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Abstract

Aortic stent graftdevices are required to treat patients with-tifeeatening vascular
disease. These devices depend on supereldgirml material for their ability to be
delivered through a minimally invasive endovascular approach and then-exsaifd

for longterm implantation at the target site. In this safettical application, Nitinol

stent componentare subjected tohalengingin-service conditions in terms of thermo
mechani cal | oadi ng. Characterization of
conditions is therefore essentiat its safe and effective implementationthe design of

medicaldevices.

This thesis repds material characterization work performed on selpstic Nitinolstent

wire under conditions relevant to its-service applicationThe product life cycle of
Nitinol stent graft components is investigated, highlighting the importance of the
ma t e rbendihgdbghaviour and the associated tensile and compressive mechanical

responss

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

first focuses on developing a method for compressive testing of representativa@ Nitin

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

allows characterization of the material in compression for themmechanical loading
representative of large compaction deformationsyivo cycling and different
temperatures seen during production, sterilization and implantafiba results also

allow a clear under st andi n g-conpfession hseestrama t er i a
asymmetrywhich is essential to understanding its bending behaviour. This investigation
corcludes with a feasibility study into a novel compression test method developed by the
author, using short wire samples with higlre s ol ut i on &émi cr ot ester 6

improved results.

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

wires to investigate the load response teservice deformations at relevant test



temperaturesThis allows characterization of h e  vWoadhistdérys dependertending

response, whereby the foregertedat a given deflectiowluring unloading dependsn

the maximum deflection during loadingvith interesting application possibilities for
stent components. The testing also all ows

behaviour and large deformation respoimsieendingto bestudied.

Following this, fullfield strain measurement of thin Nitinol wires in bending is
presentedachieved througlapplication of3-D microscopic Digital Image Correlation

(DIC) technology. The development of a novel test method, together with extelasa/

anal ysi s, provi des resul ts for character
behaviour, allowing new insight to its tensicompression asymmetry, localised
deformation, loadunload strain hysteresis and ldaidtory dependence of strain state

bending. This testingrovidesuseful quantitative characterisation data including neutral

axis eccentricity at high bdrdeformations.

Finally, Abaqus FEA software is used to investigate the effectiveness ofbtsltn
superelastic constitutive mdde f or representing t he Ni ti
behaviour, and ultimately its suitability for use in stent design and analysis. The uniaxial
stressstrain test resultare used for input to the model, and then bending simulation
resultsare compared agjnst the experimental results, both in terms of force and strain
outputs. Key findings ncl ude t he maoegresend the stramdooalishation vy t o
seen in bending experiments, leading to urdpresetation of the maximum strains for

0i nt e robeadtiéflections, and alsoéh mo d e | -i@mesentatidisd unloading

forcesat these deflections (unless input parameters are adapted to compensate). Despite
these limitations of the model, the cyclic stiffness and strain changes in bending are
shownto 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 Nitinohas found widespread application as a medical implant
material in the field of endovascular sterf&gent products are designed for delivery

within a low-profile catheteto adiseasd site withinapt i ent 6 s v,avkereul ar s
they can be deployedand expandedo perform a lifesaving function. Typically these

devices are used to treaterialaneurysms&ndocclusions.

Nitinol has the ability to undergo large recoverable strains, and it i®thisiper el ast i
behavior, together with its excellent biocompatibility, thas gedpart as the material of

choice for seHexpanding stent producté/hile a large number of sedfxpanding Nitinol

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

mechanismsuperelastic Nitinol in bending

One such design is the Anaconda stent graft, manufactured by Vascutekhldd.

product is designed to treat Abdominal Aortic Aneurysms (AAAs), and utilizes a
patented ring stent design. $hstent, made by winding a thin Nitinol wire into a ring
bundle,uses the large deformation bending of Nitinol to allow compadtitma small

delivery catheter and then exjg@m at an implant sitevhere it applies a radial force to

seal and anchor againthe artery inner walFurther& t ai | s of t haad devi c

function arachgveondd sbhetdDBn of Chapter 2

In order to analyze and optimize the performance of endovascular progteatsgraft
designersieed to understand the berglinehavior of theispecificNitinol material as it
relates to their particular applicatiorFor this reason,Vascutek established
collaborative projectwith the University of Strathclyde in order to claaterize the

bendingbehaviorof the Nitinol wire used for their stent graft products



In simple terms, when a structure is deformed in bending, the matevaidsits inner

bend surfacéintrados)is compressed while the materialvardsits outer bend surface
(extrados)is tensioned. (Thermay alsobe shear stresses in the matei@pending 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 propertieAs will be discussed in Chapter 2, the open literature
indicates that the mechanical behaviour of Nitinol in compression is very different from
that in tensionleading to complexities in stresses and strains during benting
therefore imperative that tothe tensile and compressive properties are studiedler

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 availabkegarding 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 Vascutek s case, titeengl have
procedure for tensile testingf their stent wire, andhold a considerable database of

tensile stresstrain results (both from ihouse testing and from supplier certification).

However, compressive testing of medigahde superelastic material to large strains is a
greater challengeand no standard method exists. Far less literature is available on this
topic, and there is littlgpublishedinformation that can be directly applidy device
designersn their application of the materialn Vascuteb s cas e, thddey curr
conpressive stresstrain data for theirspecification of Nitinol materia] and all
mechanical property specifications are currently based on tensile prgpegesege the

knowl edge that the material s compressive

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 designirgient components is the growing udeFmite

Element Analysis (FEA) tools as part of the design process. It is now expected that



regulatory submissions for new endovascular products will include FEA stadies
critical componentso support thedurability safety case. Within commonly used AE
software packages such as Abaqus, constitutive models for Nitinol material are available
that require input of numerous parameters for ttte¥memechanical properties. The
accuracy of these inputs as well as the availability of experimental test fesuitsdel

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

In order to supporthe growing FEA requirements of the stent device indusiityis
necessary to obtaiaccurate and robusixperimental data that can be used for irtput
and validation of the Nitinol material modalsed for simulations atheir stent graft

components.

1.2 Objectives

The main objective of this work is to perform experimental testing on superelastic
Nitinol material representative dhe stent wireused for seltexpanding stent graft
devices in order to characterize its behavior in compression and bending under
conditions that are relevant its in-service application This will allow improved
understanding of the structural behavior of stent graftymtsd enabling future analysis

and optimization of designs.

With Finite Element Analysisbecoming more and more instrumental ftre
understanding and optination of stent component@another objective of the present
work is to provde experimental matadi testdatafor input to and validation of FEA
models In the knowledge that FBased constitutive models can never perfectly capture
a mat er i a]aé isnpotamtipartvof tlee walidation activity will be to evaluate the
capabilities and limitationsof existing models in relation to the design of stent

components.



1.3 Thesis Layout
In Chapter 2, a Background section exmdime application and desigof stent graft

producs and the required material specification féie Nitinol components using

Vascut ekds Anaconda.THeinciudke®a ssa mamacgsefsthondy
in-service life cycle, describing the conditions that the Nitinol components will be
subjected to. This hedgo focus the subsequent investigations on areas that arenteleva

to deviceapplication.

The Literature Review then expleremportant experimental considerations when
working with Nitinol, and look at how previous investigators have approached
compressive and bend testing of the material. The results from thesréesinsidered

for any useful qualitative information they can provide about the material behaeor.
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 desfgstent devices.

The literature review also highlighthovel areas of investigation for the present work,
including the use of Digital Image Correlation to measure superelastic straing duri

bending of thin Ninol wires.

In chapter 3, uniaxial compr&se testing of representativatidol wire is reported. This

testing uses specially sourced material samples wett equipmentat University of
Strathclyde. e test regimesi designeda obtain materiatlata relevant to compaction,
thermal processingdeployment and hvivo loading of stent graftcomponents The
compressive results are compared against
database, in order to gain a good understanding of the tér=impressive asymmetry

of the material. Thenderstanding of both tensile and compressive propearisegpplied

later totheanalysis of bending behavior.

Chapter 4 then reports onPint Bend LoaDeflection tests performed on thin wire
materi al, using Univer sit ye forfits I&vtloach ceth c | y de

capability. 3Point bending was chosen as thpproach most representative for



V a s c u stemtkcOngoonents in service, and again the test regime was designed to be
relevant todeviceapplication.In particular, the unloading forcas bending are relevant

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

In chapter 5, doint Bend testing is again performed but this time using 3D Digital
Image Correlation (DIC) to measure the surface straumsngl bending.Here, the
development of a suitable test method is described for this novel application of DIC, and
then the testing outputs goeocessedo obtain useful strain vs deflection resulibese
results are then anald using knowledge gainefiom the previous chapters to
understand the stresrain 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 bypreviousinvestigatorsat Universty of Strathclydeduring FEA studies of

Nitinol beams.

DIC is also used tBemdéasesampbesai ha ondaéFi
cross-sectional strain distributiofor a given bend radiysncluding the neutral axis

position

In chapter 6the tensile, compressive and bending behavior data from the experimental
testing are used for input to and validation ofthdSsed models. Heré&baqus is used

with its built-in Nitinol constitutive model. Following comparison of experimental
results withsimulation results, limitations of thEEA constitutive materiamodel are
discussed together with applicability to the design of Nitinol componenttdnt graft

products.

The FEA model of the Nitinol wire in bending is then used to perform additstndies
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 geaiteks.



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 componEnits chapter aims
to lay the foundations for thigork, by giving background information on the following:
1 The application and design of stent graft deviaesng the Vascutek
Anaconda device as a case study
1 The nitinol material specification used for components of these devices
T The OPr odu oftthe hilindl eomgbgents e 6
Based on this background, the literature reviban focuse®n relevant work reported
by previous investigatorsn order to guide experimental testingd simulation work
that will improve the understanding oNitinol-based stengraft products and allow

optimization of future designs.

2.1 Background

2.1.1 Stent Graft Design and Application:theVascut ek O0Anacondab
In order to givethe background to the present work in terms of stent graft design and
applicationacasestudyadne representative device wild/l

stent gratft.

The Anaconda device is designed to treat Abdominal Aortic Aneurysm (AAR)
aneurysm is a | ocal O6ball ooningé of the v
and weakening aihe 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 a modular conduit used teat aneurysmal aorta fgrming

a sealin healthy arteryabove and below the aneurysm region, providingakernative
conduit for blood via the polyester graft materighe aneurysmal vessel walls outside

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

is averted. Ovetime, the unpressurized aneurysm will typically shrink in size.



Figure2-1 below showt he bl ood fl ow through a patien
after treatment with the Anaconda device, from CT scan imagése -i0mRpleant 6
image shows clearly thenaurysmal ballooning of the vessel under blood pressure. The
OPdanpl ant 6 i mage shows the met al stent col
the graft fabric, extending between the abdominal aorta and the left and right common

iliac vessels below, ith blood now flowing through the deviclote that contrast agent

is injected into the blood to allow visualization using CT. Theref@gions of the aorta

where there is no blood flow do not show up in the reconstruction iniagesh as the

aneurismak ac r egi ot mph amhé o magt.

Figure2-1:3 D reconstruction i mages of patienté

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

Figure 2-2 shows an Anaconda device teyed in a glass modedf an aneurysmnia
aorta.With reference to figure-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 thean wall of the vessel lumen, and also has hook

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



Distally, the body device has a bifurcation with two limbs. The two modular leg devices
are docked within the distambs 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 beow 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.

Proximal Ring

Proximal Stent

Body

Body / Leg
docking zone

Distal Leg Distal Leg

Figure 2-2: Anaconda device deployed in a glass model ofcaitaa

A key feature of the Anaconda device is that it is designed for endovascular delivery.
This means that instead of requiring open surgery to imgha&ntlevice, it is delivered
using a minimally invasive approach via a small incision in the grainane of the iliac
arteries. Figur@-3 shows the tip and sheath of the delivery sydtieaih are designed for
smooth, atraumatic delivery of the device to the implant sider fluoroscopic
visualization. Figure-4 then showsa micraCT reconstructionmage of theproximal

bodydevice shape when it is compacted within this sheath.



Smooth low profile radiopaque tip

Radiopaque
sheath tip marker

[ Softer ‘ [ Stiffer J

I

Sheath with graduated stiffness

Figure 2-3: Anaconda delivery system tip and sheath

As can be seen in figu4, the stent graft device fits inside the low profile sheath (23

Fr/ 7.7mm OD) by high defanation 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 0
flatter shape against theedth 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 coained within a 18 Fr (6hm) 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 will remain in the aorta for lorterm invivo service while the
delivery system is removed from the patient. Figitfeshows an Anaconda body device

attached to its delivery system after unsheathing.



Figure 2-4: Micro-CT scan reconstruction of comggadAnacondabodydeviceinside
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
shapeso that the device opens.uphe requirement for compomis that can be highly
deformed for endovascular delivery and themdergo é&elfexparsiond during

deploymentis a key reason for the use of superelastic Nitinol méateria
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Once the Anaconda body device has been unsheathed, it can then be repositigned usin
controls on the delivery system handle, allowing the device to be accurately implanted at
the desired site. Figur26 shows how the proximal end of the device can be collapsed
for repositioning and then 1@pened when positiong is complete. As can bseen,
collapse of the device involves the stent ring components being deformed into a steeper

saddle shape, while+@ening unloads these components to a shallow saddle shape for
contact and sealing with the vessel walls.

,,/-~\‘ / /
‘\ | M } ‘/”“‘ k
/ |
“»4\\1« | me "»\
V/ Lk N - . » | M3 R
£ / 1\\\4/ 3 A 7 RO
v ' P RN iy ¢
-..'.‘.' ‘ -.'/ '-.‘
Deployed Collapsed Re-deployed

Figure 2-6: collapse and reopening of the Anaconda body device duringositioning

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

labelled componentsTable2-1 thenexplairs the function of eacltabelledcomponent.
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Tip

Control loop

Distal
bifurcation

Figure 27: 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 deliv
system over a guidewire through the endovascular approach. Tlaes pgmooth,
bullet-shaped profile and has flexibility to allow passage through tortuous anator
without trauma to the vessel wallhe injection molded tip component is made fron

80 % pebax plastic / 2% barium sulphate material, for flexibility and ragacity.

Sheath During system assembly, the sheath is pulled over the device for comatdisn
thenattached to the delivery system handie that the folded device is held deform
within the sheath for endovascular delivdrythe procedure, théheath is retracted

by the clinician to deploy the sedfkpanding stent graft at the implant skbe sheath
is made fronpelprene with a stainless stéehid for flexibility with torqueability and
kink resistance. Ihas a hydrophylicexternalcoatingfor endovascular passage, amd

internal PTFE layer to minimize device compaction and deployment forces.

Control Control loops are part of the delivery system assembly, used to attach the devic
loop the delivery system until final device release. Ezmfitrol loop passes through an
eyelet on the device, and is locked in place by a removable releasé&ese. loops

are made from Polyethylene braid to provide tensile strength.

12



Component

Function

Eyelet

The device has eyelets sewn to the fabric at peak and valley ppsitionf t h e
shaped rings. Each eyelet is made from monofilament sewn onto the fabviding

attachment poistfor the device to the delivery system via the control loops.

Release

wire

There are 2 release wires in the delivery systemitHatotielkdévice to the delivery
system by passing through the control loops that have been passed through the
eyelets. These release wires can be pulled out from the delivery system handle
release the device from the system. The delivery system eaméremoved from th
patient, leaving the implanted device in the vessel. The release wires are made
mechanically polisheMitinol wire to accommodate the large strains experienced

compactiorand to allow for lowfriction withdrawal

Stent ring

Thestent rings arenade from multiple turns of thin straigbét Nitinol wire. They are
designed to fold down into a compact shape for delivery within a sheath, and the
self expandat the implant site with adequate radial force. Wtaénfunction of te top
2 stent rings is to hold thaevice in sealing contact with the vessel wall, so that bl
will flow through the device without leaking past the device into the aneurysm sg
The rings also provide radial force to push the hooks into the vessel fissdevice

anchoring. All stent rings on a device also have the function of holding the graft
open, providing a patent lumen for the blood to flow thodgte 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 @ ring peak and valley positions. Together with the sealing ring
radial force, these hooks act to anchor the device in the vessel, preventing axial
migration ofthe device over time. The hooks are made fiitimol to accommodate

large strains during compactiohhey are Electrd’olished for corrosionesistance

Fabric

The woverpolyester fabrics impervious to blood and has sufficient strength to
maintain inegrity under blood pressure, providing@nduitfor blood flow through

the aorta and iliacs in order to exclutie surrounding aneurysm.

Distal

bifurcation

The fabric body has a distal bifurcation, providing docking zones for the two leg
devices to atizh to the body. These leg devices will provide a conduit between th
body device and the common iliac arteries. Ring stents sewn onto the tubular le

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

Table 21:

descrption ofthe design and function dfhaconda systegomponents

labelled in Figure 27
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2.1.2 Superelastic Nitinol Material for Stent Components

Nitinol is a binary Nickel Titanium Alloy, with neaquiatomic percentages of nickel

and titani um.erletl ahsatsi cués eaf nudt 00SShuapp e Me mor y 6

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

Therefor e, Nitinol i s considered a O6smart

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

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

material s O6Austenite Finishoé (Af) temper
t

crystal structure and is stable at temperatures below theimater6 s &6 Mar t en s i

(Mf) temperature oat temperatureaboveAf when suf fi ci ent stress

l nduced MBetween Mband A¢témperatures, thmterial is either martensite
or austenite depending on its temperature historys @mn transition between the two
phasesFor the Ntinol mat er i al used i n Va s(EBoutWayked s
Metals NiTi#11 see Appendix 1 for specificatignbhe Af temperature is in the range
12C O Af O 18CcC, t he Mf -100 € ngnce Strdinduces
Martensite occurs at > 50@Pa tension at room temperatufer the present workwe
are interested in thematerial behaviour above Af temperature (from Afp to

approximately Af + 6 C), where superelasticity occurs.

One of the rain commercial applications ®fitinol is in stentgraft componentsas it
can be processed to meet the following requirements:

Superelasticity for compaction and sekpansion

High unloading stresses to give ring radial force for sealing and vesselngampi
Stiffnessto limit deformationunder irvivo pulsatileloading conditions
Biocompatibility

Corrosion resistance for lortgrm implantation

Fatigue resistance for lorigrm pulsatile irvivo loading conditions

= =42 =2 A A4 A

Kink resistance to avoid damage during cootjoa
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The first three of these characteristiGge most relevant to the present work, anll

now be considered in greater detail.

Superelasticity

The superelastic effect is the ability of Nitinol to transform from its austenite phase to its
Martensitep hase i n a given temperature range ('t
applied to achieve a large recoverable deformation. When the stress is reduced, the phase
change is then reversed with Martensitaterialtransforming 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 ®afpands during deployment. Figu?e8

shows a typical -sdguwp er glraagpthi cféors tnrietsisnol i n
temperature range, where the material has been loaded in tension to 6% strain, then fully
unloaded for strain recovery. The material has theenbaulled 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 staing loading

The wiaxial tensile stresstrain curve for superelastic Nitinol material has a
characteristic o6flagbé shape, with the foll
when specifying Nitinol for stent graft deviceke ni t i al modul usic (or 06
mo d u | thes bafling stress plateadhe wnloading modulus the wloading stress

plateau These features are highlighted on a typical Mitstressstrain curve in fig2-9.
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Figure 2-8: Typical stressstrain curve for superelastic Nitinol in uniakitensionwith
schematic diagram depicting Austenite to Martensite phase change in the material

during reversible O6transformation s
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Figure 2-9: stressstrain loadunload graph for superelastic nitinol in tension, with
overlay ofdasted lines showingey featuresinitial 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 matedak Af t empeamomanhuraes t he O&édsuperel a
Below Af, but above Mf, austenite phase will transform to martensite under stress
(Stresss nduced Martensite o r-tragsBrinmNdaustebita whenwi | |
the stress is removed. Tleéore, 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. there is still no plasticity involved

in the defomation). 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 vieeersa at higher temperatures. With increasing temperatures and
transforméion stress levels, there is also increased plastic deformation that occurs,
meaning increased permanent set upon unloading. The maximum temperature at which
Martensite can be stresshnduced i s known as the O0Martens
(Md), beyord which austenite elasticity will be followed by plastic deformation of the
austenitemat er i al , with no 0SI M6 phase change

the Osuperel asti c Ovbappraxwéatelyi7€. i n t he range

Unloading Stresses
When Nitinol material is unloaded, such as when a stent is deployed from the delivery
sheath, it will follow a certain stress¢rain path that depends on its level of compaction
strain. In general, the material can follow two types of unloading sitesa pah:
1. Linear elastic unloading% from 6compact

2. Nonl i near Osuperelasticd unladwmding: fron

These two paths ai#lustrated in figure2-10. PathéA6 r epr esent s ni tino
has reached a large transfotioa strain during compactioand is unloaded to a lower
Oreverse transformationd strain during de
that has experienced only small strains during compaction, remaining in its austenite

phase, and has thenbeem | oaded to a | ower oOel asticdo s
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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 tiseent componerdat t ai ni ng a fi nal 6ove
the vessel.
600 = -
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Figure 2-10: stressstrain loadunload graph for superelastic nitihim tension with
overlay of wunload paths 6A6 and 6B6 ill us

elasticbé unloading respectivel

Vascut ekds Anac o rsdane is b mmge of gizeq and dudng ¢linicale
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 107 20 % within the arta at the landing zone. Therefore, when a stewf is

deployed invivo, it expandt o a n Osaddle shape wheré it isdontact with the

vessel inner wallThe vessel wall constrairthe stent from opening further into a flat

ring shapelnthi s equi |l i brium state, a stentds r e
Out ward For ce®l] providéd)by Vascutak litdsen illustrationof the

Anaconda stent graft device deployedvino, showing the proximal sealing rings

exerting Chronic @tward Force on the vessel.

