Increasing the temperature above Af increases the initial modulus and upper 

and lower stress plateau levels. Therefore, the unloading stress state of the wire at body 

temperature (37 C) can also be maximized by lowering the Af temperature specification. 

However, research has shown that a large gap between Af temperature and test 

temperature has a negative impact on fatigue life. For these reasons, the following 

specification has been considered optimal for Vascutekôs NiTi#1 wire: 

¶ 12 C Ò Af Ò 18 C (due to processing limitations, it is not feasible to specify a 

tighter Af temperature range than this) 

 

Material Stiffness 

When Nitinol material is reloaded from a ódeployedô position, it takes a different path 

from its unloading path during deployment. This is illustrated in figure 2-12, where 

nitinol material has been unloaded from a ócompactionô strain of 7 % to a ódeployedô 

strain of 2 % in tension. It is then re-loaded to a strain of 2.2 %. 

 

The modulus of this re-load path determines the resistance of the material to loading 

deformation from this ódeployedô strain state. In terms of ring stent design, this óre-loadô 

stiffness determines the deployed stentôs resistance to deformation by the vessel walls 

under pulsatile blood pressure loading conditions, known as the óRadial Resistive Forceô 

(RRF) of a stent. Increased Radial Resistive Force will minimize cyclic deformation 

under pulsatile loading, and therefore maximize fatigue life of a ring stent. 

 

 For this reason, it is desirable to maximize the re-load stiffness in the Nitinol 

specification. This re-load stiffness is also known as the ócycling modulusô of the 

material, and is related both to the austenite elastic modulus and the martensite elastic 

modulus. At present, Vascutek does not specify these parameters for its NiTi#1 wire, but 

this may be an area for quality control improvement in future. 
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Figure 2-12: stress-strain load-unload graph for superelastic Nitinol in tension, with 

overlay of unload path (red) and re-load path (green) 

 

2.1.3 Product Life Cycle of Nitinol Components 

In order to better understand the requirements of Nitinol material in stent graft devices, 

and for research effort to have practical application, it is useful to consider the Product 

Life Cycle of a device. Table 2-2 below outlines the main steps in the Product Life Cycle 

of the Vascutek Anaconda stent graft, and shows the thermo-mechanical processing 

experienced by the ring stent and hook Nitinol components at each stage. 

 

Product L ife Cycle step Nitinol wire processing 

1. Device manufacture at room 

temperature (RT) 

Rings: As-received straight-set NiTi wire (ø 0.1 ï 0.24mm, 

NiTi#1 ï see Appendix 1) wound into ring bundle with 

multiple wire turns, ends joined by Tantalum crimp. Rings 

sewn onto fabric with suture. Ring wire is in bending, with 

maximum strains < initial elastic limit. 

Hooks: As-received NiTi  wire (diameter 0.45mm, NiTi#1 ï 

see Appendix 2) heat set into shape, electro-polished, cut and 

filed to size and sewn onto fabric with suture. Hook is 

undeformed. 
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Product L ife Cycle step Nitinol wire processing 

2. Device Assembly to delivery 

system at RT 

Rings: deformed into slight saddle shape by attachment to 

delivery system at peak and valley eyelets (see figure 2-7). 

Collapse to steep saddle shape and opening of ring following 

attachment (see figure 2-6): wire bends at peaks and valleys 

with maximum strains > initial elastic limit, causing material 

phase change (max  > 1.2% in tension and compression). 

 

3. Device compaction in sheath at 

RT (up to 3x) 

Rings: Compaction into sheath via introducer funnel: bends 

wire at peak and valley regions (see figure 2-4) with maximum 

strains beyond the loading transformation plateaus (>7.5% 

tension, > 4% compression). Device may be unsheathed and re-

compacted twice more ï causing ólarge strainô cycling of the 

material. 

 

Hooks: compaction into sheath via introducer funnel bends the 

wire at the ókickô hinge points with maximum strain in loading 

transformation region (max  > 1.2% in tension and 

compression). (Note: ókickô hinge bend direction in 

compaction is opposite to bend direction during in-vivo 

operation). Hook wire also bends (to a lesser extent) at the arch 

region (see compacted hook components in figure 2-4). Device 

may be unsheathed and re-compacted twice more ï causing 

ólarge strainô cycling of the material. 

 

4. Product sterilization ï RT to 

53C and back to RT (up to 3x) 

Rings and hooks: stresses increase in strained nitinol material 

due to temperature increase and then decrease when returned to 

room temperature. Sterilization may be repeated twice more ï 

causing thermal cycling of the material. 

 

5. Endovascular delivery of 

compacted device to implant 

site at body temperature (37C) 

 

Rings and hooks: stresses increase in strained nitinol material 

due to temperature increase from RT to 37C. 



 

24 

 

Product L ife Cycle step Nitinol wire processing 

6. Unsheathing of device at 

implant site (at 37C) 

Rings: wire at peak and valley positions rapidly reduces its 

bend curvature as ring expands, and some material unloads 

along óunloading modulusô and then along unloading plateau 

(see path A in figure 2-10). Final unloading strains (and bend 

curvatures) depend on whether user holds device in ócollapsedô 

position via control collar or not during unsheathing. (See 

ócollapsedô device in figure 2-6). 

 

Hooks: hook wire fully unloads upon unsheathing, with some 

material unloading along óunloading modulusô, then along 

óunloading plateauô and finally with austenite elasticity. Hook 

material is at zero strain following unsheathing, even if device 

is held ócollapsedô. 

 

7. Repositioning of device by 

collapse / re-open (at 37C)      

(see figure 2-6) 

Rings: Collapse to steep saddle shape: peak and valley 

material loads with maximum strains beyond initial elastic 

limit, causing material phase change (max  > 1.2% in tension 

and compression). Re-opening of ring: peak and valley 

material unloads along the óunloading modulusô and then the 

óunload plateauô. Repeated collapse-open repositioning cycles 

will subject the outer and inner bend material to óintermediate 

strainô ȹ cycling. There is no limit set on this, but it is 

unlikely that repositioning will exceed 3 cycles during a 

procedure. Note that the material will always be óunloadingô 

following the repositioning (collapse / re-open) cycle. 

 

Hooks: if the hooks penetrate the vessel walls during this 

repositioning stage, it is possible that the hook ókickô hinge 

points could undergo load / unload bending cycles if the user 

pushes, pulls and twists the delivery system prior to collapsing. 

Otherwise, the hooks remain undeformed during this stage. 
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Product L ife Cycle step Nitinol wire processing 

8. Release of device from delivery 

system at implant site (by 

pulling out release wires ï see 

figure 2-7)  (at 37C) 

 

Rings: wire continues to unload, reducing bend curvatures, 

until the ring contacts the vessel walls and the ringôs Chronic 

Outward Force matches the radial resisting force of the vessel. 

The final ómean strainô state of the material will depend on the 

ring oversize in the vessel ï which depends on the vessel ID 

and vessel compliance relative to the ring size and radial force. 

Hooks: the sharp points of the hooks pierce the vessel walls 

and the hooks penetrate the vessel until the rings contact the 

vessel walls. At this stage, where there is no pressure 

differential between the blood inside and outside the graft, 

there is minimal ómigration forceô loading on the hooks and the 

material in the óhingeô regions is under minimal strain. 

9. Long term implantation with 

excluded aneurysm and 

pulsatile blood pressure 

loading (at 37C) 

Rings: wire is cyclically loaded and unloaded in bending with 

small ȹ levels about a mean strain, with cycling ófrom belowô 

(i.e. from the unload plateau). The magnitude of the ȹ cycles 

depends on the stented vesselôs diametric strain under pulsatile 

blood pressures. Cycling rate is approximately 1 cycle per 

second.  Note that over time the mean and delta strains may 

change as the ring opens out further due to vessel creep and / 

or re-modeling. 

Hooks: a pressure differential develops between the blood 

inside the sealed graft and the óexcludedô vessel outside. This 

leads to cyclic ómigrationô forces on the hooks about a mean 

force. The hooks undergo maximum bending strains at the 

ókickô hinges as the device moves relative to the embedded 

hook legs. Previous FEA suggests that the maximum cyclic 

strains caused by this pulsatile loading are below the threshold 

for phase transformation, with the material remaining fully 

austenite and deforming elastically. 

 

Table 2-2: Product Life Cycle of Vascutek Anaconda stent graft, describing the thermo-

mechanical processing experienced by the ring and hook Nitinol components at each 

stage 
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The background section has considered the function of superelastic nitinol wire in stent 

graft devices for treating Abdominal Aortic Aneurysm (AAA), with particular focus on 

Vascutekôs Anaconda device. In order to better understand this application of Nitinol, 

material characterization testing and FEA simulation is to be performed for Vascutekôs 

NiTi#1 wires. Prior to undertaking these activities, a literature review will be performed 

with focus on the following relevant areas for Nitinol: 

- Effects of material processing history 

- Temperature dependence 

- Strain rate dependence 

- Compressive and tensile testing techniques 

- Compressive and tensile stress-strain characteristics 

- Bend testing techniques 

- Bend behavior characteristics 

- Load path history effects in bending 

- Cycling effects on material properties 

- Constitutive Modelling of superelastic Nitinol for FEA 

 

2.2  Literature Review: Characterisation of Superelastic Nitinol Material 

 

The behaviour of self-expanding stent structures in service is dependent on the 

mechanical response of superelastic nitinol material in bending, which in turn is largely 

dependent on the material response under tensile and compressive loading. A literature 

review was conducted to consider previous investigations into these mechanical 

behaviours of nitinol. (Note that consideration of shear / torsional responses of Nitinol, 

while relevant to in-service bending behaviour of stents, are beyond the scope of this 

project). A central aim of this literature review was to provide a solid basis for planning, 

executing and analysing material characterization testing on Vascutekôs nitinol wire. 

Therefore, the literature review was conducted with three major objectives in mind: 
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- To understand how to perform mechanical characterization testing for small 

diameter superelastic Nitinol wire, representative of stent material in tension, 

compression and bending 

- To understand the general qualitative mechanical behaviours of superelastic 

nitinol material in tension, compression and bending 

- To gain knowledge of the FEA-based constitutive models commonly used in 

design of superelastic Nitinol components, considering their capabilities in 

describing relevant superelastic material behaviours. 

 

The findings of the literature review are presented in three main parts: 

-  ó2.2.1: Experimental testing considerations for Nitinolô looks at key issues for 

sample sourcing and test set-up based on Nitinolôs sensitivity to processing 

history and temperature. 

- ó2.2.2: Compressive, Tensile and Bend Testing of Nitinolô presents a review of 

the material characterization test methods and results published by previous 

investigators. 

- ó2.2.3: Superelastic Constitutive Models for Nitinolô presents a brief review of 

the literature on superelastic Nitinol constitutive modelling, focusing on the 

model that will be used for FEA in Chapter 6 of the thesis. 

 

2.2.1 Experimental Testing Considerations for Nitinol 

2.2.1.1 Sample Material Properties: Processing History Dependence 

The sensitivity of Nitinolôs material properties to its processing history, as reported in 

the literature, was considered in order to understand the requirements for test sample 

sourcing. 

 

Processing Steps for Nitinol wire material 

Biscarini et al (1) outline the main steps involved in processing raw nickel and titanium 

material to a finished superelastic wire product. These are: 
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- Melting: high purity raw materials (Ti sponge, electrolytic grade Ni) in desired 

amounts are melted and then cooled into an ingot, using Vacuum Induction 

Melting (VIM) or Vacuum Arc Melting (VAR) or both. Re-melting of the ingot 

is performed to ensure good microstructural homogeneity. The output from this 

step is an ingot with the desired Ni Ti composition, as well as trace elements 

including carbon and oxygen which lead to the presence of ómelt inclusionsô in 

the material. 

- Hot Working: the ingot is hot-worked in multiple cycles at elevated temperatures 

(typically 750 ï 950 C) through large deformations (> 90 %) to achieve a first 

shape (e.g. Rod). This step achieves a microstructure exhibiting improved 

workability (greater ductility) compared to the óas-castô ingot microstructure. 

- Cold Working (CW): a series of cold work steps move the first shape (e.g. Rod) 

towards the target shape (e.g. Round wire) with desired physical / mechanical 

properties. 30-50 % cold work (reduction in cross section area) is typical for each 

CW step, with intermediate annealing at 600-800 C for stress relief between 

steps. The annealing steps cause recrystallization and growth of the austenite 

grains, minimizing work hardening due to dislocations. For round wires, Cold 

Working involves drawing through a series of dies. 

- Shape Setting: Heat treatment(s) after the last Cold Work step are used to set the 

final desired shape (e.g. Straight set wire) and to optimize the transformation and 

mechanical properties of the nitinol.  

 

Pelton et al (2) further focus on the optimization of superelastic medical grade nitinol 

wire by cold working, continuous strain-age annealing, and additional ageing treatments. 

Continuous strain-age annealing involves pulling the cold worked wire through a furnace 

at a given applied strain and speed. In order to achieve straightened wire with 

superelastic properties, they report using 30 ï50 % cold work and then continuous strain-

age annealing at 450-550 C under stress of 35-100 MPa. 
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Effects of Processing History on Mechanical Properties 

Shaw and Kyriakides (3) describe the microstructural aspects of the transformation 

mechanisms in nitinol to give an understanding of the macroscopic phenomena, such as 

superelasticity. They note that the properties of the material, and therefore the 

macroscopic thermo-mechanical behaviour, can be altered significantly by small changes 

in the processing parameters such as alloy composition and thermomechanical 

treatments, including cold working, annealing and thermal cycling.  Specific examples of 

processing effects on final properties from the literature are given below. 

 

Pelton et al (2) performed different ageing heat treatments on Ti - 50.8 at% Ni wire to 

investigate the effect of heat set processing on the transformation temperatures and 

mechanical properties of the finished wire product. Wire samples were aged between 

300 ï 550 C for 2-180 minutes. It was found that the ageing heat treatments had the 

following effects: Af temperature increased for temperatures up to 500 C and decreased 

between 500 C and 550 C ageing temperatures; loading plateau stress slightly decreased 

for temperatures up to 500 C, with more rapid decrease at 550 C; UTS increased for 

temperatures up to 450 C and decreased for 500 C and 550 C ageing temperatures. The 

paper also investigates the effect of processing on the fatigue resistance properties of 

Nitinol wire, and shows that superelastic wires processed to have Af temperature closer 

to (but still below) the test temperature had improved fatigue resistance. 

 

Nemat-Nasser and Guo (4) performed uniaxial compressive testing on superelastic 

Nitinol rods (Ș4.75 mm x 5 mm) that had undergone different heat treatments, with 30 

minute dwells at the following temperatures: 300 C, 450 C, 550 C, 600 C, 650 C. Their 

results of quasi-static compressive testing of these samples at 23 C show changes in the 

superelastic curve shape due to heat treatment processing, with decreasing 

transformation stresses and increased recoverable strain as heat treat temperature 

increases, and changing hysteresis loop area (dissipated energy) for different ageing 
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processes (decreasing for low to mid ageing temperatures, increasing for mid to high 

temperatures). 

 

Schaffer and Plumley (5) investigated the effects of different final cold work draws on 

the tensile and fatigue properties of Ti ï 50.9 at% Ni wires, with final diameter 0.32 mm. 

They report that increased final cold work gives increased upper plateau stress, increased 

load-unload hysteresis and increased UTS for the superelastic wire samples following 

heat treatment (490 C for 15 mins). They also found an improvement in fatigue life for 

lower cold work samples (20 - 30 % CW) at alternating strains > 1% in Rotary Bend 

Fatigue Tests. 

 

Reasons for Processing History Effects 

The processing steps from raw material melt to finished nitinol material produce a 

particular polycrystalline microstructure in the finished material. This microstructure 

includes grains of a particular size and crystal structure / phase, inclusions from the melt, 

dislocations from the cold work steps and precipitates from the various heat treatments. 

It is the particular composition and directionality of this finished material microstructure 

(as well as its surface finish) that provide the macroscopic mechanical properties. Some 

examples of how the microstructure can affect the material behaviour are given below. 

 

For as-received superelastic nitinol material used in medical devices, grain sizes are 

typically in the range 10 ï 100 nm (refs: 6-9). In the paper by Mehta et al (6), where stent 

specimens are annealed at 850 C for 30 minutes in order to grow grains to sizes of 20-50 

µm suitable for strain measurement, it states ñit is well known that thermomechanical 

processing of nitinol strongly affects grain size and thus the resulting mechanical 

propertiesò. Pelton (7) gives clear evidence of this, presenting tensile stress-strain curves 

together with TEM microstructure images for both annealed and stress-relieved wire 

samples, showing that the óannealedô microstructure has a higher initial modulus up to 

0.5 % strain before óyieldingô with no further stress increase, while the nano-grain 
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óstress-relievedô structure (typical grain size 75 nm) continues to increase its stress up to 

1.3% strain where it reaches its transformation plateau.   

 

As well as grain size, Fonte and Saigal (10) show that the directionality or 

ócrystallographic textureô of the microstructure, due to drawing and thermomechanical 

conditioning processes, have a strong effect on nitinol properties such as recovery strain 

and strength levels. 

 

Further, Perry et al (11) showed the effect of heat treatment on the presence of R-phase 

in nitinol material, and its resulting effect on initial elastic modulus. Two heat treatments 

óAô (325 C for 60 minutes, then water quench)  and óBô (500 C for 30 minutes, then 

water quench) were used, where samples treated with A exhibited a strong R-phase 

component while samples treated with B did not. Load vs strain plots for tensile and 

compressive surfaces of bending samples showed that óheat treatment Aô samples had a 

ósigmoidalô shaped initial elastic region with lower effective modulus in tension, while 

óBô samples had a linear elastic modulus with little tensile-compressive asymmetry in 

this region. This clearly shows that the presence of R-phase following processing has a 

considerable effect on the initial elastic behaviour of nitinol. 

 

Pelton et al (2) consider the effect of ageing heat-treatments on the microstructure. They 

describe the formation of precipitates within the TiNi matrix of Ti - 50.8 at% Ni wire at 

300-500 C ageing heat treatments, while at higher óannealingô temperatures (500-550 C) 

there is diffusion of the Ni and Ti atoms in the matrix, with dissolving of precipitates. 

These changes in the microstructure are responsible for the macroscopic wire property 

changes described previously (evidenced by differences in Af temperature, loading 

plateau stresses and UTS). 

 

Fonte and Saigal (10) further explain the effects of precipitates within the material 

microstructure. They explain that heat treating between 400 C and 500 C, required to 
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maximize superelasticity, causes Ti3Ni4 precipitation. These precipitates act as 

nucleation sites for stress-induced martensite and obstacles to dislocation motion, 

decreasing the critical stress for phase transformation ï the loading plateau level ï and 

increasing the critical stress for dislocation motion ï and therefore the UTS. Formation 

of nickel-rich precipitates due to the heat treatment shifts the Ni:Ti ratio by reducing the 

nickel content of the matrix, and therefore increases the Af temperature.    

 

As has been shown, the properties of a finished nitinol material specimen are dependent 

on its polycrystalline microstructure, which in turn is dependent on the precise 

conditions of each step in its processing history. For this reason, in order to obtain useful 

results for analysis and design of stent components, it is vital to perform material 

characterization testing on specimens that have undergone equivalent processing history 

to the material that will be used in service. 

 

2.2.1.2 Testing Temperature 

Churchill et al (12) emphasize the importance of temperature control and monitoring 

when performing material characterization testing on nitinol. They explain that, unlike 

conventional metals, a small change in specimen temperature can significantly influence 

the results of experiments on nitinol. This is demonstrated by a series of isothermal 

uniaxial tensile tests on 0.762 mm superelastic wire with active Af temperature of 0 C 

(i.e. full superelastic strain recovery at all temperatures > 0 C) for the temperature range 

-50 to 70 C, with 10 C increments. In the ósuperelastic windowô of 0 to approximately 50 

C, the results show an increase in modulus and upper and lower plateau stress levels 

with increasing temperature. They show that in this ósuperelasticô temperature range, 

there is a linear increase of upper and lower plateau stresses of 6.7 MPa/C (which for a 

typical stent material represents an increase of approximately 1.4 % and 2.8 % for upper 

and lower plateau values respectively, relative to the room temperature values). It is 

important to note also that there is clear evidence of R-phase in the initial elastic loading 

curves at certain temperatures, with an initial lower modulus due to the R-phase, 
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followed by a steeper óaustenite elasticityô slope. In their results, this R-phase is only 

present at temperatures below the superelastic window, but it is known that this can 

commonly occur in the temperature range 20 ï 40 C for binary nitinol (13) and can 

exacerbate the temperature sensitivity of nitinol test results. 

 

Pelton et al (2) report similar results from their tensile testing of superelastic Ti - 50.8 

at% Ni wire at different temperatures between -100 and 200 C. Their wire again had an 

active Af of 0 C and exhibited a ósuperelastic windowô of 0 to 60 C. In this superelastic 

range, there was a linear stress rate of 6.1 MPa/C for both loading and unloading. The 

paper states that this lies within the typical range for Nitinol alloys of 3-20 MPa/C. 

Again there is evidence in some of the curves (at 0 C and 10 C test temperatures) of R-

phase affecting the initial elastic modulus. In their paper on the same topic presented at 

SMST 2000 (ref 14), Pelton et al also show an interesting graph of Initial Elastic 

Modulus plotted against test temperature for the same wire ï shown in figure 2-13 

below. This graph shows a sharp increase in the initial modulus with increasing 

temperature in the superelastic window (0 to 60 C).  

 

 
 

Figure 2-13: Effect of test temperature on initial elastic modulus, taken from figure 5 of 

ref (14) 
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As well as tensile testing, Siddons and Moon (15) show that compressive testing of 

nitinol is also sensitive to test temperature. The ófirst cycleô graphs presented for 

compressive testing of superelastic Nitinol tubing (OD 3.17 mm, ID 2.50 mm) at 19 C 

and 37 C show that the higher temperature leads to higher phase transformation stresses 

both in loading and unloading, each increasing by approximately 120MPa from 19 to 37 

C, both in tension and in compression.  

 

It is clear that special attention must be given to controlling and monitoring the test 

temperature when performing mechanical testing on Nitinol. Where temperature control 

and monitoring for the test specimen are limited, the results must be interpreted with 

caution. 

  

2.2.1.3 Testing Strain Rate 

The sensitivity of nitinolôs mechanical response to temperature changes leads to another 

important consideration for testing: the strain rate. Zurbitu et al (16) explain that the 

stress-induced martensite transformation (austenite to martensite) is exothermic, while 

the reverse transformation is endothermic. This means that, unless the strain rate is kept 

low enough to allow heat transfer via the specimen surface with the surrounding 

environment, the specimen temperature will increase during loading and decrease during 

unloading. These temperature changes will, in turn, affect the upper and lower plateau 

stresses respectively. If the strain rate is low enough, there is enough time for complete 

heat transfer with the surroundings, and the temperature does not significantly change in 

the specimen. The deformation process can then be considered isothermal. 

 

Shaw and Kyriakides (3) show the extent to which an ambient medium and strain rate 

affect Nitinolôs mechanical response in uniaxial tensile testing. They performed tests on 

1.07mm nitinol wire above its active Af temperature (in its superelastic state) in both 

water and air at 4 different stain rates. The results are summarized in Table 2-3, and 

indicate that for tensile testing of this wire diameter in water, strain-rates should not 
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exceed 4x10-4 s-1 to avoid significant influence on the transformation stress values, while 

for testing in air, the maximum strain rate to avoid any effects on the transformation 

stress results is 4x10-5 s-1.  

 

These results are referenced extensively in the literature as a basis for tensile test set-ups. 

For instance, Zurbitu et al (16) quote 10-4 s-1 as an upper limit for isothermal mechanical 

testing. Churchill et al (12) describe using a very slow strain rate (5x10-5 s-1) when 

performing uniaxial tensile tests on 0.762 mm superelastic nitinol wire in air, in order to 

avoid self heating / cooling during phase transformation. For tensile testing of their 

Shape Memory wire (1.016 mm diameter, active Af approximately 45 C) they used a 

liquid bath and higher strain rate of 4x10-4s-1, due to the increased thermal conductivity 

of liquid over air. 

 

Although widely referenced, it should be noted that the results of ref (3) are for 1.07 mm 

diameter wire, and that thinner wire specimens can be tested at higher strain rates due to 

the greater ratio of surface area to internal material for heat transfer. This is seen in the 

ASTM F2516-07 standard (17), which includes a table showing maximum loading rates 

for tensile testing of nitinol specimens. Table 2-4 summarizes the ASTM F2516 

recommendations for crosshead speed vs specimen diameter, and shows the equivalent 

strain rate for each speed (for 150 mm gage length). 

