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Abstract

On the Mechanica Properties and Microstructure
of Nitinol for Biomedicd Stent Applications

by

Scott Wade Robertson

Doctor of Philasophy in Engineering-Materids Science and Engineering

Universty of Cdifornia, Berkeley

Professor Robert O. Ritchie, Chair

This dissrtation was motivated by the darming number of biomedicd device falures
reported in the literature, coupled with the growing trend towards the use of Nitinol for
endovascular gents.  The research is amed a addressng two of the primary falure
modes in Nitinol endovascular gents faigue-crack growth and overload fracture. The
amdl dimensons of gents, coupled with their complex geometries and variability among
manufacturers, meke it virtudly impossble to determine generic materid condants
asociated with specific devices.  Ingtead, the research utilizes a hybrid of standard test
techniques (fracture mechanics and x-ray micro-diffraction) and custom-designed testing
goparatus for the determination of the fracture properties of specimens that are suitable
representations of sdf-expanding Nitinol dents. Specificdly, the role of texture
(cyddlographic  dignment of aoms) and the audeniteto-martenste phase
transformation on the propagation of cracks in Nitinol was evauated under smulated
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body conditions and over a multitude of sresses and drains.  The results determined
through this research were then used to create conservative safe operating and ingpection
criteria to be used by the biomedicd community for the determination of specific device

vulnerability to failure by fracture and/or fatigue.

Professor Robert O. Ritchie
Dissertation Committee Chair
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LIST OF FIGURES

Figure 1.1: Schematic diagam of the shape memory effect (after [8]). At high
temperature (@), the materid is fully audenite. Lowering the temperature below the
M; (b) without the addition of stress causes a phase transformation to twinned
martendte.  As the martendte is loaded, it begins to detwin (c), until full detwinning
has occurred (d). Upon unloading to (€), the martendte dadticaly recovers, but
does not return to a twinned date.  Raising the temperature to the audtenite Start
temperature, As (f), begins the reverse trandformation from martendte to audenite,
which iscomplete a As (a).

Figure 1.2 At temperatures above the audtenite finish temperature, A;, but below the
martendte deformation temperature, My, the superdlastic effect occurs in Nitinol as
shown (after [8]). Stating a (a) the materid is fully audenite. The audenite is
eadicdly loaded to point (b) a which time trandformation to martensite occurs (the
martengte forms in twins and indantaneoudy detwins due to the high agpplied
dresses).  Further loading dong a sress “plateau” to point (c) fully transforms the
materid to martendte.  Continued loading to (d) requires incressed stress and
eadicdly deforms the martenste (note that the SIM dagtic modulus is lower than
the austenite modulus of dadiicity). Unloading back through point (c) recovers the
gadic drains in the martendte, and continued unloading to (e) forces the onset of
the revarse trandormation to audenite, with full reverse transformation upon
complete unloading to (a).

Figure 1.3: At body temperature, the superdadtic effect is produced in an endovascular
dent, resulting in a “biased diffness’ in operation (after [6]). During manufacture,
the gent is compressed from an initidly large diameter (8) to a smdl diameter (b) to
fit within a catheer, reaulting in trandformation to martenste.  During in vivo
deployment from the catheter, the stent expands to a larger diameter (¢) but is
condrained from full recovery to (8 by the lumen wals In operation, the stent
exerts a mild chronic outward force (c-€) on the blood vessd, which keeps the stent
and blood vessel open. To collapse the dstent, and therefore the blood vessd,
requires the addition of significant hoop force (c-d). This resstance to collgpse from
(c-d) is cdled a radid resgive force, RRF, and requires eadic loading of the
austenite phase.

Figure 2.1. Schemdic illudration depicting the procedures used to produce standard
compact-tenson C(T) specimens from an origindly tube-shaped geometry. The
tube is firg longitudindly laser cut, then unrolled through a series of shgpe-setting
procedures, followed by laser machining of the C(T) specimens from the flattened
configuration in avariety of anglesto the drawing direction.

Figure 2.2: Photo-micrographs of the eight raw materid forms documented in Table 2.1,
(@) tube, 485°C (~0.50Tm), 5 min, quench, (b) tube, 850°C (~0.70Ty), 30 min, -
10°C/min, (c) tube, 1100°C (~0.85Ty), (d) tube flattened through a nine-step
thermo-mechanicd  shape-setting  process, (€) 090 mm thick sheet, 485°C
(~0.50Ty), 5 min, quench, (f) 0.90 mm thick sheet, 850°C (~0.70T,), 30 min, -



10°C/min, (g) 15 mm diameter rod, no heat treatment, (h) 41 mm diameter rod, no
heat treatment. Etchant: 3.2% HF, 14.6% HNOs, bdance deionized water. The

drawing/ralling direction is vertical.

Figure 3.1. Legend for the pole figures (stereographic projection) and inverse pole
figures (equa area projection). Intendties for every texture figure in this text are
plotted on the same logarithmic scale from 100 (min) to 600 (max), i.e. 1-times to 6
times random digtribution.

Figure 3.2 Rawv materid form texture comparison: tube, sheet, and rod, showing
sgnificant variation between the product forms.

Figure 3.3: Texture effects as a function of shagpe-set processng, showing generdly the
same texture with the exception of a redidribution of 111 texture from the radid to
drawing direction upon flattening.

Figure 34: Rod maerid compaisons showing nearly sngle crysd texture in the 15
mm diameter rod, and lower texture intendty in the 41 mm diameter rod texture, and
are both Sgnificantly different than tube.

Figure 3.5: Effect of anneding heat treatment on the texture of Nitinol thin-walled tube,
showing a progressve drengthening of texture and dight redistribution of towards
of the 111 polesin theradid direction upon increased annedling time,

Figure 3.6: Effect of anneding heat treetment on texture in 0.90 mm thick Nitinol shest,
showing asmilar strengthening of texture as the tube product form.

Figure 3.7. Modified Taylor factor digribution, M', after Ono et. al. [109] showing the
factor as a function of texture and uniaxid tensile loading direction.

Figure 3.8. Texture-predicted tensile transformation drains versus loading angle relative
to the drawing axis for flatened tube (solid line), with experimentdly determined
(by uniaxid tenson tests) trandformation drains (dashed ling) showing good
correlation; 16% maximum difference at 45°.

Figure 3.9: Modified Taylor factor digribution, M', after Ono et. al. [109] showing the
factor as afunction of texture and uniaxia compression loading direction.

Figure 3.10: Texture-predicted comp-ression trandformation strains versus loading angle
relative to the drawing axis for flattened tube showing a reverse trend to the tensile
transformation strains predicted in Fig. 3.8.

Figure 3.11: Texture-predicted tensile trandormation drans versus loading angle
relaive to the drawing direction for tube and sheet Nitinol raw materia forms.



Figure 4.1: Fracture toughness properties of flatened Nitinol thin-waled tubing
(longitudind, 45 deg and circumferentid orientations) in 37°C air, in the form of
crack-resistance curves (R-curves), show a dependence on both crack-growth
direction and the extenson Da of a nondationary crack; n = 4 per orientation.
Initid pre-notch orientations are given on the tube schematic to the right. Crack-
initigtion toughness vaues, i.e, the vaue of the dress intendty a Da? O, range from
Ko ~ 10 to 27 MPaOm; with crack advance, toughness values approach a steady-state
fracture toughness of Kss, ~ 34 MPaQm after ~0.4 mm crack extension.

Figure 42:  Scanning €ectron micrograph of the overload fracture morphology,
corresponding to the steady-dtate plateau on the R-curve (Keqg ~ 34 MPaQm), in a
adrcumferentidly-oriented  pre-notch  specimen, showing ductile fracture.  No
difference in fractography was observed between the initigtion and Steady-state
regions, nor between the three pre-notch orientations (longitudina, 45 deg, and
circumferentid).

Figure 51. A compact-tenson C(T) specimen with pre-notch oriented in the
crcumferentia direction and fatigue propagetion path deflected ~45 deg to the
expected mode | crack path (horizontal in this photograph).