18



Figure 2-11: illustration of Anacondastentsdeployed in vessealepicting thgproximal

rings exerting Chronic Outward Force dme vessel wallsCourtesy of Vascutek Ltd

In this deployedposition, the steningd s n i dteriahi® dt a gartain strain depending
on its position in the ring higher strais near outer bend surfaces of peaks and valleys;

lower strainat i ntermedi ate axi al positions and |

This unloading strain state determines $tress statef the saddleshaped ringwhich
determines the radial ford®€OF) exertedon the vesselThis can be understocas
follows: at a particular unloading strain, the nitinol material is at a certain stress (as can
be seen in figur@-10). The stess levebf that materiahnd its distance from the neutral
axis contributes tahe internal moment of given crosssection of the wirén bending
Thesum of all these internal moments aroawdre turn determinesteradial force of a
single wire strad. 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 f(€€¥) of the
proximal rings for three reasons:
1. Sealing performance
2. Migration resistance
3. Vessel dampingnd reduced diametricstramor t i ¢ vessel exhibi
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 ste. 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 stentwithout compromising the loyprofile configuration
for compaction, it igequired to spafy a material that has high stresses at unloading
strains. To achieve this, the following specifications of superelastic nitinol material are
desirable:

1 High initial linear elastianodulus

1 High loading stress plateau

T Low o6unloadingdé mgdurdoidu( net ed:epemidea doin

strain history, as will be explaineddn?2 Lirature Review)

1 High unloading stress plateau
These characteristics aim at ensuring the mateti@n unloadingn a stent remains at
its highest possible stress stdte t h e 0 d eywilsipepaositiod F o r Vascut ek
NiTi#1 wire, the following specifications have been agreed with the supplier to ensure
suitable radial force can be achiewsdthe ring stents service:

1 At37C, load plateau @ % strain must be > 560 R&

1 At 37C, unload plateau @ % strain must be > 250 R&
V a s ¢ u éexsstigware specification does not include initial modulus or unloading

modulii this may be an area for quality control improvement in future.
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As has previ ous|l y strbseseam resporesd is Highly tdmperatureo | 6 s
dependent. Increasing the temperature above Af increases the initial modulus and upper
and lower stress plateau levels. Thereftre,unloading stress state of the wire at body
temperature (3) can also be aximized 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 optimaf or Vascutekds Ni Ti #1 wi
f 12C O AfC (dde t@ processing limitations, it is not feasible to specify a

tighter Af temperature range than this)

Material Stiffness

WhenNitinol mat er i al is reloaded from a d&depl oy
from its unloading path during deployment. This is illustrated in figife?, where
nitinol mat er i al has been uh%badadotiepmown

strain of 2% in tension. It is then fwaded to a strain of 2%.

The modulus bthis reload path determines the resistance of the material to loading
def ormation from this O0depl oyedd sltoraadion st
stiffness determines the deploysgn6 s r esi st ance to defor mat.
under pulsatile blood pressure | oading cond
(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 theeload stiffness in the Nitinol
specification. This # oad stiffness is also known as
material, and igelated bothto the austenite elastic modulus and the martensite elastic
moduls. 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: stressstrain loadunload graph for superelastNitinol in tension, with

overlay of unlad path (red) and réoad path (green)

2.1.3 Product Life Cycle of Nitinol Components
In order to better understand the requirements of Nitinol maiargknt graft devices,

andfor research effort to have practical application, it is useful to considd?rdduct
Life Cycle of a deviceTable 22 below outlineghe main steps in theroductLife Cycle
of the Vascutek Anacondstent graft and shows théhermemechanical processing

experienced by theng stentand hookiNitinol components at each stage.

Product Life Cycle step Nitinol wire processing

Rings: As-receivedstraightset NiTi wire (g 0.1 7 0.24mm,
NiTi#1l 7 see Appendix 1) wound into ringbundle with
multiple wire turns endsjoined by Tantalumcrimp. Rings

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

1. Device manufacturat room ) o S
maximum straia < initial elastic limit.

temperaturéRT) . — - —
Hooks: AsreceivedNiTi wire (diameter 0.45mm, NiTi#l 1

seeAppendix 2)heat set into shape, electolished,cut and
filed to size and sewn onto Hdc with suture. Hook ig

undeformed.
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Product Life Cycle step

Nitinol wire processing

2. Device Assembly to delivery

systematRT

Rings. deformed into slight saddle shabg attachment tg
delivery system at peak and valley eyelétse figure2-7).
Collapse to steep saddéhapeand opeing of ring following
attachment(see figure2-6): wire bendsat peaks and valley
with maximum straia > initial elastic limit, causing materic

phase changgnax > 1.2% intensionand compressign

Rings. Compaction into shkath via introducefunnet bends
wire at peak and valley regiofsee figure2-4) with maximum
strains beyond thdoading transformation plateaus (>7.5
tension, > 4% compression). Device may be unsheathed ai
compacted twice morec ausi ng ionlbarcgyec |

material

3. Device compaction in sheath g
RT (up to 3x)

Hooks: compaction into sheath via introdudannel bends the
wire at the gnthnakindum Btiain igoading
transformation region(max > 1.2% in tension an
compression) (Not e : 0ki ckd hinge
compaction is opposite to bend direction duringviwo
operation). Hook wire also bends (to a lesser extent) at the
region(see compacted hook components in figgw8. Device
may be unsheathed and-agempacted twice moré causing

6l arge straind .cycling of

4. Product sterilizatiofi RT to
53C and backo RT (up to 3x)

Rings and hooks stresses increase in strained nitinol mate
due to temperature incre@and then decrease when returne(
room temperatureSterilization may be repeated twice more

causingthermal cycling of the material.

5. Endovascular delivery of
compacted device to implant

site at body temperature (37C

Rings and hooks stresses imease in strained nitinol materi

due to temperature increasem RT to 37C.
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Product Life Cycle step

Nitinol wire processing

6. Unsheathing of device at
implant site(at 37Q

Rings. wire at peak and vallepositionsrapidly reduce its
bend curvature as ringxpands and some material unloadg
alongadunlg modul usd and tH
(see path A in figur@-10). Final unloading strainsad bend
curvatures) depend on whedd
position via control collar or not during unsheathir{§ee

6col | apsefdque26evi ce in

Hooks: hook wirefully unloadsupon unsheathing, witeome
materi al unl oading al ong

6unl oadi rangd fimally avith eaasteréte elasticity. Hog
materialis at zero strairffollowing unsheathingeven if egvice

is held.6bcoll apsed?d

7. Repositioning of device by
collapse / reopen(at 37Q
(see figure2-6)

Rings. Collapse to steep saddlghape: peak and valle
material loads with maximum straia beyond initial elastic
limit, causing material phase changeax > 1.2% in tension
and compression). dopening of ring peak and valley
materialunloadsa | ong t he 6 unl othed thel
6unl oad pl at e a u-6pen rdpesitioniagt ceckd
wi || subject the out e rermediate
st r ai aeyding.dhhere is no limit set on this, but it
unlikely that repositioning will exceed 3 cycles during
procedur e. Note that t he 1

following the repositioning (collapse /-mpen) cycle.

Hooks: if the hooks penetrate the vessel walls during
repositioning stage, it i g
points couldundergoload / unloadbendingcyclesif the user
pushes, pulls and twists the delivery sysfator to collapsing.

Otherwise, tB hooks remain undeformed during this stage.
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Product Life Cycle step Nitinol wire processing

Rings. wire continues to unload, reducing bend curvatu
until the ringcontacts the vesselalls and the ring €hronic
Outward ferce matches the radiadsistingforce of the vessel

The final 6mean strainod6 st
8. Release of device from delive] o ]
ring oversize in the vessélwhich depends on the vessel
system at implant sit@y ) . . .
and vessel compliance relative to tiveg size and radial force

pulling out release wireissee

. Hooks: the sharp points of the hooks pierce the vessel
figure 2-7) (at 37C)

and the hooks penetrate the vessel until the rings conta
vessel walls. At this stage, where there is no pres
differential between the blood inside and sidé the graft,
there is minimal 6 mi gr sand the

materiai n t he 6 hisundeeninimalestgain.o n s

Rings: wire is cyclicallyloaded andunloaded in bending wit
small ewel s about a mean st

(i.e. from the unload plateau]. he magni t ucycks
depends on the stented ves
blood pressuresCycling rate is approriately 1 cycle pe
second. Note that over time the mean and delta strains
changeas the ring opens ofirther due to vessel creep ang
9. Long term implantation with

or remodeling.
excluded aneurysm and

i Hooks: a pressure differential develops between the b
pulsatile blood pressure

] inside the seal dedrakssah
loading (at 37C)

|l eads to cyclic Omigration
force. The hooks undergo maximum bending strains at
6kickd hinges as the devi

hook legs. Previous FEA suggests that mhaximum cyclic
strains caused by thpulsatileloading arebelow the thresholg

for phase transformationyith the material remaining fully

austenite and deforming elastically

Table 22: Product Life Cyclef Vascutek Anaconda stent grafescribingthetherme
medanical processing experienced by the ring and hook Nitinol components at each

stage
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The background section has considdiezlfunction of superelastic nitinol wire stent
graft devicedor treating Abdominal Aortic Aneurysm (AAAwith particular focusn
Vascut ek 6 s A.nmaderrtabetterduaderstan@ this application of Nitinol,
material characterization testirmond FEA simulations to be performedorVas cut ek 0 s
NiTi#1 wires. Prior to undertaking ¢ise activitiesa literature reviewvill be performed
with focus on the followingelevantareador Nitinol:

- Effects of material processing history

- Temperature dependence

- Strain rate dependence

- Compressive and tensile testing techngjue

- Compressive and tensitressstraincharacteristics

- Bend esting 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 selexpanding 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 underl¢éessd compresse loading A literature

review was conducted taonsider previous investigations inthiese nechanical
behaviours of nitinol. (Note that consideration of shear / torsional responses of Nitinol,
while relevant to irservice bending behaviour of stents, are beyond the scope of this
project). A central aim of this literature review waspmovide a solid basis for planning,
executing andanalysingmat er i al characterization testi

Therefore, thditerature review was conducted witireemajor objectivesn mind:
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- To understand how to performmechanical characterization testing famall
diametersuperelastic Kinol wire, representative of stembaterial in tension,
compression and bending

- To understand thegeneral qualitativemechanicalbehaviours of superedtic
nitinol materialin tension, compression and bending

- To gain knowledge of the FEBased constitutive models commonly used in
design of superelastic Nitinol componentxnsidering their capabilities in

describing relevant superelastic material behagio

The findings of the literature revieave presentenh threemainparts:

- @21 Experi mental test i ndooksatkegissdesforat i on
sample sourcing and testgepp b ased on Nitinol ds sen
history and tempature.

- ®.2.2 Compressive, Tensile and Bend Testing of Nitinbl pr esent s a r e
the material characterization test methods and results published by previous
investigators.

- 62.2.3: Superelastic Caoresentabriefreviewed Model
the literature onsuperelastic Nitinolconstitutive modelling focusing onthe
model that will be used for FEA in Chapter 6 of thesik

2.2.1 Experimental Testing Considerations for Nitinol

2.2.1.1 Sample Material Properties: Processing History Dependence

The sesitivity of Nitinold s mat er i #lits pppcessme histojiyas ieported in
the literature, wagonsideredn order to understand the requirements for test sample

sourcing.
Processing Steps for Nitinol wire material

Biscarini et al {) outline themain 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, ugatgum Induction
Melting (VIM) or Vacuum Arc Melting (VAR) or both. Remelting 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 whidbad tothe presence 06 me | t I ncl usi o
the material.
- Hot Working:the ingot is hetwworked in multiple cycles at elevated temperatures
(typically 7507 950 C) through large deformations @0 %) to achieve a first
shape €g. Rod). This step achieves a microstructure exhibiting improved
workability (greater-cdawsdtdi liintgy)t a0 g aorsd
- Cold Working(CW} a series of cold work steps move the first shame Rod)
towards the target shaped. Round wire) with desired physical / mechanical
properties. 360 % cold work (reduction in cross section area) is typical for each
CW step, with intermediate annea at 600800 C for stress relief between
steps. The annealing steps cause recrystallizatneh growth of the austenite
grains, minimizing work hardening due to dislocations. For round wires, Cold
Working involves drawing through a series of dies.
- Shape Settingdeat treatment(s) after the last Cold Work step are used to set the
final desired shpe €.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 strakage annealinggndadditional ageing treatments.
Continuous strakage annealingqivolves pulling the cold worked wittkrough a furnace

at a given applied strain and speed. In order to achieve straightened wire with
superelastic properties, they report using 30% cold work and then continuous strain

age annealing at 45850 C under stress of 3500 MPa.
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Effects of Processing Historgn Mechanical Properties

Shaw and Kyriakides3] describe the microstructural aspects of the transformation
mechanisms in nitinol to givenaunderstanding of the macroscopic phenomena, such as
superelasticity They note that the properties of the material, and therefore the
macroscopithernmp-mechanical behaviour, can be altered significantly by small changes
in the processing parameters suel alloy composition and thermomechanical
treatmentsincludingcold working, annealing and thermal cyclingpecific «kamples of

processing effects on final propertfesm the literatureare given below.

Pelton et al Z) performeddifferent ageing hdareatments 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
30071 550 C for 2180 minutes It was found thathe ageing heat treatments had the
following effects: Af temperature increaskm temperatures up to 5@ and decreased
between 50@ and 550C ageing temperaturelading plateau stress slightly decreased

for temperatures up to 500C, with more rapiddecrease at 55Q; UTS increased for
temperatures up to 45D and decreased for 5@and 550C ageing temperatures. The
paper also investigates the effect of processing on the fatigue resistance properties of
Nitinol wire, and shows that superelastic egirprocessed to have Af temperature closer

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

NematNasser and Guo4) performed uniaxial compressive testing on superelastic
Nitinol mondk $mng) $hdt had bndergone diffeteheat treatments, with 30
minute dwells at the following temperatures: 3D0450C, 550 C, 600 C, 650C. Their
results of quasstatic compressive testing of these samples & 2Bow changes in the
superelastic curve shape due to heat treatment pgingeswith decreasing
transformation stresseand increased recoverable strass heat treat temperature

increasesand changing hysteresis loop arn@hssipated energy) for different ageing

29



processegdecreasing for low to mid ageing temperatures, inarga®r mid to high

temperatures

Schaffer and Plumleysf investigated the effects of different final cold work draws on
the tensile and fatigue properties ofiT80.9 at% Ni wires, with final diameter 0.3&m.

They reporthat increased final cold wogives increased upper plateau stress, increased
loadunload hysteresis and increased UTS for the superelastic wire samples following
heat treatment (49Q for 15 mins). They also found an improvement in fatigue life for
lower cold work samples (2030 % 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 materc@luce a
particular polycrystalline microstructure in the finished materialis Thicrostructure
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 compositioand directionalityof this finished material microstructure

(as well as its surface finish) that proviie macroscopimechanical properties. Some

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

For asreceivedsuperelastic nitinomateral used in medical devices, grain sizes are
typically in the range 10 100nm (rek: 6-9). In the paper by Mehta et @)( wherestent
specimensre annealedt 850C for 30 minutes in order to grow grains to sizes 6620

um suitable for strain measement, itst at es At i's well Known
processing of nitinol strongly affects grain size and thus the resulting mechanical
propertie® Pelton ) gives clear evidence of this, presenting tensile ss&am curves
togetherwith TEM microstructure image$or both annealed andtressrelieved wire

sampl es, showing that the d6édanneal edd micr

0.5 % strain beforedjieldingd wi t h no f ur t \Wwhiderthesnangrais s | nc
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0st-r elkise «trd(fypical grairusize 7Hm) continues to increase its stress up to

1.3% strainwhere it reaches its transformation plateau

As well as grain size, Fonte and Saigal (10) show that dinectionality or
6crystall ographic tedué¢ todrawing anfl therntomechanicalr o s t
conditioning processefiave a strongffect on nitinolpropertiessuch as recovery strain

and strength levels

Further, Perry et all() showed the effect of heat treatment on the presencepbbBe

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

0 A@25 C for 60 minutes, then water quencl)n d (50®® for 30 minutes, then

water quench)were used, where samples treated with A exhibited a strepgaBe
component whHe samples treated with 8id not. Load vs strain plots for tensile and
compressive surfaces of bending samples sddwh at O heat t r badd ment
60sigmoidal 686 shaped initial elastic region
0 B6 ssdadp linear elastic modulus with little tensid®@mpressive asymmetry in

this region.This dearly shows thathe presence ofRhasefollowing processindgas a

considerable effect on the initial elastic behaviour of nitinol.

Pelton et al Z) considerthe effect of ageing he&teatments on the microstructure. They
describethe formation of precipitates within the TiNi matrof Ti - 50.8at% Ni wire at

300500C ageing heat treatments whi | e at hi gher 6&30€6eal i ng
there isdiffusion of the Ni and Ti atoms in the matrix, with dissolving of precipitates

These changes in the microstructare responsible fathe macroscopiavire property

changes described previouslgvidenced by differences iAf temperature loading

plateau streesand UTS).

Fonte and SaigallQ) further explain the effects of precipitates within the material

microstructure.They explain that heat treating between 4D@nd 500C, required to
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maximize superelasticity, causes3Niy precipitation. These precipies act as
nucleation sites for stressduced martensite and obstacles to dislocation mpotion
decreasing the critical stress for phase transformaétiive loading plateau levél and
increasing the critical stress for dislocation motioand thereforehe UTS.Formation

of nicketrich precipitateslue to the heat treatment shifts the Ni:Ti rdtyoreducing the

nickel content of the matribdand thereforéencreaseshe Af temperature.

As has been shown, the properties of a finished nitinol mateeairaen 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, Vitas to perform material
characterization testing on specimens that have undergone equivalent processing history

to thematerial that will be used in service

2.2.1.2 Testing Temperature

Churchill et al 12) emphasize the importance of temperature control anuitonmg

when performing material characterization testing on nitifibkey 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 sdrissthermal

uniaxial tensile tests on 0.762m superelastic wire with active Af teenatureof 0 C

(i.e. full superelastic strain recovery at all temperaturesC for the temperature range
S50t0o70C,with1@ i ncrements. I nwbhefdOuper alpdps OIX
C, the results show an increase in modulus and upper and lower plateau stress levels
with increasing temperature. They show th
there is a linear increase of upper and lower plateagssts of 6.7 Ma/C (which for a

typical stent materialepresents an increase of approximatelya.dnd2.8 % for upper

and lower plateau values respectively, relative to the room temperature vélugs)

important to note also that there is clear enaeof Rphase in the initial elastic loading

curves at certain temperatures, withn initial lower modulus due to the-phase,
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foll owed by a steeper Oausteni-phaseigdngst i ci
present at temperatures below theesafastic window, but it is known that this can
commonly occur in the temperature rargfei 40 C for binary nitinol (13) and can

exacerbate the temperature sensitivity of nitinol test results.

Pelton et al Z) report similar results from their tensilesteag of superelastic H 50.8

at% Ni wire at different temperatures betweeltD0 and 20Q. Their wire again hadn

active Afof0OCand exhi bited a 06s up@.inghisaupdrdlastic wi n d c
range, there was a linear stress rate of 6P/®I for both loading and unloading. The

paper states that this lies within the typical range for Nitinol alloys-2® 3/Pa/C.

Again there is evidence in some of the curves @tdhd 10C test temperatures) of R

phase affecting the initial elastic modullis their paper on the same topic presented at

SMST 2000 (refld), Pelton et al also show an interesting graph of Initial Elastic
Modulus plotted against test temperature for the same iwskRown in figure2-13

below. This graph shows a sharp increasethe initial modulus with increasing

temperature in the superelastic window (0 taC§0

Modulus (GPa)
s 2

S

0 T ‘
-150  -100  -50 0 50 100 150 200 250

Temperature °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 testingsiddons and Moon (15) show thedmpressive testing of
nitinol is also sensitive to $& temperatureThe 6 f i r s tgrapbsy mrdsent@ébr
compressive testing of superelastic Nitinol tubing (OD 3, ID 2.50mm) at 19C
and 37C show that the higher temperature leads to higher prassgfdrmation stresses
both in loading and unloadingach increasing by approximatdlOMPa from 19 to 37

C, both in tension and in compression

It is clear thatspecial attention must be given to controlling and monitoring the test
temperature when germing mechanical testing on Nitinol. Where temperature control
and monitoring for the test specimen are limited, rdgultsmust be interpretedvith

caution

2.2.1.3 Testing Strain Rate

The sensitivity of nitinol 6s ieadstbanothec al r e
important consideration for testing: the strain raterbitu et al(16) explainthat the
stressinduced martensite transformation (austenite to martensite) is exothermic, while

the reverse transformation is endothermic. This means thlagsuthe strain rate is kept

low enough to allow heat transfer via the specimen surf@tie the surrounding
environment, the specimen temperature will increase during loading and decrease during
unloading. These temperature changes, willturn, affectthe upper and lower plateau

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

heat transfer with the surroundings, and the temperature dosgmiéicantlychange in

the specimen. The deformation process can leeronsidered isothermal.

Shaw and Kyriakides3] show the extent to whicAn ambient medium andtrainrate

affect Nitinol s mechani cal ypedmnpedtesdseon i n ur
1.07mm nitinol wire above its ice Af temperature (ints superelastic state) in both

water and air at 4 different stain rates. The results are summariZeable2-3, and

indicate thatfor tensile testing of this wire diameter in watstrainrates should not
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exceeddx10* s* to avoid significant influene on the transformation stress valughile
for testing in air, the maximum strain réte avoid any effects on the transformation

stress resultis 4x105 st.

These results are referenced extensively in the literature as a basis for tensilaipsst set
For instance, Zurbitu et al (16) quote1€' as an upper limit for isothermal mechanical
testing. Churchill et al (12) describe using a very slow strain rate 5xt0when
performing uniaxial tensile tests on 0.7®2n superelastic nitinol wireniair, in order to
avoid self heating / cooling during phase transformation. For tensile testing of their
ShapeMemorywire (1.016mm diameter, active Af approximately 45 they used a
liquid bath and higher strain rate of 4X's3, due to the increasatlermal conductivity

of liquid over air.

Although widely referencedt should be noted that the results of ref (3) are for v
diameter wire, and that thinner wire specimens can be tested at higher strain rates due to
the greater ratio of surface areo internal material for heat transfer. This is seen in the
ASTM F251607 standard (17), which includes a table showing maximum loading rates
for tensile testing of nitinol specimens. Table4 Zummarizes theASTM F2516
recommendations for crosshead spge specimen diameter, and shows the equivalent

strain rate for each speed (for 5@ gage length).