 

Note that for tubing, the standard states that d should be calculated as (outer diameter) ï 

(inner diameter). A higher strain rate can be used for tubing than for wire of the same 

OD, as the tube has smaller volume for heat generation and greater surface area for heat 

transfer. 
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Global 

strain 

rate 

Stress-

induced 

phase 

change 

Peak temp change I  Global transformation stress change 

relative to ófundamental stress-strain 

responseô (%) 

Water Air  water Air  

4x10-5 s-1 A ï M 0 0.5 0 0 

M ï A 0 -0.5 0 0 

4x10-4 s-1 A ï M 1 6 +4.3% +15% 

M ï A -1 -6 -3.3% -16% 

4x10-3 s-1 A ï M 7 12 (after 

reaching 

ópeakô, 

remains at 

ópeakô temp 

for duration 

of loading) 

+9% +34% 

M ï A -4 -11 (after 

reaching 

óvalleyô 

remains at 

óvalleyô temp 

for duration 

of unloading) 

-18% -36% 

4x10-2 s-1 

 

A ï M 9 Linear 

increase from 

test temp to t 

+ 28C during 

phase change 

+20% No óplateauô ï stress 

increases positively 

throughout loading: 

óhomogenous deformationô 

due to numerous 

nucleation sites and 

propagation of many 

interface fronts at higher 

temp & strain rate 

M ï A -5 Linear 

decrease from 

t + 28C to t -

6C during 

phase change 

-22% No óplateauô - stress 

decreases negatively 

throughout unloading 

 

Table 2-3: Summary of results from Shaw and Kyriakides (3) showing effect of ambient 

medium and strain rate on uniaxial tensile stress-strain results for Nitinol wire 
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d, diameter (mm) First cycle (load to 6% strain and 

unload) 

Second cycle (load to failure) 

Crosshead speed 

(mm/min per mm 

gage length) 

Equivalent global 

strain rate for 

150mm gage 

length (s-1) 

Crosshead speed 

(mm / min per 

mm gage length) 

Equivalent global 

strain rate for 

150mm gage 

length (s-1) 

d Ò 0.2 0.08 1.33x10-3 0.8 1.33x10-2 

0.2 < d Ò 0.5 0.04 6.67x10-4 0.4 6.67x10-3 

0.5 < d Ò 2.5 0.02 3.33x10-4 0.2 3.33x10-3 

d > 2.5 0.01 1.67x10-4 0.1 1.67x10-3 

 

Table 2-4: Recommended strain rates for uniaxial tensile testing of Nitinol, taken from 

ASTM F2516-07 (17) 

 

Another important point to note when considering Ref (3) results is that the specimen 

temperature changes and related stress changes only occur during the exothermic / 

endothermic forward and reverse phase change deformations. The specimen temperature 

during initial elastic deformation in loading and final elastic unloading is constant at the 

ambient temperature for all the strain rates and both ambient mediums. Also, the initial 

elastic modulus is not affected by the strain rate or medium.  

 

Considering strain-rate effects for nitinol structures in bending, Reedlunn et al (18) 

explain that strain rate sensitivity in bending is far less than in uniaxial tension, as the 

latent heat exchanges are spread along the length of the bending beam and only the outer 

fibre is experiencing the maximum strain rate. In contrast, for uniaxial tension, the latent 

heat exchanges are concentrated at the transformation front.  

 

For compressive testing on nitinol, Chen et al (19) report quasi-static compressive 

testing of Ș6.35 mm x 12.7 mm SE508 rod (Af 5-18 C; superelastic range 15-150 C) at 

a strain rate of 10-3 s-1 at room temperature. The results show clear superelastic 

behaviour with full strain recovery up to the peak test strain of 3.2 %. At much higher 
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strain rates (81 ï 750 s-1) used for the dynamic testing, the stress-strain response was 

considerably different with different superelastic curve shape and large permanent set. 

 

Nemat-Nasser and Guo (4) also performed quasi-static compressive testing on 

superelastic NiTi rod (Ș4.75 mm x 5 mm, heat treated at 500 C for 30 mins, tested at 23 

C) at strain rates of 10-3 s-1 and 10-1 s-1. Their results show small differences in terms of 

higher loading transformation stresses and lower unload transformation stresses with the 

higher strain rate. They also performed dynamic compressive load-unload testing at 

much higher strain rates (440 ï 4200 / s) which again showed considerably different 

behaviour, with the explanation that deformation occurs by dislocation-based slip 

plasticity at the very high strain rates, as opposed to the diffusionless phase 

transformation of SIM and superelasticity. 

 

As has been seen, the strain rate, in conjunction with the geometry of the specimen and 

the ambient medium, must be carefully considered when performing mechanical testing 

on nitinol material. Where time limitations preclude very low strain-rate testing, the 

information provided in the above literature review can provide useful guidance in 

interpreting results and identifying possible error. 

 

Having looked at the importance of controlling strain rate when performing material 

characterisation for Nitinol, it is also useful to consider how strain rates might affect the 

stresses within an arterial stent device in-vivo, where it is subject to dynamic pulsatile 

loading. For fatigue safety, the Nitinol components of these devices need to be designed 

to withstand 400 million pulsatile cycles (for 10 years implantation at 70 heart beats per 

minute), meaning that the maximum cyclic delta strains in the components need to be 

very low to avoid fatigue fracture. For such small strain excursions, the material 

deformation is purely elastic, with no phase change and therefore no associated self-

heating / cooling effects. The in-vivo cyclic mechanical response of the nitinol 

components can therefore be considered strain-rate independent. 
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2.2.1.4 Conclusions: Experimental Testing Considerations for Nitinol 

The following must be carefully considered when performing mechanical 

characterization testing for nitinol material: 

- Processing history equivalence of test sample material vs in-service material 

- Test temperature: chosen to match in-service conditions, with careful control and 

monitoring during testing 

- Strain rate: suitable for the test sample geometry and ambient medium, and 

appropriate to the intended strain-rate(s) of the in-service component material 

 

The following items should be stated when reporting results of mechanical testing on 

Nitinol: 

- Material composition (Ti - at% Ni or Ti - wt% Ni) 

- Any known details of processing history (e.g. final cold work %; final heat 

treatment conditions, subsequent machining and surface finishing) 

- Active Af temperature 

- Sample geometry 

- Test temperature 

- Test medium (e.g. Air or water) 

- Test strain rate 

 

2.2.2 Compressive, Tensile and Bend Testing of Nitinol 

2.2.2.1 Uniaxial Compression Testing: Experimental Set-Up 

Considerations 

It is well known that uniaxial compression testing has inherent difficulties, particularly 

due to buckling, shear and friction. As explained in ref (20), the mode of deformation in 

compression testing will depend on the sample geometry and the contact surface friction. 

The information from (20) offers a useful órule of thumbô for compressive test set-up, 

and is summarized in Table 2-5. 
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Sample Length / Diameter 

ratio (L/D)  

Contact surface friction Deformation mode 

> 5 all friction conditions buckling 

2.5 - 5 all friction conditions Shearing 

2.0 ï 2.5 Friction present Double barrelling 

< 2.0 Friction present Barrelling 

< 2.0 No friction Homogenous compression 

 

Table 2-5: Effect of Sample Length : Diameter ratio and end-surface friction on 

deformation mode for compressive testing, taken from (20) 

 

For material characterization of nitinol used for medical device implants, the challenges 

of compression testing are exacerbated by the requirement to test with óequivalent 

process historyô samples to the low profile material used in devices, and by the desire to 

test to large superelastic strains (> 5.5 %) that are likely to be seen in-service. A review 

of the literature shows that two approaches have generally been taken for uniaxial 

compression testing of superelastic nitinol. 

 

The first approach is to use large diameter samples to achieve suitable L/d ratio without 

the requirement for any additional test support structures. This approach clearly 

compromises on the óequivalent processing historyô requirement, and therefore the 

results cannot be taken as fully representative for use in implantable medical device 

design. Details of exemplar test set-ups are given below. 

 

Nemat-Nasser and Guo (4) used ø4.75mm x 5mm superelastic nitinol rod samples for 

uniaxial compression testing. In order to reduce end friction of the samples during 

deformation (and therefore minimize barrelling effects), the sample ends were polished 

prior to final sample heat treatment and then the ends were greased before testing. 
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Chen et al (19) used ø6.35 mm x 12.7 mm cylindrical samples machined from ø7.94 mm 

rod stock (the machined smaller diameter is required to keep the compressive loads 

within the testerôs load cell limits). The samples were heat-treated for superelasticity 

following machining. Strain measurement was performed using both an extensometer 

and a strain gauge on each sample. 

 

Liu et al (21) used ø6.7mm binary NiTi bar with 10 ï 20 mm lengths. They describe 

using a óstandard methodô for compression testing whereby the sample was placed in a 

cylinder and the compression load was transmitted via a piston. High pressure lubricant 

was applied to the loading surfaces to reduce friction forces. Deformation strain was 

measured with an LVDT (linear variable differential transformer). 

 

The second approach to compression testing seen in the literature is to use a larger L/d 

ratio, but with some form of lateral support to prevent column buckling. This approach 

then allows smaller diameter samples and / or longer sample lengths to be used. The use 

of a greater L/d ratio is desirable to reduce the impact of end effects on the compression 

results. As described by Painting (22), óbarrelledô samples have non-uniform stress and 

strain distributions towards the ends. Painting explains that, among other consequences, 

frictional end effects can lead to high values for compressive E results.  

 

Reedlunn et al (18) performed uniaxial compression testing on NiTi tubing with OD 

3.176 mm and ID 2.54 mm (Af: 19 C; test temperature 23 C). They used a sample length 

of 41.59 mm, and held this at either end in the blind hole of a cylinder (hole diameter 3.2 

mm, hole length 15.9 mm, cylinder diameter 25.4 mm), leaving a free length of 9.38 mm 

between these holders. This gives a free length: diameter ratio of 2.95:1. Buckling was 

further prevented by careful alignment of the grips. The contained ends of the specimen 

were coated with a light oil to facilitate free sliding in the grips. In order to measure 

strain, a length of the sample in the central free portion was painted with a speckle 

pattern for DIC measurement (see later óExperimental Strain Measurement Methodsô 
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section 2.2.2.7 for more on DIC). This meant that the axial compressive strain in this 

central portion, away from the ends, could be taken from the averaged full-field strains 

over the DIC gage length. Using this set-up, they achieved strains of 4 % load and 

unload without evidence of buckling in the results. With a slightly modified set-up 

(L=40.83; Lf=7.87; Lf/d=2.48) they tested to 5 % load and unload without evidence of 

buckling. In terms of accuracy of strain results, Reedlunn compares the DIC strains 

measured in the free length with the ógripô strains calculated from the crosshead 

movement (ŭ/L) and shows that the grip strain is consistently higher.  This shows that 

there is some error in the grip strain calculation, attributed to óspecimen settlingô in the 

grips. DIC measurement at the free length gives more accurate compressive strain 

results. 

 

Siddons and Moon (15) used tubing of 3.17 mm OD, 2.50 mm ID, 42 mm long, held in 

specially adapted pin chucks with flat steel inserts to support the tubing against buckling, 

leaving a free length of 7 mm in the centre of the tubing. The chucks were tightened so 

that the flat inserts just contacted the test piece without gripping it. Crosshead movement 

was used to measure displacement and calculate nominal strain. Their results show 

maximum nominal strains of 6 % - although these are based on crosshead motion of the 

grips and therefore may be higher than reality, as seen in Reedlunnôs results. 

 

Henderson et al (23) performed compression tests on wire diameters of 1, 1.8 and 2.4 

mm, where the wires were sourced to meet equivalent tensile specifications to 

implantable wire material in the diameter range 0.1 to 0.24 mm. They developed special 

holders for these samples, as shown in figure 2-14 together with the set-up dimensions in 

the accompanying table. 
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Figure 2-14: Schematic and dimension details for compression test set-up used by 

Henderson et al (23) 

 

Again, the set-up is designed to use a long specimen length supported against buckling 

by holders, leaving a short free length in the centre, with Lf/d values of 1.5, 1.11 and 

1.04 for the 1, 1.8 and 2.4 mm samples. The diameter of the blind hole in each rig has 

been designed to allow for some expansion of the wire due to Poissonôs effect. Unlike 

the previous set-ups described, there is also an outer stabilising sheath designed to aid in 

alignment of the top and bottom support cylinders. With this set-up, Henderson reports 

results up to 4 % nominal strain (again calculated from crosshead displacement). The 

maximum strain here was limited by the short free length for compression between grips. 
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2.2.2.2 Uniaxial Compression Testing: Qualitative Features of Results and 

Compressive ï Tensile Asymmetry 

Using results from published research, it is important to understand the qualitative 

features of superelastic nitinol material in compression, and particularly their differences 

from tensile test results. While quantitative values differ considerably, the main 

qualitative features are fairly consistent throughout the literature and are outlined below. 

 

Figure 2-15, taken from ref (18), shows both tensile and compressive results from the 

uniaxial testing performed by Reedlunn et al.  

 

With reference to the loading behavior seen in figure 2-15, the initial modulus in 

compression is a straight line up to a strain of approximately 1 %. The initial tensile 

modulus is initially the same (showing no evidence of R-phase in this region) up to 

approximately 0.5 % strain, after which the slope reduces. This behavior in tension is 

also reported by Schaffer and Plumley (5) and is attributed to stress-induced R-phase.  

 

An inflection point in the compression results then shows that the critical stress has been 

reached for stress-induced martensite. This critical stress is considerably higher than the 

tensile stress for SIM, which again occurs at around 1 % strain. Austenite to martensite 

transformation in compression then occurs up to approximately 3.5 %, with a positive 

slope as stress continues to increase with strain. In contrast, the loading plateau in 

tension is flatter and longer, extending beyond 6 % strain. 

 

Between 3.5 and 4 % compressive strain, there is another inflection point as the stress 

begins to increase and then increases linearly with a steep slope (similar to the initial 

modulus) as strain increases. This shows that deformation is no longer primarily by 

phase transformation but by martensite elasticity and by plastic slip beyond 4 % 

compressive strain. Similarly, the tensile stress begins to increase beyond the end of its 

(longer) plateau, though with a lower modulus. 
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Figure 2-15: Mechanical response of tube specimens during (a) tension experiment and 

(b) compression experiment, taken from figure 4 of ref (18). The circled numbers 

correspond to strain field images shown in ref (18), which are not reproduced here. 

 

Considering the unloading behavior seen in figure 2-15, the unload modulus is steeper 

than the load modulus beyond the end of the plateau, both for compression and tension. 

This ólinear elasticô unload continues down to about 3.5 % strain in compression, beyond 

which unloading continues along an unloading plateau as reverse phase transformation 

(martensite to austenite) occurs at this stress level. This óplateauô has a slight slope, as 

stress reduces with decreasing strain ï unlike tensile unloading where the unload plateau 

is flat. For compression, the unloading plateau extends from approximately 3.5 % down 

to 0.6 %, while the tensile unload plateau is from approximately 5.5 % to 0.6 % strain. 

Below these strains, unloading is linear elastic for both tension and compression as the 

material is fully austenite (apart from any plasticity which causes some residual strain). 
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Reedlunnôs results (18) and Hendersonôs results (23) show both the loading and 

unloading plateau stresses to be higher in compression than in tension. The tension-

compression asymmetry of nitinol is generally attributed to the fact that a different 

martensite óvariantô will form for a given crystal (grain) within the material during 

tensile phase transformation than during compressive phase transformation (18). The 

tensile variant can accommodate larger strains by twin boundary motion (24), with lower 

stress required to move these twin boundaries than for the compressive variant (15). 

 

Reedlunnôs compressive results to both 4 % and 5 % maximum strains show another 

important feature of nitinol uniaxial stress-strain curves: the effect of plasticity. The 

sample that has been strained to 5 % strain, and therefore has experienced some plastic 

deformation, unloads along a lower stress plateau than the sample strained to 4 % 

maximum ï as seen in the blue curves of figure 2-16.  

 

This behavior can also be seen in the work of Chen et al (19) where they loaded a single 

sample to increasingly large maximum compressive strains and then unloaded. At the 

lower maximum strains, within the SIM mode of deformation, the material unloads 

along a similar stress plateau each time. Once larger maximum strains are reached, 

beyond the SIM plateau, the material unloads along a lower plateau. This same behavior 

is well known for uniaxial tensile testing of superelastic nitinol, and can be clearly seen 

in the results of Rebelo et al (25) ï as shown in figure 2-17. 

 

Another important finding from Reedlunnôs work using a full -field strain measurement 

technique (DIC) is that it shows compressive strain fields to be nearly homogenous 

during uniaxial loading and unloading. This is very different from full-field strain results 

for uniaxial tensile testing, where strain localization is seen as transformation fronts 

propagate through the material during loading, and then the process is essentially 

reversed during unloading. 
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Figure 2-16: Blue stress-strain curves show the different unloading paths taken for NiTi 

tube loaded to 4 % (C1) and 5 % (C2) maximum compressive strains, as tested by 

Reedlunn et al. Tension curves (red) are also included but not discussed here. From ref 

(18), figure 8. 

 

 

Figure 2-17: Preload effects on NiTi tubing material in uniaxial tension as tested by 

Rebelo et al, taken from figure 2 of ref (25). 
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Reedlunn explains that the tensile ólocalizationô behavior is caused by grains in the 

material being aligned such that phase transformation in one grain (from austenite to 

martensite structure or vice versa) will apply stress to neighboring grains sufficient to 

cause their transformation, leading to a macroscopic front. For compression, however, 

the grain alignments mean that transformation is less likely to spread to neighboring 

grains without large stress increase ï meaning that transformation is more diffuse 

throughout the material and strain increases more homogenously as stress increases. 

 

2.2.2.3 Strain Localization of Nitinol in Uniaxial Tension 

On the topic of strain localization of nitinol in uniaxial tension, it is useful to consider 

the results presented by Shaw and Kyriakides (3). A schematic of the test set-up and 

results graphs are reproduced in figure 2-18.  

 

For this experiment, Shaw and Kyriakides used 1.017 mm binary nitinol wire with a 

length of 63.5 mm between the grips. The four local extensometers each had a gauge 

length of 2.5 mm and were spaced 12.5 mm apart. Each thermocouple was attached to 

the wire within the gauge length of an extensometer.  

 

Of particular interest from these results are the óstrain historyô plots in fig 2-18(b), 

showing local strain (primary vertical axis) against óglobal strainô calculated from grip 

displacement (horizontal axis). In order to study the local strain history behavior, the 

curve (b) at location 4 from figure 2-18 is reproduced in figure 2-19 with the distinct 

regions numbered. 
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Figure 2-18: Reproduced from figure 10 of ref (3). Left: schematic of tensile test set-up 

for 1.017 mm nitinol wire in uniaxial tension, with 4 local extensometers and 4 

thermocouples along the axial length. Right: results show (a) local stress-strain 

response at the 4 axial positions; (b) corresponding strain and temperature histories.  
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Figure 2-19: curve (b) location 4 from figure 2-18, with distinct regions of ólocal strain 

vs global strainô curve numbered 

 

With reference to figures 2-18 and 2-19, the local strain history behavior is described 

below, in the order in which it occurs. 

 

In loading:  

1) Initial linear increase in strain with global wire length increase, strain uniform along 

the wire ï due to austenite elasticity 

2) Local strain remains constant despite overall wire length increase. This is because 

global strain is increasing due to propagating transformation front(s) that nucleated 

elsewhere and have not yet reached this axial location 
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3) Local strain rapidly increases at this particular axial location as the transformation 

front passes through. The local material transforms from austenite to martensite structure 

and increases its strain disproportionately to the global strain of the wire 

4) Local strain remains constant as the material has fully transformed to martensite in 

this axial position, while global strain increase is occurring by the transformation front(s) 

continuing to move along the wire. 

 

In unloading: 

5) Initial linear decrease in strain with global wire length decrease, uniform along the 

wire ï due to martensite (and any remaining austenite) elasticity 

6) The transformation front acts in reverse, meaning local strain remains constant at a 

given location until the front passes through. 

7) As the front passes through, the local strain rapidly decreases as the material 

transforms from martensite to austenite. The material exhibits ólocalization memoryô, 

whereby the last position to transform during loading will be the first to reverse-

transform during unloading. Note that the reverse-transform occurs at a lower global 

strain than the loading transform, due to the effect of linear elastic martensite unloading 

on the global strain. 

8) Following reverse transformation, the local strain remains constant until all material 

along the wire length has transformed back to the austenite parent phase, at which point 

the wire unloads uniformly with austenite linear elasticity (9).  

 

These results show that, for nitinol in uniaxial tension, the method of strain measurement 

must be carefully considered for the required investigation. While cross-head 

displacement may give an óaverageô (global) tensile strain of 5 % for the wire, the actual 

strains along the length of the wire may vary considerably from 1.5 % in some locations 

up to > 7 % at others due to the presence of local transformation fronts.  
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2.2.2.4 Bend Testing: Linear Elastic Beam Bending Theory 

Review of the literature shows that there are a few key modes of bending commonly 

used for material characterization. In order to understand the key features of these 

bending modes, it is useful to consider beam bending theory for linear elastic materials 

before considering the more complicated case of Nitinol in bending. The basic features 

of these bending modes for linear elastic materials are outlined below. For useful beam 

bending descriptions and calculators, see refs (26) and (27). 

 

Cantilever Bending  

 

 
 

Figure 2-20: Cantilever beam bending example, showing moment and curvature 

distribution, taken from ref (26) 

 

With reference to the example in figure 2-20 (taken from ref (26)), for a cantilever beam 

with a point load applied a distance óXô from its free end, the moment M (in Nm) and 

curvature K (in m-1) are 0 from the beamôs free end up to X, and then increase linearly to 

maximum values at the fixed cantilever end. 
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3-Point Bending  

For a simply supported beam with a centrally applied point load (i.e. symmetrical 3-point 

bending), the moment M and curvature K increase linearly from 0 at each support to 

maximum values at the centre load point (see example in figure 2-21, taken from ref 

(26)). 

 

 
 

Figure 2-21: symmetrical 3-point bend example, showing moment and curvature 

distribution, taken from ref (26) 

 

4-Point Bending  

For a simply supported beam with 2 applied point loads equidistant from the centre (i.e. 

symmetrical 4-point bending), the moment M and curvature K increase linearly from 0 at 

each support to maximum values at each loading point, with moment M and curvature K 

constant at these maximum values between the loading points (see example in figure 2-

22, taken from ref (26)). Due to the constant moment between the central pins of a beam 

in 4-point bending, the beam is in ópure bendingô. There is no shear force V (= ŭM/ŭx) 

between the central pins, the transverse planes are perpendicular to the axial direction of 

the bending beam and the maximum principal stresses and strains are in the axial 

direction. 
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Figure 2-22: symmetrical 4-point bend example, showing moment and curvature 

distribution, taken from ref (26) 

 

2.2.2.5 Experimental Bend Testing of Superelastic Nitinol 

Reedlunn et al (18) performed 4-point bend testing at 23 C on superelastic Nitinol tubing 

(OD: 3.176 mm; ID: 2.54 mm) with Af temperature = 19 C. A custom 4-point bend 

fixture was used to apply a pure moment during bending (with no axial or shear loads) ï 

allowing bending with a controlled radius of curvature along the measured length of the 

sample. Stereo Digital Image Correlation (DIC) was used for surface strain 

measurement. Their results show a number of interesting behaviours for nitinol in 

bending. 

 

Firstly, they show results for ónormalised momentô vs ódimensionless curvatureô ï see 

lower plot of figure 2-23. Details of how the applied moment óMô value was calculated 

from measurement of applied load and rig geometry, as well as how the average 

curvature ókô for the gage length was derived from measurements of cross-section 

rotation, are given in Ref (18). For the purposes of this literature review, it is the 

qualitative bending behavior shown by their moment-curvature results plot that is of 
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primary interest, giving a useful representation of bending stiffness. With reference to 

the lower plot of figure 2-23, during loading (increasing curvature) the applied moment 

increases linearly, then plateaus during a large curvature increase, and then increases 

again beyond the plateau. On unloading (decreasing curvature), there is hysteresis as the 

bending moment decreases linearly to a lower plateau, where the curvature reduces with 

almost no moment decrease, before a final linear decrease in applied moment as the tube 

straightens. Thus, the moment-curvature response for 4-point bending exhibits the same 

óflagô shape as superelastic nitinolôs uniaxial stress-strain response for loading and 

unloading. 

 

Secondly, they plot neutral axis position (location relative to cross-section diameter 

where local axial strain is 0) against bend curvature ï see upper red plot of figure 2-23, 

where Y0 is cross-sectional distance from centre line toward intrados. The results clearly 

show the tensile-compressive asymmetry of nitinol, as the neutral axis is positioned 

nearer to the intrados than the extrados throughout bending, both during loading and 

unloading. As will be explained further in chapter 5 of this thesis, this neutral axis 

eccentricity allows equilibrium between the compressive forces on one side and the 

tensile forces on the other, and shows that the compressive stress is higher than the 

tensile stress for nitinol at a given strain magnitude.  