Figure 5.2: Scanning eectron microgrgph of a kinked fatigue fracture surface showing
both the primary crack and secondary microcracks angled from the energeticaly-
favorable mode | crack path, demondrating the influence of texture on the
mechanica properties of Nitinol tube which has its lowest tendle transformationa
grain in the 45 deg plane (Chapter 3) through which this sample fatigue fractured.
The crack-growth direction is diagond from top-left to bottomright, with the
applied tensile load pardld to the verticd axis (DK ~ 6 MPalm, da/dN ~ 10’
m/cycle, R=0.1).

Figure 5.3: Vaiation in in vitro faigue-crack growth rates (da/dN) with the stress
intengty range, DK, in 37°C HBSS a 50 Hz test frequency for load ratios of R= 0.1,
05, and 0.7, showing the dependencies of the faigue threshold, DK, and
subsequent growth rates on both DK and R in Nitinol tube (45° orientation). Fatigue
threshold values increase from 1.15 to 248 MPavm as the R-ratio decreases from
0.7t00.1;, n=4.

Figure 5.4: In vitro faigue-crack growth data from Fig. 5.4 replotted as a function of
Kmax, ill demondrates a growth-rate dependency on load ratio R, indicating thet
growth rates in Nitinol tube (45° orientation) have a combined dependence on hoth

DK and Kmax. This combined dependence is quantified as modified Paris-law
constants that are presented in Table 1; n = 4 per condition.

Figure 55: Micrograph of near-threshold fatigue crack showing a tortuous crack path
following the Nitinol microdructure that creates frictiond interference between
mating fracture surfaces; this leads to (roughness-induced) crack closure effects that



ultimately can lead to aret of the crack, eg., a the faigue threshold. Crack
propagation is from Ieft to right, a DK = 1.25 MPaOm (R=0.7).

Figure 56: Scanning dectron micrographs of faigue driations in the mid-range of
growth rates (Paris) regime (R = 0.1, DK = 8-9 MPalm, da/dN = 1-2 x 10" m/cyde).
The faigue driation spacing was ~2-4 x 107 midriation, which corresponds well
with the measured globad crack-growth rates. Macroscopic  fatigue crack
propagation is left to right in these photo-micrographs, however the driaions in this
andyzed region (near the C(T) specimen surface) are oriented top to bottom due to
the curvature of the crack front near the sample edges.

Figure 5.7:  Fatigue-crack growth behavior in Nitinol tube (45° orientation) a& R= 0.5
comparing tests conducted in ar a 50 Hz [117], with corresponding results in
amulated body fluid (HBSS) a 50 and 1 Hz; n = 4 per condition (except a 1 Hz
where n=1). It is apparent that there is no Sgnificant difference in faigue-crack
growth data collected in air or in HBSS. Moreover, lower frequencies, which more
accuratdly represent in vivo conditions, produce margindly dower growth rates than
a higher frequencies, indicating that the higher frequency teds that are invariably
utilized may in this case provide dightly more consarvative lifetime predictions for
Nitinol biomedica devices.

Figure 5.8. Fatigue data from thin-waled superdagtic Nitinol tube tested in 37°C air
[117] and Hanks Baanced Sdine Solution (HBSS) in the current work showing (&)
fatigue-crack growth rates as a function of dress-intendgty range DK, and (b) the
vaiation in faigue threshold vaues with the load ratio (Kmin/Kmax), Which are
virtudly identical.

Figure 59: Comparison of the current fatigue crack-growth behavior of Nitinol tube
tested in HBSS (black circles) & R=0.1 with the same materid tested in ar (red
circles) [117], and dl other previoudy reports of superdastic materid: Mdton &
Mercier [31], Dauskardt et al. [20], McKelvey & Ritche [56], and Filip et al. [58].
Visudly, it is clear that Nitinol tube crack-growth curves are Steeper than any
previous sudy in bar, plae and drip. Satigicd andyss confirms that visud
obsarvation: P-vaues for the hypothess that the curves from the present work and
[117] are collinear with any of the other data are <0.1%.

Figure 6.1 Schemdtic illudration of the compact-tenson specimen and region of
imaging. The blue box represents the approximate area surrounding the crack tip
that was scanned by x-ray micro-diffraction; this region ranged in sze from 0.1 X
01 to 1 x 1 mm?, with many thousands of Laue diffraction patterns collected within
that box. Specimen dimensions were crack sze a”™ 54 mm, thickness B~ 0.4 mm,
and width W' 10.8 mm. Green arrows denote the direction and location of applied
load, which ranged from 0 to 62 N, corresponding to stress-intengity vaues up to 15
MPaQOm.



Figure 6.2 Coarse scde (~1 mm? 16 x 16 nm step Size) dagtic strain and resulting
phase maps. The top row shows the resultant strains @yy, €xx, €xy) and regions of
transformed martensite surrounding a crack loaded from 0 to 7.5 MPaOm, with the
gray regions representing the crack and the phase-trandformed materid as
determined by an absence of Laue diffraction spots. The second row of contour
maps shows a dramatic increase in drains and volume fraction of martensite after
the crack was further loaded to a sress intensity of 15 MPaOm. Findly, the sample
was unloaded to back to 7.5 MPaOm where it is apparent that both the residud
tendle drains pardle to the crack face (eyy) and the martenste volume fraction are
much larger than during the first cyde of loading.

Figure 6.3: Evolution of the trandformation zone in response to a single loading and
unloading cycle. These fine dep-gze diffraction maps (3 x 3 nm grid) show the
change in dze and shgpe of the transformation zone in response to a loading cycle
from 10 to 15 to 10 MPaOm. The black, peanut-shaped boundary in column 3
shows the transformation zone predicted by the combination of smple fracture
mechanics solutions [114] with the anisotropic Nitinol yidd criterion of Lexcdlent
and Blanc [132]. The patidly transformed materid, which comprises a mixture of
the audenite and martendte phases, was experimentaly-determined using three
different criteriac @ Criterion 1 based upon pesk broadening, revealed a much
gmdler transformed region than was predicted by fracture mechanics, b) Criterion 2
based on equivdent dresses > tensle trandformationd stresses, resulted in a zone
gze and shape in excdlent accord with fracture-mechanics predictions, and c)
Criterion 3 based upon directiondity-dependent stresses > tensle transformationa
dresses, agan resulting in good corrdation to the anisotropic predictions from
fracture mechanics-based solutions but dightly larger than from Criterion 2 because
of the induson of the dilational drains in this criterion. Note that the scde bar
goplies to dl plots, except the zoomed-out views (column 3) which have a 100 mm
scale bar inset.

Figure 6.4: Gran-by-grain evolution of the augtenite-to-martensite transformation ahead
of a crack tip in response to fatigue loading (7.5 to 15 MPaOm) through 100 cydles.
The color maps represent Miller index planes or directions of individud audenite
grans as indicated above each column, and the black regions are fully transformed
martensite. During the firgt loading cycle to 7.5 MPaQm, the fully transformed zone
is <50 nm wide. Subseguent loading to 15 MPaOm and unloading to 7.5 MPaOm
results in a growing fully tranformed zone sze a the 7.5 MPaOm, which dtabilizes
at ~120 mm between cycle 2 and 10. Conversdly, the transformation zone Sze at the
upper stress-intendty level remans condat (~ 200 nm) throughout the fatigue
loading cycdes. Interestingly, indead of retaining the classc peanut-shaped zone
tha was seen in ealiar experiments, ingdead severd grans have apparently
suppressed the phase transformation. These grains are further invesigated in Fg.
6.5.
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Figure 6.5. Atomidic loading diagram of preferentidly untransformed grains shown in
Fig. 6.4. The red planes are padld to the C(T) surface, ydlow planes are pardld
to the fracture surface, red arrows show the direction of crack growth, and green
arows show the agpplied loading direction. Note that only the titanium atoms are
shown in the diagram for clarity; nickd aoms resde a the [Y2%Y7 pogtions.
Schematic diagrams of the crysalographic orientations of each gran are given as
a) Gran A is oriented with (110) planes parale to both the C(T) surface (red) and
the crack plane (yellow) with growth in the [100] direction; b) Grain B shows the
lower-mogt untransformed grain from Fig. 4, with (120) planes pardld to the C(T)
surface (red), (100) parale to the crack plane, and growth in the [120] direction;
and ¢) Grain C is immediately ahead of the crack tip, with its (110) plane pardld to
the specimen surface, (100) parald to the crack plane, and [110] in the direction of
crack growth.