Note that for tubing, the standard states thstould be calculated as (outer diameter)
(inner diameter)A higher strain rate can be used for tubihgn for wire of the same
OD, as the tube hasnaller volume for heat generation agréater surface area for heat

transfer.
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Global Stress Peak temp changd Global transformation stress change
strain induced rel ati ve t ostresgstamd
rate phase responsed (%
change Water Air water Air
4x10°s? Ai M 0 0.5 0 0
MiT A 0 -0.5 0 0
4x10%s? Ai M 1 6 +4.3% +15%
MiT A -1 -6 -3.3% -16%
4x10%s? Ai M 7 12 (after +9% +34%
reaching
6peak
remains at
6peaké
for duration
of loading)
MT A -4 -11 (after -18% -36%
reaching
6vall
remains at
6valle
for duration
of unloading)
4x10% st Ai M 9 Linear +20% No O6pliattessa
increase from increases positively
testtemptot throughout loading
+ 28C during 6homogenous
phase changg due to numerous
nucleation sites and
propagation of many
interface fronts at higher
temp & strain rate
MT A -5 Linear -22% No ¢ pd-strese a
decrease fron decreases negatively
t+28Ctot throughot unloading
6C during

phase change

Table2-3: Summary of results from Shaw and Kyriakides (3) showing effect of ambient

medium and strain rate on uniaxial tensile strg8®in results for Nitinol wire
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d, diameter (mm) | First cycle (load to 6% strain and | Second cyclelfad to failure)
unload)
Crosshead speed| Equivalent global | Crosshead speed| Equivalent global
(mm/min per mm strain rate for (mm / min per strain rate for
gage length 150mm gage mm gage length 150mm gage
length (s?) length (s?)
d O 0.2 0.08 1.33x10° 0.8 1.33x10?
0.2 < d 0.04 6.67x10% 0.4 6.67x10°
0.5 < d 0.02 3.33x10* 0.2 3.33x10°
d>25 0.01 1.67x10* 0.1 1.67x10°3

Table 24: Recommended strain rates for uniaxial tensile testing of Nitinol, taken from
AST™ F251607 (17)

Another important point to note when considering R®frésults is that the specimen
temperature changes and related stress changes only occur during the exothermic /
endothermidorward and reversghase change deformations. The specitearperature

during initial elastic deformation in loading and final elastic unloa@rgpnstantat 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.

Consideringstrainrate effects for nitinol structures in bending, Reedlunn etl@ (
explain that strain rate sensitivity in bendiisgfar less than in uniaxial tension, as the
latent heat exchanges are spread along the length of the bending beanty dinel 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 nitinoChen et al 19) report quasstatic compressive
t est i ngmmx12.&6n SEBS rod (Af 518 C; superelastic range 1150 C) at
a dgrain rate of 1§ s at room temperature. The results show clear supticelas

behaviour with full strain recovery up to the peak test strain o#@.At much higher
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strain rates (81 750 s') used for the dynamic testing, the strsBain response was

considerably different with different superdlasurve shape and large permanent set.

NematNasser and Guo4) also performed quastdic compressive testing on
suer el asti c NnmxiSmm, beat tréal 4t500Cfor 30 mins, testd at23

C) at strain rates of 10s? and 10! s'. Their results show small differences in terms of
higher loading transformation stresses and lower unload transformatioesivesshe
higher strain rate. They also performed dynamic compressiveuldadd testing at
much higher strain rates (4404200 / s) which again showed considerably different
behaviour, with the explanation that deformation occurs by disloehtisad slip
plasticity at the very high strain rates, as opposed to the diffusiomliease

transformation of SIM and superelasticity.

As has been seen, the strain rate, in conjunction with the geometry of the spaotnen
the ambient mediupmust be carefullyansidered when performing mechanical testing
on nitinol material Where timelimitations preclude very low strairate testing, the
information provided in the above literature reviesan provide useful guidance in

interpreting results and identifying pdss error.

Having looked at the importance obntrolling strain rate when performing material
characterisation for Nitingit is also useful to considéow strain rate might affect the
stresses within an arterial stent devicevivo, where it is suject to dynamicpulsatile
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 deltaiss in the components need to be
very low to avoid fatigue fracture. For suamall strain excursions, the material
deformation is purely elastic, with no phase change and therefore no associated self
heating / cooling effectsThe invivo cyclic mechanial response of the nitinol

components can therefore be considered stedindependent.
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2.2.1.4 Conclusions: Experimental Testing Considerations for Nitinol
The following must be carefully considered when performimgechanical
characterization testing for nibhmaterial:
- Processing historygeiivalenceof testsamplematerialvs in-service material
- Test temperaturehosen to match #service conditions, withazeful control and
monitoringduring testing
- Strain rate suitable for the tessample geometry and &ment medium,and

appropriateo the intended strairatgs) of the inservice component material

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

- Material compositionTi - at%Ni or Ti - wt% Ni)

- Any known deails of processing historye(g. final cold work %; final heat

treatment conditions, subsequent machining and surface finishing)

- Active Af temperature

- Sample geometry

- Test temperature

- Test mediumé€.g.Air or water)

- Test strain rate

2.2.2 Compressive, Tensile and Bend Testing of Nitinol

2221 Uniaxial Compression Testing: Experimental Set-Up
Considerations

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

due to bucklingshearand friction.As explainedn ref (20), the mode of deformation in
compression tesg will depend on the sample geomednd the contact surface friction.

The information from20)of f er s a wusef ul 6rul e oup, t humb

and is summarized ihable2-5.
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Sample Length / Diamegr Contact surface friction Deformation mode
ratio (L/D)
>5 all friction conditions buckling
25-5 all friction conditions Shearing
2.01 2.5 Friction present Double barrelling
<20 Friction present Barrelling
<20 No friction Homogenous compress

Table2-5: Effect of Sample Length : Diameter ratio and -euoaface friction on

deformation mode for compressive testiaggen from (2D

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

of compression testin are exacerbated by the requirement to veth 6 e qui val ent
process history6 samples to the | ow profil
test to large superelastic strains (> %pthat are likely to be seen-gervice. A review

of the literature shows thatwo approacheshave 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 suppsttuctures. This approach clearly
compromi ses on the Oequivalent processing
results cannot be taken as fully representative for use in implantable medical device

design. Details of exemplar test-sgps are given bew.

NematNasser and Guod) usedg4.75mm 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 gholishe

prior to final sample heat treatment and then the ends were greased before testing.
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Chen et al19) usedg6.35mm x 12.7mm cylindrical samples machined fra#.94mm

rod stock the machined smaller diametés required to keepghe compressive loads

within thet est er 6s | oad cel | | -treated fer superelastiegity s a mp
following machining. Strain measurement was performed using both an extensometer

and a strain gauge on each sample.

Liu et al @1) usedg6.7mm binary NiTi bar with 10 20 mm lengths. They describe
using a O06standard methoddé for comginassi on
cylinder and the compression load was transmitted viatanpisligh pressure lubricant
was applied to the loading surfaces to reduce frictoyoes. 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 lngekIrhis approach

then allows smaller diameter samples and / or longer sample lengths to bEhesese

of a greater L/d ratio is desirable to reduce the impact of end efie¢tee compression
results.As described by Painting 22 , 0 b ar r e hadveanahonifosmastngsd amd

strain distributions towards the enéainting explains that, among otl@msequences

frictional end effectgan lead to high values foompressive E results.

Reedlunn et all8) performed uniaxial compression testing NiTi tubing with OD
3.176mm and ID 2.54nm (Af: 19C; test temperaturg3 C). They used a sample length

of 41.59mm, and held this at either end in the blind hole of a cylinder (hoheetéa3.2

mm, hole length 15.6hm, cylinder dianeter25.4mm), leavng a free length of 9.3&m
between these holders. This givekee length: diameteratio 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 shd in the grips.In order to measure
strain, a length of the sample in the central free portion wastg@iwith a speckle

pattern for DIC mExpariememttal( s@ter dian eMe ads
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section2.2.2.7for more on DIC). This meant thatd axial compressive strain in this

central portion, away from the ends, could be taken from the averagdiéltuktrains

over the DIC gage lengtiUsing this seup, they achieved strains of % load and

unload without evidence of buckling in the rasulwWith a slightly modified seip

(L=40.83; L1=7.87; L/d=2.48) they tested to % load and unload without evidence of

buckling. In terms of accuracy oftsin results, Reedlunn comparése DIC strains

measured in the free lengthith t h e 0 g r icpldulates tfroma then osshead
movement(lVL) and shows that the grip strain is consistently highEnis shows that

there is some error in the grip strain calculgtort t r i but ed t o &édspeci me
grips DIC measurement at the free length egymore accuratecompressivestrain

resuts.

Siddons and Moonlf) used tubingf 3.17mm OD, 2.50mm ID, 42mm long, held in
specially adapted pin chucks with flat steel inserts to support the tubing against buckling,
leaving a free length of ilhm in the centre of the tubing. The chucks weghténed so

that the flat inserts just contacted the f@ete without gripping it. Crosshead movement
was used to measure displacement and calculate nominal Sthein. results show
maximum nominal strains of & - although these are based on crossimeation of the

grips and therefore may be higher than rea

Henderson et al2@) performed compression tests on wire diameters of 1, 1.8 and 2.4
mm, where the wires wersourcedto meet equivalent tensile specifications to
implantable wire material in the diameter range 0.1 to th&#d Theydeveloped special
holders for these samples, as shown in fi@did together with the $eup dimensions in

the accompanying table.
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Sheath

|| —— Wire Sample

Test rig size (mm) 1

A (mm) 15
B (mm) 44
C (mm) 20
D (mm) 22
E (mm) 10

1.8

60
20
33
18

2.4
2.5
60
20
33
23

Figure 2-14: Schemat and dimension details famompression test sep used by

Henderson et al3)

Again, the setup is designed to use a long specimen length supported against buckling

by holders, leaving a short free length in the centre, withvalues of 1.5, 1.11 and

1.04 for the 1, 1.8 and2mm samples. The diameter of the blind hole in each rig has

been designed to al

ow

for

Some

expansi on

the previous satips described, there is also an outer stabilising sheath designed to aid in

alignment of tle top and bottom support cylindewdith this setup, Henderson reports

results up to 46 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 1 Tensile Asymmetry

Using results from published research,isitimportant to understand the qualitative
features of superelastic nitinol material in compressam particularltheir differences
from tensile test resultsWhile quantitative values differ considerabljhet main

qualitativefeatures aréairly consistent throughout the literature and are outlined below.

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

uniaxial testing performed yeedlunn et al

With reference tothe loading behavior seen iigure 2-15, the initial modulus in
compression is a straight line up to a strain of approximatély. The initial tensile
modulus is mitially the same (showing no evidence ofpRase in this region) up to
approximately 0.8% strain, after which the slope reduces. This behavior in tension is
also reported by Schaffer and Plumley (5) and is attributed to-gtichssed Rphase.

An inflection point in the compression results then shows that the critical stress has been
reached for streseaduced martensite. This critical stress is considerably higher than the
tensile stress for SIM, which again occurs at arouftl dtrain.Austenite to meensite
transformation in compression then occurs up to approximatelo3\with a positive

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

tension is flatter and longer, extending beyor?d &train.

Between 3.5 ah 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 tansformation but by martensite elasticity and by plastic slip beyodd 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 215: Mechanical response of tubesspmnens 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 fgl5, the unload modulus is steeper

than the load modulus beyond the end of the plateau, both for compression and tension.
This oO6linear el astic6 u%dtrarmirdconespession, beypreds d o w
which unloading continues along an unloagplateau as reverse phase transformation
(martensite to austenite) occurs at this
stress reduces with decreasing stiaumlike tensile unloading where the unload plateau

is flat. For compression, thenloading plateau extends from approximately%.8own

to 0.6%, while the tensile unload plateau is from approximately?b.® 0.6% strain.

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

material is fully austaite (apart from any plasticity which causes some residual strain).
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Reedl|l unn8) amas uHda rsd e r s i3n shaw bote the loadsmg abd?
unloading plateau stresses to be higher in compression than in teRs@mtension
compression asymmetry afitinol is generally attributed to the fact that a different
martensite Ov ar igaeamcrgstal grain) withinahe matdria during
tensile phase transformation than duricgmpressive phasgansformation 18). The
tensile variant can acoumodate larger strains by twin boundary moi{@4), with lower

stress requiretb move these twin boundariggnfor the compressive varia(i5).

Reedlunnds compr e sV and 26 marrsumlstrams show arother h 4
important feature of nitiol uniaxial stresstrain curves: the effect of plasticity. The
sample that has been strained t&5train, and therefore has experienced some plastic
deformation, unloads along a lower stress plateau than the sample strainéd to 4

maximumi assee in theblue curve®f 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 dafation, 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 platesusame behavior

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

in the results of Rebelo et al5j2 as shown in figur@-17.

Anot her i mportant fi ndi afgl-fiéldstraim mBasweinent nn 6 s
technique (DIC) is that it shows compressive strain fields to be nkampgenous

during uniaxial loading and unloading. This is very different fromffald strain results

for uniaxial tensile testing, where strain localization is seen as transformation fronts
propagate through the material during loading, and then theegsois essentially

reversed during unloading.
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Figure 2-16: Blue stressstrain curves show the different unloading patakenfor NiTi
tube loaded to 46 (C1)and 5% (C2) maximuncompressivatraing as tested by
Reedlunn et alTension curves (redya also included but not discussed hdéreom ref

(18), figure 8.
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Figure 2-17: Preload effects on NiTi tubing material in uniaxial tensasntested by

Rebelo et gltaken from figure 2 of ref §.
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Reedlunn explains t hat vioris eausecehy graimsen thel oc a l
material being aligned such thphasetransformation in one grain (from austenite to
martensite structure or vice versa) will apply stress to neighboring grafficient to

cause their transformation, leading to a maapscfront. For compression, however,

the grain alignments mean that transformation is less likely to spread to neighboring
grains without large stress increasemeaning tht transformation is moreliffuse

throughout the material and strain increases rhomogenously 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, iugeful to consider
the results presented Bhaw and Kyriakide¢3). A schematic ofthe test setup and

results graphs are reproduced in figv8.

For this experiment, Shaw and Kyriakides used 1.0t7 binary nitinol wire with a
length of 63.5mm between the grips. The four local extensometers each had a gauge
length of 2.5mm and werespaced 12.5nm apart. Each thermocouple was attached to

the wire within the gauge length of an extensometer.

Of particular interest from tser esul t s ar e tpoes indig 218, n hi s
showing | ocal strain (pbamasyraendi cal caxk
displacement (horizontal axis). In order to study the local strain history behtngor,

curve (b)at location4 from figure 218 is reproducedn figure 219 with the distinct

regions numbered.
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Figure 2-18: Repraluced from figure 10 of re8). Left: schematic of tensile test a1
for 1.017mmnitinol wire in uniaxial tension, witl local extensometers and 4
thermocouples along the axial length. Right: results show (a) local sttess

response at the 4 atipositions; (b) corresponding strain and temperature histories
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vs global straind curve number e

With reference to figure2-18 and 2-19, the local strain hiery behavioris described

below, in the order in which it occurs.

In loading:

1) Initial linear increase in strain withlobal wire length increasestrainuniform along
the wirel due to austenite elasticity

2) Local strain remains constagtespite oveall wire length increase. This is because
global strain is increasing due fwopagating 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 locationhasttansformation

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 transfotmeadhrtensite 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
wirei due to martensit@and any remaining austeniegasticity

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 througkhe local strain rapidly deeases as the material
transforms from martensite to austenite.
whereby the last position to transform during loading will be the first to reverse
transform during unloading. Note that theversetransform occts at a lower global
strainthan 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 trdosmed back to the austenite parent phase, at which point

the wire unloads uniformly with austenite linear elasti(®y

These results show that, for nitinol iniaxial tension, the method of strain measurement

must be carefully considered for the uggd investigation. While crodsead

di spl acement may give an &aforée wirg,¢héactuad | ob a l
strains along the length of the wire may vary considerably frorblifs some locations

up to > 7% at others due to the preserof 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 characterizatioln order to understand the key featurestlodse
bending modesit 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 bevowsé&ful beam

bending descriptions and calculators, idg(26) and 7).

Cantilever Bending

g

80

Curvature , K/ mr Moment, M/N m
05 70

0.25

0
75 100 cm

Figure 2-20: Cantilever beam bending example, showing moment and curvature

distribution, taken from ref2@)

With reference to the example in figureQ (taken from ref (26)),dr a cantilever beam
with a point load applied di st ance 0 Xahe monem Mi(irt Nmprfdr e e
curvature K (inm)are0 fr om t he b e axpehdtheh inceease ineatty u p

maximum value at the fixed cantileer end
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3-Point Bending
For a simply supported beam with a centrally applied point loadymmetrical 3point
bending) the moment M and curvature K increase linearly from O at each support to

maximum values at the centre load pdisg¢e example ifigure 2-21, taken from ref

(26)).

-1 1

40 80 40
Curvature , K/ m- Moment, M /N m
0.5 30
0.25 15

0
0 25 50 75 100 cm

Figure 2-21: symmetrical 3point bend example, showing moment and curvature

distribution, taken from ref2@)

4-Point Bending

For a simply supported beam wzhapplied point loads equidistant from the cente (
symmetrical 4point bending)the moment M and curvature K increase linearly from O at

each support to maximum values at each loading point, with moment M and curvature K
constant at these maximum values between the loading |ie@gtexample in figurg-

22, taken from refZ6)). Due to the constant moment between the central pins of a beam
in4point bending, the beasmoshearfirceV@d/ix) e ben:
between the central pinthe transverse planes are perpendicular to the axial direction of

the bending beam and thmaximum principal stresses and strains are in the axial

direction.
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Figure 2-22: symmetrical 4oint bend example, showing momamndl curvature

distribution, taken from ref2@)

2.2.2.5 Experimental Bend Testing of Superelastic Nitinol

Reedlunret al (L8) performed 4point bend testingt 23C on superelastic Nitinol tubing
(OD: 3.176mm; ID: 2.54mm) with Af tempgerature= 19 C. A austom 4point bend
fixture was used to apply a pure moment during bending (with no axial or sheariloads)
allowing bending witha controlled radius of curvatusdong the measured lengtifi the
sample Stereo [pital Image Correlation (DIC) was used for wface strain
measurementTheir results show a number of interesting behaviours for nitinol in

bending.

Firstly, they show resultfor 6 n o r manbnmesbesdd d i me n scun@mrd e e
lower plot of figure 223. Details of how theappliedmomenté Mvalue was calculated
from measurement of applietbad and rig geometry, as well as how the average
curvature &o for the gage length was derived from measurements of -sext®n
rotation, are given in Ref (18). For the purposes of this literature reviel the

gualitative bending behavior shown by ithemomentcurvatureresults plot that is of
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primary interestgiving a useful representation of bending stiffné¥gh reference to

the lower plot of figure 23, during loading (increasing curvaturdjet 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, \iliei@irvature reduces with

almost no moment decrease, before a final linear decrease in applied moment as the tube
straightens. Thus, the momenirvature response forpbint bending exhibits the same

60fl agb shape as super estransresponse fori ldadingahdd s u 1

unloading.

Secondly, they plot neutral axis position (location relative to esesson diameter

where local axial strain is 0) against bend curvatusee upper red plot of figureZ3,

where Yo is crosssectional distace from centre line toward intradokhe results clearly

show the tensileompressive asymmetry of nitinol, as the neutral axis is positioned
nearerto the intradosthan theextradosthroughout bending, both during loading and
unloading. As will be explaed 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 nitinolta given strain magnitude.

The neutral axis position vs curvature plot is also interesting as it shows increasing
tensilecompressive asymmetry up to the curvature where the applied moment plateau
ends, at which point the neutral axis remains in theegamsition with further bending.

On unloading, the neutral axis position (antl 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:6 N o r m alomesdé¢ralated to outefiber stressys

6di mensi onl elatedtoouter fibex straimptdfor & single 4point bend

load-unload cycle of Nitinol tubing, taken frdigure 10 of ref (18)6 M6

is applie
mo me nt

,  Gs€dbional sutercradioss(sOD/2), | is aa moment of inertia of
cross section and k is average curvature of gage lenpfie 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 d the most interesting findings from the work of Reedlunn et al is the observation

of strain localization in bending. They found that during bendinganta p pl i ed &6 p u |
mo ment 0, t he

compr essi ve s,sbowinghhantbgemoos evi d
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strain for all curvatures in loading and unloading. On this side, the local DIC strain
results for crossections fitted closely to the linear cresectional strain predicted by

beam bending theory for the corresponding bend curvature. However, on tleesieiesi

there was evidence of localization as high strain regions initiated at certain locations on
the extradosand propagatediagonally( 6 we d g e | oacrask thetabas bend s 6 )
curvature was increased. This produdedal strains that do not métdeam theory
predictions, with nodinear crosssedional strain plots showing that plane sections do

not remain plane. It is important to note, however,thdti s only occur s at
curvatures, where beam theory predicts maximum strain levels t he oO0tr ansf o
st r ai n.6At greatgricarvatures, where beam theory predicts maximum tensile
strains exceeding phase transformation leveld 7 %) t he -setdoaad ur ed
strains match the theory well and the plane sections are apprdyiplat@r. Also, they

show that when the measured strain is averaged over a few diameters of length (as
opposed to being taken at a single cr@sstion position), there is good agreement with

beam theory strain calculatiomhe conclusion of their studyndocalization is that care

must be taken when using beam theory to predict strains for superelastic nitinol in
bending, as the averaged bending strains may undewverpredid local strains by up

to a factor of two

When considering the application f these O6élocalization in
i mportant to remember that R e e4dRointrBand e t al
experimental setip to impose a constant bend radius to the specimen along its measured
length. With this setip, the critcal 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 thextradosi giving local strain results that do not match beam theory
predictions. However, for other beam bemdsetups such as 3 Point Bending or
cantilever bending, as well as many situations experienced in service, the beam will not

be in pure bendingbutwihave an d&édapexd region where th
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is at a maximum. In thisase, the local applied momemtsuld control the location of

transformation nucleation (at the bend apex).

It should also be remembered that the bend testing by Reesliahnvas performed on

tubes of relatively |l arge diameter, meanir
reached with a fairly low crossectional strain gradient. For thin nitinol wires, however,

there will be a much higher strain gradient asrthge cross section from compressive to

tensile strains, meaning that transformation propagétsirain evolution with bending

is more likely to be controlled by bend geometry than by local grain orientation.

Further tothar investigation of beartheay application for predicting local strairts

nitinol in bending Reedlunn et al investigated the effectiveness of beam theory for
predicting global bending response and average neutral axis paditiomg loading

They showed that using EulBernoullibeam theory with an asymmetric material model
(based on the uniaxial compression and tensile data) gave a good match to their
experimental result®r global bendingluring loading They did not attempt to calculate

the wloading responsassing beam thegr as the patldepenéntbehavior in unloading

involves far greater complexity

Pelton et al 28) performed both 3and 4 Point Bending experiments on nitinol wires,

although they only report-Boint Bend results for al.5 mm wire with 20mm span

betwesn supports. They imposed deflections up to r8rd at the centre point, with

LVDT deflection measurement. The resulting LéabDeflection curve shown in figure
2-24below,e x hi bi ts a 06super leddanpadihysterésis agpldings hap e
upper ad lower@plateaué ( not e, t hough, t hatlnotdereos e 6 pl
investigate strains of tubes in bending, they used th€init Bending LD results to

validate an asymmetrical nitinatonstitutive model, which was then used in FEA

anaysis to simulate bending behavemd investigate strains
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Figure 2-24: Load-Deflection curve of 1.5nm wire in 3point bending, taken from

figure 1 of ref 28).