 

The neutral axis position vs curvature plot is also interesting as it shows increasing 

tensile-compressive asymmetry up to the curvature where the applied moment plateau 

ends, at which point the neutral axis remains in the same position with further bending. 

On unloading, the neutral axis position (and t-c asymmetry) remains the same until a 

fairly low curvature, at which point it returns back towards the centre.  
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Figure 2-23: Lower plot: ôNormalised Momentô (related to outer fiber stress) vs 

ódimensionless curvatureô (related to outer fiber strain) plot  for a single 4-point bend 

load-unload cycle of Nitinol tubing, taken from figure 10 of ref (18). óMô is applied 

moment, óCô is cross-sectional outer radius (= OD/2), I is area moment of inertia of 

cross- section and k is average curvature of gage length. The circled numbers 

correspond to strain field images shown in ref (18), which are not reproduced here. 

Upper Plot: Neutral axis position vs. dimensionless curvature.  

 

One of the most interesting findings from the work of Reedlunn et al is the observation 

of strain localization in bending. They found that during bending with an applied ópure 

momentô, the compressive side had no evidence of localization, showing homogenous 
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strain for all curvatures in loading and unloading. On this side, the local DIC strain 

results for cross-sections fitted closely to the linear cross-sectional strain predicted by 

beam bending theory for the corresponding bend curvature.  However, on the tensile side 

there was evidence of localization as high strain regions initiated at certain locations on 

the extrados and propagated diagonally (ówedge localizationsô) across the tube as bend 

curvature was increased. This produced local strains that do not match beam theory 

predictions, with non-linear cross-sectional strain plots showing that plane sections do 

not remain plane. It is important to note, however, that this only occurs at óintermediateô 

curvatures, where beam theory predicts maximum strain levels in the ótransformation 

strainô region. At greater curvatures, where beam theory predicts maximum tensile 

strains exceeding phase transformation levels (Ó 7%), the measured cross-sectional 

strains match the theory well and the plane sections are approximately planar. Also, they 

show that when the measured strain is averaged over a few diameters of length (as 

opposed to being taken at a single cross-section position), there is good agreement with 

beam theory strain calculation. The conclusion of their study on localization is that care 

must be taken when using beam theory to predict strains for superelastic nitinol in 

bending, as the averaged bending strains may under- or over-predict local strains by up 

to a factor of two.   

 

When considering the application of these ólocalization in bendingô findings, it is 

important to remember that Reedlunn et al were using a ópure bendingô 4 Point Bend 

experimental set-up to impose a constant bend radius to the specimen along its measured 

length. With this set-up, the critical stress for transformation nucleation could occur at 

any point on the outer bend surface, depending on the particular alignment of crystal 

grains in the microstructure, and then propagate to neighboring grains that are not 

necessarily on the extrados ï giving local strain results that do not match beam theory 

predictions. However, for other beam bending set-ups such as 3 Point Bending or 

cantilever bending, as well as many situations experienced in service, the beam will not 

be in pure bending but will have an óapexô region where the applied moment /curvature 
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is at a maximum. In this case, the local applied moments would control the location of 

transformation nucleation (at the bend apex).  

 

It should also be remembered that the bend testing by Reedlunn et al was performed on 

tubes of relatively large diameter, meaning that large tensile ótransformationô strains are 

reached with a fairly low cross-sectional strain gradient. For thin nitinol wires, however, 

there will be a much higher strain gradient across the cross section from compressive to 

tensile strains, meaning that transformation propagation / strain evolution with bending 

is more likely to be controlled by bend geometry than by local grain orientation.  

 

Further to their investigation of beam-theory application for predicting local strains of 

nitinol in bending, Reedlunn et al investigated the effectiveness of beam theory for 

predicting global bending response and average neutral axis position during loading. 

They showed that using Euler-Bernoulli beam theory with an asymmetric material model 

(based on the uniaxial compression and tensile data) gave a good match to their 

experimental results for global bending during loading. They did not attempt to calculate 

the unloading responses using beam theory, as the path-dependent behavior in unloading 

involves far greater complexity.  

 

Pelton et al (28) performed both 3- and 4- Point Bending experiments on nitinol wires, 

although they only report 3-Point Bend results for a ø1.5 mm wire with 20 mm span 

between supports. They imposed deflections up to 3.5 mm at the centre point, with 

LVDT deflection measurement. The resulting Load ï Deflection curve, shown in figure 

2-24 below, exhibits a ósuperelastic flagô shape, with load-unload hysteresis involving 

upper and lower óplateausô (note, though, that these óplateausô are not flat). In order to 

investigate strains of tubes in bending, they used their 3-Point Bending L-D results to 

validate an asymmetrical nitinol constitutive model, which was then used in FEA 

analysis to simulate bending behavior and investigate strains. 
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Figure 2-24: Load-Deflection curve of 1.5 mm wire in 3-point bending, taken from 

figure 1 of ref (28). 

 

De La Flor et al (29) performed experimental cantilever bend testing on ø1 mm Nitinol 

wire, 60 mm long, using custom designed bending accessories for a Zwick 1445 Tensile 

Test Machine. Their results for load-deflection at different temperatures again show the 

stiff-compliant-stiff behavior during loading, involving a óloading plateauô region. They 

do not present results for unloading. Similar to Reedlunn et al (18), they show that an 

asymmetrical constitutive model with different tensile and compressive properties can 

give a good prediction of the load-deflection response during bend loading. 

 

Considering the experimental set-up for Nitinol in bending, ISO 15841 (30) is followed 

by a number of manufacturers as a method for 3-Point Bend testing of superelastic wires. 

The standard, designed to allow clinicians to make meaningful comparisons between 

wires used in orthodontics, describes the set-up and method for bend testing of ótype 2ô 

wires, defined as ówires not displaying linear elastic behavior during unloading at 

temperatures up to 50 Cô ï in other words, superelastic wires. (Note: wire diameter is not 

specified in the standard, but orthodontic arch wires are typically 0.3 ï 0.55 mm in 

diameter). Details of the test method are summarized below: 
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Set-up: 

- Symmetrical 3 Point Bend testing shall be used, with deflection by a centrally-

placed indenter 

- Span between supports = 10 mm 

- Specimen length = 30 mm 

- Radii of fulcrum and indenter = 0.10 ± 0.05 mm 

- Cross-head rate (for deflection) = 7.5 ± 2.5 mm/min 

- Test temperature = 36 ± 1 C 

Procedure: 

- Deflect wire to 3.1 mm (indenter displacement) then unload 

- From Force ï Deflection diagram, record force magnitudes during unloading at 

3.0, 2.0, 1.0, 0.5 mm and permanent set after unloading. 

 

Although aimed at the particular application of orthodontic wires, this standard offers 

useful general guidance for set-up of experimental bend tests to characterize thin 

superelastic nitinol wire.  

 

2.2.2.6 Load Path History Effects in Bending 

During its lifecycle, the nitinol wire in an endovascular stent component is compacted 

into a sheath by loading to a small bend radius, and is later deployed at an intended 

implant site by unloading to a larger bend radius. Once deployed, it may additionally be 

repositioned by further loading and unloading bending cycles. Thus, the bending nitinol 

material will be subjected to a particular loading and unloading history before reaching 

its final ódeployedô state in a blood vessel. It is therefore important to consider the effects 

of load path history on Nitinolôs mechanical response in bending. The following sections 

will focus on 2 particular aspects: 

- Load path history effects on force exerted during unloading 

- Load path history effects on strain state during unloading 
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Load Path History Effects on Force Exerted during Unloading for Nitinol in Bending 

Due to the stress hysteresis of nitinolôs superelastic behavior, it is obvious that the 

material in bending will exert a greater force during loading than unloading for a given 

bend curvature. This basic load-path history effect is shown by the 4-Point Bend moment 

hysteresis curves presented by Reedlunn et al (18) and the 3-Point Bend Load-deflection 

curves by Pelton et al (28) ï see figures 2-23 and 2-24 above for examples. 

 

Less obvious are the path-dependent effects of plasticity on unloading of nitinol. The 

previously mentioned authors Rebelo et al (25) and Chen et al (19) have investigated 

path-dependent unloading effects on nitinol in uniaxial tension and compression. Their 

results show that the material will unload along the same lower stress plateau provided 

its maximum strain is within the upper stress plateau range (generally < 7 % in tension, < 

4 % in compression). However, for increasingly large maximum strains beyond the 

upper plateau range, the material will unload along lower stress plateaus and exhibit 

greater permanent set.  

 

Duerig et al (31) demonstrate the load-path history effect on unloading modulus for 

superelastic nitinol material in uniaxial tension. For superelastic wire tested at 40 C, they 

show that for maximum strains between 2 % and 8 %, the unloading modulus decreases 

with increased maximum strain ï see figure 2-25. As a basic explanation, this reduction 

in unloading modulus with increasing transformation strain is attributed to the increasing 

volume fraction of martensite in the wire, with martensite having a lower effective 

modulus than austenite. Interestingly, unloading from beyond 8 % strain up to 12 %, 

there is an increase in the unloading modulus ï a trend that they say is reproducible at all 

superelastic temperatures. The detailed investigation of these phenomena is beyond the 

scope of this review, and it is sufficient to note the general behavior of Nitinol in terms 

of its path-dependent unloading modulus. 

 



 

62 

 

 
 

Figure 2-25: Unloading modulus as a function of strain for superelastic NiTi wire ï 

taken from figure 5-2 in ref (31) 

 

 
Figure 2-26: ôNormalised Momentô versus ódimensionless curvatureô for incremental 4-

point bend load-unload cycling of Nitinol tubing, taken from figure 16 of ref (18). The 

circled numbers correspond to strain field images shown in ref (18), which are not 

reproduced here. 
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For stent components, it is the path-dependent unloading behavior in bending that is of 

primary interest. Reedlunn et al (18) used their 4-Point Bend set-up to perform 5 cycles 

of loading and unloading on a tube sample, with increasing maximum curvature for each 

cycle. Their results are reproduced in figure 2-26.  

 

In terms of path-dependent effects on unloading, the moment-curvature results of figure 

2-26 show the following important features: 

- Where unloading begins from within the upper plateau region, increasing 

maximum curvature leads to slightly decreased unloading plateau values. 

- Where unloading starts from beyond the upper loading plateau, increasing 

maximum curvature leads to more dramatic reduction in the unloading plateau. 

These findings are attributed to increasing levels of plasticity within the bending 

materialôs outer and inner fibers following larger maximum curvatures. The results are 

important as they suggest that the level of bend curvature experienced during 

compaction of a nitinol stent component may affect the subsequent force exerted by the 

component during unloading, thereby influencing the Chronic Outward Force exerted on 

the blood vessel for sealing, migration resistance and damping. 

 

On the topic of plasticity effects, it is also important to note that the load history of 

nitinol components in bending can have a significant effect on fatigue resistance. Gupta 

(32) reports a collaborative project involving the FDA (Food and Drug administration) to 

look at the effects of pre-strain on fatigue life of nitinol wire.  Here, Rotary Bend Fatigue 

testing was performed on 0.5 mm diameter wires following bending round mandrels to 

give 8 % or 10 % bending pre-strains. They also heated the strained samples to 60 C to 

simulate sterilization. Their results showed that the pre-conditioning of the material 

resulted in reduced rotary bend fatigue life, with most fatigue failures initiating at the 

compressive pre-strained surface. When assessing these results, it is important to 

consider the loading that the material was subjected to. The pre-conditioning step 

subjected the material at the intrados to compressive strains beyond the SIM plateau 
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limit, considered by Gupta et al to be damaging to the material. The rotary bend testing 

then subjected this ódamagedô material to alternating tensile and compressive loading, 

with the cyclic tensile loads enabling crack growth from any defects on the compressive 

pre-strain surface. This testing therefore shows that a high compressive pre-strain 

followed by cyclic tensile loading is detrimental to fatigue life. In terms of application to 

stent graft devices, this kind of loading could be relevant to the hook components of 

Vascutekôs Anaconda device. For stent components, the compressive pre-strain material 

will undergo compressive-compressive in-vivo loading and therefore the results from ref 

32 cannot be applied. Nevertheless, the conclusion from the Ref (32) study is important, 

not least due to the direct involvement of the FDA in this work: 

ñThe present study underscores the importance of accounting for mechanical history in 

the design of implants, particularly as ever smaller catheters are adopted for device 

delivery.ò  

 

Load Path History Effects on Strain State during Unloading for Nitinol in  Bending  

Van Zyl et al (33) used Finite Element Analysis simulation of a nitinol beam in 

cantilever bending to investigate the load history dependency of final strain state for a 

given bend deflection. They used a rectangular beam model (60w x 40t x 400l (in mm)) 

with the asymmetric Shape Memory Alloy (SMA) model available in Ansys Finite 

Element Analysis (FEA) software. One end of the beam was fixed, and a vertical line 

displacement was applied to the other end to load it in the following way: 

- Initial load displacement of 30 mm 

- Additional load displacement to a maximum displacement in the range 37.5 to 

52.5 mm 

- Unload to 30 mm displacement 

Stress (maximum first principle stress) and strain (total mechanical strain) measurements 

were taken for a single element at the root location of the beam, outer fiber position. The 

graph in figure 2-27, taken from ref (33), shows the key results from this study. This 

graph shows that the ómaximum tensile strainô element has a higher strain for a given 
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beam end displacement following a larger maximum displacement in the load-unload 

history. As the final beam end displacement is the same in each case (30 mm), this 

suggests that the beam is taking a different shape depending on the loading history. 

 

 
 

Figure 2-27: stress-strain measurements for root location, outer fiber of simulated NiTi 

cantilever beam in bending, to investigate final strain as a result of load history (from 

ref 33).  

 

Van Zyl considered the underlying constitutive model used for the Ansys SMA material 

to propose an explanation for the load history dependence of strain. However, no 

experimental work was carried out to validate the FE analysis.  Indeed, a review of the 

literature on nitinol structures in bending has yielded no experimental investigation of 

this particular phenomenon. It is therefore an objective of the present work to 

experimentally investigate the load path history effects on unloading strain state for 

nitinol beams in bending. 

 

 

 

Displacement 

(mm) 
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2.2.2.7 Experimental Strain Measurement Methods for Nitinol in Bending 

In order to experimentally investigate the strain of nitinol material in bending, it is 

necessary to identify a suitable method of strain measurement. The available methods are 

highly dependent on the geometry of the structure to be measured. As it is a central 

objective of the present work to characterize óequivalentô material to that used in-service 

for nitinol stent components, it is desirable to find a method capable of measuring axial 

strains for wire in the diameter range 0.1 to 1 mm. Additionally, the method should be 

capable of measuring recoverable axial strains from 0 to 10 %. With such a challenging 

specification, initial enquiries revealed that traditional strain gauge measurement 

methods would not be feasible. Even if a small enough gauge with large recoverable 

strain range could be found, the information gained would be limited to very few strain 

locations. Therefore, a review of more contemporary strain measurement methods was 

conducted.  

 

Three potential methods were found that have previously been used for strain 

measurement of Nitinol to superelastic strains: 

- Digital Image Correlation (Ref 34) 

- Moire Interferometry (Ref 11) 

- X-Ray Diffraction (Ref 6) 

Consideration of cost, equipment availability, ease of use and ease of results 

interpretation showed that Digital Image Correlation (34) was the most feasible method 

for the present investigation. 

 

Digital Image Correlation (DIC) 

Reedlunn et al (34) give an in-depth explanation of the DIC technique, which uses 

image-matching algorithms to track the local displacements of random speckle patterns 

on the surface of a sample during deformation. These surface displacements can then be 

used to calculate local surface strains, and to measure the full-field strain of the surface 

at a given deformation. In this way, DIC is a non-contact method that uses digital images 
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of a sample at different deformations to calculate strains. While some material samples 

may have a naturally occurring random surface pattern that can be used for DIC, others 

may require surface preparation. Reedlunn describes using an airbrush paint method 

suitable for surface preparation of thin nitinol wires. 

 

In ref (34), Reedlunn et al describe using 3D DIC to measure the surface strains of ø 

0.762 mm superelastic nitinol wire during cyclic uniaxial tensile loading and unloading. 

3D DIC uses 2 CCD (Charge Coupled Device) cameras and additional calibration and 

image correlation techniques to calculate the specimen surface profile and the strain 

distributions thereon.  The method allowed them to study the strain localization and 

cyclic behavior of nitinol in considerable detail. They also performed validation of the 

method, using a laser extensometer for global strain measurement of the sample to show 

good agreement with the averaged DIC results.  

 

While Reedlunnôs work shows the feasibility of DIC for strain measurement on thin 

wires (34) and, separately, its usefulness for studying superelastic strains in bending 

(18), no examples of DIC application to thin wires (< 1 mm) in bending were found in 

the published literature. DIC was therefore identified as an interesting and novel 

approach for characterization of Vascutekôs stent wire. Chapter 5 of this thesis gives 

details of the microscopic 3D DIC approach used for experimental study of ø 0.45 mm 

superelastic wire in bending. 

 

2.2.2.8 Stress-strain response of Superelastic Nitinol in cycling 

As shown by the óProduct Life Cycleô (table 2-2) in the óBackgroundô section 2.1.3 of 

this chapter, the Nitinol material will experience a high degree of cyclic loading in its 

application to endovascular stent components. It is therefore important to review the 

available literature on Nitinolôs mechanical response to cycling. 
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Siddons and Moon (15), Henderson et al (23) and Reedlunn et al (34) have all 

investigated the effects of ófull superelasticô cycling of nitinol (with loading to the end of 

the transformation plateau and fully unloading for each cycle). They show major changes 

in the stress-strain response from the 1st cycle (óvirgin materialô) to the 25th cycle and 

beyond, with eventual stable response at higher cycle numbers. In particular, this ólarge 

strainô cycling results in decreasing loading plateaus, a smaller hysteresis loop between 

loading and unloading and a large amount of permanent set, for both tensile and 

compressive uniaxial cycling.  

 

However, superelastic Nitinol material does not undergo this level of ólarge strainô, high 

cycle loading in service for stent components. For the stent rings of the Anaconda 

device, there will be a maximum of 3 compaction-deployment cycles, meaning a 

maximum of 3 ólarge strainô cycles. For this small number of cycles, there is still some 

reduction in the upper plateau and a small amount of permanent set (ref 34), but the 

changes are small compared to the high cycle number effects, and there is no observed 

change to the unloading plateau. This can be seen in figure 2-28, reproduced from 

Reedlunn (34). 

 

Considering the in-service behavior of nitinol for stent components (Table 2-2), the 

óintermediate strainô ȹ cycles experienced during collapse-reposition-open of the 

device are likely to be small in number (Ò 3). For stents under pulsatile deformations, it 

is the ósmall ȹô cycling behavior (ȹ < 1%) that will have the greatest bearing on long-

term performance, including fatigue resistance. Therefore, the focus of this literature 

review is on the small ȹ response at representative óin-vivoô mean strains. 
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Figure 2-28: mechanical response of superelastic wire to 25 uniaxial tensile  load-

unload cycles in room temperature air (22C), taken from figure 7 of ref (34). 

 

Pelton (7) performed uniaxial tensile testing on tensile samples machined from 

superelastic wire with 3 mm diameter gage. The samples were processed in two different 

ways prior to testing:  

- óannealedô samples were heat treated at 900 C for 30 minutes, giving final Af of   

-15 C 

- óstress-relievedô samples were heat treated at 500 C for 10 minutes, giving final 

Af of 20 C (typical of stent material processing) 

Room Temperature tensile testing was then performed on the different samples, with 

loading to 1.5 % mean strain and then cycling with ȹ = 0.5 % peak-to-peak (1.25 to 

1.75 % ) for 100 cycles. During testing, Transmission Electron Microscopy (TEM) was 

used to investigate the material microstructure. For the annealed material, where the 

microstructure is initially amorphous, the stress-strain results show that the cycling 



 

70 

 

modulus (and therefore ȹů) increases while the hysteresis decreases with cycling. The 

TEM explains this, showing that the microstructure consists of a high density of 

dislocations which show increasing ówork-hardeningô with cycling. For the stress-

relieved material, where microstructure consists of small grains of approximately 75nm 

width, the cyclic stress-strain curves show minimal hysteresis and no change in modulus 

during cycling, although there is a drop in the stress levels from 1st cycle down to a 

stable level after 5 cycles. (Note, though, that this cycling occurred from the upper 

plateau, which tends to show this ósofteningô behavior when the ȹ level is large 

enough). The TEM investigation after cycling showed no change in the microstructure 

for this material. The conclusion from this work was that thermal processing is important 

to the cyclic behavior and therefore the fatigue behavior of superelastic Nitinol, with 

optimized thermo-mechanically treated microstructures giving stable and predictable 

cyclic behavior for small ȹs.  

 

This has positive implications for characterization of Vascutekôs Nitinol material, as the 

wire used for Anaconda stent components is of the óstress-relieved, nano grain sizeô 

microstructure type (9) shown by Peltonôs TEM images (7). This means that the wireôs 

long-term, small ȹ cyclic behavior will  be stable and can therefore be reliably 

characterized from testing to a small number of cycles. 

 

Rebelo et al (35) investigated the effects of cyclic loading on superelastic nitinol tubing 

in uniaxial tension. They used 3.125 mm OD x 2.15 mm ID tubing, length 130 mm, heat 

treated to give active Af temp of 27 C, and performed testing at 37 C in air with strain 

rate of 10-3 s-1 and with 25 mm gage length extensometer for strain measurement and 

control. For each mean and delta strain level, tests were performed with cycling both 

ófrom aboveô ï with direct loading to the mean strain followed by 100 ȹ cycles ï and 

ófrom belowô ï with loading to 6 % strain, unloading to the mean strain and then 100 ȹ 

cycles. Table 2-6 below summarizes the tests performed. Figure 2-29 then shows the óset 

3ô results from ref (35). 
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  Mean  ȹ  (peak to peak) 

Set 1 
From above 2 % 1 % 

From below 2 % 1 % 

Set 2 
From above 2 % 1.6 % 

From below 2 % 1.6 % 

Set 3 
From above 3 % 1.2 % 

From below 3 % 1.2 % 

Set 4 
From above 4 % 1.6 % 

From below 4 % 1.6 % 

 

Table 2-6: Test sets performed by Rebelo et al (35) to investigate cycling effects on 

nitinol in uniaxial tension 

 

 
 

Figure 2-29: Test results of 3 % Mean, 1.2 % peak-to-peak alternating strains cycling 

ófrom aboveô (blue) and ófrom belowô (black) ï taken from figure 5 of ref (35). 
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It should be noted that all these tests subjected the nitinol material to relatively large ȹ 

values, and as such there was some load-unload hysteresis evident in the cycle curves for 

all test sets. An interesting finding from the results is that the ófrom belowô cycling 

remained at approximately the same upper and lower stress levels throughout cycling, 

whereas the ófrom aboveô results showed decreasing stress levels during cycling 

(ósofteningô) until the cycles stabilized at levels close to the ófrom belowô results (see 

example in figure 2-29 above). In fact, it was found that for these ȹ levels, the ófrom 

aboveô cycling material responses tended to merge with the ófrom belowô response, 

showing path-independence for the high-cycle behavior.  The other important finding 

was that for the lower ȹ tests (ȹ= 1 % or 1.2 %), the cycle shape and modulus 

remained stable throughout cycling, while for the higher ȹ tests there was a clear 

change in shape of the hysteresis loop from 1 to 100 cycles. This work suggests, then, 

that for low ȹ cycles at mean strains reached during unloading, the cyclic response can 

be assumed to be stable from the 1st cycle onwards. 

 

Further evidence of this is given by Schlun et al (36). They performed uniaxial tensile 

testing according to ASTM F2516-06 at 37C in a water bath on dog-bone samples laser 

cut from nitinol tubing and processed in an identical manner to laser-cut stents. As in the 

previous case, they performed ȹ cycling at a given mean strain both ófrom aboveô 

(during loading) and ófrom belowô (during unloading). Their results for ȹ = 0.4 % 

(peak to peak) at 2 % mean strain are shown below in figure 2-30. 

 

These results show no changes during 100 cycles. At this ȹ level there is no load-

unload hysteresis loop present and the cyclic modulus remains the same during cycling. 

It is interesting to note that in this case, there was no drop in stress levels for the ófrom 

aboveô cycling, which may be due to the lower ȹ cycling performed here compared to 

Peltonôs (7) or Rebeloôs (35) cyclic testing. It is also important to note that their results 

show a higher cyclic modulus for the ófrom belowô cycling, meaning these cycles 

undergo a greater ȹů for the same ȹ than the ófrom aboveô cycles. 