Figure 7.1. A typicd faigue-crack growth-rate curve plotted in log-log scde with
critical locations marked. Threshold values, DKy, for large cracks are determined
from experimentd data collected usng standard fracture-mechanics specimens and
typicdly represent the asymptotic dress-intendty range for crack growth.  This
asymptote of the data in Nitinol tube is invariably due to crack closure effects from
interference or wedging of oxidation debris or fracture surface asperities indgde the
crack flanks. Physcaly smal cracks, however, ae more reevant to commercia
biomedical devices, and are not subjected to the same closure effects as laboratory-
grown large cracks, consequently, they may propagate at dress intengties lower
than predicted by large-crack data. Estimates of the threshold stress-intensty range
for smdl cracks can be made by extrgpolation of the linear Paris growth-rate curve
down to 10'° m/cyde  For smdl-scae biomedica devices such as endovascular
dents that are only a few hundred micrometers thick in specific regions, any dress
intendty ranges above the DK, vaue, i.e, in the Paris or ungtable growth regime,
can result in rapid through-thickness fracture.  Accordingly, the threshold DKy, vadue
can be conddered asthe critica limiting varigble.

Figure 7.2. A sdfe-operating device desgn diagram is shown for devices manufactured
from thinwdled superdadtic Nitinol tube. Stress intengties attributed to sngle
events, e.g., crimping and deployment stresses in a dent, are represented on the
horizontd axis and vary ly the angle that the crack is propagating with respect to the
tube-drawing direction. Stress-intengty ranges dtributed to cyclic events, eg.,
contraction and dilation of a stent in response to the heartbeat, are represented on the
veticd axis and vary with load ratio, R, and whether the experimental large-crack
faigue data or the more conservative smdl-crack estimates are used.  Any
combination of defect 9zes and sngle-event sresses and/or cyclic sresses fdling
into Region 1 pose no threat of fracture or crack propagation under the evauated
conditions. Devices whose dress intendties fdl in Regions 2 and 3 ae mildly
susceptible (depending on exact R-ratio and crack-growth directions) to fatigue-
crack growth and fracture, respectively; in region 4, the device is susceptible to
fracture by either mechanism. Parts that are subjected to any portion of Region 5 are
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in great risk of fracture either by fatigue or overload, regardless of the crack angle
and R-ratio.

Figure 7.3. KitagawaTekahashi diagram [137] for thin-wadled superdagic Nitinol
tubing showing regions of safe operation (green), risk of falure by faigue but not
overload fracture (yellow), and eminent risk of falure by ether fatigue or overload
fracture. The trandtion crack-sze between smdl-crack behavior, governed by the
SN endurance strength (100 — 200 MPa [52, 71]), and large-crack fracture
mechanics data, is ~15-50 nm. Above tha flaw sSze, fatigue fracture is best defined
by the fracture mechanics-based threshold criterion DKy, which is a function of the
pogtive load-ratio, R Failure by overload is bounded by the martengtic yield stress
for Nitinol tube (1000 — 1200 MPa [138, 139]) up to a flaw size of ~25 nm, a which
point the crack-initiation fracture toughness of the materid dominates falure. For
crack szes exceeding ~400 nm, the steady-date fracture toughness vaue (~34
MPavm) governs the point of fracture, hence the jump from the longitudind,
crcumferentid and 45° safe operating curves. It should be noted that for the
purposes of determining this particular diagram, the geometry factor Y was taken as
unity and generd yield dtress defined in uniaxid tenson. For an actud device, these
would have to be cadculated for the specific loading, crack and device geometry.
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in vivo conditions. Resllts are very smilar to those collected for the same materid
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CHAPTER 1. INTRODUCTION

1.1 What is Nitinol?

Nitinol is an dloy of roughly 50% Nickd and 50% Titanium. Discovered only
recently (1960s) as part of a Nava research project [1], Nitinol derives its name from its
chemicd components and its founders: Ni (Nickd) + Ti (Titanium) + NOL (Nava
Ordinance Lab). It has good hocompatibility (response is amilar to dainless sed) [2-5]
and good magnetic resonance imaging opacity (i.e. can readily be seen by Xray or MRI)
[6, 7], making it idedly suited for desgn of biomedicd implantable devices. More
importantly are two characteridics tha make Nitinol extreordinarily unique from other
bicengineering metdlic dloys, namdy its superdadicity and shgpe-memory, which ae
described in Section 1.3. These two unique properties are atributed to a firg-order phase
transformation from the parent augtenite phase to the daughter martensite phase (see
Section 1.2) which can occur via the addition of an energy source either in the form of
heat or stress [§].

Since its commercid introduction in the 1970s, Nitinol has been used for a variety of
goplications. pipe couplings, bra underwires, earthquake dampeners, eyeglass frames,
orthodontic wires, mobile phone antennas, micro-actuators, and a variety of biomedica
devices [6, 9-11]. Recently, however, the Nitinol community’s trend has been to turn its

efforts to the biomedical devicefidd [6, 10, 12].

1.2 Microstructural Phasesin Nitinol

Nitinol's fird-order phase trandformation progresses from the parent audenite, a
smple cubic B2 (i.e. CsCl) dructure, to the daughter martensite, monoclinic B19', phase

via an ahermal trandformation [8, 13]. This trandformation is indantaneous once enough
1



energy, in the form of temperature flux or dress, has been introduced to the system.
Specificdly the martendte forms upon cooling below the martenste-dtart temperature,
Ms, or via the application of stresses which form so-cdled sress induced martensite
(SIM) [8]. This phase change occurs by smple displacement of aoms (via Ban dran
and lattice invariant shear) without diffusion of atoms or the bresking of bonds[8].

At temperatures below the martengte finish temperature, M;, the martengite is stable
and a trandformation cannot occur by the addition of sress.  Additiondly, if temperatures
exceed the so-cadled martenste deformation temperature, My, the energy (in the form of
gpplied dress) required to form SIM  exceeds the energy to plagticdly deform the
audenite (via didocation mohility), thereby meking the dructure a doable, nornt
trandforming audtenite phase.  Only within temperatures between the audtenite finish, Ay,
and the My can a dtress-induced phase transformation occur. In the present sudy, al
mechanica tests were performed at ~7°C above the A; such tha the superdastic SIM
response could occur.

Sometimes, due to annedling, chemicd dloying dements, or microdructural defects
in the materid, the direct audenite-to-martendte transformation is interrupted by an
intermediate rhombohedra  phase (R-phase) [14-16]. This intermediate phase
tranformation, resulting in reaivedy smdl recoverdble drans (~05%) [16], is
undesrable, yet often unavoidable, for many Nitinol gpplications (including endovascular
dents) where a pefectly linear-dagtic audtenite loading/unioading regime is preferred
[17]. However, precise manufacturing procedures perfected over many decades of
research has minimized the contributions of this phase [18]. For the Nitinol tube studied

in this text, it is recognized that the R-phase does occur, however the contribution of



dran is <0.2% and irrdevant snce fatigue and fracture necessarily occur in the
martenste phase at draing/sresses wdl in excess (2-6 times) of those required for R-
phase formation [19].

During the audenite-to-martenste phase trandformation, there is a smdl volume
contraction, termed “negative dilation” by the authors in ref. [20]. The exact vaue of this
contraction is debated in the literature - Holtz et al. [21] report -0.39% and Dauskardt et
al. [20] report -0.54%. Usng the synchrotron diffraction data presented in ref. [22],
which tested the exact materid that is utilized throughout this text, one can cdculate that,
a body temperature 37°C, this volume change is —0.33%, and increases with increasing
temperature above the A;. Unlike other trandforming materids that have a postive
volumetric change which serve to toughen the materid [23-25], it has been proposed that
this negetive dilation in Nitinol has a ddeterious effect on the fracture- and fatigue-

resstance by localy raisng the stress intensity ~13% [ 20, 21].