De La Flor et alZ9) performed experimental cantilever bend testing omgail Nitinol

wire, 60mm long, using custom designed bending accessories for a Zwick 1445 Tensile

Test Machine. Their results for lo@flection at different temperatures again show the
stiff-compliantstiff behavior during loadingnvolving a loadingp | at e a uTheyr e gi o n
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 loat&flection response during bend loading.

Consideringhe experimentaketup for Nitinol in bending,ISO 15841 80) is followed

by a number omanufacturers as a method feP8int Bend testing of superelastic wires.

The standarddesigned to allow clinicians to make meaningful comparisons betwee
wires used in orthodontics, descriitkesetu p and met hod f or bend
wires, defined as Owires not di spl aying
temperatures up to 3D & in other words, superelastic wirgblote: wire diamedr is not
specified in the standard, but orthodordich wiresare typically 0.3i 0.55 mm in

diameter) Detailsof the test method are summarizesow:

59



Setup:
- Symmetrical 3 Point Bend testing shall be used, with deflection by a centrally
placed inderdr
- Span between supports = ibn
- Specimen length = 3®&m
- Radii of fulcrum and indenter = 0.10 + 0.08n
- Crosshead rate (for deflection) = 7.5 £ 2.5 mm/min
- Testtemperature =36 +1C
Procedure:
- Deflect wire to 3.dJmm (indenter displacement) then unload
- From Forcei 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 witéss standard offes
useful general guidancefor setup of experimentalbend tests to characterizbin

superelastioitinol wire.

2.2.2.6 Load Path History Effects in Bending
During its lifecycle,the nitinol wire inan endovascular stent componentompacted
into a sheath by loadingp a small bend radiusndis 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 cy@less the bendingnitinol
material will be subjected to @articular loading and unloading history before reaching
its final 0depl oyedd state in a blood vess
of | oad pat h shnechanioat rgsponse in Nending. e lfobowing sections
will focus on 2 partialar aspects:
- Load path history effects dorceexerted during unloading

- Load path history effects atrain stateluring unloading

60



Load Path History Effects onForce Exerted during Unloadingfor Nitinol in Bending

Due to the stress hysteresis of nitthd s uper el astic behavior,
materialin bending will exert a greater forcriring loading than unloadinfgr a given

bend curvature. This basic logdth history effect ishown by the 4oint Bend moment
hysteresis curves presentedRgedlunn et all®) and the 3oint Bend Loaddeflection

curves by Pelton et é8) i see figures 23 and 224 above for examples.

Less obvious are the patlependent effects of plasticity on unloading of nitinidhe
previously mentionecguthorsRebeb et al £5) and Chen et allQ) have investigated
path-dependentinloadingeffects on nitinol in uniaxial tension and compressibneir

results show thathe material will unload along the same lower stress plateau provided
its maximum strain is withirhie upper stress plateau range (generally&iii 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 logshth history effect on unloading modulus for
superelastic nitinol material in uniaxial tension. For superelastic wire testedCati€y

show that for maximum strains betweefbo2and 8%, the unloading modulus decreases
with increased maximum strainsee figure2-25. As a basic explanatiorhis reduction

in unloading modulus with increasing transformation strain is attributed to the increasing
volume fraction of martensite in the wire, with martensite having a laffective
modulus than austeniténterestingly, unloading from beyond% strain up to 124,

there is an increase in the unloading modillagrend that they say is reproducible at all
superelastic temperatureBhe detailed investigation of these phenoaierbeyond the
scope of this review, and it is sufficient to note the general behavior of Nitinol in terms

of its pathdependent unloading modulus.
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Figure 2-25: Unloading modulus as a function of strain for superelastic NiTi wire

taken from figure £ in ref (3L)
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Figure2-26:6 Nor mal i s gedsusdlo mme b @urvatardfer nsremental 4
point bend loaelnload cycling of Nitinol tubing, taken frofigure 16 of ref (18). The
circled numbers correspond to strain field images shown in réf @lt8ch are not

reproduced here
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For stent components, it is the paldpendent unloading behavior bendingthat is of
primary interest. Reedlunn et al (18) used thdioint Bend setip to perform 5 cycles
of loading and unloading on a tube sampléhwicreasing maximum curvature for each

cycle. Their results are reproduced in fig@+26.

In terms of patidependent effects on unloadingetmomenturvature resultsf figure
2-26 showthe following important features:
- Where unloading begins from ithin the upper plateau region, increasing
maximum curvature leads to slightly decreased umhggulateauvalues
- Where unloading starts from beyond theper loading plateau, increasing
maximum curvature leads to more dramatic reduction in the unkppthteau.
These findings are attributed to increasing levels of plasticity within the bending
mat eri al 6s o udfelowinglarger nnarimuenrcurviturdseThe results are
important as they suggest that the level of bend curvature experiencedy durin
compaction of a nitinol stent componenay affect the subsequefdrce exerted byhe
component duringnloading,therebyinfluencingthe Chronic Outward Forcexerted on

theblood vesselor 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 bendingan have a&ignificanteffect on fatigue resistanc&upta
(32) repors a collaborative project involving the FD#&ood and Drug administratioiy
look at the effects of pretrain on fatigue life of nitinol wireHere,Rotary Bend Fatigue
testingwas performean 0.5mm diameter wires followingpending round mandrels to
give 8% or 10% bending prestrains. They also heated the strained samples @t60
simulate sterilization. Their results showed tkta¢ pre-conditioning of the material
resulted in reducedbtary bendfatigue life, with most fatigue failuresnitiating at the
compressivepre-strained surface. When assessing these results, it is irtgodr to
consider the loading that the material was subjected to. Theoptktioning 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 rotaryasting

then subjected this O6damagedd materi al t o
with the cyclic tensile loadsnabling crack growth from any defects on the compressive
pre-strain surface. This testing therefore shows that a high compregserstrain

followed by cyclic tensile loading is detrimental to fatigue life. In terms of application to

stent graft devices, this kind of loadimguld be relevant to the hook components of
Vascutekds Anaconda devi ce. epmstraimmateriall ¢ o mg
will undergo compressiveompressive ivivo loading and therefore the results from ref

32 cannot be applied. Neverthele$®g tonclusion fronthe Ref (32)study is important,

not least due to the direct involvement of the FDA is thork:

AThe present study under s doomeeranical higoryinmpor t
the design of implants, particularly as ever smaller catheters are adopted for device

del i very. o

Load Path History Effects on fgain Stateduring Unloadingfor Nitinol in Bending
Van Zyl et al 83) used Finite Element Analysis simulation of a nitinol beam in
cantilever bending to investigate tlgad historydependency ofinal strain statefor a
given bend deflectiorilhey used a rectangular beam model (60v0txx4400I (in mm))
with the asymmetric Isape Memory Alloy (SMA) model available inAnsys Hnite
ElementAnalysis (FEA)software. One end of the beam was fixed, angréical line
displacement was applied to the other end to load it in the following way:

- Initial load displacement of 3Bm

- Additional load displacement to a maximum displacement in the range 37.5 to

52.5mm

- Unload to 30nm displacement
Stress (maxnum first principle stress) and strain (total mechanical strain) measurements
were taken for a Bgle element at the root location of the beam, outer fibsition. The
graphin figure 2-27, taken fromref (33), shows the key results from this studwhis

graph shows that the 0 mwsaihighemstraindon giveh e st r
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beam end idplacement following a larger maximum displacement in the-lododad
history. As the final beam end displacement is the same in each casan(3Ghis

suggests that the beam is taking a different shape depending on the loading history.
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Strain

Figure 2-27: stressstrain measurements for root location, outer fibésimulated NiTi
cantilever beam in bending, to investigate final strain as a result of load h{ftony
ref 33).

Van Zyl considered the underlying constitutive model used for the Ansys SNiXiata

to propose an explanation for the load history dependence of strain. However, no
experimental work was carried out to validate the FE analysieed, a review of the
literature on nitinol structures in bending has yielded no experimental iredéstigpf

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.
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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
necessary to identify a suitable method of strain measurement. The available methods are
highly dependent on the geometry of the structure tonbesured. As itis a central
objective of the present work t o -seriger acter
for nitinol stent components, i desirable to find a methazhpableof measuring axial

strains for wire in the diameter range 0.1 tondh. Additionally, the method should be
capable of measuringecoverableaxial strains from 0 to 1@. With such a challenging
specification, initial enquiries revealedhat traditional strain gauge measurement
methods would not b&asible Even if a smallenough gauge with large recoverable
strain range could be found, the information gained would be limited to very few strain
locations. Therefore, a review ofore contemporary strain measurement methods was

conducted.

Three potential methods were fourtdat have previously been used for strain
measurement dflitinol to superelastic strains:

- Digital Image Correlation (Re34)

- Moire Interferometry (Retl)

- X-Ray Diffraction (Ref6)
Consideration of cost, equipment availability, ease of use and ease ¢ resu
interpretation showed that Digital Image Correlat{@s) was the most feasible method

for the present investigation.

Digital Image Correlation (DIC)

Reedlunn et al3) give an indepth explanation of the DIC technique, which uses
imagematching algathms to track the local displacements of random speckle patterns
on the surface of a sangptiuring deformation. These surface displacements can then be
used to calculate local surface strains, and to measure tHeelfilstrain of the surface

at a give deformation. In this way, DIC is a n@ontact 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 DiCmeasure the surface strainsgof
0.762mm superelastic nitinakire during cyclic uniaxial tensile loading and unloading.

3D DIC uses 2 CCOCharge Coupled Deviceameras and additional calibration and
image correlation techniques to calculate the specimen surface profile and the strain
distributions thereon. The mid allowed them to study the strain localization and
cyclic behaviorof 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 theeraged DIC results.

Whil e Reedlunndés work shows the feasibild.i
wires (34) and separatelyjts usefulness for studying superelastic strains in bending

(18), no examples of DIC application to thin wires (snin) in bendingwere found in

the published literature DIC was therefore identified as an interesting and novel
approach for characteri z at iboohthisotliesis\gwesc ut e k
details of the microscopic 3D DIC approach used for experimstudy ofg 0.45mm

superelastic wire in bending.

2.2.2.8 Stress-strain response of Superelastic Nitinol in cycling

As shown by t he (@aBfa2®@)d nnc tt hlei féeBaC@keglr3ou nd d6 s
this chapterthe Ntinol material will experience &igh degree of cyclic loading in its
application to endovascular stent components. It is therefore important to review the

available literature oM i t i mexHardical response to cycling.
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Siddons and Moon1H), Henderson et al2@) and Reedlunn et al34) have all

i nvestigated t he @édydlirgoftniinolwfth loadngitdtheermlofp er e | a
thetransformation plateau and fully unlaag for each cycle They shownajor changes

in the stresstrain response from thé't y c | e ( 6rvii algé 26" tyceartelh e

beyond with eventual stable response at higher cycle numbens. par ti cul ar , t
straindé cycling results in decreasing | oai
loading and unloading and a large amount ofmaerent set, for both tensile and

compressive uniaxial cycling.

However,superelastitNi t i n o | material does not wundergo
cycle loading in service for stent components. For the stent rings of the Anaconda
device, there wil be a maximum of 3 compactiateployment cycles, meaning a

maxi mum of 3 0 Rortlgsesmal humber of 6ycles, therk s still some
reduction in the upper plateau and a small amount of permanent sa4)(réut the

changes are small comued to thenigh cycle numbereffects, and there is no observed

change to the unloading platealhis can be seen in figur228, reproduced from
Reedlunn(34).

Considering the hservice behavior of nitinol for stent componefit@ble 22), the

Oi ntieamed s tayckes axperiegged during collapspositionopen of the
device are |ikely to be smal/l i nmationg,mb er  ( (
i s the 606xmallli nay <W%)hhatwill lbave the greatest bearing on long

term performance, including fatigue resistance. Therefore, the focus of this literature

review i s one stphoen ssemaaltl -vppoésemptatsveadnn.
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Figure 2-28: mechanical response of superelastic wire ta@axial tensile load

unloadcycles in room temperature air (22C), taken from figure 7 of3®f

Pelton ) performed uniaxial tensile testing aensile samples machined from
superelastic wire with Bim diameter gage. The samples were processed in two different
ways prior to tesng:
- 6anneal eddé sampl es Cwe30 minukes, giting tinal &foot ed a't
-15C
- O60streksisevedd sampl es Owa L0eminbtesagivingtfinak at e d
Af of 20 C (typical of stent material processing)
Room Temperature tensile teg) was then performed on the different samples, with
loadingto 1.5% mean strai n and=Q58eprakiepeakl(li2htg wi t h
1.75% ) for 100cycles.During testing, Transmission Electron MicroscopJEM) was
used to investigate the materiaicrostructure. For the annealed matenahere the

microstructure is initially amorphoughe stresstrain results show that the cycling
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modulus (and therefore ol) increases whi l
TEM explains this, showing #b the microstructure consists of a high density of
dislocat ons whi ch s howhairmdeernd anggion gwidword&ky cl i ng
relieved material, where microstructure consists of small grains of approximately 75nm
width, the cyclic stresstrain cures show minimal hysteresis and no change in modulus

during cycling, although there is a drop in the stress levels ffdmydle down to a

stable level after 5 cyclegNote, though, that this cycling occurred from the upper
plateau, which tends to showits O0softeni ngd blevél asvidrge r wh e
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 thefore the fatigue behaviaf superelastidNitinol, with

optimized thermemechanicly treated microstructures givingtable and predictable

cyclic behawior for small o
This has positive i mpl i cat iNbnolsnatérialrastleeh ar act
wire used for Anaconda stenbmponentss oftheé st-r elsiseved, nano g

microstructure typ€9)s hown by Pel t on dhes méabdatti hmea gwisr g &7 9
longterm, s ma | | cycligp behaviorwill be stable andcan therefore be relidy

characterized frortesting to a small number of cycles.

Rebelo et al (3) investigated the effects of cyclic loading on superelastic nitinol tubing

in uniaxial tension. They used 3.186n OD x 2.15 mm ID tubing, length 130m, heat

treated to give aite Af temp of 27C, and performed testing at & in air with strain

rate of 10¢° s and with 25mm gage length extensometer for strain measurement and
control. For eachmean and delta strain level, tests were performed with cycling both
ofromiawowed@i rect | oading to t lylesitemédhn str
6from Tbwveghloadingto6% st r ai n, unl oading to the m
cycles.Table2-6 below summarizes the tests performéigure2-29thens hows t he 0s
306 r #osnuef (B
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Mean o (peak to peak)

From above 2% 1%
Set 1

From below 2% 1%

From above 2% 1.6%
Set 2

From below 2% 1.6%

From above 3% 1.2%
Set 3

From below 3% 1.2%

From above 4% 1.6%
Set 4

From below 4% 1.6%

Table2-6: Test sets performed by Rebelo et &) (8 investigate cycling effects on

Stress (MPa)

Figure 2-29: Test results of 3 Mean, 1.26 peakto-peak alternating strains cycling
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It should be notedthatdllhese tests subjected the nitin
values, and as such there was stwad-unloadhysteresis evident in the cycle curves for

all test setsAn i nteresting finding from the res:i
remained agpproximately the same upper and lower stress levels throughout cycling,

wher eas t he 6from abovebbd resul ts showed

(6softening6) unt i | the cycles stakeeli zed
example infigure 2-29 above) In fact, it was found that for thesp | ev el s, t he 6
aboved cycling materi al responses tended

showing pathindependence for the higlycle behavior. The other important finding
was that fort es hs1l% api.2%), thep cycle shapend modulus
remained stable throughout cycling, while torh e h i testethere gwas a clear
change in shape of the hysteresis loop from 1 to 100 cycles. This work suggests, then,
t hat f ocycled abmeancptrains reached during unloading, thecegdponse can

be assumed to be stable from tReeycle onwards.

Further evidence of this is given by Schlun et3).( They performed uniaxial tensile

testing according to ASTM F254@5 at 37C in a water bath on dbgne samples laser

cut from nitinoltubing and processed in an identical manner todasestentsAs in the
previous case, ctylteéy ngeraftoramegli ven mean st
(during |l oading) and oO0from bel owd4%duri ng

(peak to peak) at % mean straimre shown below in figur2-30.

These resuts how no changes dur i lewlthere & noclgad | e s .
unload hysteresis loop present and the cyclic modulus remains the same during cycling.

I't is interesting to note that in this ca
aboegdl ing, which maycydirg pelfarreed hece campagedfoo we r
Pel tonds ( 79%) cydic testihg. it & lalsoGngporténd to note that their results
show a higher cyclic modulus for the ofr

unde go a greater tdnf drhet W roamebpved cycl e
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Figure 2-30: Test results of 20 Mean, 0.4£% peakto-peak alternating strains cycling
6from aboved (bl ac k)akeafrord figird 5robref36b el o wo

For =% (peak topeak) with mean strain of &, they obtained similar results to
Rebelo (3), 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 tensiotension fatigue testing on 0.2Bm nitinol wire
samples (456 CW, Af = 17£3C) at 37C test temperaturéollowing tensile pre
straining, to investigate the effects of pstraining, mean strain and delta strain on
fatigue life of nitinol. The key finding from their work is that phasengsaduring
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 stresstrain results, they showed that phase chasigeen by hysteresis in

the cyclic behavior. Therefore, lotgrm fatigue safety is indicated by an absence of
loadunload stress hysteresis in cycling. In relation to these findings, theyhalsdlsat

a greater gap between loading and unloading plateur e sses (greater
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hysteresis) ddiduelws and thdt largehtensile pgirains (beyond the
transformation plateau) can in fact increase this fatigue limit by lowering the unloading
plateau. However, as has previously eseen in thenalysisof Gupta et al 32), the

effect of high prestrain on subsequent fatigue life depends on the direction of loading
for each stepln the Ref (32) study, high compressivepre-strainswere detrimental to

rotary bend (alternating take-compressive loadinggtigue life.In terms of application

to endovascular stent components, it would be useful to see results for cyclic bending
fatigue of Nitinol following prestrain bending in the same directiddo such studies

were found in the cuent literature review.

In summarya number of investigators have considereduthi@xial tensilestressstrain
behavior of super el ayslihgicenditonsiHoweverho previodse r s ma
resultscould be foundn the published literaturdor mechanicakesponse of nitinol in

bending or compression durirgma | Icycliog (despite a large volume of work on

cyclic fatigue characterization for bending componentierefore, it is an intention of

the present experi ment eydling wmothre kkompression ancd | u d e

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 ofinformation 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 testingf wire samplesas inherent satp difficulties related to buckling.

It has, however, been shown that larger diameter samples in the diameter-2amge 1

can be processed to give similar mechanical properties to thin nitinol wire (diameter <
0.5 mm), opening up the possibility of investigagi compressive properties of nitinol

wire materialunder 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 overesé@msaain values. If shorter samples are to be
used to avoid buckling, highesolution displacement control and measurement test

equipmenwould be required, and end friction difficulties must be resolved.

Information on compressive testing of larger evdl tube nitinol samples is more widely
available, andprovides the following characteristics for superelastic nitinol in
compression

1 The initial elastic modulus isonstantup to the transformation stress, and is
generally higher than the effectivaitial tensile modulus(up to the tensile
transformation stre¥sThis can be attributed to the effect of striegkiced R
phase in tensile loading, which does not occur in compression.

1 The transformation stresses in compression are higher than in tenstoriphbot
loading and unloading.

1 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.

f Loading and wunloading O6plateausd are
meaning there is less transformation strain.

1 Unloading stress plateaus are lgmth independent both for tension and
compressionproviding the maximum loading strain lies withihet loading
plateau.

1 Unloading stress plateaus are lgmth 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. Ths is attributed to the presence of plastic dislocations within the material
following large strains.

1 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.

1 Small gp cyclic behavior during unloading of nitinol in compression has not
been reported in the literaturFor understanding of imivo stent behavior, it
would be useful to investigatine stresstrain path of this cycling behavior,
including the o6compr ésvsbice wycecli m@avmoal
the stentos R a d iAanumbeR efsnvestigatione haveé doeen e )
per f or meayclictbehaviorgd nitinol in tension, with results suggesting
that the material response will remain stable from the initial gyaegiding the

g is small

For bend testing, common approaches to material ctesisation include -point
bending, 4point 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 investigatfon-service bending behaviour.

Again, little published information is available for thin nitinol wire (< b diameter)
in bending. However, a number of investigations for thicker nitinol beams have been
reported providing the following charactetiss for superelastic nitinol in bending:
1 The neutral axis is eccentric for superelastic nitinol in bending, and is located
towards the inner (compressive) bend surface. fidetral axiseccentricity
results from the tensdeompressive asymmetry of Nithod s -sraim e s s
behaviour
1 In bending, superelastic nitinol shows the characteristicloadl o ad 6f | agb
for moment vs curvature, similar to the curve shape seen for stress vs strain for
uniaxial tensile and compressive testing. As would be exgetttis shows that
stiff-compliantstiff behaviourand &é moment 6 hysteresis oc

the phase change effects.
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1 Strain localization can occur in bending when the outer tensile material is in the
unstable phasehange statameaning that plangections do not remain plane and
local tensile strains do not match beam theory predictibhs has only been
demonstrated for large diameter tubing #paint bending. It is considered that
localization effects may be lessidentor evenabsent for tm wires in bending
with applied localised moments as for 3point bending and kservice stent
rings.

1 When the outer tensile material is beyond the unstable juhasge condition (
> 7.5% strain), local bending response is well predicted by beam theihy
plane sections

1 Global bending response of nitinol in loading is predicted well using beam theory
with an asymmetric material model.

1 FEA simulation has demonstrated that in bending, the final strain state of a

nitinol beam during unloading is depentlen its loadpath history.

This literature review has provided useful general information on the macroscopic
tensile, compressive and bending behaviours of superelastic mtatetialdue to the
elastic, stres;nduced phase change and plastespons of its microstructure to
mechanical loading. The review has also highlighted the dependence of these properties
on processing history and service temperatdvever, this general information lacks

the detail required to characterise the particularnitimaterial used fom specific

ma n u f a cstent graftr consponents, both in terms of quantitative data and also in
terms of theparticular conditions that the material will be subjected to in service. In
order to obtain material characterisation restiiait are useful for the design and analysis

of stent grafjproductsand i n parti cul aitristhéreferenedesssargg s pr o
perform compessive and bend testing on wire material of@resentative specification

with test conditions appropte to the intended use, which can then be used together

with existing knowledge of the material 6s
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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 particularthe work will involve novel experimental investigatiohthe
following areas:

- theloadpath dependence of strain feendingnitinol beams during unloading

- strain measurement of thin Nitinol wire in bending, using Digital Image

Correlation (DIC)

These invetggations will provide useful insights to the dafation 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 iineca vital tool for stent graft
developmenfor 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 matenatiel commonly used imdustry, 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 undertakéa understandhe ability of these models to describe the relevant

material behaviours

A constitutive model is the mathemati cal (
|l oadi ngs. In the case of Shape Memory Al
stresses rostrains and to temperature changes are of primary interest. Many constitutive

model s have been proposed to dedepemdenbe Nit

and shape memory behaviours, falling into the broad categories of microscopic
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(modelling ofmolecularlevel phenomena), mesoscopic (modelling on the lattice particle

scale) and macroscopic (modelling of homogenized material respoRd&p) (

Macroscopic models are also known as phenomenological models, and are generally the

only viable option for egineering application to design and analysis of structural
components due to their relative computational efficiency. For Nitinol, a humber of
macroscopic models haween developed to capture tiieenomenological effects of
superelasticity. However, ongarticular 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 Auri€elglor model. This is the
material model that will be esl 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 builin superelastic material model is awahile, based on the
macromodel proposed by Auricchio and Taylor to describe finite strain superelastic
behaviour (2). To understand how this model was developed, it is useful to trace its

evolution through the literature.