 

73 

 

 
 

Figure 2-30: Test results of 2 % Mean, 0.4 % peak-to-peak alternating strains cycling 

ófrom aboveô (black) and ófrom belowô (grey) ï taken from figure 5 of ref (36).  

 

For ȹ = 2 % (peak to peak) with mean strain of 3 %, they obtained similar results to 

Rebelo (35), with a similar change in the hysteresis loop shape with cycling until a stable 

shape is reached at 90 cycles. 

 

Launey et al (37) performed tension-tension fatigue testing on 0.25 mm nitinol wire 

samples (45 % CW, Af = 17±3 C) at 37 C test temperature following tensile pre-

straining, to investigate the effects of pre-straining, mean strain and delta strain on 

fatigue life of nitinol. The key finding from their work is that phase change during 

cycling is detrimental to fatigue life, and therefore nitinol components for use in high-

cycle applications should be designed to avoid phase change during cycling. In terms of 

their tensile stress-strain results, they showed that phase change is seen by hysteresis in 

the cyclic behavior. Therefore, long-term fatigue safety is indicated by an absence of 

load-unload stress hysteresis in cycling. In relation to these findings, they also show that 

a greater gap between loading and unloading plateau stresses (greater ólarge strainô 
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hysteresis) allows a higher ȹ fatigue limit, and that large tensile pre-strains (beyond the 

transformation plateau) can in fact increase this fatigue limit by lowering the unloading 

plateau.  However, as has previously been seen in the analysis of Gupta et al (32), the 

effect of high pre-strain on subsequent fatigue life depends on the direction of loading 

for each step. In the Ref (32) study, high compressive pre-strains were detrimental to 

rotary bend (alternating tensile-compressive loading) fatigue life. In terms of application 

to endovascular stent components, it would be useful to see results for cyclic bending 

fatigue of Nitinol following pre-strain bending in the same direction. No such studies 

were found in the current literature review.  

 

In summary, a number of investigators have considered the uniaxial tensile stress-strain 

behavior of superelastic nitinol under small ȹ cycling conditions. However, no previous 

results could be found in the published literature for mechanical response of nitinol in 

bending or compression during small ȹ cycling (despite a large volume of work on 

cyclic fatigue characterization for bending components). Therefore, it is an intention of 

the present experimental work to include small ȹ cycling in the compression and 

bending characterization testing of nitinol wires. 

 

2.2.2.9 Conclusions: Compressive, Tensile and Bend Testing of Nitinol 

Tensile testing of Nitinol wire material has been widely investigated and reported, with a 

wealth of information on testing techniques and results available in the literature. On the 

other hand, there is little published research on compressive and bend characterization of 

nitinol wire material. 

 

Compressive testing of wire samples has inherent set-up difficulties related to buckling. 

It has, however, been shown that larger diameter samples in the diameter range 1-2 mm  

can be processed to give similar mechanical properties to thin nitinol wire (diameter < 

0.5 mm), opening up the possibility of investigating compressive properties of nitinol 

wire material under uniaxial loading. Where lateral supports are used to prevent buckling 
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of longer samples, care should be taken in using crosshead displacement to calculate 

strain, as this has been shown to overestimate strain values. If shorter samples are to be 

used to avoid buckling, high resolution displacement control and measurement test 

equipment would be required, and end friction difficulties must be resolved. 

 

Information on compressive testing of larger rod and tube nitinol samples is more widely 

available, and provides the following characteristics for superelastic nitinol in 

compression: 

¶ The initial elastic modulus is constant up to the transformation stress, and is 

generally higher than the effective initial tensile modulus (up to the tensile 

transformation stress). This can be attributed to the effect of stress-induced R-

phase in tensile loading, which does not occur in compression. 

¶ The transformation stresses in compression are higher than in tension, both for 

loading and unloading. 

¶ The loading and unloading plateaus in compression have a low effective modulus 

but are not flat, as in tension. Stress increases with strain in loading and 

decreases with strain in unloading, even during phase transformation. 

¶ Loading and unloading óplateausô are shorter in compression than in tension, 

meaning there is less transformation strain. 

¶ Unloading stress plateaus are load-path independent both for tension and 

compression providing the maximum loading strain lies within the loading 

plateau. 

¶ Unloading stress plateaus are load-path dependent both for tension and 

compression if the maximum loading strain is beyond the end of the loading 

plateau. In this case, the unloading plateau decreases with increasing maximum 

strain. This is attributed to the presence of plastic dislocations within the material 

following large strains. 

¶ In uniaxial compression, deformation during phase transformation is essentially 

homogenous throughout the material. This is different from uniaxial tension, 
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where strain localisation occurs as phase change nucleates at a discrete location 

and then propagates as a front along the length of the material.  

¶ Small ȹ  cyclic behavior during unloading of nitinol in compression has not 

been reported in the literature. For understanding of in-vivo stent behavior, it 

would be useful to investigate the stress-strain path of this cycling behavior, 

including the ócompressive cycling modulusô (which will have an influence on 

the stentôs Radial Resistive Force). A number of investigations have been 

performed for ȹ cyclic behavior of nitinol in tension, with results suggesting 

that the material response will remain stable from the initial cycle providing the 

ȹ is small. 

 

For bend testing, common approaches to material characterisation include 3-point 

bending, 4-point bending and cantilever beam bending. These different approaches give 

different distributions of curvature and moment along the length of a test sample, and an 

appropriate method should be chosen for investigation of in-service bending behaviour. 

 

Again, little published information is available for thin nitinol wire (< 0.5 mm diameter) 

in bending. However, a number of investigations for thicker nitinol beams have been 

reported, providing the following characteristics for superelastic nitinol in bending: 

¶ The neutral axis is eccentric for superelastic nitinol in bending, and is located 

towards the inner (compressive) bend surface. The neutral axis eccentricity 

results from the tensile-compressive asymmetry of Nitinolôs stress-strain 

behaviour.  

¶ In bending, superelastic nitinol shows the characteristic load-unload óflagô shape 

for moment vs curvature, similar to the curve shape seen for stress vs strain for 

uniaxial tensile and compressive testing. As would be expected, this shows that 

stiff-compliant-stiff behaviour and ómomentô hysteresis occur in bending due to 

the phase change effects. 
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¶ Strain localization can occur in bending when the outer tensile material is in the 

unstable phase-change state, meaning that plane sections do not remain plane and 

local tensile strains do not match beam theory predictions. This has only been 

demonstrated for large diameter tubing in 4-point bending. It is considered that 

localization effects may be less evident or even absent for thin wires in bending 

with applied localised moments ï as for 3-point bending and in-service stent 

rings. 

¶ When the outer tensile material is beyond the unstable phase-change condition ( 

> 7.5 % strain), local bending response is well predicted by beam theory, with 

plane sections. 

¶ Global bending response of nitinol in loading is predicted well using beam theory 

with an asymmetric material model. 

¶ FEA simulation has demonstrated that in bending, the final strain state of a 

nitinol beam during unloading is dependent on its load-path history. 

 

This literature review has provided useful general information on the macroscopic 

tensile, compressive and bending behaviours of superelastic nitinol material due to the 

elastic, stress-induced phase change and plastic response of its microstructure to 

mechanical loading. The review has also highlighted the dependence of these properties 

on processing history and service temperature. However, this general information lacks 

the detail required to characterise the particular Nitinol material used for a specific 

manufacturerôs stent graft components, both in terms of quantitative data and also in 

terms of the particular conditions that the material will be subjected to in service. In 

order to obtain material characterisation results that are useful for the design and analysis 

of stent graft products, and in particular Vascutekôs products, it is therefore necessary to 

perform compressive and bend testing on wire material of a representative specification 

with test conditions appropriate to the intended use, which can then be used together 

with existing knowledge of the materialôs tensile behaviour. In terms of performing these 
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compressive and bending tests, the knowledge gained from this Literature Review will 

provide useful guidance. 

 

This review has also highlighted a number of areas where no previous work has been 

published, providing clear opportunities for novel investigation as part of the planned 

project work. In particular, the work will involve novel experimental investigation of the 

following areas: 

- the load-path dependence of strain for bending nitinol beams during unloading  

- strain measurement of thin Nitinol wire in bending, using Digital Image 

Correlation (DIC) 

 These investigations will provide useful insights to the deformation behaviour of stent 

graft components during compaction and deployment, which in turn will help in analysis 

and optimisation of component design. 

 

2.2.3 Superelastic Constitutive Models for Nitinol 

As described in the introduction (Chapter 1), FEA has become a vital tool for stent graft 

development for the analysis and optimization of superelastic Nitinol components. An 

intention of the present work is to apply the results from physical tests on Nitinol wire to 

calibrate and validate a superelastic material model commonly used in industry, in order 

to evaluate its effectiveness in describing bending behavior for superelastic stents. With 

this purpose in mind, a review of the literature on superleastic Nitinol constitutive 

models was undertaken to understand the ability of these models to describe the relevant 

material behaviours. 

 

A constitutive model is the mathematical description of a materialôs response to various 

loadings. In the case of Shape Memory Alloys, the materialôs responses to applied 

stresses or strains and to temperature changes are of primary interest. Many constitutive 

models have been proposed to describe Nitinolôs superelastic, temperature-dependent 

and shape memory behaviours, falling into the broad categories of microscopic 
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(modelling of molecular-level phenomena), mesoscopic (modelling on the lattice particle 

scale) and macroscopic (modelling of homogenized material response) (38). 

Macroscopic models are also known as phenomenological models, and are generally the 

only viable option for engineering application to design and analysis of structural 

components due to their relative computational efficiency. For Nitinol, a number of 

macroscopic models have been developed to capture the phenomenological effects of 

superelasticity. However, one particular model has been adopted more widely than any 

other, largely due to its commercial availability within Finite Element Analysis (FEA) 

software packages such as Abaqus and Ansys: the Auricchio-Taylor model. This is the 

material model that will be used for FEA of superelastic Nitinol wire in the present 

work, as will be reported in Chapter 6. This constitutive model is described below. 

 

2.2.3.1 Auricchio-Taylor Superelastic Model in Abaqus 

Within Abaqus, a built-in superelastic material model is available, based on the 

macromodel proposed by Auricchio and Taylor to describe finite strain superelastic 

behaviour (42). To understand how this model was developed, it is useful to trace its 

evolution through the literature.  

 

Lubliner (39) originally described an inelastic material model based on the concept of 

óGeneralized Plasticityô, suitable for describing non-linear features not covered by 

classical plasticity, and allowing straight-forward numerical implementation. Lubliner 

and Auricchio (40) then used this óGeneralized Plasticityô framework to develop a 1-D 

constitutive model to describe shape memory alloys that undergo solid state phase 

transformations to give superelastic behaviour. This was then developed by Auricchio, 

Taylor and Lubliner (41) into a 3D isotropic model for superelastic behaviour, including 

description of 3 phase transformations (austenite to single variant (detwinned) 

martensite; detwinned martensite to austenite; and martensite re-orientation), 

temperature dependence of transformation stresses and tension-compression asymmetry 

features. Importantly, this work also included numerical implementation within a Finite 
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Element (FE) setting, with some experimental validation of the results, and included 

simulations to demonstrate applicability to superelastic device design. Next came the 

seminal paper from Auricchio and Taylor (42) describing the extension of the 3D model 

to finite-strain superelastic behaviour, an important development due to the large 

deformations typically required for superelastic components and devices. Again, the 

paper described numerical implementation in an FE setting with examples of validation 

and application. Auricchio and Sacco (43, 44) then developed the model by allowing for 

different elastic properties for the austenite and martensite phases, and also proposed an 

additional superelastic beam model, based on Euler-Bernoulli beam theory. In 2001, 

Auricchio published a paper (45) describing a refined version of the model as a robust 

and efficient solution algorithm for use in FE, to enable application to device design. 

Here he demonstrates the efficacy of the model using a number of 1-D and 3-D problems 

of varying complexity. Rebelo et al (46) then implemented the óAuricchio-Taylorô model 

within Abaqus, available as user-defined material subroutines (UMAT for 

Abaqus/Standard and VUMAT for abaqus/Explicit) in Abaqus version 6.4 (2003) and 

then as built-in user material models for both Abaqus Standard and Explicit from version 

6.5 (2005) onwards. Rebelo also extended the model to allow for some plasticity features 

(post-transformation hardening curve, permanent set) to be captured, available as the 

SuperElastic-Plastic model in more recent versions of Abaqus. Additionally, certain user 

subroutines have been developed that can be used as add-ons to improve the modelling 

of cyclic behaviour (35) and plasticity effects (47). 

 

The óAbaqus Auricchio-Taylorô (AAT) model is now widely used in the design of 

superelastic Nitinol components and devices within the medical device industry. 

Examples of its application for medical device simulations are given in refs (48-50). 

Two key reasons explain the modelôs widespread uptake by industry: 

- Verification and Validation evidence: as an in-built model within Abaqus, it is 

supported by a great deal of verification and validation evidence (for example, 

see (51) and (52) for early experimental validation studies) and so is recognised 
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by regulatory authorities as a suitable constitutive model for superelastic Nitinol, 

albeit with certain limitations 

- Ease of use: the input parameters required by the user to calibrate the model for 

their specific material are easily obtained from simple uniaxial stress-strain test 

results. Many other thermo-mechanical models have been developed (a detailed 

description of available models is provided by Lagoudas in ref (50)) but these are 

typically more involved than the AAT model for calibration.For example, in ref 

(51) the AAT model was chosen over the óQidwai-Lagoudasô model due to the 

perceived ease of model parameter calibration. (It should be noted that 

simplifications are possible for the Qidwai-Lagoudas making it simpler to 

calibrate, as used in ref 52). The simplicity of input parameters, together with the 

availability as an in-built user material, mean that the AAT model is accessible to 

a wide user base. 

 

A detailed description of the Auricchio-Taylor constitutive model is beyond the scope of 

this review, and the reader is referred to ref (48) for a clear, concise summary of the 

theory including equations.  

 

Briefly, the model uses stress (tensor) and temperature as control variables, and 

detwinned martensite fraction (scalar) and strain (tensor) as internal variables. For the 

superelastic model, any strain increment is decomposed into a linear elastic part and a 

stress-induced transformation part. Following standard plasticity rules, a transformation 

potential is calculated from the stress using a Drucker-Prager formulation (with stress 

separated into pressure and deviatoric stress components) and is used to derive the 

change in martensite fraction and the transformation strain increment. This 

transformation only occurs within certain stress thresholds, which are different for 

forward (Austenite to detwinned Martensite) and reverse (detwinned Martensite to 

Austenite) transformations, providing the model with stress hysteresis. The stress 

thresholds are input by the user, based on uniaxial tests, and the model includes a shift of 
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stress thresholds as a linear function of the temperature relative to the reference 

temperature. The model can accommodate non-proportional loading conditions, as any 

changes in stress direction produce martensite re-orientation with negligible additional 

effort.  

 

The austenite and martensite are both assumed to follow isotropic linear elasticity, and 

different elastic properties can be input by the user for each (again based on uniaxial test 

results). During the phase transformation, where there is a mixture of the two phases, 

elastic properties (Youngôs Modulus, Poissonôs ratio) are calculated from the elastic 

constants of each following the rule of mixtures, according to the fraction of martensite 

present. 

 

Finally, a difference in response for tension and compression is enabled for the model by 

inputting a different transformation start stress threshold in compression and by 

specifying a value for volumetric transformation strain, thereby adjusting the angles used 

in the Drucker-Prager transformation equations to give different compressive behaviour.  

It is interesting to note that for development of the original Auricchio-Taylor model 

described in (42), different models were assessed for the phase change evolution, 

including an exponential form and a linear form. The exponential form (with suitable 

parameter inputs) gave considerably better results for accurately capturing the stress-

strain behaviour as the material initially transitions from Austenite to Martensite and 

vice-versa. However, the A-T model implemented in Abaqus uses the linear form, likely 

chosen for its simplicity and requirement for fewer user input variables.  

 

The Abaqus Superelastic model has also been extended to include certain features of 

plasticity for cases of loading beyond the end of the transformation plateau. Here, as well 

as elastic and transformation strain components, the total strain increment additionally 

comprises a plastic part. The plastic strain increment is calculated using a flow rule and 
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hardening model. A useful summary of how the Superelastic-Plastic model works is 

given in (47). 

 

One final point on the A-T Superelastic model relates to the experimental validations of 

this model that are reported in literature. A large number of 3- and 4-point bending tests 

of Nitinol wires and tubes have been performed with comparison against simulations 

using the model (for example, (41), (42), (52), (53)). However, in all these cases the 

bending behaviour is validated in terms of load-deflection response, with no validation 

of the accuracy of strain results. For design and analysis of superelastic stent 

components, the material strains due to bending are of great importance in order to 

assess compaction and cyclic fatigue performance. Therefore, it is an aim of the present 

work to use strain results from experimental Nitinol wire bend tests for comparison with 

bending simulation results from the Abaqus A-T Superelastic model, as will be reported 

in Chapter 6.  

 

2.2.3.2 Looking Forward: the Souza-Auricchio Model 

The Auricchio-Taylor model described above, based on General Plasticity theory, was 

focused on superelasticity modelling. In the concluding remarks of ref (45), Auricchio 

states that future work will involve development of a model for both superelastic and 

shape memory behaviours. From that time on (2001) it is noticeable in his publications 

that Auricchio changes his attention to a different modelling approach, based on the 

publication of Souza et al (54), which describes a model developed within the theory of 

irreversible thermodynamics, using a free energy density function. With Auricchio 

himself moving on from the A-T model he developed to focus his attention elsewhere, it 

makes sense to include a brief overview of the alternative model he has been developing 

since the watershed of 2001. This will give some idea of the state-of-the-art in this field, 

and it may well be that such a model will in future supersede A-T as the industry model 

of choice for superelastic Nitinol. A description of the model is given below, in the 

context of a brief survey of its evolution through the literature. 
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In 1998, Souza et al (54) proposed a new model to describe superelastic and shape 

memory behaviour for 3-D media under small deformations. The model uses a free 

energy density function including terms for elastic energy, thermal deformation, 

transformation strain energy and chemical energy. Total strain and absolute temperature 

are the control variables, while the transformation strain tensor is the only internal 

variable to describe phase transformation effects. The model is based on a few simple, 

physically justified assumptions. For example, the transformation strain is assumed to be 

deviatoric as SMA phase transformations take place under near-isochoric conditions. 

The transformation strain magnitude is limited according to the maximum 

transformation strain seen in uniaxial tensile testing. 

 

Auricchio and Petrini (55) saw the potential of this as a simple, effective and robust 

model and worked on improvements and methods to implement it in an FE context, 

leading to their 2002 publication. In 2004 (56), they described a simple modification to 

the model to enable a more effective, robust algorithm for implementing the numerical 

model. In 2007, Auricchio et al (57) extended the model to include plasticity effects 

including deformation accumulation due to fatigue. In 2009, Auricchio et al (58) 

included differences between austenite and martensite properties, and in 2011 

Arghavani, Auricchio et al (59) developed the 3-D model for finite strain to allow for 

large deformation problems. Here they also included algorithms for implementation in 

FE, with examples showing improved efficiency of this model over previous versions. 

Barrera et al (60) in 2014 showed developments for improved plasticity and functional 

fatigue modelling. Finally, Urbano and Auricchio (61) published in 2015 to show 

improvements allowing more accurate modelling of the macro stress-strain behaviour 

beyond the end of the transformation plateau, describing martensite transformation of 

unfavourably oriented grains after the main plateau. 
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Petriniôs 2017 presentation (62) gives a good overview of the model, its improvements 

over time and some recent applications. Of particular interest is the comparison of the 

state-of-the-art version with the Abaqus A-T Superelastic-Plastic model, showing that 

the new model is more effective in describing the qualitative macro stress-strain effects 

of plasticity (including reduced unload plateaus) and functional fatigue. This is in 

addition to the new modelôs ability to describe shape memory behaviours, which the A-T 

model cannot. 

 

Ref (63) from 2010 gives an interesting example of the application of the Souza-

Auricchio model to stent device deployment modelling. Here, an ad-hoc algorithm 

describing the particular materialôs behaviour was implemented into the 

Abaqus/Standard code using a user material subroutine (UMAT). It should be noted that 

there is not presently a commercially available UMAT for the Souza-Auricchio 

constitutive model. 

 

2.2.4 Summary of Research Priorities from Literature Review 

 

The preceding literature review has highlighted some notable gaps in knowledge, which 

the current research must seek to address in order to achieve the objective of superelastic 

Nitinol wire characterization for application to stent graft design. The research priorities 

that have been highlighted from this are given below: 

- the only information found on compressive characterization testing of thin 

superelastic Nitinol wire (as opposed to other material forms with 

unrepresentative processing history) was from the investigation by Henderson et 

al (23) at University of Strathclyde, and this did not focus on the relevant in-

service conditions for stent graft products. The current work must therefore aim 

to develop a suitable test method and obtain compressive stress-strain results for 

Nitinol wire representative of stent material and its in-service conditions.  
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- No experimental information was found for the mechanical response of thin 

Nitinol wire (in the range 0.1 to 0.45mm) tested in bending under the loading 

regimes most relevant to the in-service conditions of stent material (including 

large ócompactionô bend deformations and cyclic deformations representative of 

in-vivo pulsatile loading). Current work should therefore seek to obtain results 

for Nitinol wireôs load response to bending deformations representative of in-

service stent conditions. 

- No previous experimental work to measure superelastic strains of thin Nitinol 

wire in bending could be found, providing an exciting opportunity for novel 

investigation in the present work.  

-  No experimental investigations of the effect of loading history on final strain 

state of Nitinol during unloading in bending were found. This interesting 

phenomena, reported by van Zyl et al (33) through FEA simulation work, 

requires an explanation in order to understand what effect it may have on stent 

component behaviour.  

- Finally, no studies could be found on the accuracy of FEA-based Nitinol 

constitutive models (and in particular the widely-used Auricchio-Taylor model in 

Abaqus) for representing the strain state of superelastic Nitinol wire in bending. 

This should be addressed in the current work by using data from experimental 

strain measurement of Nitinol wire in bending for validation of FEA simulations 

using the Abaqus superelastic constitutive model. 
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Chapter 3: Compression Testing 

 

3.1  Background 

In order to understand the behaviour of superelastic nitinol wire for application to 

implantable stent graft components, it is important to characterise the materialôs 

mechanical response to compressive loading. In service, these implantable components 

will be subjected to large tensile and compressive strains in bending during endovascular 

delivery. Characterisation of the tensile response of nitinol wires to these high strains is 

well-known, with a well-defined method described in standard ASTM F2516-07 (Ref 

17).  However, compressive testing of thin nitinol wires to typical service strains is more 

difficult to achieve, with no standard method available. Chapter 2 (Literature Review) 

described some of the experimental approaches that have been used by investigators to 

study nitinol in compression, together with their limitations.  

 

Having considered various approaches, it was decided to follow the compression testing 

approach developed by Henderson et al (ref 23) for the following reasons: availability of 

the equipment; past experience of University technicians with the test method; ability to 

use representative ówireô sample material with equivalent processing history to device 

material; proven success in achieving results up to compressive strains of 4% without 

buckling. Using this approach, further work was required to overcome limitations of the 

previous study (23) so that useful data could be gathered on compressive Nitinol 

behavior relevant to stent graft design. In particular: Hendersonôs testing did not involve 

full phase transformation to the end of the loading plateau in compression, being limited 

to 4% maximum strain; testing was only performed at a single test temperature of Af + 

30 C;  only large strain cycling (between 0.01% and 4% strain, 50 cycles) was 

performed, with no medium or small strain cycling which are important to characterize 

for stent design and analysis; the published study gives very little detail of the results, 

showing only a single cycle graph from the compression testing.  
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It was therefore decided to use Hendersonôs approach as a basis, and to expand on that 

previous work to study a number of compressive characteristics relevant to the 

functioning of stent graft nitinol components.   

 

3.2  Objectives 

The overall objective for this piece of work is to obtain compressive stress-strain data for 

representative Nitinol material at conditions relevant to stent graft application. 

 

In order to achieve this objective, the following sub-objectives were identified for 

compression testing: 

- Characterize the stress-strain response up to 6 % compressive strain at room 

temperature, representing anticipated conditions during device compaction 

- Investigate the effect of three load-unload cycles to 6 % compressive strain at 

room temperature, representing anticipated óworst caseô cycling during 

compaction 

- Characterize the stress-strain response at different óin serviceô temperatures: 

room temperature (17 to 25 C), body temperature (37 C) and sterilization 

temperature (55 C) 

- Investigate the effect of loading history on the unloading stress-strain path in 

compression at 37 C: this is important to understand for stent components in 

bending, where different regions of the material will experience different load-

unload paths during compaction and deployment 

- Characterize the cycling behaviour for small and medium ȹ load-unload cycling 

ófrom belowô (i.e. from the unloading stress-strain plateau) at 37 C: this is 

important for understanding the material response to in-vivo pulsatile loading, 

which is a key consideration for fatigue safety and device durability. 
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Another aim of this work is to gain understanding of the tensile ï compressive 

asymmetry of the Nitinol material, which will allow informed analysis of its behaviour 

in bending. This will be achieved by comparing the compressive test results with 

existing tensile results (from Vascutekôs database). 