1.3 Unigue M echanics: Shape-Memory and Supereasticity

Shape-memory is the ability of Nitinol to “remember” its shgpe fdlowing a
deformation, and is graphicdly depicted in Fig. 1.1. This phenomenon utilizes the
temperature effects on the phase trandformation. From the audenite phase, Nitinol is
cooled below its M¢ temperature such that the stable phase is (twinned) martenste. While
in this phase, the twinned martendte is deformed which causes non-plagic detwinning,
dl while dill mantaning a martenste crysd dructure [8]. Upon remova of the load,
the martendste dadticaly recovers, but retans some permanent deformation (strain).
Finaly, the addition of heat to above the A; temperature returns the materid to its origind

shape and augtenite phase [8]. An example of the gpplication of this unique mechanica

3



property is the Smon vena cava filter which is cooled to beow M;, collapsed into a
chilled sdine caheter, tortuoudy inserted into the heart a which point the human body
temperaiure is sufficiently above the A; to cause expanson of the filter into its

preprogrammed shape [26].
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Figure 1.1: Schematic diagran of the shgpe memory effect (after [8]). At high
temperature (a), the materid is fully augtenite. Lowering the temperature below the My
(b) without the addition of dress causes a phase transformation to twinned martendte.
As the martengte is loaded, it begins to detwin (c), until full detwinning has occurred (d).
Upon unloading to (€), the martendte dadticaly recovers, but does not return to a
twinned state. Raisng the temperature to the audenite Sart temperature, As (f), begins
the reverse transformation from martensite to austenite, which is complete a As (a).
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Superdadticity, see Fig 1.2, is the ability to dadticdly deform to higher than normd
levels when mechanicdly deformed between the Ar and My temperatures [8]. Specificaly
Nitinol can dadticdly deform to nearly 11% drain [6, 7], whereas most metds only have
the ability to dadticdly deform to less than 1% drain. While in this temperature range,
Nitinol deformation above ~1% results in a phase transformation from audenite to
detwinned martendte.  An additiona forward grain is required, typicdly a a rdatively
congtant dress “plateau’, to fully transform dl of the augtenite phase to martenste.  Upon
unloading, the martenste phase becomes ungtable and transforms back to its origind

audenite phase, resulting in full strain-recovery upon the remova of load.

Strain, %
Figure 1.2. At temperatures above the audenite finish temperature, A, but below the

martenste deformation temperature, Mg, the superdadtic effect occurs in Nitinol as
shown (after [8]). Stating a (@) the maerid is fully audenite The audenite is
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eadicdly loaded to point (b) a which time trandformation to martendte occurs (the
martengte forms in twins, and ingantaneoudy detwins due to the high applied Stresses).
Further loading dong a dress “platea” to point (€) fully transforms the materid to
martenste. Continued loading to (d) requires increased stress and eadticdly deforms the
martendgte (note that the SIM dagtic modulus is lower than the audenite modulus of
eadicity).  Unloading back through point (c) recovers the dadic drans in the
martendgte, and continued unloading to (€) forces the onsat of the reverse transformation
to augtenite, with full reverse trandformation upon complete unloading to ().

1.4 Biomedical Application of Nitinol: Endovascular Stents

Named after the dentis Dr. Charles Stent (1845 — 1901), today the term stenting
refers to the practice of bracing or scaffolding traumatized or diseased tubular vessd
wadls in the human body to: @ increase the diameter and thereby the flow through the
tube, and/or b) so that the vessels do not collapse due to their own inherent weakness
[27]. Although most Nitinol stents are particular focused on scaffolding of blood vessds,
it should be noted that many other parts of the human anatomy are sented as well, eg.
trached denting following trauma from a seat bet during a car crash or esophaged
sterting following tissue damage from chronic gadtric reflux [28].

Nitinol sdf-expanding stents utilize the superdadtic effect both for deployment and in
vivo operation [29], see Fig. 1.3 for a representation of stresses witnessed by a stent
during its deployment and service. During manufecturing, a dent in the austenite phase
(Ar < T < Mg with an origindly large dianeter (eg. 8 mm) is collgpsed (eg. 1.5 mm
diameter) whereby it trandforms to martenste, and inserted into a catheter for
implantation in the body. When deployed from the catheter in vivo, the stent expands
(cregting a reverse martendte-to-audenite transformation), but is condrained by the
aterid wals (eg. 65 mm diameter) such that complete strain recovery cannot occur.
This incomplete phase recovery is not by accident. Indeed, an incompletely reverse-

transformed Nitinol dent imparts very beneficid mechanics to the device, termed
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“biased-giffness’ [7, 30], which is explained as follows. In order to collgpse the sent,
forward transformation (augtenite-to-martensite) must occur which requires loading aong
the dadtic curve of augenite (high diffness), thereby making collepse of the atery very
difficult (i.e. requiring dgnificant applied dress). Conversdy, further expanson of the
atery requires continued reverse (martendte-to-audenite) transformation which is
primarily a dran-based transformation requiring very little dress, therefore the sent
preferentidly continues to expand through the lumind wadl until resching a dress

equilibrium with the surrounding tissue.
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Figure 1.3: At body temperature, the superelastic effect is produced in an endovascular
dent, resulting in a “biased diffness’ in operation (after [6]). During manufacture, the
dent is compressed from an initidly large diameter (@) to a smdl diameter (b) to fit
within a catheter, reaulting in trandformation to martendte.  During in vivo deployment
from the catheter, the stent expands to a larger diameter (c) but is congtrained from full
recovery to (a) by the lumen walls. In operdtion, the stent exerts a mild chronic outward
force (c-e) on the blood vessdl, which keeps the stent and blood vessdl open. To collapse
the stent, and therefore the blood vessd, requires the addition of sgnificant hoop force
(c-d). This resgtance to collgpse from (c-d) b cdled a radid resstive force, RRF, and
requires elagtic loading of the austenite phase.

1.5 Objective of thisWork

Since its discovery nearly a hdf century ago, much research has been conducted on

Nitinol’s unique mechanica response [6-8, 31-36], faigue and fracture properties [20,
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21, 31, 37-74], and phase transformation [8, 13, 31, 75-77]. However, there is a dearth of
information in the literature regarding those responses and properties in a product form
that is rdlevant to biomedica devices Nitinol tube. Motivated by the cited falures of
many hundreds of stents in vivo [78-89], as wdl as persond experience with investigation
of faled biomedicd devices it is the primay god of this research to determine the
fracture and faigue properties, and the reevant microgtructurd variables, that influence
the failure of Nitinol tube.

The remainder of this document is organized as follows. Chepter 2 reviews the
materid that was used to accuratedly mimic Nitinol dent materid, and the experimenta
procedures utilized to determine the relevant fracture mechanics data  Chapter 3
characterizes the crystdlographic dignment of atoms, i.e texture, of a variety of Nitinol
product forms and anneding heat treatments. Chapters 4 and 5 are respectively devoted
to the determination of the fracture toughness and the fatigue-crack growth behavior,
both criticd in edimating the susceptibility of Nitinol to in vivo falure  The highly
localized (~1 nm resolution) effects of microdructure immediately ahead of a growing
crack tip were sudied by synchrotron x-ray micro-diffraction a the Advanced Light
Source (Lawrence Berkedley Nationd Laboratories, Berkeley, CA), with the results given
in Chapter 6. Chapter 7 provides a smple engineering design criterion, based upon the
results in the earlier chapters, for evauding the susceptibility of a Nitinol biomedicd
device to falure by faigue, overload fracture, or both. Finaly, concluding remarks and a

discusson of potentia future work is given in Chapter 8.



CHAPTER 2: EXPERIMENTAL PROCEDURES

2.1 Material

Nitinol (Ti, 50.8 a.% Ni) in the form of tubing, sheet, and rod was received from
Nitinol Devices & Components, Inc. (NDC, Fremont, CA). All samples were processed
from multi-vacuum-arc remdted (VAR) maerid and had an audenite transformation
finish temperature (A;) of 30°C or below. Accordingly al samples were fully augenitic at
tes temperatures, transforming to martenste (SIM) only when dress was applied to the
samples.