Lubliner (39 originally descriled an inelastic material model based on the concept of

0Generalized Pl asti ci t\yirkear feawes ha lcdvered byo r d e
classical plasticity, and allowing straigiorward numerical implemeation. Lubliner
and Auricchio (4Dthenused hi s 6 Gener ali zed Pl asth citybo

constitutive model to describe shape memory alloys that undergo solid state phase

transformations to give superelastic behaviour. This was then developed by Auricchio,
Taylor ard Lubliner (423 into a3D isotropic model for superelastic behaviour, including
description of 3 phase transformations (austenite to single variant (detwinned)
martensite; detwinned martensite to austenite; and martensi@iengation),
temperature dependence of transfornmastresses and tensioompression 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 applicatyilto superelastic device design. Next came the
seminal paper from Auricchio and Tayloj4escribing the extension of the 3D model

to finite-strain superelastic behaviour, an important development due to the large
deformations typically required for semelastic components and devices. Again, the
paper described numerical implementation in an FE setting with examples of validation
and appcation. Auricchio and Sacco (484) then developed the model by allowing for
different elastic properties for thestenite and martensite phases, and also proposed an
additional superelastic beam model, based on HBedenoulli beam theory. In 2001
Auricchio published a paper (#8escribing a refined version of the model as a robust
and efficient solution algorithnfor use in FE, to enable application to device design.
Here he demonstrates the efficacy of the model using a numbdé ahtl 3D problems

of varying complexity. Rebeloetal (#6 t hen | mpl emedtagd otr e mo A e
within  Abaqus, available asuserdefined material subroutines (UMAT for
Abaqus/Standard and VUMAT for abaqus/Explicit) in Abaqus version 6.4 (2003) and
then as builin user material models for both Abaqus Standard and Explicit from version
6.5 (2005) onwards. Rebelo also extendednttodel to allow for some plasticity features
(posttransformation hardening curve, permanent set) to be captured, available as the
SuperElastiePlastic model in more recent versions of Abaqus. Additionally, certain user
subroutines have been developed tten be used as adas to improve thenodelling

of cyclic behaviour (35) and plasticity effects 47

The O6Abaqu3Favluorn@chAAT) mod el i's now wi d:
superelastic Nitinol components and devices within the medical deviaestind
Examples of its application for medical devideslations are given in refs (480).
Two key reasons explain the model 6s widesp
- Verification and Validation evidence: as anrhuilt model within Abaqus, it is
supported by argat deal of verification and validaticevidence (for example,

see (51) and (5Zor 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 limiations

- Ease of use: the input parameters required by the user to calibrate the model for
their specific material are easily obtained from simple uniaxial sttess test
results Many other thermanechanical models have been developed (a detailed
descrption of available models is provided by Lagoudas in ref (50)) but these are
typically more involved than thAAT model for calibratiorFor examplejn ref
(51) the AAT model was chosen ovidre6 Qi dlweagoudas 6 model d
perceived ease of model pameter calibration.(It should be noted that
simplifications are possible for the Qidwaagoudas making it simpler to
calibrate, as used in ref 52)he simplicity of input parametertogether with the
availability as an irbuilt user material, mean théhe AAT model is accessible to

a wide user base.

A detailed description of the Auricchibaylor constitutive model is beyond the scope of
this review, andhe reader is referred to ref j4tr 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 elaséindoart
stressinduced transformation part. Following standard plasticity rules, a transformation
potential is calculated from the stress using a DruBkeger formulation (with stress
separated into pressure and deviatoric stress components) and i® uhive 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 aeferen
temperature. The model can accommodateproportional loading conditions, as any
changes in stress direction produce martensiwiemtation with negligible additional

effort.

The austenite and martensite are both assumed to follow isotropic diastcity, 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,

el astic properties ( Youn gacslatedvochuHe welastic Poi s
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 transformationtast stress threshold in compression and by
specifying a value for volumetric transformation strain, thereby adjusting the angles used
in the DrucketPrager transformation equations to give different compressive behaviour.

It is interesting to note thabf development of the original Auricchitaylor model
described in (@), 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 considerabbtter results for accurately capturing the stress
strain behaviour as the material initially transitions from Austenite to Martensite and
vice-versa. However, the-/A model implemented in Abaqus uses the linear form, likely

chosen for its simplicity andequirement 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 straomponents, 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 Superel®tdistic malel works is

givenin (47).

One final pont on the AT Superelastic model relates to the experimental validations of
this model that are reported in literature. A large number ah@ 4point bending tests

of Nitinol wires and tubes have been performed with comparison against simulations
using the model (for example, (31(42), (52), (53)). However, in all these cases the
bending behaviour is validated in terms of ladlection response, with no validation

of the accuracy of strain results. For design and analysis of superelastic stent
comporents, 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 Abaqusl ASuperelastic model, as will be reported

in Chapter 6.

2.2.3.2 Looking Forward: the Souza-Auricchio Model

The AuricchieTaylor model described above, based on General Plasticity theory, was
focused on superasticity modelling. Inthe concluding remarks of ref (45Auricchio

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 Auricchiochanges his attention to a different modelling approach, basedeon th
publication of Souza et ab4), which describes a model developed within the theory of
irreversible thermodynamics, using a free energy density function. With Auricchio
himself movingon from the AT 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 theatftdle-art in this field,

andit may well be that such a model will in future supersedt @s 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 eal (54) proposed a new model to describe superelastic and shape
memory behaviour for -B media under small deformations. The model uses a free
energy density function including terms for elastic energy, thermal deformation,
transformation strain energy &ichemical 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 assaptions. For example, the transformation strain is assumed to be
deviatoric as SMA phase transformations take place undefisoeduoric conditions.

The transformation strain magnitude is limited according to the maximum

transformation strain seen in unialtensile testing.

Auricchio and Petrini §5) 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 publidan. In 2004 §6), they described arsple modification to

the model to enable a more effective, robust algorithm for implementing the numerical
model. In 2007, Auricchio et al5{) extended the model to include plasticity effects
including deformation accumulation due to fagg In 2009, Aucchio et al 58)
included differences between austenite and martensite properties, and in 201
Arghavani, Auricchio et al59) developed the-B model for finite strain to allow for
large deformation problems. Here they also included algorithms for irepkation in

FE, with examples showing improved efficiency of this model overipuswersions.
Barrera et alg0) in 2014 showed developments for improved plasticity and functional
fatigue modelling. Finally, Urbanond Auricchio 61) published in 2015 tshow
improvements allowing more accurate modelling of the macro sttesa behaviour
beyond the end of the transformation plateau, describing martensite transformation of

unfavourably oriented grains after the main plateau.

84



A

Petrhi 6 s 2017 (6Q)rgiees a gobdaoverview of the model, its improvements

over time and some recent applications. Of particular interest is the comparison of the
stateof-the-art version with the Abaqus-A Superelasti®lastic model, showing that

the new model is moreffective in describing the qualitative macro streigin effects

of plasticity (including reduced unload plateaus) and functional fatigue. This is in
addition to the new model 6s ability-Tto des

model cannot.

Re (63) from 2010 gives an interesting example of the application of the Souza
Auricchio model to stent device deployment modelling. Here, ahoadalgorithm
describing t he particul ar mat eri al 6s b
Abaqus/Standard code usiagiser material subroutine (UMAT). It should be noted that

there is not presently a commercially available UMAT for the Sduméchio

constitutive model.

2.2.4 Summary of Research Priorities from Literature Review

The preceding literatureeview hashighlighted some notable gaps in knowledgéich

the current research must seek to address in order to achieve the objective of superelastic
Nitinol wire characterization for application to stent graft desigreresearch priorities

that have been highlightetbfn this are given below:

- the only information found oncompressive characterization testing) 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 productie current work must therefore aim
to develop a suitable test method and obtain compressive-sir@ssresults for

Nitinol wire represatative of stent material and itss&rvice conditions.

85



No experimental informatiorwas foundfor the mechanical response tfin
Nitinol wire (in the range 0.1 to 0.45mnt@sted in bending undéhe loading
regimes most relevant to the-service condions of stent material (including

| arge O6compactiond bend deformati ons
in-vivo pulsatile loading)Current work should therefore seek to obtain results
for Ni tinol wireds | oad r essmqative ©fdn t o
service stent conditions.

No previous experimental work to meassigerelasticstrains of thin Nitinol

wire in bending could be found, providing an exciting opportunity for novel
investigation in the present work.

No experimental invegiations ofthe effect ofloadng history onfinal strain

state of Nitinol duringunloading in bending were foundhis interesting
phenomenareported by van Zyl et al (33) through FEA simulation work
requires an explanation in order to understand wHatteit may have on stent
component behaviour

Finally, no studies could be found on the accuracy of H6Bged Nitinol
constitutive models (and in particular the widabed AuricchieTaylor model in
Abaqus) for representing the strain state of supeirelbginol wire in bending.

This should be addressed in the current work by using data from experimental
strain measuremewt Nitinol wire in bendingor validation of FEAsimulations

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

I mpl antable stent graft component s, It [
mechanical response to compressive loading. In services imggantable 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 weldefined method described standard ASTM F25167 (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 approatihashave 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 folipraasonsavailability of

the equipment past experience of University technicians vittle test methogability to

use representative O6wired sample materi al
materiaj proven success in achieving results upgcoonpressive 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 particula Hender sonds testi n
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 (betwedh01% 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 fronetbompression testing.
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It was therefore decided to use Hender soni
previous work to study a number of compressive characteristics relevant to the

functioning ofstent grafiitinol components.

3.2 Objectives
Theoverall objective for this piece of workto obtain compressive stressain data for

representative Nitinol material at conditions relevant to stent graft application.

In order to achieve this objective, the following salfjectives were identifiedof
compression testing:

- Characterize the stressrain response up to % compressive strain at room
temperature, representing anticipated conditions during device compaction

- Investigate the effect of three lcadload cycles to 86 compressive strain at
room temperatur e, representing antici g
compaction

- Characterize the stresst r ai n response at di fferent
room temperature (17 to 28), body temperature (3C) and sterilization
temperature (5&)

- Investigate the effect of loading history on the unloading ss&as path in
compression at 3T: this is important to understand for stent components in
bending, where different regions of the material will experience different load
unload paths duringompaction and deployment

- Characterize the cycling lbadim@adicyolingr f or
6from e fromviiee unloading stresdrain plateau) at 3T: this is
important for understanding the material response avim pulsatile loaing,

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 tensileompressive
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 Vascutekos

3.3 Equipment and Method

3.3.1 Sample Holder

As described in ref (23), Henderson designed three different compression sample
holders, to accomodate three wire diametersmnim, 1.8mm and 2.4nm (see figure-

14 of Chapter 2 for details}Hendersorexplains how these holders were designed to
limit transverse movement of the wire sample, thereby preventing buckling, while
allowing for expansionfo t he sampl e due t o,thebtbedweennds e
sample and holddrorewas precisely defined. These same holders were available at the
time of testing, and were used to investigate whether higher strains could be achieved
without bucklingusing longer material samples. Initial investigation showed that the
1mm sample holder could be used with a sample length of m&i5to achieve a
maximum compressiveominal strain of 6 % (where nominal strain is defined as
crosshead movement / originalngale 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 ofdhwple holder,
comprising upper and lower steel holders antkal 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 wktd 10

load cell and with an environmental chamber capable of achieving the ranget of

room temperature up to 5. The tests were run using ODN
Control | nt er f a3 slowssapliotogvaph of the cBmpgessioretest set

up on the machine.
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Figure 3-1: 1mm wirecompressiorsample in holdef photograph and crossection

schematic with dimensions
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Figure 3-2: Compression test sample in holder on Zwick 2061 machine
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3.3.3 Test Conditions

The compression testing was conductediinwith temperature control provided by the
environmental chambewith thermostat. Test temperature was monitored using a
thermocouple in contact witthe exposed sample length betwede holders. The est
temperature was specified to be within £ 1C afget temperature. For elevated

temperaturesa minimum dwell time of 5 minutes was ug®tbr to testing.

The testing was performed under displacem
| oadodé) condi ti on .estbpeedswene oen toarfaxinmsse theanunmberr at e
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 s? for small strain excursion tessto 2*10° s*for testing to 8%

nominal strain. These speeds were considered acceptable as previous investigators (refs

(4) and (19)) have successfully performed séaiic compressive testing on much

larger diameter samples at a strain rate of€¥) meaning that the chosen rates should

be suitable for testing 1mm diameter wifeor t he 6 @&U cycl e test s
rates ranged from 2*10s'f or s mal | aUs! orladge €% peakn-pedky 1 0

a&U c yForlalkthese tests, the strain rates were relatively high due to time constraints

for the testing. As sedn 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 rats be used for future testing.

3.3.4 Test Sample Material

The superelastic nitinol components in Vas
Wayne NiTi#1 etched wire in the diameter range 0.1 to 0.45mm (see Appendices 1 and 2

for specifications). Irorder 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 agcutek 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 providematerial with equivalent microstructure and therefore

equivalent compressive characteristmshe thinner wires

Figure 3-3 shows stresstrain results of tensile testing at & in air (using ASTM

F251607 with exceptions) for 3 different nominal witBameters: Inm, 0.45mm and

0.14mm. These results are taken from the suj
data for the wire batches. The two smaller sizes are representative of the range of wires
used i n Vascut eko6s st ethettruegtreasfand traecstinam bavee nt s .

been plotted here, found using the following equations:

Grue: In (1 +0'0m)
Cltrue: no&]* (1 + O\om)

[Note: In the reported results, true stress and strain plots are used where quantitative
values are ofprimary importance, such awhen identifying inputs for constitutive
models.Engineeringl o r 6 n stress and &train plots are used where the qualitative

data is of primary importance.]

The results of figure-3 show a good match for tensile test resultsvben the wiresip
to approximately 8 % strainrshowing that the 1mm sample wire can be considered
equi val ent to the materi al used for Vasc

mechanical properties.
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Figure 3-3: StressStrainplotsfor uniaxial tendie tesing at 37C of 1 mm wire (Lot
F5928420), 0.4%5nm wire (Lot F5298520) and 0.1dm wire (Lot F5208630), from Fort
Wayne Metal 6s CoC dat a

Table 31 gives key characteristics from the Certificate of Conformance for each of the
wire lots, again showinglear equivalence of the im wire to the smaller diameter

wires. Al Il wires are ONiI Ti #1 Straight Anneal ed

Having established equivalence of the material, it was requested thantimesamples

be supplied in 19.5nm lengths, withthe 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

the sample lengtand would therefore have no effect on the tested material properties.
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Nominal | Measured | Lot no. Material Cold Active Af Upper Lower
diameter | diameter composition* | work | temperature** | plateau | plateau
(mm) © stress | stress @
@ 4% 4%
strain | strain***
(MPa) (MPa)
1mm 0.9992 | F5928420 Tiv 44% 14.1 666 316
55.94wt%Ni
0.45mm 0.4506 | F5298520 Tiv 43.6% 14.3 710 345
55.89wt%Ni
0.14mm 0.1392 | F5208630 Tiv 46.2% 17 634 331
55.96wWt%Ni
* With ASTM F206305 specifications for medicgrade Binary Nitinol material
** Measured on finished wire by Bend and Free Recovery testing, as per A3032
***Eollowing 8% maximum nominal strain

Table 31: Comparison of material characteristics from Certificates of Conformance of

different diameter wires, showing equivalencé& ofm wire to smaller wires

3.3.5 Test Plan
Table3-2 below outlines the testsdertakeron the Imm x 19.5mm NiTi wire samples

in order to meet the objectives for compressive testing
[It be not ed a&RTatestsethle3 werRmmtoperforinedmp er at
in the environmental chamber but at the ambient temperature of the labosditicty

was measured to H& C, as stated in the table. This is 6 C cooler than the 23 C clean

shoul d

room wher e Va sed Wsing théfiadingstoe nt g

temperature
the literature review iChapter 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 &bdC) were performed in the environmental

chambeli].
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Test | Temp | Description Displacement Steps Speed | Strain No.
Set ©) (mm/s) | Rate (s?) Samples
1 17 Load t 100N initial load 0.039 | 2*10°% 3
(RT) to 0 (1 cycle) Load to 1.Zmm in 30s (1a, 1b,
Unload to 0 in 30s 1c)
2 17 Load t 100N initial load 0.039 | 2*10% 3
(RT) to 0 (3 cycles) Load to 1.17mm in 30s (2a, 2b,
Unload to 0 in 30s 2¢c)
(x 3 cycles)
3 17 Load t 100N initid load 0.026 | 1.33*10° 3
(RT) to 0 (3 cycles) Load to 0.78mm in 30s (3a, 3b,
Unload to 0 in 30s 3c)
(x 3 cycles)
4 37 Load t 100N initial load 0.039 | 2*10°% 3
to 0 (1 cycle) Load to 1.17mm in 30s (4a, 4b,
Unload to 0 in 30s 4c)
5 55 Loadt o 5. 100N initial load 0.0357 | 1.83*10° 3
unload to O (1 cycle) | Load to 1.07mm in 30s (5a, 5b,
Unload to 0 in 30s 5¢)
6 37 Load t .| 100N initial load 0.0357 | 1.83*10°% 3
unload to 0 (1 cycle) | Load to 1.0%m in 3G (6a, 6b,
Unload to 0 in 30s 6¢)
7 37 Load t 100N initial load 0.026 | 1.33*10° 3
to 0 (1 cycle) Load to 0.78m in 30s (7a, 7b,
Unload to 0 in 30s 7c)
8 37 Load t 100N initial load 0.0195 | 1103 1
to 0 (1 cycle) Load to 0585mm in 30s
Unload to 0 in 30s
9 37 Load t 100N initial load 0.013 | 6.6710% 1

to 0 (1 cycle)

Load to 039mm in 30s

Unload to 0 in 30s

Table 32: uniaxial compression test sets (continued on next page)
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Test | Temp Description Displacement Steps Speed | Strain No.
Set | (C) (mm/s) | Rate (s') | Samples
10 37 Load t o 19 100N initialload 0.0065 | 3.3310* 1
to 0 (1 cycle) Load to 0195mm in 30s
Unload to 0 in 30s
11 37 Load t o 5. 100N initial load 3
unl oad to Load t01.07mmin 30s | 0.0357 | 1.83*10°3 (11a,
100 cycles witl2% | Unloadby 0.485mmin | 0.0323 | 1.66*10% | 11b, 11c)
&) pefk to peak 15s
Load by 0.195mm in 5s | 0.039 | 2*103
Unload by 0.39mm in 5s| 0.078 | 4*10°3
Load by 0.39mm in 5s
(x 100 cycles)
Unload to 0 in 15s 0.039 | 2*10°%
12 37 Load t o 5. 100N initial load 3
unl oad t o |Loadto1.07mmin30s | 0.0357 | 1.83*103 | (12a,
100 cycles withl% | Unload by 0.485mmin | 0.0323 | 1.66*10-3 | 12b, 12c)
&) pefak to peak 15s
Load by 0097mm in 3 0.0323 | 1.66°10-3
Unload by 0195mm in | 0.065 3.3310-3
3s, Load by 0.195mm in
3s (x 100 cycles)
Unload to 0 in 15s 0.039 | 2*10-3
13 37 Load t o 5. 100N initial load 3
unl oad t o |Loadto1.07mmin30s | 0.0357 | 1.83*103 | (13a,
100 cydes with 04% | Unload by 0.485mmin | 0.0323 | 1.66*103 | 13b, 13c)
&) peak to peak 15s
Load by 0.839mm in2s | 0.0195 | 1*10-3
Unload by 0078mm in 0.039 2*10-3
2s, Load by 0.078mm in
2s (x100 cycles)
Unload to 0 in 15s 0.039 | 2*10-3

Table3-2: uniaxial compression test s€tontinued from previous page)
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3.4Results and Discussion

3416Compaction Straind Compressive Testing
Test set 1 was performed tcharacterize the stestrain response up to 86
compressive strain at room temperature, representing anticipated conditions during

device compaction. The results for the 3 samples are plotted in 8gure

Eng Strain (%)

-7.0% -6.0% -5.0% -4.0% -3.0% -2.0% -1.0% 0.0%
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-2,500

Figure 34: Test set 1 stresstrain results: 1 mm wiresingleload-unload cycle to 86

compressive strajrat 17C (3 sampleslA, 1B, 1§

The compressive stressrain plotof figure 34 shows the following features in loading:
9 Initial linear elastic modulus up to 198 strain
T Upper | oadi ng 06 p ltid tmedalusbup to &% ctraid. Thish e i ni
Opl ateaubd regi on i s n o & stréss atrease mf Cc 0 my
approximately200 MPa over the 2% transformation strain interval. Within this
plateau region, compressive deformation mainly takes place byildeeess

induced phase change from austenite to martensite crystal stréctumeplained
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in section 2.2.2 of Chapter 2, in compressitis phase change is diffuse
throughout the material (unlike in tension, where there is localization of phase
change.

T Beyond4% st r ai n,"™ltihneeraer inso d& hoodeadstrainpThis o 6
2"9modulus 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 100N preload condition used to initiate
displacement control, the samples were actually compressed to slightly higher
nominal strains than the @4t target values. All compressive results plots
presented in this chapter have been positidoghe origin(rather than the 108
pre-load position) giving maximumnominalstrains that arapproximately 0.2 to

0.4% higher than the target strains.)