 

3.3  Equipment and Method 

3.3.1 Sample Holder 

As described in ref (23), Henderson designed three different compression sample 

holders, to accommodate three wire diameters: 1 mm, 1.8 mm and 2.4 mm (see figure 2-

14 of Chapter 2 for details). Henderson explains how these holders were designed to 

limit transverse movement of the wire sample, thereby preventing buckling, while 

allowing for expansion of the sample due to Poissonôs effect. Therefore, the fit between 

sample and holder bore was precisely defined. These same holders were available at the 

time of testing, and were used to investigate whether higher strains could be achieved 

without buckling using longer material samples. Initial investigation showed that the 

1mm sample holder could be used with a sample length of 19.5 mm to achieve a 

maximum compressive nominal strain of 6 % (where nominal strain is defined as 

crosshead movement / original sample length). This holder was therefore deemed 

suitable for the planned compressive testing, avoiding the need for new equipment. 

Figure 3-1 shows a photograph and dimensioned schematic of the sample holder, 

comprising upper and lower steel holders and a steel stabilising sheath, with the Nitinol 

wire sample material. 

 

3.3.2 Uniaxial Testing Machine 

The testing was performed on a Zwick 2061 static uniaxial testing machine with 10 kN 

load cell and with an environmental chamber capable of achieving the target range of 

room temperature up to 55 C. The tests were run using óDMG Rubicon 825 version 1.71 

Control Interfaceô software. Figure 3-2 shows a photograph of the compression test set 

up on the machine. 
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Figure 3-1: 1mm wire compression sample in holder ï photograph and cross-section 

schematic with dimensions 

 

 
 

Figure 3-2: Compression test sample in holder on Zwick 2061 machine  

Label Dimension (mm) 

A 2 

B 47 

C 20 

D 22.5 

E 8.75 

Sample and 

Holder 
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3.3.3 Test Conditions 

The compression testing was conducted in air, with temperature control provided by the 

environmental chamber with thermostat. Test temperature was monitored using a 

thermocouple in contact with the exposed sample length between the holders. The test 

temperature was specified to be within ± 1C of target temperature. For elevated 

temperatures, a minimum dwell time of 5 minutes was used prior to testing. 

 

The testing was performed under displacement control, with a 100N initial load (ópre-

loadô) condition. In terms of strain rate, test speeds were chosen to maximise the number 

of tests that could be performed in the available time while minimising the risk of 

adiabatic heating effects on the results. For large cycle tests, strain rates were used 

ranging from 3.33*10-4 s-1 for small strain excursion tests to 2*10-3 s-1for testing to 6 % 

nominal strain. These speeds were considered acceptable as previous investigators (refs 

(4) and (19)) have successfully performed quasi-static compressive testing on much 

larger diameter samples at a strain rate of 10-3 s-1, meaning that the chosen rates should 

be suitable for testing 1mm diameter wire. For the óæŮ cycle testsô (100 cycles), strain 

rates ranged from 2*10-3 s-1 for small æŮ cycles to 4*10-3 s-1 for large (2% peak-to-peak) 

æŮ cycles. For all these tests, the strain rates were relatively high due to time constraints 

for the testing. As seen in the literature review, this may affect the results by increasing 

the upper plateau stresses and reducing the lower plateau stresses. This will need to be 

considered when analysing the compression test results and it is recommended that lower 

strain rates be used for future testing.  

 

3.3.4 Test Sample Material 

The superelastic nitinol components in Vascutekôs stent graft devices are made from Fort 

Wayne NiTi#1 etched wire in the diameter range 0.1 to 0.45mm (see Appendices 1 and 2 

for specifications). In order to obtain wire samples with equivalent processing history 

and mechanical performance to the device material while having suitable thickness for 

the proposed compressive testing, Fort Wayne Metals were asked to produce 1mm wire 
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to meet the standard Vascutek wire specification for mechanical performance (see 

Appendix 1). This specification is based around the uniaxial tensile performance of the 

material, and it was assumed that adherence to the standard processing steps and 

specification would provide material with equivalent microstructure and therefore 

equivalent compressive characteristics to the thinner wires. 

 

Figure 3-3 shows stress-strain results of tensile testing at 37 C in air (using ASTM 

F2516-07 with exceptions) for 3 different nominal wire diameters: 1 mm, 0.45 mm and 

0.14 mm. These results are taken from the supplierôs Certificate of Conformance (CoC) 

data for the wire batches. The two smaller sizes are representative of the range of wires 

used in Vascutekôs stent graft components. Note that the true stress and true strain have 

been plotted here, found using the following equations: 

 

Ůtrue = ln (1 + Ůnom) 

ůtrue = ůnom * (1 + Ůnom) 

 

[Note: In the reported results, true stress and strain plots are used where quantitative 

values are of primary importance, such as when identifying inputs for constitutive 

models. Engineering (or ónominalô) stress and strain plots are used where the qualitative 

data is of primary importance.] 

 

The results of figure 3-3 show a good match for tensile test results between the wires up 

to approximately 8 % strain, showing that the 1mm sample wire can be considered 

equivalent to the material used for Vascutekôs stent graft components in terms of 

mechanical properties. 
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Figure 3-3: Stress-Strain plots for uniaxial tensile testing at 37 C of 1 mm wire (Lot 

F5928420), 0.45 mm wire (Lot F5298520) and 0.14 mm wire (Lot F5208630), from Fort 

Wayne Metalôs CoC data 

 

Table 3-1 gives key characteristics from the Certificate of Conformance for each of the 

wire lots, again showing clear equivalence of the 1 mm wire to the smaller diameter 

wires. All wires are óNiTi#1 Straight Annealedô type, with óEtchedô surface finish. 

 

Having established equivalence of the material, it was requested that the 1 mm samples 

be supplied in 19.5 mm lengths, with the ends precision cut perpendicular to the axial 

direction. This was achieved using EDM. It was considered that the Heat Affected Zone 

associated with the EDM cut (in the order of 10ɛ deep) would be negligible in relation to 

the sample length and would therefore have no effect on the tested material properties. 
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Nominal 

diameter  

Measured 

diameter 

(mm) 

Lot no. Material 

composition* 

Cold 

work 

Active Af 

temperature** 

(C) 

Upper 

plateau 

stress 

@ 4% 

strain 

(MPa) 

Lower 

plateau 

stress @ 

4% 

strain***  

(MPa) 

1mm 0.9992 F5928420 Ti ï 

55.94wt%Ni 

44% 14.1 666 316 

0.45mm 0.4506 F5298520 Ti ï 

55.89wt%Ni 

43.6% 14.3 710 345 

0.14mm 0.1392 F5208630 Ti ï 

55.96wt%Ni 

46.2% 17 634 331 

* With ASTM F2063-05 specifications for medical-grade Binary Nitinol material 

** Measured on finished wire by Bend and Free Recovery testing, as per ASTM F2082 

***Following 8% maximum nominal strain 

 

Table 3-1: Comparison of material characteristics from Certificates of Conformance of 

different diameter wires, showing equivalence of 1 mm wire to smaller wires 

 

3.3.5 Test Plan 

Table 3-2 below outlines the tests undertaken on the 1 mm x 19.5 mm NiTi wire samples 

in order to meet the objectives for compressive testing.  

 

[It should be noted that the óRoom Temperatureô (RT) test sets 1 ï 3 were not performed 

in the environmental chamber but at the ambient temperature of the laboratory, which 

was measured to be 17 C, as stated in the table. This is 6 C cooler than the 23 C clean 

room temperature where Vascutekôs stent grafts are manufactured. Using the findings of 

the literature review in Chapter 2, this may lead to loading and unloading stress plateau 

values here that are approximately 40 MPa lower than would be seen were the tests 

performed at 23 C. 

The higher temperature tests (37 C and 55 C) were performed in the environmental 

chamber.] 
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Test 

Set 

Temp 

(C) 

Description 

 

Displacement Steps 

 

Speed 

(mm/s) 

Strain 

Rate (s-1) 

No. 

Samples 

1 

 

 

17 

(RT) 

Load to 6% Ů, unload 

to 0 (1 cycle) 

100N initial load 0.039 2*10-3 3 

(1a, 1b, 

1c) 

Load to 1.17mm in 30s 

Unload to 0 in 30s 

2 17 

(RT) 

Load to 6% Ů, unload 

to 0 (3 cycles) 

100N initial load 0.039 2*10-3 3 

(2a, 2b, 

2c) 

Load to 1.17mm in 30s, 

Unload to 0 in 30s  

(x 3 cycles) 

3 17 

(RT) 

Load to 4% Ů, unload 

to 0 (3 cycles) 

100N initial load 0.026 1.33*10-3 3 

(3a, 3b, 

3c) 

Load to 0.78 mm in 30s, 

Unload to 0 in 30s  

(x 3 cycles) 

4 37 Load to 6% Ů, unload 

to 0 (1 cycle) 

100N initial load 0.039 2*10-3 3 

(4a, 4b, 

4c) 

Load to 1.17mm in 30s 

Unload to 0 in 30s 

5 55 Load to 5.5% Ů, 

unload to 0 (1 cycle) 

100N initial load 0.0357 1.83*10-3 3 

(5a, 5b, 

5c) 

Load to 1.07mm in 30s 

Unload to 0 in 30s 

6 37 Load to 5.5% Ů, 

unload to 0 (1 cycle) 

100N initial load 0.0357 1.83*10-3 3 

(6a, 6b, 

6c) 

Load to 1.07mm in 30s 

Unload to 0 in 30s 

7 37 Load to 4% Ů, unload 

to 0 (1 cycle) 

100N initial load 0.026 1.33*10-3 3 

(7a, 7b, 

7c) 

Load to 0.78mm in 30s 

Unload to 0 in 30s 

8 37 Load to 3% Ů, unload 

to 0 (1 cycle) 

100N initial load 0.0195 1*10-3 1 

Load to 0.585mm in 30s 

Unload to 0 in 30s 

9 37 Load to 2% Ů, unload 

to 0 (1 cycle) 

100N initial load 0.013 6.67*10-4 1 

Load to 0.39mm in 30s 

Unload to 0 in 30s 

 

 

Table 3-2: uniaxial compression test sets (continued on next page) 
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Test 

Set 

Temp 

(C) 

Description Displacement Steps Speed 

(mm/s) 

Strain 

Rate (s-1) 

No. 

Samples 

10 37 Load to 1% Ů, unload 

to 0 (1 cycle) 

100N initial load 0.0065 3.33*10-4 1 

Load to 0.195mm in 30s 

Unload to 0 in 30s 

11 

 

37 

 

Load to 5.5% Ů, 

unload to 3% Ů, then 

100 cycles with 2% 

æŮ (peak to peak) 

 

100N initial load   3 

(11a, 

11b, 11c) 

Load to 1.07mm in 30s 0.0357 1.83*10-3 

Unload by 0.485mm in 

15s 

0.0323 1.66*10-3 

Load by 0.195mm in 5s 0.039 2*10-3 

Unload by 0.39mm in 5s, 

Load by 0.39mm in 5s  

(x 100 cycles) 

0.078 4*10-3 

Unload to 0 in 15s 0.039 2*10-3 

12 37 Load to 5.5% Ů, 

unload to 3% Ů, then 

100 cycles with 1% 

æŮ (peak to peak) 

100N initial load   3 

(12a, 

12b, 12c) 

Load to 1.07mm in 30s 0.0357 1.83*10-3 

Unload by 0.485mm in 

15s 

0.0323 1.66*10-3 

Load by 0.097mm in 3s 0.0323 1.66*10-3 

Unload by 0.195mm in 

3s, Load by 0.195mm in 

3s (x 100 cycles) 

0.065 3.33*10-3 

Unload to 0 in 15s 0.039 2*10-3 

13 37 Load to 5.5% Ů, 

unload to 3% Ů, then 

100 cycles with 0.4% 

æŮ (peak to peak) 

100N initial load   3 

(13a, 

13b, 13c) 

Load to 1.07mm in 30s 0.0357 1.83*10-3 

Unload by 0.485mm in 

15s 

0.0323 1.66*10-3 

Load by 0.039mm in 2s 0.0195 1*10-3 

Unload by 0.078mm in 

2s, Load by 0.078mm in 

2s (x 100 cycles) 

0.039 2*10-3 

Unload to 0 in 15s 0.039 2*10-3 

 

Table 3-2: uniaxial compression test sets (continued from previous page) 
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3.4 Results and Discussion 

3.4.1 óCompaction Strainô Compressive Testing 

Test set 1 was performed to characterize the stress-strain response up to 6 % 

compressive strain at room temperature, representing anticipated conditions during 

device compaction. The results for the 3 samples are plotted in figure 3-4.  

 

 

Figure 3-4: Test set 1 stress-strain results: 1 mm wire, single load-unload cycle to 6 % 

compressive strain, at 17 C (3 samples: 1A, 1B, 1C) 

 

The compressive stress-strain plot of figure 3-4 shows the following features in loading: 

¶ Initial linear elastic modulus up to 1.3 % strain 

¶ Upper loading óplateauô beyond the initial modulus up to 4 % strain. This 

óplateauô region is not flat in compression, with a stress increase of 

approximately 200 MPa over the 2.7 % transformation strain interval. Within this 

plateau region, compressive deformation mainly takes place by reversible stress-

induced phase change from austenite to martensite crystal structure. As explained 
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in section 2.2.2 of Chapter 2, in compression this phase change is diffuse 

throughout the material (unlike in tension, where there is localization of phase 

change). 

¶ Beyond 4 % strain, there is a ó2nd linear modulusô up to 6 % nominal strain. This 

2nd modulus region is attributed to deformation by martensite elasticity as well as 

some plasticity once the material has fully transformed from austenite to 

martensite. (Note: due to the 100 N pre-load condition used to initiate 

displacement control, the samples were actually compressed to slightly higher 

nominal strains than the 6 % target values. All compressive results plots 

presented in this chapter have been positioned to the origin (rather than the 100 N 

pre-load position), giving maximum nominal strains that are approximately 0.2 to 

0.4 % higher than the target strains.) 

 

The figure 3-4 results show the following features for unloading: 

¶ The plots show a vertical drop in the stress at constant strain when changing 

direction from loading to unloading. This behavior was consistently seen when 

the compression stress-strain data was plotted, and is attributed to friction effects 

due to test rig misalignment in the set-up. It is therefore not a characteristic of the 

Nitinol mechanical response itself. This issue is discussed in detail in section 

3.4.5 later in this chapter. However, the central finding for interpreting the 

compressive results is that the test rig friction increases the measured force 

during loading and decreases the measured force during unloading ï thereby 

affecting the stress values plotted. The results shown here are therefore useful 

qualitatively for showing characteristic behaviours of the material under different 

loading conditions, as well as giving a quantitative óouter boundô for the stress-

strain path in compression. Further, the óFriction Effect Investigationô (section 

3.4.5) culminates in plotting of ócorrectedô compressive results that can be used 

to extract mechanical property values for the material. 
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¶ Following the vertical stress drop, the results show a near-linear unload modulus 

from the maximum strain down to a lower óunload plateauô at approximately 3.6 

%. This unloading region is attributed to deformation recovery by martensite 

elasticity 

¶ The unload óplateauô, from 3.6 % to 1 % strain, is not flat in compression. The 

stress decreases by approximately 200 MPa over the 2.6 % reverse 

transformation strain interval. In this unload óplateauô region, there is reverse 

phase change from martensite to austenite crystal structure as compressive stress 

decreases. 

¶ At 1 % strain, the material mainly consists of austenitic NiTi as well as plastic 

dislocations due to the large loading strain excursion. Unloading to zero stress 

occurs by austenite elasticity, showing a linear final unload modulus. The 

presence of plasticity means that this modulus is lower than the initial loading 

modulus, and also results in residual strain (approximately 0.3 % following the 6 

% maximum strain load-unload cycle). 

 

Figure 3-5 shows load-unload tensile test results for the 0.45 mm wire (Lot F5298520) at 

Room Temperature, allowing consideration of the materialôs tensile-compressive 

asymmetry by comparison with figure 3-4. 

 

Comparing the results of figure 3-5 with those of figure 3-4: 

¶ The óeffectiveô initial modulus in tension is lower than in compression, and in 

tension this initial loading region shows some non-linearity. This is attributed to 

the presence of R-phase (see refs (5), (11) for similar R-phase effects) for this 

material at room temperature, which has lower tensile stiffness than austenite 

NiTi but similar compressive stiffness. 

¶ Stress induced martensite is initiated at a lower stress level in tension than in 

compression. In tension, the óloading plateauô is then almost flat, with phase 

change continuing at near constant applied stress. As discussed previously, in 
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tension this phase change initiates locally and propagates through the material 

with a transformation front. In compression, phase change is diffuse, occurring 

more evenly throughout the material. 

 

 

 

Figure 3-5: Uniaxial tensile stress-strain results: 0.45 mm wire (Lot F5298520), single 

load-unload cycle to 8 % tensile strain, at 23 C (1 sample) 

 

¶ The phase-change óplateauô region is shorter in compression than in tension. 

Beyond this transformation strain region, the material undergoes increasing 

plastic deformation. This means that the NiTi wire material has greater 

recoverable strain in tension (up to 8 %) than in compression (up to 4 %). 

¶ For unloading, the material shows stress hysteresis for both tension and 

compression, with strain recovery occurring at lower stress levels. For each case, 

the material unloads from its maximum strain with martensite elasticity until it 
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reaches a critical stress for reverse phase change. This occurs at a higher stress in 

compression than in tension. 

¶ In tension, strain recovery by reverse phase change then occurs at a near constant 

stress level, giving a flat óunload plateauô. This phase change occurs with 

localization, as transformation front(s) act in reverse. In compression, the óunload 

plateauô is not flat as the reverse phase transformation occurs more evenly 

throughout the material.  

¶ At approximately 1 % strain following unloading, reverse phase change is 

complete and the material is at similar stress both in tension and compression. 

Final unloading then occurs with austenite elasticity. 

 

Test set 2 was performed to investigate the effect of three load-unload cycles to 6% 

compressive strain at room temperature, representing anticipated óworst caseô cycling 

during compaction. The results for one sample (2B) are plotted in figure 3-6. For clarity, 

the results from the other two samples are omitted from the plot, though these were seen 

to be very similar. Figure 3-7 then shows the same results as in figure 3-6, but with the 

residual strain from the previous cycle removed in each case. This allows easier 

observation of the effects of cycling on stress-strain behaviour. From cycle 1, the 

residual strain was 0.3%; from cycle 2, the additional residual strain was 0.25%. 

 

The results in figure 3-6 show that in compression to maximum strains anticipated 

during compaction (approximately 6%), there is some permanent set in the material due 

to plasticity, giving residual strain of approximately 0.3% for each cycle. This means that 

when stent rings undergo three compaction cycles during óworst-caseô assembly, the wire 

material will experience some permanent set due to compressive loading at peak and 

valley inner bend surfaces. This plasticity will have the effect of lowering stresses during 

unloading of the material, thereby reducing radial force. Therefore, any radial force or 

sealing verification testing of components or devices should include compaction strain 

history. 
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Figure 3-6: Test set 2 stress-strain results: 1 mm wire, three load-unload cycles to 6 % 

compressive strain, at 17 C (1 sample: 2B) 

 

 
 

Figure 3-7: Sample 2B stress-strain results, modified from figure 3-6 so that strain is 

plotted from the origin for each cycle (ie. Residual strain from previous cycle removed) 



 

103 

 

Figure 3-7, however, shows that this permanent set from previous cycles has little effect 

on the stress-strain response of subsequent cycles, meaning that the compressive 

stiffness of the wire material will not be affected by óworst caseô assembly involving 3 

compaction cycles. 

 

Figure 3-8 shows 3 load-unload cycles to 4 % compressive strain at 17 C room 

temperature (test set 3), to investigate the effects of óworst caseô 3 compaction cycles on 

material subjected to lower maximum transformation strains. Again, only one sample 

(3B) result is shown, as the results from the other two samples were almost identical. 

The plots in figure 3-8 show clearly that material experiencing maximum compressive 

strains of 4 % or less will fully recover its strain by superelasticity, with no evidence of 

plasticity. This can be seen by the fact that each curve follows the same stress-strain path 

and completes its unloading cycle at the origin. 

 

 

 
 

Figure 3-8: Test set 3 stress-strain results: 1 mm wire, three load-unload cycles to 4 % 

compressive strain, at 17 C (1 sample: 3B) 
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For comparison with these ólarge cycleô compressive results, figure 3-9 then shows 

results from a uniaxial tensile investigation of ócompaction strainô cycling at room 

temperature (23 C) that was performed on the 0.45 mm NiTi#1 wire (Lot F5298520). 

 

 

 

Figure 3-9: Uniaxial tensile stress-strain results: 0.45 mm wire (Lot F5298520), three 

load-unload cycles to 8 % tensile strain, at 23 C (1 sample) 

 

The tensile test results in figure 3-9 show that in tension to high strains anticipated 

during compaction (approximately 8 %), there is little or no residual strain, suggesting 

minimal permanent set in the material due to plasticity. As with compression, we see 

that where maximum strain is limited to the óphase transformationô plateau region the 

deformation is fully recoverable and subsequent cycles can achieve the same large 

recoverable strains. It is also interesting to note that there is a small decrease in the 

loading plateau stress level with each subsequent cycle (green cycles vs blue initial cycle 

in figure 3-9), as was expected from the Literature Review. This shows that, in tension, 

phase change is initiated at lower stress following a cycle where stress-induced 

martensite has occurred. In terms of stent graft device performance, this may lead to 
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slightly lower compaction forces for stent components following previous compaction 

cycles. 

 

3.4.2 Temperature Dependence 

Results from test sets 1 to 7 were used to characterize the compressive stress-strain 

response of the material at different óin serviceô temperatures: room temperature (17 C), 

body temperature (37 C) and sterilization temperature (55 C). In order to make direct 

comparisons for both loading and unloading, the results have been grouped according to 

strain excursion. Figure 3-10 shows results from test sets 3 and 7, for testing to 4 % max 

Ů at test temperatures of 17 C and 37 C. Figure 3-11 then shows results from test sets 1 

and 4, for testing to 6 % max Ů at test temperatures of 17 C and 37 C. 

 

 

 

Figure 3-10: Effect of test temperature on stress-strain results from test sets 3 and 7: 

1mm wire, single load-unload cycle to 4 % compressive strain, at 17 C (sample 3B) and 

37 C (sample 7A) 

 



 

106 

 

 
 

Figure 3-11: Effect of test temperature on stress-strain results from test sets 1 and 4: 

1mm wire, single load-unload cycle to 6 % compressive strain, at 17 C (sample 1B) and 

37 C (sample 4B) 

 

The compressive results of figures 3-10 and 3-11 show an increase in initial modulus of 

9 GPa from compression at room temperature to 37 C, and an increase in upper óplateauô 

stresses of around 150 MPa (7.5 MPa/ǓC). For unloading, the lower óplateauô stresses are 

again approximately 150 MPa higher at 37 C than at 17 C, for both the 4 % and 6 % 

maximum strain tests.  

 

Figure 3-12 shows results from test sets 5 and 6, for testing to 5.5 % max Ů at test 

temperatures of 37 C and 55 C. The results of figure 3-12 show that the trends of 

increasing modulus (~0.5 GPa/ǓC) and upper plateau level (~7.5 MPa/ǓC) continue up to 

55 C (maximum device sterilization temperature). However, in unloading there is less of 

a difference between the two curves. This is likely to be due to increased plasticity at the 

higher temperature (55 C) for material strained to 5.5 %, causing it to unload along a 

lower plateau. This increased plasticity at 55 C is also seen by the increased residual 

strain (~0.35 %) following unloading compared to the 37 C curve (~0.05 % residual 
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strain).  It is expected that temperature comparison tests performed to < 4 % maximum 

strain would show considerably higher unloading stresses in the material at 55 C 

compared to 37 C, consistent with the temperature dependence results in loading.  

 

 
 

Figure 3-12: Effect of test temperature on stress-strain results from test sets 5 and 6: 

1mm wire, single load-unload cycle to 5.5 % compressive strain, at 37 C (sample 6A) 

and 55 C (sample 5A) 

 

Tensile tests on Vascutekôs NiTi#1 wire have also been performed to investigate 

temperature dependence. Figure 3-13 shows results from tensile testing of 0.45 mm wire 

(Lot F5298520) at 23 C and at 37 C. 