The thinwaled tube was received in two conditions &) asreceved (dravn plus
draightened via thermomechanica processng) with dimensons 46 mm outer diameter
and 39 mm inner diameter), and b) flattened. Much of the Nitinol tubing was flattened
such that standard geometries (e.g. compact tenson, C(T), and dogbone) could be
fabricated for fracture mechanics testing. The flattening procedure, which is amilar to

the shape-setting procedure used in dent manufacture, is described below and

scheméticaly shown in Fig. 2.1.

a) superdadtic Ti-50.8Ni (atomic %) tubing with 5.84 mm OD x 4.98 mm ID was
laser cut longitudinally so the tube could be uncurled.

b) laser cut pieces were then flattened through a series of five thermo-mechanicad
shape-setting procedures to form flat strips of 76.2 mm x 17.0 mm.

c) resulting flat strips were annedled to produce an Ay of 28°C.

d) after heat trestment, the strips were laser cut to form dog-bone and compact
tension shaped test samples at various anglesto the origina tube drawing
direction.

e) laser cut samples were microblasted with 1200-grit dumina and eectropolished

to remove the |aser-affected zone and to achieve a uniform surface finish and

passive oxide.
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Figure 2.1: Schemdtic illudration depictiﬁg the brocedur&s used to produce standard
compact-tenson C(T) specimens from an origindly tube-shaped geometry. The tube is
fird longitudindly laser cut, then unrolled through a series of shape-setting procedures,

followed by lasr machining of the C(T) specimens from the flattened configuration in a
variety of anglesto the drawing direction

With the exception of the microdiffraction work, dl tests conducted in the flattened
tube (texture, fracture toughness, and fatigue crack growth) were performed on as
processed flatted tube such that the microdructura conditions (nano-scde grains) were
nominadly equivdent to an endovascular sent.  Microdiffraction studies required larger
grain szes and hence the material was annedled a 700-750°C for 10-30 min. to grow the
grainsto ~25 mm average Sze.

The sheet was received as 0.90-mm thick, as-rolled materid. Two rod samples were
aso obtained from NDC with diameters of 15 and 41 mm. The 15 mm diameter is the
predecessor to the deep-drawn tubing described above, whereass the 41 mm diameter
materid is gmilar to the Nitinol rods that are being proposed for use in sructurd

gpplications, such as earthquake-proofing civil structures

2.2 Heat Treatments

The effect of anneding heat trestments on the tube and sheet texture was studied using

as-received materids that were processed to the following conditions:
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“485” condition: as-received materia was reheated for 5 min a 485°C (~ 05 Ty,
where T, is the mdting temperature) in an ar furnece, followed by an ice-water
guench. This heat treatment is common in the Nitinol industry and serves only to
dressrdieve, dightly lower the tensle strength, and dightly raise the Ay.

“850” condition: as-recelved Nitinol was anneded in vacuo at 8&0°C (~ 0.7 Tyy) for
30 min followed by a dow cool (10°C per min). This heat treatment does not fully
normdize the microgtructure, but is used here as it represents a typicad industry
anned for dudying large-grain phenomena

“1100" condition: as-received Nitinol was anneded in vacuo for 12 hr at 1100°C (~
0.85 Tpy), followed by an ice-water quench. The rationde for this heat trestment was
to relieve processing resdua dresses, to recryddlize the materid, and to diminate
the R-phase.

The spedific trandformation temperatures for each raw materid form are given in
Table 2.1, with corresponding optical micrographs presented in Fig. 22. Severd of these
micrographs show the presence of martendtic grains (needle-like appearance); however,
these are polishing atifacts as the dresses from grinding and polishing cause
tranformation in exposed grans which leaves resdud surface rdief on etching.
Moreover, the apparent grain sizes of ~20 um, observed with optical microscopy for the
“485" conditions, ds0 give a fdse impresson; there exis much smdler “sub-grains’ (~
10 nm) that can only be reveded by transmission eectron microscopy [90].

Table 2.1: Transformation temperatures and average grain sizes for the eight sample
conditions described in Sections 2.1 and 2.2.

Condition Transformation Temperatures*, °C AveGrain
Rs R¢ Mg Ms As As Size, Mm
485°C, 5min 2 0 -47 -90 16 28 25
Tube 850°C, 30 mirj 0 -27 -54 -68 -8 4 40
1100°C, 720 min n/a n/a -52 -72 -42 -29 75
flattened 25 13 -26 -63 12 26 25
Sheet 0.90 mm, 485°C, 5min 13 5 25 3 13 30 50
0.90 mm, 850°C, 30 min -35 -6 -57 -76 -7 2 75
Rod 1I5mmf -60 -32 -58 -90 -35 -20 0
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41 mmf 23 11 -27 -55 14 30 0

* Determined by Differential Scanning Calorimetry (tangent intercept method). R, R, Mg, M and A, A are,
respectively, the R-phase, martensite and austenite start and finish temperatures
** These grain sizes represent the optical microscope resolved dimensions. Transmission electron microscopy above
50,000X magnification reveals a sub-grain structure of ~10 nm average size, which are annihilated at the higher
temperature heat treatments [90].

Figure 2.2 Photo-microgrgphs of the eight raw materid forms documented in Table 2.1;
(@) tube, 485°C (~0.50T), 5 min, quench, (b) tube, 850°C (~0.70Ty), 30 min, -10°C/min,
(c) tube, 1100°C (~0.85Ty,), (d) tube, flatened through a nine-step thermo-mechanica
shape-setting process, (€) 0.90 mm thick sheet, 485°C (~0.50Ty,), 5 min, quench, (f) 0.90
mm thick sheet, 850°C (~0.70T,), 30 min, -10°C/min, (g) 15 mm diameter rod, no heet
treatment, (h) 41 mm diameter rod, no heat treatment. Etchant: 3.2% HF, 14.6% HNOs;,
baance delonized water. The drawing/rolling direction isvertical.
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2.3 Texture Analysis

Crystalographic textures were measured in reflection geometry with a Huber x-ray
pole figure goniometer, with Cu-Ka radiation source a 40 kV and 14 mA, and a graphite
monochromator. To provide large enough flat samples, the tubes were diced into
sections, the sections were then lined up Sde-by-sde to form an gpproximate 10 mm
square, cold-mounted in epoxy and polished flat.  All tube and shest samples were
mechanicaly ground and polished to a 0.05 pum finish to permit optima reflective x-ray
diffraction and edablish conssency among the samples The rod samples were
longitudinaly laser cut and eectropolished to remove anty machining effects.  All
samples were heated to ~50°C prior to testing and dow cooled back to room temperature
to ensure they were fully austenitic throughout the test.

The crygsdlographic texture of the Nitinol was determined from three “incomplete
messured” pole figures, namely the 110, 200 and 211 diffraction pesks, & ? vaues of,
respectively, 21.3°, 30.8° and 38.9° for Cu-Ka radiation, where ? is hdf of the agle
between the incident x-rays and the detector. The raw intensties were corrected for
background and defocusng and only data out to a maximum tilt angle distance of 65°
were  used. The Williams-Imhof-Matthies-Vind  (WIMV) dgorithm  [91], which
cdculates orientation didributions from pole figures was employed in the BEARTEX
software package for quantitative texture andyds in order to obtan the orientation
digribution functions (ODF) [92]. From the ODF, pole figures and inverse pole figures
were recdculated following standard smoothing and rotation operations. The smoothing

operation was peformed manly to reduce the effects (if any) of highly oriented single
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caydds in the bulk sample. Rotation was necessary to orient each pole figure in the
sample reference orientation for comparison among the samples.

Except for the flattened tube, the experimenta pole figures for the Nitinol tube
samples represent the average of three separate tests. For the Nitinol sheet, rod, and
flattened tube samples, only one test was used in the texture anadyss because of limited
sample supply. However, each sample was tested multiple times and yieded nearly

identica results each time.

2.4 Uniaxial Tension Testing

Standard “dog-bone” tensle specimens were laser machined from the flattened tube
a orientations longitudina, circumferentia, 22.5°, 45°, and 67.5° to the tube drawing
direction. Dog-bone gauge dimengons were nomindly 0.75 mm wide, 040 mm thick,
and 75 mm long. Uniaxid tensle testing was performed on an EnduralEC/BOSE
desktop tester ELF3200 (ELectroForce) series. A customized air-hegting chamber was
used to maintain a temperature of 37°C during testing at a crosshead displacement rate of
4.0 nm/sec to ensure adiabatic conditions. Strains were determined from a miniature

extensometer with gauge length of 3.00mm.