The figure 34 results show the following features unloading:

1 The plots show a vertical drap the stress at constant strain when changing
direction from loading to unloading. This behavieas consistently seen when
the compression stressrain data was plottednd is attributed to friction effects
due to test rig misalignment in the sgt. 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
compressiveresuls is that the test rig frictiorincreases the measured force
during loadingand decreasethe measured forcguring unloadingi thereby
affecting the stress values plottethe results shown here are therefore useful

qualitatively for showing characteristic behaviours of the material wlitferent

|l oading conditions, as wel |l as g+ving
strain path in compression. F (secttom e r t
345cul minates in plotting of cablueasedr ect ed

to extract mechanical property values for the material.
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1 Following the vertical stress drop, the results show alnezar unload modulus
from the maximum strain down to a | ower
%. This unloading region is attributed deformation recovery by martensite
elasticity

T The wunl oad 0 p% otl% straid, ,is ndt flabimcorBpreSsion. The
stress decreases by approximat&2p0 MPa over the 2.6% reverse
transformation strain i ntretheraib reverken t hi
phase change from martensite to austenite crystal structure as compressive stress
decreases.

1 At 1 % strain, the material mainly consists of austenitic NiTi as well as plastic
dislocations due to the large loading strain excursion. Wdigato 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 (approximatelyotdlowing the6

% maximum strain loadnload cycle).

Figure 3-5 shows loaeunload tensile test results ftbhre 0.45mm wire (Lot F5298520) at
Room Temperaturea |l | owi ng consi der atensitecompredsivet h e n

asymmetry by comparison with figuged.

Compaing the results of figure-8 with those of figure -3}

T The o6effectived initial modul us i n ten
tension this initial loading region shows some 4tiararity. This is attributed to
the presence of fRhase(see refs (§ (11) for similar Rphase effectsjor this
material at room temperature, which has lower tensile stiffness than austenite
NiTi but similar compressive stiffness.

1 Stress induced martensite is initiated at a lower stress level in tension than in
compress n . I n tensi on, the Ol oading plate

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 frontin compression, phase change is diffuse, ooayr

more evenly throughout the material.

700
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8

300

Eng Stress (Mpa)

200

——0.45 mm wire tensile 23 C
100

0.0 10 20 3.0 4.0 5.0 6.0 7.0 8.0 9.0
Eng Strain (%)

Figure 35: Uniaxial tensilestressstrain results:0.45mm wire (Lot F5298520%ingle

load-unload cycle to 86 tensile strainat 23C (1 sample)

1 The phasehange &épl ateaubd region is shorter
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 téd} than in compression (up to%).

1 For unloading, the material shows stress hysteresis for both tension and
compression, with strain recery ocurring at lower stress levels. For each case,

the material unloads from its maximum strain with martensite elgstiotil it
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reaches a critical stress for reverse phase change. This occurs at a higher stress in
compression than in tension.

1 In tension, strain recovery by reverse phase change then occurs at a near constant
stress l evel, gi vi nThis mhasef dhange occwran with a d
|l ocalization, as transformation front (
pl ateaud is not flat as the reverse
throughout the material.

1 At approximately 1% strain following wloading, 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 iovestigate the effect of three loadload cycles to 6%
compressive strain at room temperatur e, r
during compaction. The results for one san{gR) are plotted in figure8-6. For clarity,

the results from the other two samples are omitted from the plot, though thiessegn

to be very similarFigure 3-7 thenshows the same results as in fig@¢6, but with the

residual strain from the previous cycle removed in each case. This allows easier
observation of the effects of cycling on stres®in behaviour. From cyclé, the

residual strain was 0.3%; from cycle 2, the additional residual strain was 0.25%.

The results in figure -8 show that in compression to maximum strains anticipated
during compaction (approximately 6%), there is some permanent set in the maierial d

to plasticity, giving residual strain of approximately 0.3% for each cycle. This means that
when stent rings undergo t-basedcampambi pn
material will experience some permanent set due to compressive loagiegkatnd

valley inner bend surfaces. Thpkasticity will have the effect of lowering stresses during
unloading of the material, thereby reducing radial fofideerefore, any radial force or

sealing verificationtesting of components or devices shouldude compaction strain

history.
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Figure 3-6: Test set &tressstrainresults: 1mm wire, three loadinload cycles to &6

compressive strain, at 17 (1 sample2B)
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Figure 3-7: Sample 2Bstressstrain results, modified from figure-8 so that strains

plotted from the origin for each cyde. Residual strain from previous cycle removed)
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Figure3-7, however, shows that this permanent set from previous cycles has little effect
on the stresstrain response of subsequent cycles, meaning that the essiver
stiffness of the wire materi al wi || not b

compaction cycles.

Figure 3-8 shows 3 loadinload cycles to £6 compressive strain &7 C room
temperature (test set 3)cadeewdihvesmp agattieon
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 figure3-8 show clearly that material expencing 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 samessagspath

and completes its unloading cycle at thigior

Eng Strain (%0)
-7.0% -6.0% -5.0% -4.0% -3.0% -2.0% -1.0% 0.0%

3Beyclel | -500
—3B cycle 2
—3Bcycle3 |

Eng Stress (MPa)

-1,500

=2,000

Figure 3-8: Test set 3tressstrainresults: Imm wire three loadunload cycles to 4

compressive strajrat 17C (1 sample 3B)

103



For comparison with te@6 | ar ge cycl ed ¢ ompB9I tkemshowse r e s |
results from a uniaxial teneil i nvestigation of 6compactic
temperature (28) that was performed on the 0.4%n NiTi#1 wire (Lot F5298520).
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Figure 3-9: Uniaxial tensile stresstrain resuls: 0.45mm wire (Lot F52985203hree

load-unload cycles to 8o tensile strain, at 2& (1 sample)

The tensile test results in figu®9 show that in tension thigh strains anticipated

during compaction (approximately%), there is little or no residual strain, suggesting
minimal permanent set in the material dueptasticity. As with compression, we see

that where maximum strain is |imited to t
deformation is fully recoverable and subsequent cycles can achieve the same large
recoverable strains. It is also interestingntate that there is a small decrease in the
loading plateau stressvel 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 lew stress following a cycle where stréssuced

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 usectharacterize the compressive stregain
response of the materi al at different 0i
body temperature (3C) and sterilization temperature (8. In order to makelirect
comparisons for both loading and unloading, the results have been grouped according to
strain excursion. Figurg-10 shows results from test sets 3 and 7, for testing/arax

U at test t €rapa&TCaFigure3dkthemshowslr@sults from test sets 1

and 4, fortestingto® max U at tesCard8Mperatures of

Eng Strain (%)
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Eng Stress (MPa)

-2,000
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Figure 3-10: Effect of test temperatumn stressstrain results from test sets 3 and 7
1mm wire, single loadinload cycle to 4 % compressive strain, at 17 C (sample 3B) and
37 C (sample 7A)
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Figure 3-11: Effect of test temperatun stressstrain results from test sets 1 and 4:
1mm wire, single loadinload cycle to 86 compressive straj at17 C (sample 1Band
37 C (sample 4B)

The compressive results of figurdd.0 and3-11 show an increase in initial modulof
9 GPa from compression at room temperature t€37 and an i ncrease in
stresses of arourtb0 MPa(7.5 MPalC ) . For unloading, the | ow
again approximatelt50 MPa higher at 3€ than at 17C, for both the 6 and 6%

maximum strain tests.

Figure 3-12 shows results from test sets 5 and 6, for testing td6.5max U at t
temperatureof 37 C and 55C. The results of figure3-12 show that the trends of
increasing modulus (~0BPa/ UC) and upper plateau | evel
55 C (maximum device sterilization temperature). However, in unloading there is less of

a differencebetween the two curves. This is liketybedue to increased plasticity at the

higher temperature (56) for material strained to 5%, causing it to unload along a

lower plateau. This increased plasticity at G5s also seen by the increased residual

strain (~0.35%) following unloading compared to the & curve (~0.0%% residual
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strain). It is expected that temperature comparison tests performed % rakimum
strain would show considerably higher unloading stresses in the material @t 55

compare to 37C, consistent with the temperature dependence results in loading.

Eng Strain (%)
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o

6A - 37C
=500
——5A-55C

-1,000

Eng Stress (MPa)

-1,500

-2,000

-2,500

Figure 3-12: Effect of test temperatun stressstrain results from test sets 5 and 6
1mm wire, single loadinload cycle to 5.8 compressive strajrat 37 C (sample 6A)
and55 C (sample 5A)

Tensile tests on Vascutekos Ni Ti #1 wir e
temperature dependence. Fig@r&3 shows results from tensile testing of O wire
(Lot F5298520) a3 Cand at 37C.

The tensile results of figur®13 show increased initial modulus from &Pa at 23 to

56 GPaat3 (~1 GPa/UC). The wupper and | ower p
100 MPa (~7.1 e &87CURDNthe farge stnainZ8cursion tests (up to

8%), there is greater permeat set at 3T (0.3%) than at 2% (< 0.2%).
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Figure 3-13: Effect of temperature on uniaxial tenssiieessstrain results: 0.45mm
wire (Lot F5298520jor single loadunload cycles to 36 and 8% tensile strainsat
23C and 37TC (one sample for eaaturve)

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, halpito mnimize 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 &5is likely to cause some plasticity
and permand set at the high compressive strain regions (inner bend surfaces of
peaks and valleys), which may affeetduction in stresses (and therefore radial
force) during unloadinglt is therefore recommended thalevant verification
testing be performed at73C on components or devices that have undergone

compaction strain and sterilization temperature@dsonditions.
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- Stent components will have higher bending stiffness when implanted in the body
(at 37C) than at room temperature, due to the higher teasitecompressive
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 hvivo performance.

3.4.3 Load Path Dependence

Test sets 4ral 61 10 were used to investigate the effect of loading history on the
unloading stresstrain path in compression at 87 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 differenumdaad
paths during compaction and deployment. Figg#ied shows an overlay of plots from

the different test sets.
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Figure 314: Stressstrain results from test sets 4, 6, 7, 8,/@4d0: 1 mm wire, single
load-unloadcyclesto various maximumompressivatrains,at 37 C (one sample for
each loadunload curve). Resulshow effects of loading history on unload path for

superelastic Nitinol in compression

109



From figure3-14 it can be een that for all compressive transformation strains up%o 4

in loading, the material unloads to a common unload plateau and then recovers its strain
with no permanent set. For increasing compressive strains beyniah doading, there

is decreasing unam 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
modul us in these results. However, i n th
I nv e st segian(3i4.8)it 6an be seen that the unload modulus decreases slightly

with increasing strain up to 4%, and then increases betwéemadd 6% loading strain

to a level similar to the initial austenite elastic modulus.

For comparison, figur8-15 showsresults from a uniaxial tensile investigation of load

path dependence at& t hat was per f ormeNMTi#iwreVascut ek ¢
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Figure 3-15: Uniaxial tensilestressstrain results:0.45mm wire(Lot F5298520)single
load-unload cycleso variousmaximuntensilestrains,at 37C (one sample for each

load-unload cycle)Resultsshow effects of loading history on unload path for

superelastic Nitinol in tension
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Thesetensile resultshow some similabehaviours for loaghath dependencas were

seen fo compression

When wloaded from increasing strains within the upper plateau region (up % 8
tensile strain), the material unloads with decreasing modulus to a common unload
plateau for superelastic strain recovery. There is minimal permanent seiriglistrain
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 86 strain), there is
increagd unload modulus andecreasd unload plateau level during tensile unloading.
There is also increadresidual strain upon full unloading, showing that the material has
undergone some plastic deformation and permanent kit dtigher maximum strain

level.

The above loaghah dependence investigation for nitinol wire in compression and
tension has implications for the behavior of stent components in bending
Superelastianaterialin large deflection bending components will have complex stress
distributions during unloadingyith 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.% stran (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 statéor a nitinol bending component during unloading mean that it is difficult to
predict how uniaxial tensile and compressive stsdssn 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
radi al force and O&6pul satil e | ordoddplatgpd st i f
stress levelThis requires further investigation in order that an optimed gpecification

might be identified in future
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Regions that have undergone strains beyond the upper plateau lih%ié Compression,

> 8 % tension) in their loading history will experience some permanent set, wilich

affect subsequeninloading streslevels andnay affectfatigue 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 @ Cycling in Compression

Test sets 11 13 (Table 32) were performed to characterize the cycling behaviour for
different levels oftp loadu nl oad cycl i nagfromthe entbadibgestressvd  (
strain plateau) at 3€. This is important for understding the material response te in

vivo pulsatile loading, which is a key consideration for fatigue safety and device

durability.

Figure3-16 shows the results from test setd{2% @&U cycling 6from be
1t 10", 20" 50" and 108" a0 cle yighlighted 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-2 6 pl ot s, i t can -uUnlead sydecinvolvesh at e ¢
a hysteresis loop including upper and lower plateaus, showing that forward and reverse
phase transformation is occurring for each cycle. As has been discussection 2.2:

Literature Reviewnf Chapter 2this would be expected tode to low fatigue resistance.
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Figure 3-16: Cyclic stressstrain behavior of 1mm NiTi wire at 37 in compression:
100 cycles a2 % peakto-p e a k & U d u r (Testet Liinsampe diCh g

Considering the differers8Jcycles cycle 1 showsanincrease in stress up to a loading

pl ateau that is | ower than the upper pl at e
showing thatphase 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 (se8&ection 3.456 Fr i ct i on Il nvestigat
analysis), and then unloading along a lower stress plateau similar to the original
6compact i on(Motecthatcemeval bf éest @d 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 stresstrain path of the cycling material has changed, with a less
pronounced | oading 6plateaud rising to the

@&U cy c lraportgd prewosisly by Schlunn et al in r@6), During unloading, there
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is a slight drop in the plateau level compared to cycle 1. These behaviours show that the
materi al undergoes cyclic softening betwee

From cycles @ to 100, the yclic behavioris stable, with consistent loathload paths.

Following the 100 cycles, the material then unloads to O stress along a lower stress
pl ateau than was expected from the iInitia
residualstrain (0.6% compared with 0.0%6 seenfor sample 6Ain figure 3-12). This

shows that the cycling has caused permanent set in the material.

FE analysisb Vascutekds stent components (not r
cycles are far higher than would be expected due-tvim pulsatile motion. These FE
simulations suggest that m a5% ifomau stent cing @ kp r € S S |
worstcasepul satile cycling conditions. I n fact
to component behavior during repositioning of the device during the implant procedure,
where there are unlikely to be more than three -lo@ldad cycles. Therefore, it is
consdered that the test set 11 results (figBvES) arelessrelevant to high cycle fatigue

performance of the implanted device.

Figure3-17 shows results from test set 1291 @&@U cycl i ng o6fr3m bel o
10", 20", 50" and 108" 20U ¢ y cigheed th invgstidate evolution and stabilization of
the cyclic response. Results from one sanip®C) 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, altlmrghs 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 armhdinly for each

cycle, which exaggerates the size of the hysteresis loops. The corrected results in figure
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326 of the O6Friction
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Figure 3-17: Cyclic stressstrain behavior of 1mm NiTi wire at 37 in compression:

100 cycles at %o peakto-p e a k

@&U du r(Test@et I2nsampie dACh g

An important finding from the above results is that thgponse istable from 1 to 100

cycles, suggesting

recoverabl e

def or mat.i

is also seenn the minimal residual strain (0%) following full unloading after 100

cycles. Again, though,this 1% @&U ¢

ycle | evel i

S

hvivay h e r

pulsatile loading, and is thereforeonsideredless relevant to high cycle fatigue

performance bthe implanted device.

Figure3-18 shows results from test set 13 (%4 &0 cycl i ng

10", 20" 50" and 108" e U

cycl e
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the cyclic response. Results from one sanipd€) are plotted, as the other two sample

resultsin the test setvere seen to be almost identical.

Eng Strain (%0)

-7.00 -6.0% -5.0% -4.0% -3.0% -2.0% -1.0% 0.0%

13C
.—wtle 1 = &
| ——cycle 10 f f
——cycle 20 J‘{//
| ——cycle 50 -1,000
| ——cycle 100

-500

Eng Stress (MPa)

-1,500

-2,500

Figure 318: Cyclic stressstrain behavior of 1mm NiTi wire at 37 C in compression:
100 cycles at 0.2 peakto-p e a k U d u r (Test@et Li3pshpled 3C) n g

The figure 318 plot shows the stresstrain path that is taken by the Nitinol wire
materi al when it 'S compr es s%,dunloaded taa hi gh
6depl oy me n3 %) ardttherardonded(te- a slightly higher strain- 3.4 %)

before undergoing 0.4 unloadload cycles.The path the material takes as it is re

| oaded bet ween the O0deploymentd strain o]
demonstratestiff elastic deformatiorrather than the compliant deformation seernngdur

reverse phase change (lower stress platd@4ig.is an important characteristic of nitinol

for designing fatiguesafe stent componentgroviding the componentwith radial

resistivestiffness to limit cyclic deformation due to vessel pulsatile loading
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In terms of the effects of cycling on the material, fig8¢&8 shows that at 0.% &U
level, the responsés stable from cycles 1 to 100. This is important, as it means the
mat eri al 6s r el e wsraintbehaviorfoploadirg ard wrdoadsng due te s

pulsatile motion can be characterized from a single-loadl o ad @aU cycl e.

Considering the cyclic path shapefigure 318, each loaeunload 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. FiglB#® 7 i n tmel H\Festcitgat i
section shows the o&écorr ect eaddastic leaslingl ands , w h
unl oading at t his &0 level . These resul't

anticipated pul sat i | ®%)lthe enatariad will lead and untbado n' s (
with linear elasticity and will not undergo phase change with @alsatile cycle. These
characteristics are desirable for fatigue resistafdgain, the stability of the cycling and
the low residual strain (~0.%) foll owing full unl oadi ng s

cycling causes little or no permanent set in théens.

For comparison, figure8-19 and3-20 showtensilestressst r ai n pl ot s f or

Ni Ti #1 wire material including &0 cycling

From figure 319 it can be seen that a8d aeytlingé f r om bel owd sisher e i
loop including plateaus beyond®% &eU i n | oading and unloadi:
aU >%, Phage change is occurring. It is also interesting to note that the upper plateau

of the cycling material is lower than the original upper plateaueofttb c o mpact i on
As with the compressive tests, this shows thatpih@se change is being initiated in

tension at a lower stress when the material-leaded from the lower plateau.
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Eng Stress (MPa)

Figure 3-19: Uniaxial tensile stresstrain plotwith single 1% peakto-p e a k
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Figure 3-20: Uniaxial tensile stresstrain plotwith ten 0.5% peakto-p e a k
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Inthi s test, only one @&@U cycle was perfor me
before phase change is initiatedound to be 0.%%. Therefore, no conclusions about

cyclic stability can be drawn. However, it can be seen even from this single cycle that
somecyclic Ohardeningd is occurring, as fi

unl oad stress plateau path than that seen

Figure3-20 shows uniaxial tensile testing performed previously at Vascutek wit 0.5

@U cyclingd.ofTeorm sl oywc |l es were used prior
show that at this a0 level, al |l cycles h
between the initial austenite modulus and the martensite unload modulus. There are no
plateaus or hysteresisops, 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 Joalbad path is stable. The stability of the

cycling moduls means that for material characterization, the results from the first cycle

can be used when considering pulsatile fatigue resistance (as was seen%or @4J

cycling in compression).

3.4.5 Friction Effect Investigation

In all of the above uniaxial compression test results, the sthe8s curves show a
vertical drop in stress when changing from loading to unloading. It was considered that
this was not a effect of the matrial behaviouitself, but was likelya resultof frictional

forces in the wire holders. It was therefore decided to investigate the presence and
magnitude of friction forces in the test -sgt, 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 thepssiown
infigure3-2 and controlling the displacem®ent to
strain during loading and unloading. This was performed up to a maxind@maninal

strain. At zero | oad and at each subsequ
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manually slide the stabilizing sheath (shown in fig8u®) relative to the top and botto

hol der s. This test was repeated -paul56 and
Extreme high temperature aisiize compound) on three different samples. In every
case, it was found that the sheath would glide freely over the holders at theazkro lo
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 holdess.
behaviourwas found whether lubricant was used between sheath andshotdeot. In

fact, even at 5N applied compressive load (strain < 04), the sleeve could not be
easily moved by hand. It is therefore considered that when thenInitinol wire is
compressed using the agi shown in figure§-1 and3-2, there is friagbn between the
stabilizing sheath and the holder cylinders that will affect the-ttedlection results (and

the derived stresstrain results). Figur8-21 shows a schematic diagram explaining the
likely reason for these frictional forces: angular mgainent between the top and
bottom holders.

Compression Testing Friction Issue:

AL

Intended set-up Actual set-up

Figure 3-21: schematic diagrams showimgended setip (left) with ideal alignment of
compresive test +up(gghtewithdsonterdegiee of amguiarl d 6 s et
misalignment between top and bottom hadderhich 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 deasid 7

10 from table3-2 were repeated, with the exception thatséonddo d we |l | s 6 wer e
hold the sample stationary at certain positions during loading and unloading. The
purpose of this was to investigate whether the applied force would changenetien

was stopped and+&arted, and to quantify these force changes. The assumption was that
when motion was stopped, the O6staticd st

the compressive stress of the material sample itself at that displaqeosdion.

Figure 3-22 shows the stresstrain results from these tests performed at room
temperature (17C). For samplesl to 3, dwells were used every%2 nominal strain
during loading and unloading, with maximum strain ¢f6Forsample4, dwells vere
used every 26 nominal strain during loading to% and then every % nominal strain

during unloading.

Eng Strain (%)
-7.0% -6.0% -5.0% -4.0% -3.0% -2.0% -1.0% 0.0%

-~ friction test 1
friction test 2
friction test 3

- friction test 4

-1000

Eng Stress (MPa)

-1500

-2000

-2500

Figure 3-22: Compressive stressrain curve for friction investigation: 1mm wire,

a

single loadunload cyleto6% compr essi ve &t r@@sdnples)t h o6dw

Static 6dwell 8 points are circl
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Figure 323 shows the stregsstrain results from friction investigation tests at 37 C to
various strain excursions, with dwells used every 1 % nominal strain during loading and

unloading.