 

The tensile results of figure 3-13 show increased initial modulus from 42 GPa at 23 C to 

56 GPa at 37 C (~1 GPa/ǓC). The upper and lower plateau stress levels increase by about 

100 MPa (~7.1 MPa/ǓC) from 23 C to 37 C. For the large strain excursion tests (up to 

8%), there is greater permanent set at 37 C (0.3 %) than at 23 C (< 0.2 %). 
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Figure 3-13: Effect of temperature on uniaxial tensile stress-strain results: 0.45 mm 

wire (Lot F5298520) for single load-unload cycles to 3 % and 8 % tensile strains, at 

23C and 37 C (one sample for each curve) 

 

Considering device performance, the temperature dependence investigation reported here 

leads to the following conclusions: 

- Nitinol components will have lower bending stiffness at room temperature than 

at elevated temperatures, helping to minimize device compaction forces during 

assembly. The lower the assembly temperature, the lower the compaction force 

contribution from nitinol components on the device. 

- Sterilization of compacted nitinol rings at 55 C is likely to cause some plasticity 

and permanent set at the high compressive strain regions (inner bend surfaces of 

peaks and valleys), which may affect reduction in stresses (and therefore radial 

force) during unloading. It is therefore recommended that relevant verification 

testing be performed at 37 C on components or devices that have undergone 

compaction strain and sterilization temperature (55 C) conditions. 
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- Stent components will have higher bending stiffness when implanted in the body 

(at 37 C) than at room temperature, due to the higher tensile and compressive 

moduli and stress plateaus. Therefore, as well as including suitable strain and 

temperature processing history, simulated use testing should be carried out at 37 

C to represent in-vivo performance. 

 

3.4.3 Load Path Dependence 

Test sets 4 and 6 ï 10 were used to investigate the effect of loading history on the 

unloading stress-strain path in compression at 37 C. The aim of this investigation was to 

gain insight to the behaviour of material within a bending stent graft component, where 

different regions are at different strains and therefore undergo different load-unload 

paths during compaction and deployment. Figure 3-14 shows an overlay of plots from 

the different test sets. 

 

Figure 3-14: Stress-strain results from test sets 4, 6, 7, 8, 9 and 10: 1 mm wire, single 

load-unload cycles to various maximum compressive strains, at 37 C (one sample for 

each load-unload curve). Results show effects of loading history on unload path for 

superelastic Nitinol in compression 
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From figure 3-14 it can be seen that for all compressive transformation strains up to 4 % 

in loading, the material unloads to a common unload plateau and then recovers its strain 

with no permanent set. For increasing compressive strains beyond 4 % in loading, there 

is decreasing unload plateau level and increased permanent set. Due to the test rig 

friction effect, it is difficult to see the effect of increasing loading strains on unload 

modulus in these results. However, in the ócorrectedô results of the later óFriction 

Investigationô section (3.4.5) it can be seen that the unload modulus decreases slightly 

with increasing strain up to 4%, and then increases between 4 % and 6 % loading strain 

to a level similar to the initial austenite elastic modulus. 

For comparison, figure 3-15 shows results from a uniaxial tensile investigation of load 

path dependence at 37 C that was performed on Vascutekôs 0.45 mm NiTi#1 wire. 

 

 

 

Figure 3-15: Uniaxial tensile stress-strain results: 0.45 mm wire (Lot F5298520), single 

load-unload cycles to various maximum tensile strains, at 37 C (one sample for each 

load-unload cycle). Results show effects of loading history on unload path for 

superelastic Nitinol in tension 
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These tensile results show some similar behaviours for load-path dependence as were 

seen for compression:  

When unloaded from increasing strains within the upper plateau region (up to 8 % 

tensile strain), the material unloads with decreasing modulus to a common unload 

plateau for superelastic strain recovery. There is minimal permanent set following strain 

recovery, showing that deformation is accommodated by elasticity and phase change up 

to 8 % tensile strain, with minimal plasticity.  

For a higher maximum strain beyond the loading plateau (> 8 % strain), there is 

increased unload modulus and decreased unload plateau level during tensile unloading. 

There is also increased residual strain upon full unloading, showing that the material has 

undergone some plastic deformation and permanent set at this higher maximum strain 

level. 

 

The above load-path dependence investigation for nitinol wire in compression and 

tension has implications for the behavior of stent components in bending.  

Superelastic material in large deflection bending components will have complex stress 

distributions during unloading, with lower stresses in regions that have been subjected to 

maximum strains beyond the upper phase change plateau compared to those that have 

unloaded from within this upper plateau region. Further, regions that are unloading from 

strains beyond 1.4 % strain (i.e. that have undergone some level of phase change) may be 

at a lower stress level than regions that remained in the austenite elasticity region during 

loading, even though the former region is now at a higher strain. These complexities in 

stress state for a nitinol bending component during unloading mean that it is difficult to 

predict how uniaxial tensile and compressive stress-strain curve values will influence 

radial force of ring stents in service. Empirical testing at Vascutek (not reported here) 

suggests that initial elastic modulus of the material may have a greater influence on ring  

radial force and ópulsatile loadingô stiffness during unloading than the unload plateau 

stress level. This requires further investigation in order that an optimal wire specification 

might be identified in future. 
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Regions that have undergone strains beyond the upper plateau limit (> 4 % compression, 

> 8 % tension) in their loading history will experience some permanent set, which will  

affect subsequent unloading stress levels and may affect fatigue resistance.  

Due to the load history dependence effects, nitinol stent components and devices should 

go through representative compaction loading history prior to verification testing. 

 

3.4.4 ȹ  Cycling in Compression 

Test sets 11 ï 13 (Table 3-2) were performed to characterize the cycling behaviour for 

different levels of ȹ load-unload cycling ófrom belowô (i.e. from the unloading stress-

strain plateau) at 37 C. This is important for understanding the material response to in-

vivo pulsatile loading, which is a key consideration for fatigue safety and device 

durability. 

 

Figure 3-16 shows the results from test set 11 C (2 % æŮ cycling ófrom belowô), with the 

1st, 10th, 20th, 50th and 100th æŮ cycle highlighted to investigate evolution and 

stabilization of the cyclic response. Results from one sample are plotted, as the other two 

sample results were seen to be almost identical. 

 

Considering the figure 3-16 plots, it can be seen that each æŮ load-unload cycle involves 

a hysteresis loop including upper and lower plateaus, showing that forward and reverse 

phase transformation is occurring for each cycle. As has been discussed in Section 2.2: 

Literature Review of Chapter 2, this would be expected to lead to low fatigue resistance. 
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Figure 3-16: Cyclic stress-strain behavior of 1mm NiTi wire at 37 C in compression: 

100 cycles at 2 % peak-to-peak æŮ during unloading (Test Set 11, sample 11C) 

 

Considering the different æŮ cycles, cycle 1 shows an increase in stress up to a loading 

plateau that is lower than the upper plateau for the initial ócompactionô cycle (grey line), 

showing that phase change is being initiated at a lower stress when the material is re-

loaded from the lower plateau. Unloading then involves an initial vertical stress drop, 

attributed to test rig friction (see Section 3.4.5 óFriction Investigationô for further 

analysis), and then unloading along a lower stress plateau similar to the original 

ócompactionô cycle level. (Note that removal of test rig friction from these results would 

be expected to reduce the loading modulus and upper plateau of each cycle and increase 

the lower plateau so that the hysteresis loop would be smaller.) 

By cycle 10, the stress-strain path of the cycling material has changed, with a less 

pronounced loading óplateauô rising to the same end point as cycle 1. This effect of larger 

æŮ cycling was reported previously by Schlunn et al in ref (36). During unloading, there 
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is a slight drop in the plateau level compared to cycle 1. These behaviours show that the 

material undergoes cyclic softening between 1 and 10 cycles at this æŮ level. 

From cycles 10 to 100, the cyclic behavior is stable, with consistent load-unload paths. 

 

Following the 100 cycles, the material then unloads to 0 stress along a lower stress 

plateau than was expected from the initial ócompaction cycleô path, and has increased 

residual strain (0.6 % compared with 0.05 % seen for sample 6A in figure 3-12). This 

shows that the cycling has caused permanent set in the material. 

 

FE analysis of Vascutekôs stent components (not reported here) suggests that the 2% æŮ 

cycles are far higher than would be expected due to in-vivo pulsatile motion. These FE 

simulations suggest that maximum compressive æŮ will be < 0.15% for a stent ring at 

worst-case pulsatile cycling conditions. In fact, the large 2% æŮ cycles are more relevant 

to component behavior during repositioning of the device during the implant procedure, 

where there are unlikely to be more than three load-unload cycles. Therefore, it is 

considered that the test set 11 results (figure 3-16) are less relevant to high cycle fatigue 

performance of the implanted device. 

 

Figure 3-17 shows results from test set 12 (1 % æŮ cycling ófrom belowô), with the 1st, 

10th, 20th, 50th and 100th æŮ cycle highlighted to investigate evolution and stabilization of 

the cyclic response. Results from one sample (12C) are plotted, as the other two sample 

results were seen to be almost identical. 

 

Here the results again show a hysteresis loop for each cycle, although there is no clear 

plateau during loading even for cycle 1. In unloading a lower plateau can be seen. 

Therefore, the hysteresis loops show evidence of phase transformation with each cycle. 

Again, there is a stress drop due to friction between loading and unloading for each 

cycle, which exaggerates the size of the hysteresis loops. The corrected results in figure 
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3-26 of the óFriction Investigationô section below attempt to remove this friction effect, 

helping to clarify the materialôs cycling behavior. 

 

 

  

Figure 3-17: Cyclic stress-strain behavior of 1mm NiTi wire at 37 C in compression: 

100 cycles at 1 % peak-to-peak æŮ during unloading (Test Set 12, sample 12C) 

 

An important finding from the above results is that the response is stable from 1 to 100 

cycles, suggesting recoverable deformation with little permanent set at this æŮ level. This 

is also seen in the minimal residual strain (0.3 %) following full unloading after 100 

cycles. Again, though, this 1 % æŮ cycle level is higher than anticipated for in-vivo 

pulsatile loading, and is therefore considered less relevant to high cycle fatigue 

performance of the implanted device. 

 

Figure 3-18 shows results from test set 13 (0.4 % æŮ cycling ófrom belowô), with the 1st, 

10th, 20th, 50th and 100th æŮ cycle highlighted to investigate evolution and stabilization of 
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the cyclic response. Results from one sample (13C) are plotted, as the other two sample 

results in the test set were seen to be almost identical.  

 

 

 

Figure 3-18: Cyclic stress-strain behavior of 1mm NiTi wire at 37 C in compression: 

100 cycles at 0.4 % peak-to-peak æŮ during unloading (Test Set 13, sample 13C) 

 

The figure 3-18 plot shows the stress-strain path that is taken by the Nitinol wire 

material when it is compressed to a high ócompactionô strain (5.5 %), unloaded to a 

ódeploymentô strain (~ 3 %) and then re-loaded to a slightly higher strain (~ 3.4 %) 

before undergoing 0.4 % unload-load cycles. The path the material takes as it is re-

loaded between the ódeploymentô strain of 3 % and the higher strain of 3.4 % 

demonstrates stiff elastic deformation, rather than the compliant deformation seen during 

reverse phase change (lower stress plateau). This is an important characteristic of nitinol 

for designing fatigue-safe stent components, providing the component with radial 

resistive stiffness to limit cyclic deformation due to vessel pulsatile loading. 
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In terms of the effects of cycling on the material, figure 3-18 shows that at 0.4 % æŮ 

level, the response is stable from cycles 1 to 100. This is important, as it means the 

materialôs relevant compressive stress-strain behavior for loading and unloading due to 

pulsatile motion can be characterized from a single load-unload æŮ cycle. 

 

Considering the cyclic path shape in figure 3-18, each load-unload cycle includes a loop. 

However, the vertical stress drop at the start of unloading for each cycle suggests that 

this loop is purely a result of test rig friction. Figure 3-27 in the óFriction Investigationô 

section shows the ócorrectedô results, where the cycles show linear elastic loading and 

unloading at this æŮ level. These results show that for stent components under 

anticipated pulsatile loading conditions (æŮ Ò 0.15 %), the material will load and unload 

with linear elasticity and will not undergo phase change with each pulsatile cycle. These 

characteristics are desirable for fatigue resistance. Again, the stability of the cycling and 

the low residual strain (~0.1 %) following full unloading show that this level of æŮ 

cycling causes little or no permanent set in the material. 

 

For comparison, figures 3-19 and 3-20 show tensile stress-strain plots for Vascutekôs 

NiTi#1 wire material including æŮ cycling ófrom belowô during unloading.  

 

From figure 3-19 it can be seen that at 1 % æŮ cycling ófrom belowô there is a hysteresis 

loop including plateaus beyond 0.5 % æŮ in loading and unloading. This suggests that for 

æŮ > 0.5 %, phase change is occurring. It is also interesting to note that the upper plateau 

of the cycling material is lower than the original upper plateau of the ócompactionô cycle. 

As with the compressive tests, this shows that the phase change is being initiated in 

tension at a lower stress when the material is re-loaded from the lower plateau.  
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Figure 3-19:  Uniaxial tensile stress-strain plot with single 1 % peak-to-peak æŮ load-

unload cycle during unloading: 0.14 mm wire (Lot F5208630) at 37 C  

 

 

 
 

Figure 3-20:  Uniaxial tensile stress-strain plot with ten 0.5 % peak-to-peak æŮ load-

unload cycles during unloading: 0.22 mm wire (Lot F5204730) at 37 C  
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In this test, only one æŮ cycle was performed in order to establish the maximum æŮ 

before phase change is initiated ï found to be 0.5 %. Therefore, no conclusions about 

cyclic stability can be drawn. However, it can be seen even from this single cycle that 

some cyclic óhardeningô is occurring, as final unload to 0 follows a slightly higher 

unload stress plateau path than that seen prior to the æŮ cycle. 

 

Figure 3-20 shows uniaxial tensile testing performed previously at Vascutek with 0.5 % 

æŮ cycling ófrom belowô. Ten æŮ cycles were used prior to final unloading. The results 

show that at this æŮ level, all cycles have the same cycling modulus with a value 

between the initial austenite modulus and the martensite unload modulus. There are no 

plateaus or hysteresis loops, suggesting no phase change is occurring in each cycle. 

There is some evidence of cyclic hardening during the first 5 cycles, with increased 

stress levels for each cycle, after which the load-unload path is stable. The stability of the 

cycling modulus means that for material characterization, the results from the first cycle 

can be used when considering pulsatile fatigue resistance (as was seen for 0.4 % æŮ 

cycling in compression). 

 

3.4.5 Friction Effect Investigation 

In all of the above uniaxial compression test results, the stress-strain curves show a 

vertical drop in stress when changing from loading to unloading. It was considered that 

this was not an effect of the material behaviour itself, but was likely a result of frictional 

forces in the wire holders. It was therefore decided to investigate the presence and 

magnitude of friction forces in the test set-up, with the aim of removing these forces 

from the results to obtain the true material response to compressive loading. 

 

Initial testing was performed to verify the presence of friction by using the set-up shown 

in figure 3-2 and controlling the displacement to give a 10 second ódwellô step every 1 % 

strain during loading and unloading. This was performed up to a maximum 6 % nominal 

strain. At zero load and at each subsequent ódwellô position, attempt was made to 
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manually slide the stabilizing sheath (shown in figure 3-1) relative to the top and bottom 

holders. This test was repeated with and without lubricant (óLubritechô Moly-paul 516 

Extreme high temperature anti-seize compound) on three different samples. In every 

case, it was found that the sheath would glide freely over the holders at the zero load 

position, but for all subsequent strain positions the sheath could not be moved by hand. 

After full unloading, the stabilizing sheath could again glide freely over the holders. This 

behaviour was found whether lubricant was used between sheath and holders or not. In 

fact, even at 50 N applied compressive load (strain < 0.1 %), the sleeve could not be 

easily moved by hand. It is therefore considered that when the 1 mm nitinol wire is 

compressed using the set-up shown in figures 3-1 and 3-2, there is friction between the 

stabilizing sheath and the holder cylinders that will affect the load-deflection results (and 

the derived stress-strain results). Figure 3-21 shows a schematic diagram explaining the 

likely reason for these frictional forces: angular misalignment between the top and 

bottom holders.  

 
 

Figure 3-21: schematic diagrams showing intended set-up (left) with ideal alignment of 

compresive test rig and óreal worldô set-up (right) with some degree of angular 

misalignment between top and bottom holders, which will cause friction between the 

holders and the stabilising sheath.  
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Having established the presence and likely cause of friction in the tests, the next step was 

to try and quantify the effects of friction on the compression results. Test sets 1, 4 and 7-

10 from table 3-2 were repeated, with the exception that 10 second ódwellsô were used to 

hold the sample stationary at certain positions during loading and unloading. The 

purpose of this was to investigate whether the applied force would change when motion 

was stopped and re-started, and to quantify these force changes. The assumption was that 

when motion was stopped, the óstaticô state of the test rig would allow measurement of 

the compressive stress of the material sample itself at that displacement position.  

 

Figure 3-22 shows the stress-strain results from these tests performed at room 

temperature (17 C). For samples 1 to 3, dwells were used every 2 % nominal strain 

during loading and unloading, with maximum strain of 6 %. For sample 4, dwells were 

used every 2 % nominal strain during loading to 6 % and then every 1 % nominal strain 

during unloading. 

 
Figure 3-22: Compressive stress-strain curve for friction investigation: 1mm wire, 

single load-unload cycle to 6 % compressive strain with ódwellsô, at 17 C (4 samples). 

Static ódwellô points are circled. 
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Figure 3-23 shows the stress ï strain results from friction investigation tests at 37 C to 

various strain excursions, with dwells used every 1 % nominal strain during loading and 

unloading.  

 

 
 

Figure 3-23: Compressive stress-strain results for friction investigation: 1 mm wire, 

single load-unload cyles to various compressive strains with ódwellsô, at 37 C (6 

samples, one sample for each maximum strain). Static ódwellô points are seen by vertical 

stress changes on plot.  

 

The friction investigation results of figures 3-22 and 3-23 show that during loading, the 

measured (applied) force drops when displacement is stopped. During unloading, the 

force increases when displacement is stopped. These force changes can be understood in 

terms of friction effects by considering the following conditions: 

 

For Loading: 

For compressive loading displacement to occur: 

Fapplied > Fmaterial + Ffriction load 
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It follows that if the friction force óFfriction loadô is removed (i.e. displacement is stopped), 

it will take a lower applied force óFappliedô to balance the force from the materialôs 

internal stresses óFmaterialô and satisfy the following condition for static equilibrium: 

Fapplied = Fmaterial 

 

For unloading:  

For compressive unloading displacement to occur: 

Fmaterial > Fapplied + Ffriction unload 

 

It follows that if the friction force óFfriction unloadô is removed (i.e. displacement is 

stopped), it will take a higher applied force óFappliedô to balance the force from the 

materialôs internal stresses óFmaterialô and satisfy the following condition for static 

equilibrium: 

Fapplied = Fmaterial 

 

Having gained some insight into the effects of friction in loading and unloading, it was 

decided to use the ófriction investigationô test results (figures 3-22 and 3-23) to quantify 

the test rig friction forces so that the previous compression testing results could be 

ócorrectedô to give a better representation of the material properties. To determine the 

values to use for this óresult correctionô, the data presented in figures 3-22 and 3-23 was 

used to find the % stress change at each ódwellô point. These values from all the different 

tests were then used to define a representative % stress change value for each nominal 

strain in loading and unloading. It was found that these values could be categorized 

according to strain range, corresponding to the 6 distinct óstiffnessô regions seen in the 

compressive stress-strain curves. Table 3-3 shows the resulting ó% stress changeô values 

against strain range region. 
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Strain Range Loading / Unloading % Stress Change 

0 ï 1.5 % L 6.75 % Ź 

1.5 ï 3.8 % L 10 % Ź 

3.8 ï 6.3 % L 7.2 % Ź 

6.3 ï 3.6 % U 8.6 % ŷ 

3.6 ï 1.2 % U 12.5 % ŷ 

1.2 ï 0 % U 6.75 % ŷ 

 

Table 3-3: ó% stress changeô correction values derived from friction investigation 

testing, for estimation of material compressive properties without the influence of test 

rig friction 

 

These correction values were then used to modify the results data from the original tests 

listed in table 3-2, yielding ócorrectedô stress-strain curves for test sets 1 to 13. Figure 3-

24 shows ócorrectedô results from test sets 2 and 3: compression testing at 17 C. 

 

 
Figure 3-24: ócorrectedô stress-strain results for test sets 2 and 3, from data modified to 

remove test rig friction forces: 1mm wire, compressive load-unload cycles, at 17 C  
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Comparing figure 3-24 (corrected) with figures 3-7 and 3-8 (original), removal of 

friction effects has decreased initial loading modulus, upper plateau level, 2nd loading 

modulus and 2nd unloading modulus, and has increased lower plateau levels and final 

unloading moduli. 

 

Figure 3-25 shows ócorrectedô results from test sets 4 and 6-10 of table 3-2: compression 

testing at 37 C. 

 

 
 

Figure 3-25: ócorrectedô stress-strain results for test sets 4 and 6-10, from data modified 

to remove test rig friction forces: 1mm wire, compressive load-unload cycles, at 37 C 

 

Comparing figure 3-25 (corrected) with figure 3-14 (original), removal of friction effects 

has again decreased initial loading modulus, upper plateau level, 2nd loading modulus 

and 2nd unloading modulus, and has increased lower plateau levels and final unloading 

moduli. 
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Figures 3-26 and 3-27 show ócorrectedô results from test sets 12 and 13 of table 3-2, for 

1.0 % and 0.4 % æŮ cyclic testing ófrom belowô at 37 C. For clarity, only the 1st and 100th 

cycles are shown in each case. The main findings from these corrected plots are that 

stress plateaus and hysteresis are evident in compression for cyclic æŮ levels > 0.5 % 

(seen in figure 3-26). For the 0.4 % æŮ cycling (figure 3-27), the material path can be 

considered linear elastic, with stable cycles of modulus 55 GPa. These results suggest 

that at cyclic æŮ levels < 0.5 % ófrom belowô in compression, phase transformation does 

not occur, with cyclic load-unload deformation being accommodated by austenite and 

martensite elasticity. 

 

 

 

Figure 3-26: ócorrectedô compressive stress-strain plot for 1 % peak-to-peak æŮ cycling 

ófrom belowô: 1 mm wire, at 37 C. The results are produced from data modified to 

remove test rig friction forces. 
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Figure 3-27: ócorrectedô compressive stress-strain plot for 0.4% peak-to-peak æŮ cycling 

ófrom belowô: 1mm wire, at 37C. The results are produced from data modified to remove 

test rig friction forces 

 

3.4.6 Compressive ï Tensile Stress-Strain Plots 

From the results presented in this chapter, it is useful to plot the compressive and tensile 

stress-strain results together, giving a clear representation of the tensile-compressive 

asymmetry. In order that these plots can provide relevant values for material modeling 

(as will be reported in Chapter 6), true stress and true strain values were calculated from 

the nominal data using the following equations: 

Ůtrue = ln (1 + Ůnom) 

ůtrue = ůnom * (1 + Ůnom) 
 

Figure 3-28 shows the (true) stress-strain results for the material in uniaxial tension and 

compression at 37 C. 
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Figure 3-28: Uniaxial tensile and ócorrectedô compressive true stress-strain results at 

37 C: from tensile testing on 0.45mm wire and compressive testing on 1 mm wire. The 

plots show load-unload cycles to various maximum strains. 

 

The high strain tensile plots from figure 3-28, from testing performed at Vascutek, were 

compared against data from Fort Wayne Metalsô (FWM) Certificate of Conformance 

(CoC) for the material. The FWM testing involves loading the material to 8% nominal 

strain, unloading to zero and then loading until failure.  Figure 3-29 shows the FWM plot 

up to 10 % strain overlaid with the high strain tensile plots from Vascutekôs testing. The 

results show good agreement for initial elastic modulus and for stress plateau levels. 

However, the Vascutek results show greater residual strain after unloading from 8 %, 

and also show a lower ó2nd loading modulusô beyond 8 % nominal strain than the FWM 

plot. These differences are attributed to slippage of the wire sample in the grips used by 

Vascutek at high tensile strains. For this reason, the FWM CoC data will be used to find 
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values for 2nd modulus and for residual strain after unloading from 8 %, for use in 

material modelling (as will be reported in chapter 6). The unload stress plateau values 

from Vascutekôs high strain testing are still reliable, as these are not affected by sample 

slippage. 

 

0

200

400

600

800

1000

1200

0% 1% 2% 3% 4% 5% 6% 7% 8% 9% 10%

T
ru

e
 S

tr
e

ss
 (

M
P

a
)

True Strain (%)

045 tens to 8%

045 tens to 10%

0.45mm tens FW CoC

 
 

Figure 3-29: Uniaxial tensile stress-strain results at 37 C: from tensile testing on 

0.45mm wire, performed at Vascutek (blue and purple plots) and at Fort Wayne Metals 

(red plot). 