2.5 Fracture M echanics T esting

All fatigue and fracture tests were conducted usng an automated servo-hydraulic
MTS mechanicd teding sysem. The C(T) specimens were machined from flattened
Nitinol tube 12 mm square with a thickness of 0.37-041 mm. Each sample was
submerged in boiling water for 5 sec immediately prior to teting to raise the sample

temperature dgnificantly above the Ars to transform any resduad martendte to audtenite.
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Samples were then dlowed to equilibrate to the testing temperature, 37°C, for 10 to 20
min prior to dating each tes.  All fatigue-crack growth and fracture toughness data
presented herein represent the average of at least four independent tests per condition (0 =
4). The specific detals pertaining to the fracture toughness and fatigue testing are given

in the following subsections.

2.5.1 Fracture Toughness Measurement

Specimens were mechined with the darter notches oriented in one of three
configurations. longitudina (i.e, in the drawing direction), 45° to the drawing direction,
and cdrocumferentid (Fig. 21). Each sample was fird faigue pre-cracked prior to
toughness testing at low R-ratio, near-threshold stress intensities (< 5 MPaOm) to produce
a nomindly atomicdly shap flav, with a crack-length to sample width ratio of a/W ~
0.45. Toughness tests were then conducted in ar (to alow the measurement of crack
extenson by telescope with a resolution of 1 nm), with the temperature maintained at
37°C indde an enclosure surrounding the servo-hydraulic test sysem. Using a crosshead
displacement rate of 400 nm/sec, stable crack growth was monitored from a/W ~ 0.45 to
0.60, in generd accordance with ASTM E399 [93]; corresponding measurements of the
crack extenson, Da, as a function of the agpplied dress intendty, were then used to

determine the crack-resistance or R-curves as afunction of specimen orientation.

2.5.2 Fatigue Crack Growth Setup
Unlike the fracture toughness tests which studied the effects of crack orientation on
fracture, the specimens used for fatigue-crack growth studies were al cut with the crack-

growth direction oriented a 45° to the tube drawing direction because the experiments in
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Chapter 5 showed that fatigue-crack extenson favored this direction regardless of the
initia orientation of the pre-notch.

In vitro faigue-crack growth rates measurements were conducted with custom:
desgned grips containing a reservoir for containment of a Smulated body fluid, Hanks
Baanced Sdt Solution (HBSS)', with laminar fluid flow controlled via a vave-regulated
submerged hydraulic pump a a rae of approximady 50mi/min across the faigue
gpecimens.  Huid was maintained at a temperature of 37°C and pH of 7.4 to smulate in
vivo conditions. Deeterious bacterid growth was inhibited by Gentamicin a a ratio of
2mi/l of HBSS. Teding was peformed in force control a a cydlic loading frequency of
50 Hz (sne wave), except where the frequency was lowered to 1 Hz to smulate the
humen dnus rhythm, over a range of pogtive load ratios (ratio of minimum to maximum
load) of R = 0.1, 05 and 0.7; crack lengths were continuoudy monitored with a
capacitance-based load-line displacement gauge located on the grips. A computer-
controlled feedback loop was utilized for K-control with a force shedding rate of —0.16
mm’ during the dow growth phase of the faigue curve, i.e, near the fatigue threshold,
DKih. The vdue of the DKy, threshold was operationaly defined, as per ASTM E647
[94], as the stress-intensity range, 2K = Kimax — Kmin, t0 give a growth rate, da/dN, of 10°

m/cycle, based on linear extrapolation of data between 10°° and 10°° micydle.

2.6 Characterization by X-ray Micro-diffraction

To invedigate the microstructurd changes that occur locdly a a growing crack in

Nitinol, a technique was developed that combined micro-mechanicd loading of C(T)

! Chemical formulation (in g/L of deionized water): 8.00 Sodium Chloride, 0.05 Sodium Phosphate
Dibasic, 0.40 Potassium Chloride, 0.06 Potassium Phosphate Monobasic, 0.098 Magnesium Sulfate
(anhydrous), 0.14 Calcium Chloride (anhydrous), D-Glucose (anhydrous), and 0.01 Phenol Red colorant
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goecimens with in situ high-resolution imaging with x-ray micro-diffraction (a Beamline
7.3.3 a the Advanced Light Source synchrotron radiation fecility, Berkdley, CA). The
C(T) specimens were fatigue pre-cracked, per Section 2.5.2, a near threshold stress
intengities (~3 MPaOm & R = 0.1) to generate an atomicaly-sharp crack with minimal
resdud dress prior to being loaded on the beamline with an in situ micro-tengle loading
devicee The custom-designed tendle loading apparatus was displacement-controlled via
a stepper motor traversing a 0.25 mm/s, with a force capacity of 100N. Using the
synchrotron radiation source a the ALS, Laue diffraction patterns were obtained under
white-beam conditions (photon energy 5-14 keV) from very highly locdized regions
(spot size <1 mm diameter) in the vicinity of the crack tip.

Each specimen used for this studied was anneded at 700-750°C for 10-30 minutesin
order to grow the grains to an average size of 25 nm, i.e, to a Sze where diffraction
scans (with a spot size of ~1 nm) could result in severd diffraction patterns collected per
gran to accurady measure gran-by-gran and intergranular strains. The specimens were
further heat treated (475-500°C, 3-5 min.) to tune the As to ~15°C such that testing at
room temperature would have the same rdative deviation (~7°C) as experienced by a

dent in the human body (A; ~ 30°C, body temperature ~ 37°C).
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CHAPTER 3: NITINOL TEXTURE

3.1 Introduction

When conventiond engineering materids, such as danless ded, ae mechanicaly
loaded, they undergo typicdly less than 1% eagic deformation (which is completely
recoverable), followed by plasic deformation (which is permanent). Nitinol, a nearly
equiatomic nickd-titanium dloy, responds differently; its dadic response is followed by
a gress-induced phase transformation from a cubic (austenite) phase to a monoclinic
(martengite) phase that can result in fully recoverable macroscopic strains as high as 8%
or more. On unloading, the martenste becomes ungtable and fully transforms back to
austenite, with a concomitant macroscopic strain recovery phenomenon referred to as
uperdadity. As these martengitic phase transformations depend on coordinated atomic
movements, any dggnificant dignment of the aomic planes i.e, texturing, in the
polycrysdline maerid can have a maked influence on the mechanica response by
ether limiting or promoting the transformetion.

Previous work [95-106] has shown that in drawn and hest-treated sheet or bar, the
mechanica properties of Nitinol are srongly influenced by the texture. In particular,
Gdl and Sehitoglu [95] concluded that texture, and consequently the martenste variants
active during the transformation, are the source of the compresson-tenson asymmetry in
Nitinol.  Smilarly, Gao and Yi [96] demonstrated a marked influence of texture on the
dagdic modulus, trandformation dress, and trandformetion dran  in Nitinol, and
Vadyanahan et al. [105] showed that texturing occurs in Nitinol only when martenste is
sress-induced from audenite.  Despite the obvious dgnificance of textuwe on the

mechanica performance of Nitinol, there have been few studies that quantify this texture,
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paticularly in tubing that is used in one of the mogt important applications of the dloy,
that of the manufacture of endovascular stents and other biomedica devices.

Accordingly, it is the objective of the this chapter to seek further understanding of
how processing and heat treatment can affect the texture in Nitinol, specificdly by
quantifying the texture of a variety of raw materid forms and heat treatments. The
moativation for this investigation is to provide a comparison of the texture of the Nitinol
tubes that are used in the fabrication of many biomedical devices (eg., Sents, vena cava
filters) with other product forms (sheet and rod), and to determine if anneding heat
trestments can be utilized to change the strength and orientation of the texture in order to

vary the mechanicd response.

3.2 Product Form Comparison

To determine the role of product form, pole figures and inverse pole figures for tube,
shest, and rod with nomindly smilar heget trestment were compared. Using Fig. 3.1 to
define the legends for dl pole figures and inverse pole figures shown in this chepter, it is
gopaent from Fg. 3.2 that dthough the intendty, or the reative texture drength, is
goproximately the same, the specific nature of the texture depends markedly on the form
of the raw materid. The texture of the sheet is characterigtic of hot-rolled body-centered-

cubic (bcc) materids, asisthe 110 fiber texture for the rod [107].