Eng Strain (%o)

7.0 -6.0 5.0 -4.0 -3.0 -2.0 -0 0.0

-500

-1000

Eng Stress (MPa)

-1500

-2000

-2500

Figure3-23: Compressive stresstrain resultsfor friction investigation: Imm wire,
singleloadunl oad cyles to various,at3d@pressi ve
samples, one sample for each maximum str&irt).at i ¢ 6 d weeenlbpverficali nt s

stress changes on plot

The friction investigation results of figur822 and3-23 show that during loading, the
measured (applied) force drops when displacement is stopped. During unloading, the
force increases when displacement is stopped. Thesectwioges 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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't foll ows t ha tfitdidfadd t ih 8vedf{.e.tisplacenoent is Stapped)e 0 F
it will take aalicOweéo édpphnee tbecé&odEe fro
i nternalmakd remsds esatétiFrsfy the foll owing cond

Fapplied = Fmaterial

For unloading
Forcompressive unloading displacement to occur:

Fmateria> Fapplied+ Friction unload

't foll ows t hathritd dhioadt hies frie. oisphomdent(§ or ce OF

stopped), it will typpdde tao Ibiad heomthe ghlei d drfca
material 6s ivmdi@rantd sbdtriesbegstlo& foll owing
equilibrium:

Fapplied = Fmaterial

Having gained some insight into the effects of friction in loading and unloading, it was
decided to useathendfticct32dad3idd) o guarfifif g gur e s
the test rig friction forces so that the previous compression testing results could be
6correctedd to give a better representatio
values toresel focotheésct i bond, 322bre3-28wasa pr es
used to find the % stress change at each 6
tests were then used to define a representative % stress change value for each nominal

strain inloading and unloading. It was found that these values could be categorized
according to strain range, corresponding t
compressive stresstrain curves. Tabld3s hows t he resulting 6% s

against strain range region.
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Strain Range Loading / Unloading % Stress Change

07 1.5% L 6.75% Z

1.57 3.8 % L 10% Z

3.81 6.3% L 72% 7

6.31 3.6 % U 8.6 % V¥
3.67 1.2 % U 12.5 % ¢

1.27 0% U 6.75% V

Table3-3: 0% stress changed correction val ue:
testing, for estimation of material compressive props without the influence of test

rig friction
These correction values were then used to modify the results data from the original tests
listedintable3-2, yi el di ng <&taio curvesdor testdsets kto 13 eFmn&re

24 s hows résualts fromeest sets@ and 3: compression testing@t 17

Eng Strain (%)

-8.0% =7.0% -6.0% -5.0% -4.0% -3.0% -2.0% -1.0%% 0.0%
0
—2B corrected
[T=38comected 500
=
o 8
"
<
&
[£]
-1,500 oo
=
=
2,000
-2,500
Figure3-2 4 : 0 c cstressstrain resditd for test sets 2 andf8om data modified to

remove test rig friction forcedmm wire compressive loadnload cyclesat 17C
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Comparing figure3-24 (corrected) with figure$-7 and 3-8 (original), removal of

friction effects has decreased initial loading modulus, upper plateau |&Vébading

modulus and ? unloading modulus, and has increased lower plateau levels and final

unloading moduli.

Figure3-2 5
testing at 37TC.

-7.0% -6.0%

—set 10 corr
—set 9 corr

——set 8 corr

——set JAcorr |

——set 6 corr

—setd4A corr |

Figure3-25:0 c o r r sresssteadh fesults for test sets 4 and1®, from data modified

to remove test rig friction forcedmm wire compiessive loaeunload cyclesat 37 C

Comparing figure8-25 (corrected) with figur8-14 (original), removal of friction effects
has again decreased initial loading modulus, upper plateau 18¥ébagling modulus

and 29 unloading modulus, and has incredhi$ewer plateau levels and final unloading

moduli.

shows

-5.0%

6correct edd -10 ef mhleB-2: somgrassmom

Eng Strain (%)

-4.0%

-3.0%
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Figures3-26 and3-2 7

show O6corrected®
1.0%and 0.2 @&U cycl i c

resul3t2sforf r om

t e s t G. Rog cladty, only thelared 10w 6 a t

cycles are shown in each case. The main findings from these corrected plots are that

stress plat

(seenin figure 3-26). For

eaus and hysteresis

ar e
the 0.4 @U c vy c | 3-27)gthe(materigl pattecan be

% vi den

considered linear elastic, with stable cycles of magl@5 GPa. These results suggest

that at cycl%cofaalorm ebveell w6

iOn 5compr essi on,

not occur, with cyclic loadinload deformation being accommodated by austenite and

martensite elasticity.

-7.0% -6.0% -5.0%

12C load-unload (corr)
——cycle 1 (corr)

——cycle 100 (corr)

12C final unload (corr)

Figure3-26 : O cor r e c tswedsstraiomotrigr L % geakiop e a k

Eng Strain (%)
-4.0% -3.0% -2.0%

-1.0%

0.0%

-500

-1,000

-1,500

-2,000

-2,500

Eng Stress (MPa)

U

O0f r om: bnarl wireyad37C. The results are produddrom data modified to

remove test rig friction forces.
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Eng Strain (%)
-7.0% -6.0% -5.0% -4.0% T -30% -2.0%

13C load-unload (corr)
—cycle 1 (corr)

——cycle 100 (corr)

13C final unload (corr) f

-1.0%

0.0%

=500

-1,500

-2,500

Eng Stress (MPa)

Figure3-27:6 cor r e c t e d $tressstaimplot rs0xPhb peakto-p e a k

U

cycl i

60 f r om: Imenlwoeatd37C. The results are produced from data modified to remove

test rig friction faces

3.4.6 Compressive i Tensile Stress-Strain Plots

From the results presented in this chapter, it is useful to plot the compressive and tensile

stressstrain results together, giving a clear representation of the teosilpressive

asymmetry. In ordethat these plots can provide relevant values for material modeling

(as will be reported in Chapter @)e stress and true strain valwesre calculatedrom

the nominal data using the following equations:

Q’ue: ([ nor@ 1
Urue = nokh ™ ( ;om) +

+

o

U

o

U

Figure3-28 showshe (true) stresstrain results for the material in uniaxial tension and

compression at 3C.
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I I *

—set 8 corr

——set 7A corr

—set 4A corr
—045tensto 3%
—045 tensto 8%
——045 tensto 10%

-10% -8% -6% 0%

True Stress (MPa)

True Strain (%)

Figure 3-28: Uniaxial tensile andcorrecteddcompressive true stresgrain resultsat
37 C: from tensile testing on 0.45mm wire and compressive testingron Wire.The

plots show loadinload cycles to various maximum strains.

The high strain tensile plots from figure28, from testing performed at Vascutek, were
compared against data fromo r t Wayne Metal sd (FWM) Cert
(CoC) for the material. The FWM testing involves loading the material to 8% nominal

strain, unloading to zero and then loading until failure. Fige28 8hows the FWM plot

up to 10% strainoverlaidwih t he hi gh strain tensilHee pl ot
results show good agreement faitial elastic modulus and for stress plateau levels.
However, the Vascutek results show greater residual strain after unloading frgm 8

and al so sHowadi hgweo d@dnorsiral stam yhanrthe: FVEM

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 29 modulus and for residual strain after unloading fron%8 for use in

material modelling (as will be reported in chapter 6). The unload stress plateau values
from Vascutekdéds high strain testing are st
slippage

1200

—045tens to 8% /
1000 /

—045tens to 10%

—0.45mm tens FW Co( / 4
800

A
/"\,/ /
_ /Mé\/\ 7/ /
§ 600
7 4 /
% /
v 400 =
= V"’V/\.’ =] /
200 / /; T

Y

0% 1% 2% 3% 4% 5% 6% 7% 8% 9% 10%
True Strain (%)

Figure 3-29: Uniaxial tensile stresstrain resultsat 37C: from tensile testing on
0.45mm wire, performed at Vascutek (blue and purple plots) and at Fort Wayne Metals
(red plot).

Figure 330 showsplots of uniaxial tensile and corrected compresstata from the

Nitinol wire testing at Room Temperature (C7for compression23 C for tensior)

reported here, with results converted to true stress and true strain

129



——2B corrected
. ||=—3B corrected
——045 tens to 3%
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=045 tens to 10%
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6% -4
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uuuuu

True Strain (%)

Figure 3-30: Uniaxial tensile andtorrecteddbcompressivérue stressstrain resultsat

Room Temperature: from tensile testing on Omb wireat 23 Cand compressive

testing on Imm wireat 17 C The plots show loadnload cycles to various maximum

strains.

3.5Improved Compression Testing Approach: Initial Feasibility Testing

and Results

It is clearthat future compression testing on Nitinol wire should focus on elimination of

the friction forces due to the test -sgt reported in this chapteffo this end, a

alternative testing approachas investigatedwhich eliminates the requirement for

lateral support holderdnitial feasibility of this approach has been performed by the

author at University of Strathclyde collaborationwith another PHD student.
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The proposed improvedompression test method uses a smdaimeter6 e qui val ent
processingd c¢ o mpguttea shorolengthyiveng & suitabée /g fate to

avoid buckling or shearFor feasibility testing, 1mm diameter samples were
successfully cut to lengtlef 3 mm using EDM machining, giving engerpendicular to

the wire axis.In the feasibility test saip, he miniature test sampleas held (with

tweezers) between the compression plateb®tiniaxial LoadDeflection test machine
(described below)and the platesweremoved bgether until a sadl preload wa applied

to holdthe sample in place. Lubricant svased between the sample ends and the plates,

to allow lateral expansioof the endgluring compression.

Essentially, this approadk a scaleetd o wn ver si on of t hdulkdél ar ge
materiab compressivetesting approach used by previous investigaterg. (4), (19),
(21)) as described in Chapter Blowever, the Literature Review found no previous
reports ofthe proposedmall diameter, short sample length compression tesfirg
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 endffectson the compressive results
On the first point,a review of the equipment available at University of Strathclyde was
performed and two potential candidates were fdondeet the required specification for
superelastic compression testingadf mm x 3 mm NiTi wire samples, as outlined in
Table 3-4 below. On the second poinit, wasproposed that isitu microscopycould be
used during compression testing to capture the shape change of the sample, and to assess
whetherany6 b a r roe buckiingd@formationoccurs.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 Instron 5969series | DebenMicrotest
Specification (ref 64) 2000 (ref65)
Stiff support frame Electromechanical | Electromechanical | Electromechanical
system (not (180 KN/mm)
hydraulic)

Test type (quasi) static (quasi) static (quasi) static
Require
compression clamp
option

Max force > 1.5 kN 50 kN 2kN

Position control | <3u (0.1% strain) | 0.0268u unknown

Displacement < 0.3u (1% of 1%| +10u position| Resolution 34,

measurement strain) measurement accuracy 10p

resolution accuracy (*)

Minimum  speed 0.018 mm/min 0.001 mm/min 0.033 mm/min

(for 10%st strain

rate)

Operating 1071 37C (107 60C| 1071 38C -20  to  +160C

temperature range preferred) possible with Peltie
heating

*Following further discussions with Instron, it was found that displacer

measurement control can be improved by attachment of aDTL¥ccessory fo

compressive testing. Purchase of this accessory would allow the Instron 5969 ma
meet all the requirements of the specification.

Table 34: Required specification of equipmdno r pr oposed 6és mal
sampl e 6 oo testingraedspgecification of equipment available in University of

St r at h cvancet déatearialsAResearch Lab (AMRL)

The Deben Microtest 2000 tension / coeg®ion test stage is shownfigure 331. To
enable the short Bim sample to be tested, cprassion plates were made and attached
to the test stage. These plates were-treated to have a hardened surface to avoid
deformation of the plates themselves during testsgno heater was available for this
equipment in the AMRL, the feasibility t&#sgy was onlyperformed at ambient room

temperature 023 C.
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POSITION ENCODER

A COMPRESSION PLATES MOVING I
2KN LOAD CELL i | ATTACHED HERE ‘CROSSHEAD’ i

Figure 331: Deben Microtest 2000 tension / compression test stage

The test stage with thel mm x 3 mm NiTi#1 compression sample was set up in the
SEM equipment and displacement control wssd to move the cro$®ad by 0.2Inm,

to give a nominal compressive strain o4, Figure 332 shows SEM images with
measurements of the undeformed NiTi sample ahdhe compressively deformed
sample after 0.2Imm crosshead displacement. These imaged @easurements
provided two important results. Firstly, the compressed sample is uniform in width along
its length, showing thahe ends have been able to expand laterally, with no evidence of
barreling or buckling of the sample. This provides confidetice the sample is
undergoing pure compressiodealing 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 3/8 engineering strain, for ¢h0.21mm
crosshead displacemerithis 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 testdwo
therefore need to implement a suitable method of sample strain measurefoent

exampleusingDigital 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. Uneformed 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
materi al under compression, which would al
stress values derived in the preceding seckigure 333 shows the true stress plaokte
against the crosshead displacement for thi
shape can clearly be seen, showing the effects of forward and reverse phase

transformations, with loadnload stress hysteresis.
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Figure 333: Uniaxial compresse stresglisplacement results fdrmm diameter x

3mm length wire sample, tested at 23 C using Deben Microtest 2000
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Figure 3-34: Compressive test results of figur83 reproduced with lines overlaid to

True Stress (MPa)

identify transformation stresses at line iner8on points
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In figure 334, 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 toiolkay parameters frorthe
6corrected compressived results reported i
9andtable&). The transformation stress results
the Deben Microtest resultse shown below imable 35 for comparisonNote 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 Parametel Fr om 6corrte¢ From new ON

at Room Temp of previous test method method results
(MPa) (MPa)
Loading 6plateaud st 700 720
Loading 6plateaud fi 975 980
Unl oading 6pl ateaubd 560 650
Unl oading 6épl ateaub 350 480

Table 35: Transformation stresgalues found fronrd Deben Mi cr ot est 6 co

testing, compared against values found fr

Additional testing was performed using the Deben tester with dwells included during
loading andunloading, to see if load drops (during loading) or rises (during unloading)
would be observed with this test-sgt. 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 %, the forward transformation stress values (during loading) match

closely, giving evidence #t the corrected stressrain results in loading give a good
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representation of the true material behavior. For the reverse transformation, the new
OMi crotestd method returns considerably hi
corrected resultsThis suggests that an even greater correction factor should have been
used to account for friction and misalignment effeising unloading in the previous

results (figures 24 and 330).

Despite these differences for the unloading results, fordomsis cy t he O6corr ec
of figures 328 and 330 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 fonéwetest. Clearly, though, future effort

should be made to address these issues so that this promising new testing approach can

be advanced.

3.6Conclusions
The compressive tests reported here, together with relevant tensile test results, have
allowed invefigation of superelastic nitinol wire relevant to thesarvice 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 propeds to thin nitinol wire (0.1to 0.45m di amet er ) wused ir
stent components. This 1mm wire was used for compressive testing/tostain

without buckling, using a 19.5nm length in holders designed to prevent lateral

movement.

In the particula test seup used, any angular misalignment in the wire holders leads to
friction forces affecting the measured ledeflection (and derived stresfain) results.

By investigating and accounting for these friction forces, results were obtained that
bete r represent t he madranrrespohséAdditiana fegsibiléys s i v e
work using a new compression test methetth short material samples to avditke

problemsassociated with wire holder frictiorhelped 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 materi a
also provided stresdisplacement dat&or validaion oft he &écorregsionedd c
resultsobtainedin this chapteinitial results fromthe new methodshow this to be a

promising route for future compression test development.

The testing reported in this chapter has led greater understanding of the particular

Nitinol materialunder study, yielding important knowledge for its use in stent design

and developmentCompressivaensile asymmetry of the Nitinol material can clearly be
seen from the results. I n compression, t h
tension aroom and body temperatures, due to the presence and effecishec® The
material 6s forward phase transformation (
stress in compression than in tension, an
length (representing the total transformation strain) is shorter in compression, meaning
that plastic deformation starts to occur at a lower strah%in compression compared

to >8 % in tension). For unloading, the unload moduli are higher in comenetan in
tension, and the superelastic unload stre
also higher in compression. The tensitenpressive asymmetry is important to consider

for stressstrain analysis of bending nitinol components, as wikdsen in chapter 5.

Compaction of stent ring components is anticipated to involve maximum compressive
strains in excess of % at certain regions of the wire, therefore causing permanent set in
the material. This could have affect on radial forceandit is therefore recommended
that radial force or sealingerification testing is performed on components or devices

that have undergone representative compaction strain history.
Worst case compaction history of 3 compactions at room temperature isaaticip

cause loadinload cycling up to 86 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 sdd.690) and has o effect on the
subsequent compressive strefigin response in loading and unloading. Again, though,
verificationt est i ng of component-ca sd@oogssig.i ncl ude
The stresstrain response of the nitinol wire in compression is lsidamperature
dependent. In the range 17 to 55C, initial modulus increases by 0.5 GPa/C and

upper and lower stress plateaus increase~by.5 GPa/C. This means that stent
components will have higher radial (sealing) force and resistance to pulsadieg at

body temperature than at room temperature, and therefore simulated use testing of
devices should be performed at representative service temperature. GAttbére is
increased permanent set following high strain loading %) compared to re#ts at 17

or 37 C, which is significant for sterilization of compacted nitinol components. In terms

of design of devices, this means thelevantverification testing should be performed on
components or devices that have undergone representative temgpesat strain
processing history to simulate the effects of sterilization on a compacted device prior to

deployment.

Investigation of loaghath dependency for the nitinol wire in compression shows that if

the materi al i s |l oadeagppep pbatammayu @ trraan gue
compressive strain), it owi | recover the
phase change is reversed. If the material is loaded to beyéhdampressive strain,

further deformation occurs by martensite elastieitd plastic dislocation movement,

resulting in permanent set. This plasticity has three effects on the stti@asresponse

during unloading: firstly, it causes an increase in the unloading modulus; secondly, it
causes the material to unload alongwé&r &éunl oad plateaub6; thi
strain upon full unloading. Each of these unloading effects is increased with increasing

maximum compression strain in the range&%.

In compression, the nitinad&dJcycl i ng behaviour ofrom bel

follows a linear elastic strestrain path with modulus between the initial austenite
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loading modulus and the martensite unloading modulus, as losj as< %0At this

lowadd | evel, d esfwathroum phtage dransfoon@mtoom, showing no hysteresis

|l oop in the cycle path. Al so, for these st
cycle. This small deformation cycling is relevant tevimo pulsatile performance of

stent components, wier ma xi mum compressi ve @WoThe are a
fact that deformation is linear elastic for these small cycles in compression is desirable

for fatigueperformancef the stent components.
As has been seen, the uniaxial testing of nitinolewiras resulted in a clear

understanding of theensilei compressivédbehaviours and stressrainvaluespertinent

to stent component performance.
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Chapter 4: 3-Point Bend Load - Deflection Testing

4.1 Background

For endovasculastent graftdevices, the service loads will primarily subject the nitinol
components to bending deformations. It was therefore decided that experimental bend
testing should be performed¢gpai n a better under sserdcedi ng
behaviour. The bend testsults vill also be useful for validation ofiaterial modelshat

will be created using the tensile and compressive sstegsis results reportad Chapter

3. The validation of these models for Finite Element Analysis (FEA) simulations will be

reportedm Chapter 6.

It was decided that symmetricalp®int bend testing would be performed, as this would

give a reasonable representation of how Nitinol wire is loaded and unloaded with large
deformations ithe caseoVascut ek ds st ent eseiling@mporeny) on e nt
the peaks and valleys of the rings undergo maximum local curvature changes during
compaction and deployment, while irp8int bend testing there is maximum curvature

change at the central indenter position of the beam as it is ddfl@ct&dmm and 0.45

mm wire sizes were chosen for the bend testing, representative of smaller and larger

wires in the diameter range used for Vascu

4.2 Objectives
The main objective of the-Boint bend testing is toharacterizehte bending behaviour
of thin nitinol stent wireunder service conditions, including relevant operating

temperatures and cycling regimes.

In order to achieve this objective, the following safjectives were identified for-3

point bend testingf wire:

141



- At room temperature, characterize the L@zeflection response up to large
6compactiond bend defl ections
compaction

- At room temperature, investigate the effect of additional-losildad cycles to
| arge cddcompa bend defl ections

compactions

, represer

) represe

- Characterize the loadef | ecti on response in bendi

temperatures: room temperature (23and body temperature (€.

- Characterize the cycling behaviovorfsmallg loadunl oad <cycl ing

b e | a.evduring unloading) at 3T: this is useful for understandingtvd r e 6 s

bending response to-iivo pulsatile loading.

An additional objectiveof this workis to obtain experimental LoaDeflection data for
represatative wire material that can be used for validation of constitutive material

modek for use in FEA simulations.

4.3 Equipment and Methods

4.3.1 Testing Machine and 3-Point Bend Attachments

3-point bend Loaddeflection testing was performed using a B&dectroforce 3200
machine. This benetop machine uses an electromagnetic linear motor for high accuracy
uniaxial displacement, and is capable of static or high frequency dynamic testing. For the
present quasstatic 3point bend testing of thin nitinol wes, this machine was chosen
due to its suitability for lowforce testing, with availability of load cells as small as 2.5

N, and for the ability to test at elevated temperatures using the watecba#isory

For testing of 0.45mm NiTi#1 wire, suital® 3point bend pin attachments were

available, supplied by Bose. The machine and attachments are shown id{figure
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Figure 4-1: Bose Electroforce 3200 test machine with water bath (left) and adjustable 3
Point Bend attachments used for Ombn wire testing (right). The photograph here
shows a single strand of 0.4%m NiTi#1 wire (Lot F5298520) in®int bending.

The pin configuration and deflection range used fpoidit bend testing of the 0.4%m
wire are shown schematically in figurd-2. This setup was designed to ensure the
material would be subjected to large axial strains in bending, typical of compaction,

while minimizing shear strainslgetoal ar ge O s parfs elcdan gptnhal: acre@ds

@ 4mm

Figure 4-2: schematic diagram ofBoint Bend setip for testing of 0.45miNitinol
wire, showing indenter pin displacement range-a06nm for deflection of wire to

|l arge O0compactiond strains
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For testing of thinner 0.14nm wires, custom -point bend pins were designed and
manufactured foattachment to the machine. These attachments are shown in4ig8ure

The pin configuration and deflection rarg@shown schematically in figu4.

Figure 4-3: 3-Point Bend attachments for 0.f#m wire testing. The photograph shows
10 strands of @4 mm NiTi#1 wire (Lot F5208630) in@int bending.

@ 1.3mm\-
v 1.3mm/. 10'3““”‘ .\
Po3mm

@ 1.3mm

—>

6mm

I
<

Figure 4-4: schematic diagram of-Boint Bend seup for testing of 0.141mNitinol
wire, showing indenter pin displacement range-8fr@m for deflection of wire to large

6 compact i ohe $rface tadius df cusvature of each pin is 0réH.
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\6load cell led to a large amount of noisehe results.
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Therefore it was found to be impractical to performp8int bend testing on a single
strand of 0.14mm wire. To solve this problem, testing was performed with multiple
strands of the 0.14nm wire sideby-side, giving LoaeDeflection (L-D) results with
minimal noise. The ID 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, viNitinol wire having greater bend dtiess at
higher temperatures. The number of wire strands used for each test is shala4l

oft he 06 T section belbwa n 6

For testing of 0.45nm wire, good results could be obtained for a single strand of wire

using a 1N load cell.

4.3.3 Test Conditions

Bend testing was conducted both in air atCand in water at 3C. 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 softweoatrolled heater wagsed to maintain test
temperature at 3C. Although he temperature of the specimen itself was not measured
during testing the ambient test temperature (of air or water) was monitored and

controlled to within + 1C.