 

Figure 3-30 shows plots of uniaxial tensile and corrected compressive data from the 

Nitinol wire testing at Room Temperature (17 C for compression, 23 C for tension) 

reported here, with results converted to true stress and true strain. 
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Figure 3-30: Uniaxial tensile and ócorrectedô compressive true stress-strain results at 

Room Temperature: from tensile testing on 0.45 mm wire at 23 C and compressive 

testing on 1 mm wire at 17 C. The plots show load-unload cycles to various maximum 

strains. 

 

3.5 Improved Compression Testing Approach: Initial Feasibility Testing 

and Results 

It is clear that future compression testing on Nitinol wire should focus on elimination of 

the friction forces due to the test set-up reported in this chapter. To this end, an 

alternative testing approach was investigated, which eliminates the requirement for 

lateral support holders. Initial feasibility of this approach has been performed by the 

author at University of Strathclyde in collaboration with another PHD student. 
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The proposed improved compression test method uses a small diameter óequivalent 

processingô compression test sample cut to a short length, giving a suitable L/d ratio to 

avoid buckling or shear. For feasibility testing, 1 mm diameter samples were 

successfully cut to lengths of 3 mm using EDM machining, giving ends perpendicular to 

the wire axis. In the feasibility test set-up, the miniature test sample was held (with 

tweezers) between the compression plates of the uniaxial Load-Deflection test machine 

(described below), and the plates were moved together until a small pre-load was applied 

to hold the sample in place. Lubricant was used between the sample ends and the plates, 

to allow lateral expansion of the ends during compression.  

 

Essentially, this approach is a scaled-down version of the ólarge diameter sample, bulk 

materialô compressive testing approach used by previous investigators (e.g. (4), (19), 

(21)) as described in Chapter 2. However, the Literature Review found no previous 

reports of the proposed small diameter, short sample length compression testing.  The 

avoidance of this approach in previous investigations may be due to two issues: 

-  Requirement for high resolution test equipment that would be capable of 

accurate position control and strain measurement for such small samples. 

- Concerns over end-effects on the compressive results 

On the first point, a review of the equipment available at University of Strathclyde was 

performed and two potential candidates were found to meet the required specification for 

superelastic compression testing of ø1 mm x 3 mm NiTi wire samples, as outlined in 

Table 3-4 below. On the second point, it was proposed that in-situ microscopy could be 

used during compression testing to capture the shape change of the sample, and to assess 

whether any óbarrelingô or buckling deformation occurs. For this reason, it was decided 

to use the Deben Microtest 2000 equipment for the compression testing, as this allows 

for in-situ loading with Scattered Electron Microscopy (SEM). 
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Feature Required 

Specification 

Instron 5969 series 

 (ref 64) 

Deben Microtest 

2000 (ref 65) 

Stiff support frame Electromechanical 

system (not 

hydraulic) 

Electromechanical  

(180 kN/mm) 

Electromechanical 

Test type (quasi) static (quasi) static (quasi) static. 

Require 

compression clamps 

option 

Max force > 1.5 kN 50 kN 2 kN 

Position control < 3µ (0.1% strain) 0.0268µ unknown 

Displacement 

measurement 

resolution 

< 0.3µ (1% of 1% 

strain) 

±10µ position 

measurement 

accuracy (*) 

Resolution 3µ, 

accuracy 10µ 

Minimum speed 

(for 10-4s-1 strain 

rate) 

0.018 mm/min 0.001 mm/min 0.033 mm/min 

Operating 

temperature range 

10 ï 37C (10 ï 60C 

preferred) 

10 ï 38C -20 to +160C 

possible with Peltier 

heating 

*Following further discussions with Instron, it was found that displacement 

measurement control can be improved by attachment of an LVDT accessory for 

compressive testing. Purchase of this accessory would allow the Instron 5969 machine to 

meet all the requirements of the specification.  

 

Table 3-4: Required specification of equipment for proposed ósmall diameter, short 

sampleô compression testing, and specification of equipment available in University of 

Strathclydeôs Advanced Materials Research Lab (AMRL) 

 

The Deben Microtest 2000 tension / compression test stage is shown in figure 3-31. To 

enable the short 3 mm sample to be tested, compression plates were made and attached 

to the test stage. These plates were heat-treated to have a hardened surface to avoid 

deformation of the plates themselves during testing. As no heater was available for this 

equipment in the AMRL, the feasibility testing was only performed at ambient room 

temperature of 23 C. 
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Figure 3-31: Deben Microtest 2000 tension / compression test stage 

 

The test stage with the ø1 mm x 3 mm NiTi#1 compression sample was set up in the 

SEM equipment and displacement control was used to move the cross-head by 0.21 mm, 

to give a nominal compressive strain of 7 %. Figure 3-32 shows SEM images with 

measurements of the undeformed NiTi sample and of the compressively deformed 

sample after 0.21 mm crosshead displacement. These images and measurements 

provided two important results. Firstly, the compressed sample is uniform in width along 

its length, showing that the ends have been able to expand laterally, with no evidence of 

barreling or buckling of the sample. This provides confidence that the sample is 

undergoing pure compression, dealing with concerns over end effects in the results. 

Secondly, the sample length measurements show that the sample has only undergone 

0.16 mm of compressive deformation, or 5.3 % engineering strain, for the 0.21 mm 

crosshead displacement. This shows that there is some compliance in the test stage / 

compression plates system, and means that crosshead displacement cannot be used to 

accurately calculate strain for the sample. Future development of this test would 

therefore need to implement a suitable method of sample strain measurement ï for 

example, using Digital Image Correlation (DIC) of the SEM images. 
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Figure 3-32: SEM images of NiTi#1 compressive test sample on Deben Microtest 2000 

test stage. Undeformed sample with width and length measurements (top left); Deformed 

sample width measurements (top right); Deformed sample length measurement (bottom). 

 

Despite the restriction on strain measurement, the compressive test could still be used to 

find the stress values at the transformation start and finish points for the superelastic 

material under compression, which would allow a level of validation of the ócorrectedô 

stress values derived in the preceding section. Figure 3-33 shows the true stress plotted 

against the crosshead displacement for this test. Here, the compressive ósuperelastic flagô 

shape can clearly be seen, showing the effects of forward and reverse phase 

transformations, with load-unload stress hysteresis.  
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Figure 3-33: Uniaxial compressive stress-displacement results for 1 mm diameter x 

3mm length wire sample, tested at 23 C using Deben Microtest 2000 

 

 

 

Figure 3-34: Compressive test results of figure 3-33 reproduced with lines overlaid to 

identify transformation stresses at line intersection points 
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In figure 3-34, lines have been overlaid on the graph, so that the line intersection points 

can be used to find the start and end transformation stresses in loading and unloading. 

This line-overlay approach is used later in chapter 6 to obtain key parameters from the 

ócorrected compressiveô results reported in the preceding section (see chapter 6, figure 6-

9 and table 6-3).  The transformation stress results from both the ócorrectedô results and 

the Deben Microtest results are shown below in table 3-5 for comparison. Note that in 

both tests, the 1mm diameter Nitinol material was identical, and it was only the 

specimen length that differed between the test methods.  

 

NiTi#1 Compression Stress Result Parameter 

at Room Temp 

From ócorrectedô results 

of previous test method 

(MPa) 

From new óMicrotestô 

method results  

(MPa) 

Loading óplateauô start stress 700 720 

Loading óplateauô finish stress 975  980 

Unloading óplateauô start stress 560  650 

Unloading óplateauô finish stress 350  480 

 

Table 3-5: Transformation stress values found from óDeben Microtestô compression 

testing, compared against values found from ócorrectedô results of previous test method 

 

Additional testing was performed using the Deben tester with dwells included during 

loading and unloading, to see if load drops (during loading) or rises (during unloading) 

would be observed with this test set-up. It was seen that no significant load changes were 

seen during the dwells, giving evidence that the load changes seen during dwells in the 

preceding testing could indeed be attributed to relief from test holder friction, and were 

not inherent to the specimen material behavior. 

 

Referring to table 3-5, the forward transformation stress values (during loading) match 

closely, giving evidence that the corrected stress-strain results in loading give a good 
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representation of the true material behavior. For the reverse transformation, the new 

óMicrotestô method returns considerably higher values for the unloading stresses than the 

corrected results. This suggests that an even greater correction factor should have been 

used to account for friction and misalignment effects during unloading in the previous 

results (figures 3-24 and 3-30).  

 

Despite these differences for the unloading results, for consistency the ócorrectedô results 

of figures 3-28 and 3-30 will be used in chapter 6 to obtain inputs for FEA, due to the 

fact that the new testing has not been performed at 37C temperature, and due to the lack 

of an accurate strain measurement method for the new test. Clearly, though, future effort 

should be made to address these issues so that this promising new testing approach can 

be advanced.  

 

3.6 Conclusions  

The compressive tests reported here, together with relevant tensile test results, have 

allowed investigation of superelastic nitinol wire relevant to the in-service operation of 

stent graft components. The key findings of this investigation are summarized below. 

 

1 mm diameter wire has been produced by Fort Wayne Metals with equivalent 

mechanical properties to thin nitinol wire (0.1 to 0.45 mm diameter) used in Vascutekôs 

stent components. This 1mm wire was used for compressive testing to 6 % strain 

without buckling, using a 19.5 mm length in holders designed to prevent lateral 

movement. 

 

In the particular test set-up used, any angular misalignment in the wire holders leads to 

friction forces affecting the measured load-deflection (and derived stress-strain) results. 

By investigating and accounting for these friction forces, results were obtained that 

better represent the materialôs compressive stress-strain response. Additional feasibility 

work using a new compression test method, with short material samples to avoid the 

problems associated with wire holder friction, helped to verify the data correction 
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method by showing that load changes during dwells in the previous method could indeed 

be attributed to friction (and not material stress relaxation). The new ómicro testô method 

also provided stress-displacement data for validation of the ócorrectedô compression 

results obtained in this chapter Initial results from the new method show this to be a 

promising route for future compression test development. 

 

The testing reported in this chapter has led to a greater understanding of the particular 

Nitinol material under study, yielding important knowledge for its use in stent design 

and development. Compressive-tensile asymmetry of the Nitinol material can clearly be 

seen from the results. In compression, the óeffectiveô initial modulus is higher than in 

tension at room and body temperatures, due to the presence and effects of R-phase. The 

materialôs forward phase transformation (austenite to martensite) is initiated at higher 

stress in compression than in tension, and the upper óplateauô is not flat. The óplateauô 

length (representing the total transformation strain) is shorter in compression, meaning 

that plastic deformation starts to occur at a lower strain (> 4 % in compression compared 

to > 8 % in tension). For unloading, the unload moduli are higher in compression than in 

tension, and the superelastic unload stress óplateauô (again not flat in compression) is 

also higher in compression. The tensile-compressive asymmetry is important to consider 

for stress-strain analysis of bending nitinol components, as will be seen in chapter 5. 

 

Compaction of stent ring components is anticipated to involve maximum compressive 

strains in excess of 4 % at certain regions of the wire, therefore causing permanent set in 

the material. This could have an effect on radial force, and it is therefore recommended 

that radial force or sealing verification testing is performed on components or devices 

that have undergone representative compaction strain history. 

 

Worst case compaction history of 3 compactions at room temperature is anticipated to 

cause load-unload cycling up to 6 % maximum compressive strains for certain regions of 

stent components in service. Testing has shown that this large strain cycling at room 
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temperature will result in a low level of permanent set (< 0.6 %) and has no effect on the 

subsequent compressive stress-strain response in loading and unloading. Again, though, 

verification testing of components should include this óworst-caseô pre-processing. 

The stress-strain response of the nitinol wire in compression is highly temperature 

dependent. In the range 17 C to 55 C, initial modulus increases by ~ 0.5 GPa/C and 

upper and lower stress plateaus increase by ~ 7.5 GPa/C. This means that stent 

components will have higher radial (sealing) force and resistance to pulsatile loading at 

body temperature than at room temperature, and therefore simulated use testing of 

devices should be performed at representative service temperature. At 55 C, there is 

increased permanent set following high strain loading (> 4 %) compared to results at 17 

or 37 C, which is significant for sterilization of compacted nitinol components. In terms 

of design of devices, this means that relevant verification testing should be performed on 

components or devices that have undergone representative temperature and strain 

processing history to simulate the effects of sterilization on a compacted device prior to 

deployment.  

 

Investigation of load-path dependency for the nitinol wire in compression shows that if 

the material is loaded up to any strain in the óupper plateauô range (up to 4 % 

compressive strain), it will recover the strain along a common óunload plateauô path as 

phase change is reversed. If the material is loaded to beyond 4 % compressive strain, 

further deformation occurs by martensite elasticity and plastic dislocation movement, 

resulting in permanent set. This plasticity has three effects on the stress-strain response 

during unloading: firstly, it causes an increase in the unloading modulus; secondly, it 

causes the material to unload along a lower óunload plateauô; thirdly, it causes residual 

strain upon full unloading. Each of these unloading effects is increased with increasing 

maximum compression strain in the range 4 ï 6 %.   

 

In compression, the nitinol æŮ cycling behaviour ófrom belowô (during unloading) 

follows a linear elastic stress-strain path with modulus between the initial austenite 
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loading modulus and the martensite unloading modulus, as long as æŮ < 0.5 %. At this 

low æŮ level, deformation occurs without phase transformation, showing no hysteresis 

loop in the cycle path. Also, for these small æŮ levels, the cycling is stable from the first 

cycle. This small deformation cycling is relevant to in-vivo pulsatile performance of 

stent components, where maximum compressive æŮôs are anticipated to be < 0.2 %. The 

fact that deformation is linear elastic for these small cycles in compression is desirable 

for fatigue performance of the stent components. 

 

As has been seen, the uniaxial testing of nitinol wire has resulted in a clear 

understanding of the tensile ï compressive behaviours and stress-strain values pertinent 

to stent component performance.  
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Chapter 4: 3-Point Bend Load - Deflection Testing 

 

4.1 Background 

For endovascular stent graft devices, the service loads will primarily subject the nitinol 

components to bending deformations. It was therefore decided that experimental bend 

testing should be performed to gain a better understanding of the materialôs in-service 

behaviour. The bend test results will  also be useful for validation of material models that 

will be created using the tensile and compressive stress-strain results reported in Chapter 

3. The validation of these models for Finite Element Analysis (FEA) simulations will be 

reported in Chapter 6.  

 

It was decided that symmetrical 3-point bend testing would be performed, as this would 

give a reasonable representation of how Nitinol wire is loaded and unloaded with large 

deformations in the case of Vascutekôs stent ring components. In these ring components, 

the peaks and valleys of the rings undergo maximum local curvature changes during 

compaction and deployment, while in 3-point bend testing there is maximum curvature 

change at the central indenter position of the beam as it is deflected. 0.14 mm and 0.45 

mm wire sizes were chosen for the bend testing, representative of smaller and larger 

wires in the diameter range used for Vascutekôs nitinol components. 

 

4.2 Objectives 

The main objective of the 3-point bend testing is to characterize the bending behaviour 

of thin nitinol stent wire under service conditions, including relevant operating 

temperatures and cycling regimes. 

 

In order to achieve this objective, the following sub-objectives were identified for 3-

point bend testing of wire: 
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- At room temperature, characterize the Load-Deflection response up to large 

ócompactionô bend deflections, representing anticipated conditions during device 

compaction 

- At room temperature, investigate the effect of additional load-unload cycles to 

large ócompactionô bend deflections, representing cycling due to multiple 

compactions 

- Characterize the load-deflection response in bending at different óin serviceô 

temperatures: room temperature (23 C) and body temperature (37 C). 

- Characterize the cycling behaviour for small ȹ  load-unload cycling ófrom 

belowô (i.e. during unloading) at 37 C: this is useful for understanding the wireôs 

bending response to in-vivo pulsatile loading. 

 

An additional objective of this work is to obtain experimental Load-Deflection data for 

representative wire material that can be used for validation of constitutive material 

models for use in FEA simulations. 

 

4.3 Equipment and Methods 

4.3.1 Testing Machine and 3-Point Bend Attachments 

3-point bend Load-deflection testing was performed using a Bose Electroforce 3200 

machine. This bench-top machine uses an electromagnetic linear motor for high accuracy 

uniaxial displacement, and is capable of static or high frequency dynamic testing. For the 

present quasi-static 3-point bend testing of thin nitinol wires, this machine was chosen 

due to its suitability for low-force testing, with availability of load cells as small as 2.5 

N, and for the ability to test at elevated temperatures using the water bath accessory.  

 

For testing of 0.45 mm NiTi#1 wire, suitable 3-point bend pin attachments were 

available, supplied by Bose. The machine and attachments are shown in figure 4-1. 
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Figure 4-1: Bose Electroforce 3200 test machine with water bath (left) and adjustable 3-

Point Bend attachments used for 0.45 mm wire testing (right). The photograph here 

shows a single strand of 0.45 mm NiTi#1 wire (Lot F5298520) in 3-point bending. 

 

The pin configuration and deflection range used for 3-point bend testing of the 0.45 mm 

wire are shown schematically in figure 4-2. This set-up was designed to ensure the 

material would be subjected to large axial strains in bending, typical of compaction, 

while minimizing shear strains (due to a large óspan length : cross-sectional areaô ratio). 

 
 

Figure 4-2: schematic diagram of 3-Point Bend set-up for testing of 0.45mm Nitinol 

wire, showing indenter pin displacement range of 0-10 mm for deflection of wire to 

large ócompactionô strains 
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For testing of thinner 0.14 mm wires, custom 3-point bend pins were designed and 

manufactured for attachment to the machine. These attachments are shown in figure 4-3. 

The pin configuration and deflection range are shown schematically in figure 4-4. 

 

 
 

Figure 4-3: 3-Point Bend attachments for 0.14 mm wire testing. The photograph shows 

10 strands of 0.14 mm NiTi#1 wire (Lot F5208630) in 3-point bending. 

 
 

Figure 4-4: schematic diagram of 3-Point Bend set-up for testing of 0.14 mm Nitinol 

wire, showing indenter pin displacement range of 0-3 mm for deflection of wire to large 

ócompactionô strains. The surface radius of curvature of each pin is 0.65 mm. 

 

4.3.2 Load Cell and Number of Wire strands 

From initial testing using the Bose equipment, it was found that measurement of very 

small loads with the smallest 2.5 N load cell led to a large amount of noise in the results. 
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Therefore, it was found to be impractical to perform 3-point bend testing on a single 

strand of 0.14 mm wire. To solve this problem, testing was performed with multiple 

strands of the 0.14 mm wire side-by-side, giving Load-Deflection (L-D) results with 

minimal noise. The L-D response could then be derived for a single strand by dividing 

the load data by the number of wire strands. The optimal number of wire strands 

depended on the test temperature, with Nitinol wire having greater bend stiffness at 

higher temperatures. The number of wire strands used for each test is shown in table 4-1 

of the óTest Planô section below.  

 

For testing of 0.45 mm wire, good results could be obtained for a single strand of wire 

using a 10 N load cell. 

 

 

4.3.3 Test Conditions 

Bend testing was conducted both in air at 23 C and in water at 37 C. For testing in air, 

the temperature of the room was controlled by a thermostat. For testing in water, a water 

bath with temperature probe and software-controlled heater was used to maintain test 

temperature at 37 C. Although the temperature of the specimen itself was not measured 

during testing, the ambient test temperature (of air or water) was monitored and 

controlled to within ± 1 C. 

 

The testing was performed using displacement control of the indenter head, with no 

preload. Before each test, the wire was set up on the support pins and then the indenter 

head moved under manual control to a position close to the wire surface without making 

contact. This was the test start position. Results were later corrected to position the 

Load-deflection curves start point at the origin (by removing the start position ógapô from 

all deflection data). 
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Test speeds were chosen to be low enough to avoid adiabatic heating effects while 

giving a good representation of loading and unloading rates which may be seen in 

service during compaction, deployment and cycling. The chosen test speeds can be seen 

in table 4-1 in the óTest Planô section below. 

 

4.3.4 Test Sample Material 

0.45 mm sample wire (Lot F5298520) and 0.14 mm sample wire (Lot F5208630) were 

used for 3-point bend testing. Supplier (Fort Wayne Metals) Certificate of Conformance 

data for these batches can be seen in table 3-1 of Chapter 3. These wire sizes were 

chosen as they represent diameter sizes at the upper and lower ends of the range used by 

Vascutek for device components. All wires in this range have the same specification for 

uniaxial tensile stress-strain properties, and therefore these wires can be taken to 

represent all wires used in Vascutekôs nitinol components. 

 

4.3.5 Test Plan 

Table 4-1 outlines the tests undertaken in order to meet the objectives for 3-point bend 

Load-Deflection testing, as stated in section 4.2. The maximum deflections used here 

were chosen based on initial testing of both wire sizes to find the deflections required for 

the wire to exhibit superelastic bending behaviour. This behaviour could clearly be seen 

from the Load-Deflection results plots, with the intial elastic stiffness followed by 

compliant deformation due to phase change, seen by the deflection proceeding with little 

or no load increase. From the previous chapters, it is known that this constant force 

phase transformation behaviour occurs at strains above 1.2% in tension and 

compression. For the 0.45 mm wire, it was found that 3-Point Bend deflections > 5 mm 

would allow this superelastic bending behaviour to be clearly observed, and deflections 

as high as 10 mm were used to investigate the effect of large bend deflections, 

representing the behaviour of a stent wire during compaction into a delivery sheath. For 

the 0.14 mm wire, the 3-Point Bend pin configuration and deflections were 

approximately linearly scaled down from the 0.45 mm wire set-up, as there is a linear 
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relationship between maximum strain and the wire diameter / bend radius, meaning that 

the two wire sizes would be strained to similar maximum levels in bending using these 

test parameters.  

 

Test 

Set 

name  

Temp 

(C) 

Wire 

dia 

(mm) 

Load 

Cell 

(N) 

No. 

wire 

strands 

Description Displacement Steps Speed 

(mm/s) 

045_ 

3pb1 

 

 

23 0.45 10 1 Load to 10mm 

deflection, unload 

to 0 (1 cycle) 

Load to 10mm in 10s 1 

Dwell for 5s 

Unload to 0 in 10s 

045_ 

3pb2 

 

23 0.45 10 1 Load to 10mm 

deflection, unload 

to 0 (2 cycles) 

Load to 10mm in 10s 1 

Dwell for 5s 

Unload to 0 in 10s 

Dwell for 5s 

(x 2 cycles) 

045_ 

3pb3 

23 0.45 10 1 Load to 5mm 

deflection, unload 

to 0 (1 cycle) 

Load to 5mm in 5s 1 

Dwell for 5s 

Unload to 0 in 5s 

014_ 

3pb1 

23 0.14 2.5 10 Load to 3mm 

deflection, unload 

to 0 (3 cycles) 

Load to 3mm in 6s 0.5 

Dwell for 1s 

Unload to 0 in 6s 

(x 3 cycles) 

014_ 

3pb2 

37 0.14 2.5 6 Load to 3mm 

deflection, unload 

to 0 (1 cycle). 

Load to 3mm in 6s 0.5 

Dwell for 1s 

Unload to 0 in 6s 

014_ 

3pb3 

37 0.14 2.5 6 Load to 3mm 

deflection, unload 

to 0 (2 cycles). On 

2nd cycle during 

unloading, cycle 

between 1.0 ï 

1.1mm deflections 

(100 cycles) 

Load to 3mm in 6s 0.5 

(large 

cycles); 

0.05 

(small 

cycles) 

 

 

 

 

 

 

Dwell for 1s 

Unload to 0 in 6s 

Dwell for 1s 

Load to 3mm in 6s 

Dwell for 1s 

Unload to 1.05mm  in 

4.5s 

Load to 1.1mm in 1s 

Unload to 1.0mm in 

2s 

Load to 1.1mm in 2s 

(x100 cycles) 

Unload to 0 in 1.5s 

 

Table 4-1: 3-point bending load-deflection test sets 
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4.4 Results and Discussion 

4.4.1 Single Cycle 3-Point Bend L-D Curves 

The following results show single cycle 3-point bend results for Vascutekôs NiTi#1 wire, 

in order to understand the load-deflection behavior in bending and to provide useful 

empirical data that can be used for validation of FEA-based constitutive material models. 

 

Figure 4-5 below shows results from test sets ó045_3PB1ô and ó045_3PB3ô, giving load-

deflection plots for 0.45 mm NiTi#1 wire at room temperature (23 C).  