POLE INVERSE SCALE
FIGURES POLE
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100 110 scale
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Figure 3.1. Legend for the pole figures (stereographic projection) and inverse pole
figures (equa area projection). Intensties for every texture figure in this text are plotted
on the same logarithmic scae from 100 (min) to 600 (max), i.e. 1-times to 6-times
random distribution.

TREATMENT POLE FIGS INV. POLE FIGS

Tamp (9C}, Tima (min), Coaling 110 111 Radial Drawing

"’“‘““\@ i 4

SHEET 485, 5, quench

ROD none (41 mm )

Figure 3.2 Raw materid form texture comparison: tube sheet, and rod, showing
sgnificant variation between the product forms.

To reproduce the effect of processng that a product may undergo during
manufacturing, i.e, through the shape-setting procedure, tube samples were
longitudindly cut and flaitened. Despite the severity of the flattening process in this
sanple, the texture of the tube remaned reaivey congant (Fig. 3.3). The only
ggnificant difference in the “485" versus the flattened tube is the redigtribution of 111

poles from the circumferentia to the drawing direction.

TREATMENT POLE FIGS INV. POLE FIGS
Tamp (9C), Tima {min), Cooling 1{1 110 1 Radial Drawing
""““tw i 4

flattaned
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Figure 3.3: Textue effects as a function of shgpe-set processing, showing generdly the
same texture with the exception of a redigribution of 111 texture from the radid to
drawing direction upon flattening.

With the results from the tube showing condstency in texture following mechenicd
processing, it was quite surprisng to discover widdy varying textures in rod (Fig. 3.4) of
vaious dimensons and lots The texture from two different diameter rods was quite
different (Fig. 3.4). The 15 mm diameter rod, which is e precursor to the deep-drawn
tubes that were andlyzed in Fig. 3.3, exhibited an extremey high texture srength and
highly locdlized texture components. Comparison of the 15 mm diameter rod texture
(Fig. 34) with that of the “485" tube (Fig. 3.3) shows didinctly different textures
following the processing. It is interesting that the severe process of deep-drawing a rod
into a tube shape has a profound impact on the texture, whereas the process of flattening
or uncurling the tube resulted in minima texturad changes. This obsarvation suggests thet
dthough the form of the starting materid has a marked effect on the texture, the shape
setting procedures produce little change.  These results are of ggnificance for biomedica
Nitinol components, as most manufecturers use some form of shgpe setting or materid
“training” during processing.

TREATMENT POLE FIGS INV. POLE FIGS

Tamgp (9}, Tima (min}, Coaling 100 110 111 Radial Drawing

none (15 mm ¢)

none (41 mm §)

A a

Figure 3.4: Rod materid comparisons showing nee;rly gngle cyda texture in the 15
mm diameter rod, and lower texture intengty in the 41 mm diameter rod texture, and are
both significantly different than tube.
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3.3 Heat Treatment Comparison

As most biomedica Nitinol products undergo some form of heat trestment to “tune’
the trandformation temperatures, it is important to understand the effect of such
treetments on the texture of Nitinol. In this section, the effect of anneding hesat
trestments was primarily evaluated on tubular raw materia form, which is most widdy
used in the biomedicd community, dthough sheet samples were dso examined for
comparison.

Unlike many engineering dloys tha normdize, or randomize, ther grain dructure
following anneding heat treatments at high homologous temperatures, the srength of the
texture in Nitinol was found to be incressed. This is indicated by the progressively
higher intengty (rdative dendty of red in the pole figures) as the anneding temperatures
and times increese (Fig. 35). The inverse pole figures demondrate a progressive
redigribution of texture from 111 and 110 poles in both radid and drawing directionsin
the “485” condition, to 111 radid and 110 drawing direction textures. Except for these
differences, the tube texture remains generdly smilar throughout the heat trestment

process.

TREATMENT POLE FIGS INV. POLE FIGS

Tomp (2}, Tima {min}, Cooling 100 110 11 Radial Drawing
L e

485, 5, quench

850 30, -10°Cimin

1100, 720, quench
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Figure 3.5: Effect of anneding heat treetment on the texture of Nitinol thin-walled tube,
showing a progressive drengthening of texture and dight redistribution of towards of the
111 polesin the radid direction upon increased anneding time.

Sheet materid exhibits the same trend of increasng texture intengty with increesng
heat treatment (Fig 3.6). The sheet texture aso redistributes upon heating, and grows
from predominantly 111 radid and 110 drawing to 111 and 110 radid and strong 110

drawing texture.

TREATMENT POLE FIGS INV. POLE FIGS

Tamg (9}, Time {min), Cogling 111 Radial Drawing

\\ . _ ;:
850, 30, -10°Cimin é %ﬁ Lz N m

Figure 3.6: Effect of anneding heat trestment on texture in 0.90 mm thick Nitinol shedt,
showing asmilar strengthening of texture as the tube product form.

Textures measured for Nitinol sheet compare favorably with previous measurements
cited in the literature [98, 100, 101], although there are no other reported data on the
texture of Nitinol tubes. Specificdly, the current textures for 0.90 mm thick “485" sheet
are very smilar to those determined by Monasevich et al. [101], Li et al. [100], and Inoue
et al. [98] on other Nitinol plate and sheet geometries. However, pole figures derived by
Kitamura et al. [99] are quite different, presumably because their study was focused on a

much thinner (100 mm) Nitinol sheet; they showed a texture maximum of the 110 pole

normal to the sheet, which was not observed in the present study.

2 110 normal-direction texture was observed in a different Ni-rich (555 at. %) Nitinol materia (not
included in this dissertation) processed by both vacuuminduction-melting and vacuumarc-melting (VIM -
VAR). Unlike the multi-VAR material used here, due to interaction with the crucible, the VIM-VAR
process leads to a different as-cast structure and a higher carbon content (0.07 at. % C in thisalloy), which
may be responsible for the 110 normal-direction texture.
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3.4 Textur e Quantification

Quantification of the mgor components of textures in each st of samples was
performed using the BEARTEX software; results are presented in Tables 3.1 through 3.3
and show the texture components representing 4% or more of the totd volume, with the
remainder assumed to be randomly didtributed. In these tables, each Euler-angle-
described component was approximated as a Miller index pair {hkl}<uvw> representing
the {hkl} plane families norma to the radid/thickness direction, and <uvw> direction
families pardld to the drawing/rolling direction.

Table 3.1 shows a shift in the mgor texturd component from a {110} <223> in the
“485" sample to a {-111}<13-2> and {-212}<120> in the “850” and “1100” samples,
respectively.  In addition, there is a trend of increasing texture from 40% in the “485” to
a surprisng 82% in the “1100", indicating a dtructured recrydtdlization upon heat
trestment.  Interestingly, 73% of the grains in the “1100" tube sample can be described
by soldy two texture components, {-212}<120> or {-432}<14-4>. Although it was
previoudy daed that the “485" and flattened tubes appeared to have smilar textures,
their quantified results show digtinct differences.  However, as the mgor component in
each sample both represent ~27% of the texture volume and differ by only 8 degrees in
a- Euler gace, it is far to concdude tha the textures are Smilar with only minor

differences.

25



Table 3.1: Quantified textures for tube raw materia form.

COMPONENT APPROX.
CONDITION EULERANGLES  MILLER INDEX V%L
(o, B, v, AB) {hki}<uvw>
45,45, 0, 20 {110}<223> 26
485°C, 5 min 30, 56, 45, 15 {111}<110> 10
0, 57, 45, 10 {111}<211> 4
45,58, 45 12 {111}<132> 20
850°C, 30 min 55, 45, 0, 15 {110}<112> 10
90, 45, 45, 10 {223}<110> 8
275, 40, 25, 10 {213}<120> 5
270, 48, 25, 20 {212}<120> 40
1100°C, 12 hr 41, 70, 35, 15 {532}-:147!} 33
120, 50, 35, 15 {323}<432> 5
330, 55, 45, 15 {111}<110> 4
37,45,0, 20 {101}<171> 28
Flattened 0, 35, 45,15 {112}<1'1'1=- 11
287, 50, 35, 10 {323}<331> 8
219, 66, 26, 15 {211}<011> 5

26

promoting recrysdlization in the different raw materid forms.