The testing was performed using dig@mentcontrol of the indenter headwith 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 startspmn. Results were later corrected to position the

loaddef |l ecti on curves start point at the or

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

intable4lint he &6 Test Pl and section bel ow.

4.3.4 Test Sample Material

0.45mm sample wirgLot F5298520) and 0.1sdhm sample wire (Lot F5208630) were
used for 3point bend testing. SuppligiFort Wayne MetalsTertificate of Conformance
data for these batches can be seetabte 31 of Chapter 3. These wire sizes were
chosen as they represetmdrdeter sizes at the upper and lower endt®fangeused by
Vascutek for device componentll wires in this range have the same specification for
uniaxial tensile stresstrain properties, and therefore these wires can be taken to

representallwiree sed i n Vascutekds nitinol compone

4.3.5 Test Plan

Table4-1 outlines the testandertakerin order to meet the objectives foip8int bend
Load-Deflectiontesting as stated in section 4.Zhe maximumdeflections usedhere
were chosen based on inittesting of both wire sizes to find the deflections required for
the wire to exhibit superastic bending behaviouThis behaviour could clearly be seen
from the LoadDeflection results plots, withihe intial elastic stiffnesg$ollowed by
compliant defomation due to phase changeen by the deflection proceedingh little

or noload increaseFrom the previous chapters, it is known that ttosstant force
phase transformation behaviour occurs at strains above 1.2% in tension and
compressionFor the0.45 mm wire, it was found thatBoint Bend deflections > 5 mm
would allow thissuperelastic bendingehaviourto be clearly observe@nd eflections

as high as 10nmm were used to investigate the effect of large bend deflections,
representing the behawir of a stent wire during compaction into a delivery shdath.

the 0.14 mm wire, the 3Point Bend pin configuration and deflections were

approximately linearly scaled down from the O wire setup, as there is a liae

146



relationship between maximusdrain 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 Temp | Wire | Load | No. Description Displacement $eps | Speed
Set © dia Cell wire (mm/s)
name (mm) | (N) strands
045 23 0.45 | 10 1 Load to10mm Load to 10mm in 10s| 1
3pbl deflection unload | Dwell for 5s
to 0 (1 cycle) Unload to 0 inl0s
045 23 0.45 | 10 1 Load to10mm Load to 10mm in 10s| 1
3pb2 deflection unload | Dwell for 5s
to 0 @2 cycles) Unload to 0 inl0s
Dwell for 5s
(x 2 cycles)
045 23 0.45 | 10 1 Load to5mm Loadto 5mmin5s |1
3pb3 deflection unload | Dwell for 5s
to 0 (L cycle Unload to 0 irbs
014 23 0.14 |25 10 Load to3mm Load to 3mmin6s | 05
3pbl deflection unload | Dwell for 1s
to 0 @ cycles) Unload to 0 irs
(x 3 cycles)
014 37 0.14 |25 6 Load to 3mm Load to 3mmin6s | 0.5
3pb2 deflection, unload| Dwell for 1s
to 0 (1 cycle). Unload to 0 in 6s
014 37 0.14 |25 6 Load to3mm Load to 3mmin6s | 05
3pb3 deflection unload | Dwell for 1s (large
to 0 R cycles). On | Unload to 0 in 6s cycles);
2" cycle during | Dwell for 1s 0.05
unloading, cycle | Load to 3mm in 6s (small
between 1.0 Dwell for 1s cycles)
1.1mm deflections ynload to 1.05mm irl
(100 cycles) 4.5s
Load to 1.1mm in 1s
Unload to 1.0mm in
2s
Load to 1.1mm in 2s
(x100 cycles)
Unload to0 in 1.5s

Table4-1: 3-point bendingload-deflectiontest 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 cy@epointbend esul t s f or Vascut ek
in order to understand tHead-deflection behavior in bendingndto provide useful

empirical data that can be used Vafidation ofFEA-basedconstitutive material models.

Figure4-5 bel ow shows results from teslbadsets 0

deflection plots for @5 mm NiTi#1 wire at room temperature (£3.

Deflection (mm)
-10.0 -9.0 -8.0 -7.0 -6.0 -5.0 -4.0 -3.0 -2.0 -1.0 0.0
i 0.0
——045_3pb1

| ——045_3pb3

/..

‘
Load [N}

Paannit 1.2
V\\\"& el g
\'\‘-\, / 16

\-\\‘V"“(\,\ — 18

-2.0

Figure 4-5: singleload-unloadcycle L-D results for 3point bending of 0.4%nm NiTi#1

wire at 23C to different maximum deflectiof wire strand)

The L-D curves shown in figre 4-5 are useful in understanding the behaviour of

superelastic nitinol wire in bending to large deformations. Note that #xésxshows the
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deflection of the central indenter pin, and thaxys shows the applied force of this pin

as recorded by thedd cell

Considering test indigurk85sBowlthé&ollowing chaeacterigtissu | t s

In loading
The LD curve shows initial 6l inear el asticd
material in the bending wire is in its austenite phake ¢light reduction in stiffness

beyond 2.5mm loading deflectioms assumed to be due to the presence-ph&sé.

At 3.6 mm deflection, a load plateau begins where the wire shows compliant bending
behaviour as further deflectionp to 5 mm occurs at arelatively constant force.
Considering the material behaviour, this load plateau occurs as the material at the outer
and inner bend surfacesoftivd r e 6s céapead begdon (where
and curvature are at a maximum) goes through Sknéssed Martensite phase

transformation abearconstant stress.

Beyond the load plateau regidnpm 5 mm deflection, the curve then shows negative
stiffness up to the maximum 9rBm deflection. This characteristic of theQLcurve is
considered to be @uo two effects:

- sliding of the wire over the support pins beyond a certain wire bend angle,
meaning that indenter pin deflection can increasth minimal additional
bending of thavire

- increased moment arm length of the highly deformed wire, meaniogver |
force is required to increase the applied moment on the wire within the support

pin span

At the maximum deflection position (9r8m), the wire was held in position during a 5

secondd we | | peri od. During this 6 dwvhefolced , t he
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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 pingdespite the pins having a polished finijsa3was seen during FEA
simulations of 3point bending (reported in chapter @). 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 ff&re

In unloading

From the maximum displacement down tmB deflection, the effects of sliding and the

long moment arms can again be seen as the force increases with decreasing pin
defl ecti on. However, the sl ope ofthatimi s 06n
loading between Smm and 9.8mm deflection, showing evidence of leadload

hysteresis independent of the friction effects.

Below 5mm deflection, there is an unloading plateau where bend deflection decreases at
constant force. This behaviour @kie to the reverse phase transformation of nitinol
material that has reachéd unload stress plateau following unloading with martensite
elasticity. This unload force plateau extends down tayth8deflection, which is lower

than the deflection where pd&a transformation at constant force was seen to occur in
loading (at 3.6mm). Therefore, the bending wire is fully austenite in loading between
2.8 mm and 3.8nm, while in unloading for the same deflection range it contains some
martensite phase. This bef@ur 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 samé8int Bend deflection position.
When deflection reaches 2rBm 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.
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At zero force, there is no residual deflection, meaning that the hasereturned to a

straight shape with no residual bend deformation.

Test 6045 3pb3d6 subjected the wimmatdo a |
t herefore avoided t he Onegative bend St
deflections and slidingwith reference to the results in figu4eés, the L-D curve shows

the same | oad pat hmnadefledidndidcludng mifiab ausiepite t o 5
stiffness foll owed by the force plateau.

direction changehe effects of friction can again be seen in the vertarakdrop.

For wunloading, the 0045 3pb36 results sho
the previous results. Betweem®n and 3.6nm deflection, the wire unloads with near
linear elast stiffness, which can be understood by the elastic strain recovery of

martensite material in the wire during initial unloading.

Below 3.6mm deflection, there is an unload plateau as the wire straightens at constant
force, showing that martensite ma#triin the wire is undergoing reverse phase
transformation to austenite, giving strain recovery at constant stress. As can be seen from
figure 4-5 , t his unl oad pl at eau occur s at a
6045 3pb1léb. Thi s Igsiony dependence af the unleaeDbpath ih 0 a d
bending forNitinol.

Below 2.8mm deflection, the wire unloads with a linear Ldaeflection 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. Ta@ shows some useful results extracted from these 3
point bend tests on 0.4%m NiTi#1 wire at 23C.
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Parameter Value
Initial austenite bendtiffness 0.6 N/mm
Load plateau force 1.8N
Load plateau start deflection 3.6 mm
Load drop due to friction (@ Bm deflection) 04N
Load drop due to friction (@ 9:18m deflection) 05N
Martensite unload bend stiffness (frorm®n deflection) 0.15 N/mm
Unload plateau force (for mim max bad deflection) 1.2N
Unload plateau force (for 9r@m max bad deflection) 1.1N
Unload plateau end deflection 2.8 mm

Table4-2: parameters from 3 Point Bend test results for 0mb NiTi#1 wire at 28
(as ploted in figure 45)

Figure46 shows results fr om #Deflection eftldmmO0 14 3 F
NiTi#1 wire in bending at room temperature (@3 For clarity, only the first cycle is
shown. The results in figure 4 for 0.14 mm wire show the same geak bending
behaviours seen in thest set 06045 _3pb1d (fi
- Initial linear stiffness due to austenite elasticity
- Loading plateau showing compliance in bending due to Skndssed
Martensite phase change
- Negative stiffness due to sliding and largéod®ation 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 stiffneskie to austenite elasticity
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Figure 4-6: singleload-unloadcycle L-D results for 3point bending of 0.14nm NiTi#1

wire at 23C (10 wire strands)

Table43 gi ves key parameters from worél@wire 6014

strands and then the derived values for 1 strand.

Parameter Measured Value (10 Derived value (1 strand)
strands)
Initial austenite bend stiffness 2.6 N/mm 0.26 N/mm
Load plateau force 1.85N 0.185N
Load plateau start deflection 0.9 mm 0.9 mm
Load drop due to friction (@ 0.36 N 0.036 N
2.9mm deflection)
Unload plateau force (for 1.2N 0.12N
2.9mm max bad deflection)
Unload plateau end deflection 0.6 mm 0.6 mm

Table4-3: parameters from 3 Point Bend test results for Oritd NiTi#1 wireat 23C
(as plotted in figure %)
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Figure4-7 shows resul ts pRd ofmo rHDeflsaicn dsf €.14mmd 014 3
NiTi#1 wire in bending at body temperature @Y. Again, the results of figure-Z (test

60014 3pb2d) show t he sw@asmiscugsedmpeeviocadly, bbteatn di n g
higher loads due to the elevated temperatewing clearly the temperature sensitivity

of Ni tinol 6s s uper.dbtg bowever, thatethe dinloading e lata v i o
large deflections has almost exactly the satope 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 affecttheammont of O0f orce dropdé at the ma

Deflection (mm)
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

i
——014_3pb2 cycle 1
(6 strands)
1 /J -0.2
/ -0.4
N 0

! Fl.
= BRa /
~_

0.0

Load (N)

\’\,-
S EE

-1.4

-1.6

Figure 4-7: singleload-unloadcycle L-D results for 3point bending of 0.14nm NiTi#1

wire at 37C (6 wire strands)

Table4-4gi ves key par amet e mesultsbfrfigum 41, shewing 6 01 4 _ .

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 stadeflection 0.9 mm 0.9 mm
Load drop due to friction (@ 0.#N 0.057 N
2.85mm deflection)
Unload plateau force (for 1IN 0.167 N
2.85mm max bad deflection)
Unload plateau end deflection 0.6 mm 0.6 mm

Table4-4. parameters from 3 Point Bend tessuéisfor 0.14mm NiTi#1 wire at 3T
(as plotted in figure 4)

4426 Compacti on ©elic Bend Testiogh 6

Figures4-5 and4-6 showedthe LoadDe f | ecti on results for | a
deflections at room temperature, representing anticipbéarmations that may be seen

in device compaction. The characteristics of these curves have been discussed in the
previous sectionln order to investigate the effect of additional laadoad cycles to

| arge o6compacti oné b eyrlihg dietb mdtiple compacions r e p r
during assembly, test sets 045_3pb2 and 014_3pb1l were performed at room temperature

(23 C) The results are shown in figuré8 and4-9 respectively

With reference to figure -8, the two cycles are nearly identicalggasting that the
material has been unaffected by the first ladglection cycleIn figure 49, a slight
drop in the load plateau values can be seen on consecutive cycles, which may be due to
decreasing stress levels for Strésduced Martensite (seegfire 228 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 3point bending of 0.4%nm NiTi#1 wire at 2&, 2load-
unloadcycles (1 wire strand). Results arerfrdest set 045 3pb2
Deflection (mm)
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Figure 4-9: L-D results for 3point bending of 0.14nm NiTi#1 wire at 2&, 3load

unloadcycles (10 wire strands)
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The figure 48 and 49 resultsshow that for this level of wire bending deformation,
multiple load-unloadcycles 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 loadeflection respom e i n bendi ng at di
temperatures, test sets 06014 3 pChahdd37Ca nd
respectively. The test at 7 had to be performed using 6 wire strands (instead of 10) to
avoid exceeding the upper limit of the 2bload cell. For comparison, these results
were then used to derive the equivalent force for 10 strands @t Biie comparative

results are plotted in figuee 10, showing first cycle only for each test set for clarity.

Deflection (mm)
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
0.0

——014_3pb1 cycle 1 (10 strands) at 23C

——014_3pb2 cycle 1 (10 str equiv) at 37C

-0.5

-1.0

Load (N)

-1.5

-2.0

-2.5

Figure 4-10: L-D results for 3point bending of 0.14nm NiTi#1 wire at 2& (10 wire
strands) and at 3€ (10 strand equivalent data derived from 6 wire strand test results)

A single loadunload cycle is shown in each case.
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Figure 4-10 clearly shows that inaasing the test temperature from room temperature
(23 C) to body temperature (3€) has a significant effect on the LeBeéflection
response of nitinol wire in bending. Increasing the temperature results in:
- Increased initial O0~45¥sirtcreasd from ZB tdb3éd) d i ng s
- Increased upper load plateau level (~92ihcrease from 28 to 37C)
- Increased unload plateau force level (%4@nhcrease from 28 to 37C)
In terms of stent performance, these results mean that radial force wigHsx bt body
temperature than room temperature. This is
allow lower force compactioduring productionat room temperature, while providing
higher Chronic Outward Force (COF) and Radial Resistive Force )(RIRRn-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 tetupesd@o simulate the4n

service conditions.

444D Cycling in Bending
To consider the bending behaviour of nitisténtwire when it is cyclically loaded due

to in-vivo pulsatile loading, the-Boint Bend setip was used to perform cyclic bending

on the wire during unloading at 32, with small Gasedl erf thee3c t i o n
point bend test results shown previously in this chagtertean deflection level for this

cycling waschosens uc h t hat cycling would take pl a
region ofthe kED curve following | arge defl ecti on

bending deflection when deployed in an artery following compaagon.d e f Icyelest i o n
of 0.1 mm were used so that the wire material would be deformed elasticayc

cycle without phase change, as is expectedva. Figure4-11 shows the results from
test se3,60 4 h3 b dle3fahdO€l®0highlightedy c | e s
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Figure 4-11: L-D results for3Point Bending of 0.1m NiT#1 wire at 37C (6

strands), darge deflectioc y c | e s

wi t h

100

e def loB29t i on

large cycle. Delta D cycles3 and 9-100 are highlighted to consider any changes due

to cycling.

c

Considering the @&aD4lt, therd appearssthbehgisteresisioopfin gur e

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 Thele. is no phase

transformation plateau seen thesead cyclesi the material is undergoing elastic

deformation only. The plots show that when the wire ibagled from the lower force

plateau, it has a bending stiffness that is a little lower than the initial austenite bending

stiffness.This characteristi of the bending wire gives a nitinol stent its Radial Resistive

Force when deployed in vessel under pulsatile loading conditibngerms of cycling
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stability, comparison otlelta deflectioncycles1-3 with cycles 97100 in figure 411
show no significant difference, meaning thismall deformatiorcycling (representative

of in-vivo pulsatile cycling)s stable from the®icycle.

4.5 Conclusions

Using Strathclyde Universityodos Bose-3200 't
Point Bend testing otthin 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 nitinoktentcomponents.

The testing also provided useful information on thewwe 6 s bending respo
following conditions that will be seen-service:
- Multiple large bend deflection cycles at £3 previous cycles had little or no
effect on thdoadi deflection bending response of the wingth no evidence of
plastic déormation following unloading.
- Different temperatures: the wire has gr
37 C compared to 2&. In terms of device performance, this is beneficial as
room temperature assembly will allow ldarce compaction whilebody
temperature deployment will give high chronic outward force (COF) and radial
resistive force (RRF) for stents.
- aDeflection cycling during unloading of the wire in bending: the results showed
an L-D path withslightly lower stiffness tothat ofinitial austenite bending. For
small ae deflectionlevels (representing itvivo bending behaviouy)this cycling
occurs wihout phase change in the material and tH2 path is stable from the
first cycle. For device performance, these bending characteastickesirable for

long-termfatiguesafety ofthe ring stentomponents.
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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 (RB) 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 FFE#terial constitutivenodek.

As described in Chapter 2, Digital Image Correlation (DIC) was identified as a
potentially feasible method, having been used by Reedlunn et)db(Jull-field strain
measurement of thin nitinol wires (J0.76@m) 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 t#gidne

Foll owing an initial feasibility study,
suitable technique to be used for this application. Equipment and technical support were

then hired from LaVision UK.

This chaptedescribes the method deveéa 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 r@&hdtshapter

then focuses on the investigah of strain history during-Boint Bending usindIC

strain measuremerttinally, the chapteincludesdescriptionof an investigation using a
special ly des.i g riceobtainorésulte fertswfacd strairts efghin Nitinolg

wire in bending
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The work described hefermed the basis foa technicalpaper(66) presentedy the
authora t the O6Shape Memory & Superelastic Te
2013, Prague, Czech Republic)

5.2 Objectives

The initial objective of this work was to ddgp 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 detan this chapter anih 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 nsodel

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 OFr ee Benddtthde emcsof therchagterand i s descri

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
oundeformedd i mage to a 6deformeddé I mage,
of points across the surface. The resulting deformation field can then be used to derive

the surface strains for the deformed sample.
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Digital Image Correlation is a highly scalable technique. Usimcameras 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 deformheln 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 withinthemiers cope 6s fi el d 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 equiprent was hired from LaVision UK:
1 Stereo Microscope: Zeiss Lumar V12 (including beam splitter /camera mounting)
1 2 x CCD Cameras (Imagekrlike 5M)
1 Positionable LED lights and power source (Stemmer Imaging, item CCS-LDL2
80/16SW)
1 Strain Master Controller: wh manual image capture trigger input and
synchronization board (PTU9) input (LaVision).
Synchronization Board PTU9 (LaVision)
PC Laptop
2D and 3DStrain Software Moduke

= =2 = =

Micro calibration plate ahstage
2 days ossite technical support and training fnd_aVision UK was also purchased, to
ensure correct equipment sgt and operation in order to obtain the desired strain

results.

Figure 5-1 shows the equipment setp i n Vas c u oradckyonsth tiR&BIn | a b

components labelled.
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Equipment:
1. Stereo Microscope with beam splitters

2. Adjustable position LED lighting

3. Wire sample loading rig and platform

4.2 x CCD cameras >
5. Image capture system LAVISION
6. LaVision ‘Strainmaster 3D’ DIC system e o

Figure 5-1: 3D Microscopic DIC Equipment Sétp

5.3.3 Sample Material

0.45 mm sample wire (Lot F5298520) was used for bend testing thighDIC
measuremergquipment Supplier Certificate of Conformance data for this batch can be
seen intable 31 of Chapter3. This is thesame wire batch that was used feP@int

Bend LoadDe f | ecti on testing (Chapter 4) and
component wire, diameter range 0.1 to OmB with identical mechanical property

specification across the size range.

In terms offeasibility for microscopic 3D DIC strain measurement, 08 wire was
suitably large to meet the following criteria:

1 Accommodate auficient number of speckles (applied by airbrush) actbss

surface for good spatial resolution of DIC strain fielduhess This is explained

further insection5.3.@Met hod Det ai |l 6 bel ow
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T

Al l ow | arge microscope Field of View (
remain in the FOV even if rigid body translation occurs during deformation.

(Note: this ismportantforth e 6 F r destsd&eribednisection 5.5

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:

T
T
T

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
deformdion increment

Allow bending of the wire to maximum strains typical of those expected during
stent ring compaction (O 8% axi al nor ma
Maintain the apex of the bending wire in (approximately) the same position
during loading and uphkding to ensure that the area of interest (region of
maxi mum bend curvature) wil!/ remain in
Allow suitable lighting of the specimen for capture of images that can be DIC

processed

It was considered that aPoint Bend Rig could be digned 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 feP8int Bend Loa&Deflection testing of 0.45nhm wire

(reported in Chapter 4), shown schematicallfignre 5-2. This would allow assessment

of both the load and strain for a knowsP8int bend deflection, providing valuable data

for material characterization and for FEA model validation.
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Figure 5-2: Schematic diagram of-Boint Bend setip for testng of 0.45mm nitinol
wire, showing pin layout and deflection range to match those useeFom8 Bend

Load-Deflection testing

The 3Point Bend test rig for DIC testing, designed to meet the above specification, is
shown in figure5-3 as it is used toadorm the 0.45mm wire. (Note that the steel pins
have been painted black (6Gol den Airbrush
and improve lighting for digital image capture. This will give different friction properties

from the stainless steelnd used for 3Point Bend LoaeDeflection testing While this

will affect the forces to bend the wirdt, is considered thathe effect on strain

distribution along the wire length in bendingl be negligible)

Figure 5-3: 3-Point Bend Rig used to d@efm a 0.45mm NiTi#1 wire in bending
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A limitation of the 3Point 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 bendingr this reason, a second bending rig
was designed to all ow measurement of the

Bendd r i garedescdbed irsestioruss. e

5.3.5 Mounting Platform Design

For round wires, 3D Digital Image Correlatiomoat 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-Boint Bend rig is mounted flat on the microscope stage, the
deformations at the outer and inner bendasig$ 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 platforres we

designed for the-Boint 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. Figawkeshows CAD images of the flat and

30° mounting platforms, which were manufactured us$tiM Rapid Prototyping. As

well as mounting to the microscope stage, these platforms could also be mounted to a
vertical clamp to allow 60A andT®O0OA viewin
schematic chgram in figure 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 Fla(left) and 30°Angled (right)platforms for mounting the

wire berd 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 gt bluelines represent the outer

tensileand inner compressiwegions respectivelgf the wire section in bending
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