 

 
 

Figure 4-5: single load-unload cycle L-D results for 3-point bending of 0.45 mm NiTi#1 

wire at 23 C to different maximum deflections (1 wire strand) 

 

The L-D curves shown in figure 4-5 are useful in understanding the behaviour of 

superelastic nitinol wire in bending to large deformations. Note that the x-axis shows the 
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deflection of the central indenter pin, and the y-axis shows the applied force of this pin 

as recorded by the load cell.  

 

Considering test ó045_3pb1ô, the results in figure 4-5 show the following characteristics. 

 

In loading 

The L-D curve shows initial ólinear elasticô bending stiffness of 0.6 N/mm, where all 

material in the bending wire is in its austenite phase (the slight reduction in stiffness 

beyond 2.5 mm loading deflection is assumed to be due to the presence of R-phase). 

 

At 3.6 mm deflection, a load plateau begins where the wire shows compliant bending 

behaviour as further deflection up to 5 mm occurs at a relatively constant force. 

Considering the material behaviour, this load plateau occurs as the material at the outer 

and inner bend surfaces of the wireôs central bend óapexô region (where applied moment 

and curvature are at a maximum) goes through Stress-Induced Martensite phase 

transformation at near-constant stress. 

 

Beyond the load plateau region, from 5 mm deflection, the curve then shows negative 

stiffness up to the maximum 9.8 mm deflection. This characteristic of the L-D curve is 

considered to be due to two effects: 

- sliding of the wire over the support pins beyond a certain wire bend angle, 

meaning that indenter pin deflection can increase with minimal additional 

bending of the wire 

- increased moment arm length of the highly deformed wire, meaning a lower 

force is required to increase the applied moment on the wire within the support 

pin span   

 

At the maximum deflection position (9.8 mm), the wire was held in position during a 5 

second dwell period. During this ódwellô, the curve shows a vertical drop in the force. 
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Then, as unloading commences, there is an immediate further vertical force drop seen. 

These force drops are due to friction between the nitinol wire sample and the stainless 

steel support pins (despite the pins having a polished finish), as was seen during FEA 

simulations of 3-point bending (reported in chapter 6). If friction were eradicated 

between the wire and pins, the loading forces would be reduced while the unloading 

forces would be increased compared to the results of figure 4-5. 

 

In unloading 

From the maximum displacement down to 5 mm deflection, the effects of sliding and the 

long moment arms can again be seen as the force increases with decreasing pin 

deflection. However, the slope of this ónegative stiffnessô path is different from that in 

loading between 5 mm and 9.8 mm deflection, showing evidence of load-unload 

hysteresis independent of the friction effects. 

 

Below 5 mm deflection, there is an unloading plateau where bend deflection decreases at 

constant force. This behaviour is due to the reverse phase transformation of nitinol 

material that has reached its unload stress plateau following unloading with martensite 

elasticity. This unload force plateau extends down to 2.8 mm deflection, which is lower 

than the deflection where phase transformation at constant force was seen to occur in 

loading (at 3.6 mm). Therefore, the bending wire is fully austenite in loading between 

2.8 mm and 3.6 mm, while in unloading for the same deflection range it contains some 

martensite phase. This behaviour will be explored further in chapter 5, where it is shown 

that the wire takes a different shape and therefore has different strain distribution in 

loading and unloading for the same 3-Point Bend deflection position. 

 

When deflection reaches 2.8 mm in unloading, the wire begins to unload with linear 

stiffness, showing that all material has returned to its original austenite state. Final 

unloading then occurs with austenite elasticity. 



 

151 

 

At zero force, there is no residual deflection, meaning that the wire has returned to a 

straight shape with no residual bend deformation. 

 

Test ó045_3pb3ô subjected the wire to a lower maximum bend deflection of 5 mm, and 

therefore avoided the ónegative bend stiffnessô behaviour associated with large 

deflections and sliding. With reference to the results in figure 4-5, the L-D curve shows 

the same load path as ó045_3pb1ô up to 5 mm deflection, including initial austenite 

stiffness followed by the force plateau. During the ódwellô and subsequent deflection 

direction change, the effects of friction can again be seen in the vertical force drop.  

 

For unloading, the ó045_3pb3ô results show an interesting path that was not evident in 

the previous results. Between 5 mm and 3.6 mm deflection, the wire unloads with near-

linear elastic stiffness, which can be understood by the elastic strain recovery of 

martensite material in the wire during initial unloading.  

 

Below 3.6 mm deflection, there is an unload plateau as the wire straightens at constant 

force, showing that martensite material in the wire is undergoing reverse phase 

transformation to austenite, giving strain recovery at constant stress. As can be seen from 

figure 4-5, this unload plateau occurs at a higher force for ó045_3pb3ô than for 

ó045_3pb1ô. This gives evidence of load history dependence of the unload L-D path in 

bending for Nitinol. 

 

Below 2.8 mm deflection, the wire unloads with a linear Load-Deflection relationship, 

showing that the wire material has fully returned to austenite at this unloading bend 

deflection. 

 

For the purpose of FEA material model validation, it is useful to extract some key 

parameters from the results. Table 4-2 shows some useful results extracted from these 3-

point bend tests on 0.45 mm NiTi#1 wire at 23 C. 
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Parameter Value 

Initial austenite bend stiffness 0.6 N/mm 

Load plateau force 1.8 N 

Load plateau start deflection 3.6 mm 

Load drop due to friction (@ 5 mm deflection) 0.4 N 

Load drop due to friction (@ 9.8 mm deflection) 0.5 N 

Martensite unload bend stiffness (from 5 mm deflection) 0.15 N/mm 

Unload plateau force (for 5 mm max load deflection) 1.2 N 

Unload plateau force (for 9.8 mm max load deflection) 1.1 N 

Unload plateau end deflection 2.8 mm 

 

Table 4-2: parameters from 3 Point Bend test results for 0.45 mm NiTi#1 wire at 23 C 

(as plotted in figure 4-5) 

 

Figure 4-6 shows results from test set ó014_3PB1ô for Load-Deflection of 0.14 mm 

NiTi#1 wire in bending at room temperature (23 C). For clarity, only the first cycle is 

shown. The results in figure 4-6 for 0.14 mm wire show the same general bending 

behaviours seen in test set ó045_3pb1ô (figure 4-5): 

- Initial linear stiffness due to austenite elasticity 

- Loading plateau showing compliance in bending due to Stress-Induced 

Martensite phase change 

- Negative stiffness due to sliding and large deformation issues 

- Friction effects  

- Unloading with reduced negative stiffness, as strain is recovered through 

martensite elasticity 

- Unload plateau showing compliance in bending as material undergoes reverse 

phase change 

- Final unloading with linear stiffness due to austenite elasticity 
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Figure 4-6: single load-unload cycle L-D results for 3-point bending of 0.14 mm NiTi#1 

wire at 23 C (10 wire strands) 

 

Table 4-3 gives key parameters from test ó014_3pb1ô results, showing values for 10 wire 

strands and then the derived values for 1 strand. 

Parameter Measured Value (10 

strands) 

Derived value (1 strand) 

Initial austenite bend stiffness 2.6 N/mm 0.26 N/mm 

Load plateau force 1.85 N 0.185 N 

Load plateau start deflection 0.9 mm 0.9 mm 

Load drop due to friction (@ 

2.9 mm deflection) 

0.36 N 0.036 N 

Unload plateau force (for  

2.9 mm max load deflection) 

1.2 N 0.12 N 

Unload plateau end deflection 0.6 mm 0.6 mm 

Table 4-3: parameters from 3 Point Bend test results for 0.14 mm NiTi#1 wire at 23 C 

(as plotted in figure 4-6) 
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Figure 4-7 shows results from test set ó014_3pb2ô for Load-Deflection of 0.14 mm 

NiTi#1 wire in bending at body temperature (37 C). Again, the results of figure 4-7 (test 

ó014_3pb2ô) show the same general bending behaviours discussed previously, but at 

higher loads due to the elevated temperature, showing clearly the temperature sensitivity 

of Nitinolôs superelastic bending behaviour. Note, however, that the unloading path at 

large deflections has almost exactly the same slope as in loading, unlike in the previous 

cases. This may be due to the effect of the test medium (water) on the sliding of the wire 

over the support pins at large deflections. The different friction properties due to test 

medium will also affect the amount of óforce dropô at the maximum deflection. 

 

Figure 4-7: single load-unload cycle L-D results for 3-point bending of 0.14 mm NiTi#1 

wire at 37 C (6 wire strands) 

 

Table 4-4 gives key parameters from test ó014_3pb2ô results of figure 4-7, showing 

values for 6 wire strands and then the derived values for 1 strand. 
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Parameter Measured Value (6 strands) Derived value (1 strand) 

Initial austenite bend stiffness 1.8 N/mm 0.3 N/mm 

Load plateau force 1.36 N 0.227 N 

Load plateau start deflection 0.9 mm 0.9 mm 

Load drop due to friction (@ 

2.85 mm deflection) 

0.34 N 0.057 N 

Unload plateau force (for  

2.85 mm max load deflection) 

1 N 0.167 N 

Unload plateau end deflection 0.6 mm 0.6 mm 

 

Table 4-4: parameters from 3 Point Bend test results for 0.14 mm NiTi#1 wire at 37 C 

(as plotted in figure 4-7) 

 

4.4.2 óCompaction Deflectionô Cyclic Bend Testing 

Figures 4-5 and 4-6 showed the Load-Deflection results for large ócompactionô bend 

deflections at room temperature, representing anticipated deformations that may be seen 

in device compaction. The characteristics of these curves have been discussed in the 

previous section. In order to investigate the effect of additional load-unload cycles to 

large ócompactionô bend deflections, representing cycling due to multiple compactions 

during assembly, test sets 045_3pb2 and 014_3pb1 were performed at room temperature 

(23 C). The results are shown in figures 4-8 and 4-9 respectively. 

 

With reference to figure 4-8, the two cycles are nearly identical, suggesting that the 

material has been unaffected by the first large-deflection cycle. In figure 4-9, a slight 

drop in the load plateau values can be seen on consecutive cycles, which may be due to 

decreasing stress levels for Stress-Induced Martensite (see figure 2-28 of Literature 

Review, Chapter 2). The unload path is nearly identical for each cycle. 
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Figure 4-8: L-D results for 3-point bending of 0.45 mm NiTi#1 wire at 23 C, 2 load-

unload cycles (1 wire strand). Results are from test set 045_3pb2. 

 

 
 

Figure 4-9: L-D results for 3-point bending of 0.14 mm NiTi#1 wire at 23 C, 3 load-

unload cycles (10 wire strands) 
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The figure 4-8 and 4-9 results show that for this level of wire bending deformation, 

multiple load-unload cycles have little or no effect on the bending stiffness behaviour of 

the nitinol wire. There was no evidence of plastic deformation of the wires following 

unloading. 

 

 

4.4.3 Temperature Dependence 

To investigate the load-deflection response in bending at different óin serviceô 

temperatures, test sets ó014_3pb1ô and ó014_3pb2ô were performed at 23 C and 37 C 

respectively. The test at 37 C had to be performed using 6 wire strands (instead of 10) to 

avoid exceeding the upper limit of the 2.5 N load cell. For comparison, these results 

were then used to derive the equivalent force for 10 strands at 37 C. The comparative 

results are plotted in figure 4-10, showing first cycle only for each test set for clarity. 

 

Figure 4-10: L-D results for 3-point bending of 0.14 mm NiTi#1 wire at 23 C (10 wire 

strands) and at 37 C (10 strand equivalent data derived from 6 wire strand test results). 

A single load-unload cycle is shown in each case. 
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Figure 4-10 clearly shows that increasing the test temperature from room temperature 

(23 C) to body temperature (37 C) has a significant effect on the Load-Deflection 

response of nitinol wire in bending. Increasing the temperature results in: 

- Increased initial óausteniteô bending stiffness (~15 % increase from 23 C to 37 C) 

- Increased upper load plateau level (~ 20 % increase from 23 C to 37 C) 

- Increased unload plateau force level (~ 40 % increase from 23 C to 37 C) 

In terms of stent performance, these results mean that radial force will be higher at body 

temperature than room temperature. This is beneficial in the productôs life cycle as it will 

allow lower force compaction during production at room temperature, while providing 

higher Chronic Outward Force (COF) and Radial Resistive Force (RRF) for in-vivo 

sealing, anchoring, vessel damping and fatigue resistance. In terms of the design process, 

this temperature dependent behaviour means that verification and validation testing on 

nitinol components must be performed at the correct test temperatures to simulate the in-

service conditions. 

 

4.4.4 ȹD Cycling in Bending 

To consider the bending behaviour of nitinol stent wire when it is cyclically loaded due 

to in-vivo pulsatile loading, the 3-Point Bend set-up was used to perform cyclic bending 

on the wire during unloading at 37 C, with small ȹ deflection cycles. Based on the 3-

point bend test results shown previously in this chapter, the mean deflection level for this 

cycling was chosen such that cycling would take place from the unloading óplateauô 

region of the L-D curve following large deflection bending, representing a stent wireôs 

bending deflection when deployed in an artery following compaction. ȹ deflection cycles 

of 0.1 mm were used so that the wire material would be deformed elastically in each 

cycle without phase change, as is expected in-vivo. Figure 4-11 shows the results from 

test set ó014_3pb3ô, with æ deflection cycles 1-3 and 97-100 highlighted. 

 



 

159 

 

 
 

Figure 4-11: L-D results for3-Point Bending of 0.14 mm NiTi#1 wire at 37 C (6 

strands), 2 large deflection cycles with 100 æ deflection cycles during unloading of 2nd 

large cycle. Delta D cycles 1-3 and 97-100 are highlighted to consider any changes due 

to cycling. 

 

Considering the æD cycles shown in figure 4-11, there appears to be a hysteresis loop in 

each cycle. This can be fully attributed to friction effects as the force vertically increases 

at the start of each cycle and vertically drops at the end of each cycle. There is no phase 

transformation plateau seen in these æD cycles ï the material is undergoing elastic 

deformation only. The plots show that when the wire is re-loaded from the lower force 

plateau, it has a bending stiffness that is a little lower than the initial austenite bending 

stiffness. This characteristic of the bending wire gives a nitinol stent its Radial Resistive 

Force when deployed in vessel under pulsatile loading conditions.  In terms of cycling 
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stability, comparison of delta deflection cycles 1-3 with cycles 97-100 in figure 4-11 

show no significant difference, meaning this small deformation cycling (representative 

of in-vivo pulsatile cycling) is stable from the 1st cycle.  

 

4.5 Conclusions  

Using Strathclyde Universityôs Bose 3200 test equipment, it was possible to perform 3-

Point Bend testing on thin superelastic nitinol wires to large deflections. The results 

from these tests will provide useful data for validation of material models to be used in 

FEA simulations of nitinol stent components. 

 

The testing also provided useful information on the wireôs bending response under the 

following conditions that will be seen in-service: 

- Multiple large bend deflection cycles at 23 C: previous cycles had little or no 

effect on the load ï deflection bending response of the wire, with no evidence of 

plastic deformation following unloading. 

- Different temperatures: the wire has greater stiffness and óplateau forceô levels at 

37 C compared to 23 C. In terms of device performance, this is beneficial as 

room temperature assembly will allow low-force compaction while body 

temperature deployment will give high chronic outward force (COF) and radial 

resistive force (RRF) for stents. 

- æ Deflection cycling during unloading of the wire in bending: the results showed 

an L-D path with slightly lower stiffness to that of initial austenite bending. For 

small æ deflection levels (representing in-vivo bending behaviour), this cycling 

occurs without phase change in the material and the L-D path is stable from the 

first cycle. For device performance, these bending characteristics are desirable for 

long-term fatigue safety of the ring stent components. 
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Chapter 5: 3D Microscopic DIC Strain Measurement for 

Superelastic Nitinol Wire in Bending 

 

5.1 Background and Introduction 

The requirement to measure strains on thin superelastic wire in bending was identified in 

Chapter 2 (Literature Review) in order to experimentally investigate the findings of Van 

Zyl et al (33) regarding load path history effect on strain state during unloading for 

Nitinol in bending. Further to this, it is also desirable to acquire experimental bending 

strain data that can be used for validation of FEA material constitutive models. 

 

As described in Chapter 2, Digital Image Correlation (DIC) was identified as a 

potentially feasible method, having been used by Reedlunn et al (34) for full-field strain 

measurement of thin nitinol wires (Ø0.762 mm) in uniaxial tension. However, no 

previous reports of DIC for measuring strains on thin superelastic wires in bending were 

found in the literature. The use of DIC for this application was therefore considered an 

exciting research opportunity, which would require development of a novel test method. 

 

Following an initial feasibility study, ómicroscopic 3D DICô was identified as the most 

suitable technique to be used for this application. Equipment and technical support were 

then hired from LaVision UK.   

 

This chapter describes the method developed to use microscopic 3D DIC to obtain strain 

measurements for thin Nitinol wire in superelastic bending, with appendix 3 expanding 

on certain details that may help future investigators to obtain useful results. The chapter 

then focuses on the investigation of strain history during 3-Point Bending using DIC 

strain measurement. Finally, the chapter includes description of an investigation using a 

specially designed ófreebendô test rig to obtain results for surface strains of thin Nitinol 

wire in bending.  
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The work described here formed the basis for a technical paper (66) presented by the 

author at the óShape Memory & Superelastic Technologies Conference 2013ô (SMST 

2013, Prague, Czech Republic). 

 

5.2 Objectives 

The initial objective of this work was to develop a suitable test method using 

microscopic 3D DIC that would allow measurement of strains around the surface of thin 

nitinol wire in bending to large deflections. This was successfully achieved and the 

method is described in detail in this chapter and in Appendix 3. Having developed a 

suitable test method, the following key objectives were set: 

 

- Investigate the strain history of nitinol wire during loading and unloading in 3-

Point bending 

- Obtain experimental bending strain data for validation of FEA models 

 

A further objective of the DIC strain measurement was to characterize the NiTi#1 wire 

by investigating its strain asymmetry at a given bend radius. This work was performed 

using a óFree Bendô test rig and is described at the end of the chapter. 

 

5.3 Equipment and Methods 

5.3.1 3-D Microscopic Digital Image Correlation Introduction 

Digital Image Correlation (DIC) is a technique that can be used to measure surface 

strains of a sample as it is deformed, by using digital images of the sample taken during 

deformation. The sample must have a surface pattern that can be tracked from an 

óundeformedô image to a ódeformedô image, in order to measure the local displacements 

of points across the surface. The resulting deformation field can then be used to derive 

the surface strains for the deformed sample. 

 



 

163 

 

Digital Image Correlation is a highly scalable technique. Using two cameras mounted on 

a microscope for image capture, it is possible to use DIC to measure the surface strains 

for a thin round wire as it is deformed. In order to achieve this, a suitable surface pattern 

comprising very small random speckles must be applied. Also, a suitable method of 

deforming the sample must be used, ensuring that the region of interest on the sample 

remains in focus within the microscopeôs field of view (FOV).  

 

In order to measure the strains for thin superelastic Nitinol wire in bending, 3D 

Microscopic Digital Image Correlation was used with the test method outlined below.  

 

5.3.2 3-D Microscopic DIC Equipment 

The following equipment was hired from LaVision UK: 

¶ Stereo Microscope: Zeiss Lumar V12 (including beam splitter /camera mounting) 

¶ 2 x CCD Cameras (Imager E-lite 5M) 

¶ Positionable LED lights and power source (Stemmer Imaging, item CCS LDL2-

80/16-SW) 

¶ Strain Master Controller: with manual image capture trigger input and 

synchronization board (PTU9) input (LaVision).  

¶ Synchronization Board PTU9 (LaVision) 

¶ PC Laptop 

¶ 2D and 3D Strain Software Modules 

¶ Micro calibration plate and stage 

 

2 days on-site technical support and training from LaVision UK was also purchased, to 

ensure correct equipment set-up and operation in order to obtain the desired strain 

results.  

 

Figure 5-1 shows the equipment set-up in Vascutekôs R&D laboratory, with the main 

components labelled. 
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Figure 5-1: 3D Microscopic DIC Equipment Set-Up 

 

5.3.3 Sample Material 

0.45 mm sample wire (Lot F5298520) was used for bend testing with the DIC 

measurement equipment. Supplier Certificate of Conformance data for this batch can be 

seen in table 3-1 of Chapter 3. This is the same wire batch that was used for 3-Point 

Bend Load-Deflection testing (Chapter 4) and is representative of Vascutekôs stent 

component wire, diameter range 0.1 to 0.45 mm with identical mechanical property 

specification across the size range. 

 

In terms of feasibility for microscopic 3D DIC strain measurement, 0.45 mm wire was 

suitably large to meet the following criteria: 

¶ Accommodate a sufficient number of speckles (applied by airbrush) across the 

surface for good spatial resolution of DIC strain field results. This is explained 

further in section 5.3.7 óMethod Detailô below.  
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¶ Allow large microscope Field of View (FOV) so that the wireôs bend apex will 

remain in the FOV even if rigid body translation occurs during deformation. 

(Note: this is important for the óFree Bendô tests described in section 5.6). 

     

5.3.4 3-Point Bend Rig Design 

In order to measure strains of nitinol wire specimens in bending, it was necessary to 

design a suitable loading rig to apply bending deformations to the wire. The following 

design requirements were identified for the bending rig: 

¶ Allow controlled bending deformation of the wire in small increments 

¶ Allow load and unload bending of the wire 

¶ Allow the shape or deflection of the wire to be recorded for measurement at each 

deformation increment 

¶ Allow bending of the wire to maximum strains typical of those expected during 

stent ring compaction (Ó 8% axial normal strain at outer surface) 

¶ Maintain the apex of the bending wire in (approximately) the same position 

during loading and unloading to ensure that the area of interest (region of 

maximum bend curvature) will remain in the microscopeôs FOV 

¶ Allow suitable lighting of the specimen for capture of images that can be DIC 

processed 

 

It was considered that a 3-Point Bend Rig could be designed to meet these requirements. 

In addition, it was decided that the rig should have the same pin layout and deflection 

range as was previously used for 3-Point Bend Load-Deflection testing of 0.45 mm wire 

(reported in Chapter 4), shown schematically in figure 5-2. This would allow assessment 

of both the load and strain for a known 3-Point bend deflection, providing valuable data 

for material characterization and for FEA model validation. 
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Figure 5-2: Schematic diagram of 3-Point Bend set-up for testing of 0.45 mm nitinol 

wire, showing pin layout and deflection range to match those used for 3-Point Bend 

Load-Deflection testing 

 

The 3-Point Bend test rig for DIC testing, designed to meet the above specification, is 

shown in figure 5-3 as it is used to deform the 0.45 mm wire. (Note that the steel pins 

have been painted black (óGolden Airbrush Carbon Black (#8040)ô) to reduce reflection 

and improve lighting for digital image capture. This will give different friction properties 

from the stainless steel pins used for 3-Point Bend Load-Deflection testing. While this 

will affect the forces to bend the wire, it is considered that the effect on strain 

distribution along the wire length in bending will be negligible.) 

 

 
 

Figure 5-3: 3-Point Bend Rig used to deform a 0.45 mm NiTi#1 wire in bending 
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A limitation of the 3-Point Bend rig for DIC testing is that the central pin obstructs the 

view of the inner bend surface of the wire, preventing direct measurement of the 

maximum compressive strains during bending.  For this reason, a second bending rig 

was designed to allow measurement of the full strain range across the wire. This óFree 

Bendô rig and its use are described in section 5.6. 

 

5.3.5 Mounting Platform Design 

For round wires, 3D Digital Image Correlation cannot measure the surface deformations 

(and strains) at the edges of the wire, which are vertical in the view of the DIC cameras. 

Therefore, when the 3-Point Bend rig is mounted flat on the microscope stage, the 

deformations at the outer and inner bend surfaces cannot be measured. This would be a 

major limitation of the technique, as it would then be impossible to directly measure the 

maximum tensile strain of the wire in bending.  

 

In order to overcome this problem, angled and vertical mounting platforms were 

designed for the 3-Point Bend rig that could be attached to the microscope stage, 

allowing the rig to be positioned at an angle under the microscope for viewing of 

different regions around the wire surface. Figure 5-4 shows CAD images of the flat and 

30° mounting platforms, which were manufactured using FDM Rapid Prototyping. As 

well as mounting to the microscope stage, these platforms could also be mounted to a 

vertical clamp to allow 60Á and 90Á viewing of the wireôs outer bend surface. The 

schematic diagram in figure 5-5 shows how these various mounting configurations allow 

viewing of different regions of the wire in bending for strain measurement. 
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Figure 5-4: CAD images of Flat (left) and 30° Angled (right) platforms for mounting the 

wire bend rigs on the microscope stage 

 

 

                

 

Figure 5-5: schematic diagrams showing the viewing angle relative to the bend direction 

for different bend rig mounting platforms. The red and blue lines represent the outer 

tensile and inner compressive regions respectively of the wire section in bending 

 

 

 

 

 

 

 








































































































































































































































































































































