Like the tubes, the sheet samples (Table 3.2) produced smilar increased texture
volume percentages with incressng heat trestment time and temperature; the sheet
increased from ~40% total texture in the “485" to 75% texture in the “850” sample. This
spike in texture volume occurred a a lower anneding temperature and time than in the
tube, which went from 40% to only 43% texture for the same heat trestment. This
difference could be associated with the difference in thickness of the samples, as the
tubes were 0.37 mm thick whereas the sheet was 0.90 mm thick. It is presumed that the
additiond geometric condraint in the tube samples inhibited crystd redigribution at the
medium hegi-treated condition. It is aso possble that prior deformation, i.e, the extent of

drawing or raling, or the pre-exiging texture itsdf, may play a role in preventing or




Table 3.2: Quantified textures for sheet raw materid form.

COMPONENT APPROX.
CONDITION EULER ANGLES  MILLER INDEX VQ L
(e, B, 7, AB) {hkl}<uvw> i
- 60, 45, 45, 15 {111}<112> 16
°4§°5.,“g:‘;‘,'::;.," 270, 45, 45, 15 {223}<110> 13
270, 75, 45, 15 {221}<110> 11
0.80 mm thick 313, 45, 35, 25 {435}<312>* 45
850°C,30min __ o,45,0,20 {i10}<110> 30
* This orlentation pair is not parfectly co-planar; however, it represents the nearest
low-index correlation.

Approximately 60% of the 15 mm diameter rod crysdlites were represented by a
sole texture component, {-203}<302>, (Table 3.3). Conversdy, the larger 41 mm
diameter rod exhibited an even didribution, ~10% each, of four different texture
components. The exact source of such pronounced texture in the one rod sample and not
the other is uncertain, but one can speculate that it is due to the prior degree of

mechanica working and/or geometric effects.

Table 3.3: Quantified textures for rod raw materid form.

COMPONENT APPROX. VoL
CONDITION EULER ANGLES  MILLER INDEX %
(o, B, v, AB) {hkl}<uvw>
iR 0,35,010 {203}<302> 60
b 0, 56, 15, 10 {312}<203> 12
90, 45, 0, 15 {110}<001> 10
41 mm 4 35,45,0,15 {I10}<111=~ 10
0, 45, 0, 20 {110}<110> 9
125, 45, 0, 15 {110}<112> 8

In light of these findings, it is clear that sdection of the agppropriate rav materia
product form is criticd to obtaning accurate mechanica test results when characterizing

Nitinol materids, particularly in proof testing for quaity assurance. In addition, a criticd

27



finding is that the texture of Nitinol materids cannot be removed, or even reduced, in

these product forms using slandard annesling or normalization hest trestment procedures.

3.5 Texture-Dependent M echanical Behavior

To demondrate the effect of texture on the mechanicd propertties of Nitinol, the
drains a the end of the transformation stress plateau (i.e., on the stress/strain curve) were
edimated. Following the technique of Yuan and Yi [106] for textured Nitinol shedt, this
transformation drain can be caculated from the modified Taylor factors derived by Ono
et al. [108, 109] for polycrydsdline Nitinol. Spedificdly, usng optimization adgorithms
for the formation of the twelve variants of martengte, Ono et al. created a modified
Taylor factor, M', digribution map, as shown in Figure 3.7, which shows modified Taylor
factors as a function of the texture in the tensle loading direction. Using this mgp and
the inverse pole figures determined from the current experimenta data, the

transformation strain, e, was cdculated from:

e_th (3.2
Ml i) .

ave

where h is the maximum habit plane disolacement magnitude (= 13.08 from ref.[109]),

Vm is the volume fraction of martendte (= 1.00 for 100% converson in this case), and

M' ave is the average modified Taylor factor:

_JE(kD M (hk,)

( E(h,k,1)
where E(hk)) is the discrete texture intendty at a given (hk,) Miller index postion on

(3.2)

the experimentdly measured inverse pole figures, and M'(hk,) is the corresponding
modified Taylor factor intendty from Fgure 3.7. Thus, M'ae represents the normdized

Taylor factor for each specific polycrystaline form of Nitinol in this study.
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Figure 3.7 Modified Taylor factor Figure 3.8: Texture-predicted  tensile

digribution, M', after Ono et. al. [109] trandformation drains versus loading angle

showing the factor as a function of relaive to the drawing axis for flattened

texture and uniaxid tensile loading tube (solid ling), with experimentdly

direction. determined  (by uniaxid tenson tedts)
trandformation drains (dashed line) showing
good corrdation; 16% maximum difference
at 45°.

Inverse pole figures were produced for the flattened tube for inclined sample
directions between 0 and 90 degrees, in 5 degree increments, with respect to the drawing
direction. These inverse pole figures provided the necessary E(hk,l) digributions to
predict the flattened tube transformation srain as a function of applied load direction.
The tendle transformation strain predictions are plotted in Figure 3.8, and dearly show
that a lower drain is necessary for complete transformation when the sample is loaded
padld to the 45° direction. The transformation gsrains from the laboratory uniaxia
tenson experiments follow the same genera trend as this predicted mechanica response.
The discrepancy is surpriangly smdl, namey 16% maximum. The good agreement
indicated that the modified Taylor factor cdculaions are a very good esimation to
predict the transformation drain from the determined Nitinol texture. It is aso of note
that these predicted results are consstent with paths of fatigue cracks in this materid

which, irrespective of the path of maximum driving force, preferentidly follow the 45°
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direction, (see Chapter 5). Conversdly, the strains predicted for complete transformation

in compression have areverse trend, see Figures 3.9 and 3.10.
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b
AR ak il .‘_._.. ‘._."_‘
" e
.-"'f-' ‘-.-'L-.
e | e e
k e e Y
r phiees
4 14|
=
_-" ERBEEN 1
|

frmar orals Comprassion Axis, in Dagraas to thea Drawing Direction

Sirain, %

Figure 39: Modified Taylor factor Figure 3.10: Texture-predicted comp-

digribution, M', after Ono et. al. [109] resson trandformation grains versus loading

showing the factor as a function of agle rdaive to the drawing axis for

texture and uniaxid compression flattened tube showing a reverse trend D the

loading direction. tensile trandformation drains predicted in
Fig. 3.8.

Findly, Figure 3.11 shows the predicted transformationad drains of the tube, sheet
and rod raw materid forms that are commonly used for industrid Nitinol products. The
wide vaidbility in the transformation strains for tube, rod and sheet demondrates the
need for quantification of texture in every raw materid form appropriate for each Nitinol

supplier and manufacturer.
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Figure 311: Texture-predicted tensile transformation drains versus loading angle
relative to the drawing direction for tube and sheet Nitinol raw materia forms.

3.6 Conclusions

Nitinol derives its unique mechanicd behavior from the coordinated atomic
movements manifesing in a phase trandformations from cubic augtenite to monodinic
martendte. Therefore, any dSgnificant dignment of the aomic planes from texture in the
polycrysdline maerid can have a maked influence on the mechanica response by
gther limiting or promoting that phase trandformation. The texture andyss presented in
this chapter has shown that Nitinol does exhibit crystalographic orientation resulting
from its forming and processng, which cannot be diminaed by anneding a high
homologous temperatures up to ~0.85 T,,. Interpretation and quantification of the pole
figures and inverse pole figures leads to the following specific conclusons:

1. Each materid product form (tube, sheet and rod) possess a unique characteristic
texture. Indeed, even rods of different diameter have widdy different textures.
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2. Anneding Nitinol tube and sheet for increasing time and temperature increases
the cryddlogrephic dignment in the sample  The location of the texture
components, i.e, the Miller index quantification, however, remans somewhat
constant upon continued anneding despite the increesing volume percent of
textured grains. Anneding & ~05 T, in sheet and ~0.85 Ty, in tube resulted in
over 70% of the cryddlites didributed across only two principd texture
components.

3. Shape-sdtting of tubular Nitinol does not dgnificantly affect either the magor
texture component identity or its intengty. The only ggnificant difference after
the severe shgpe sdting process of flattening a tube was found to be the
redigtribution of 111 texture from the circumferentia to the drawing direction.

4. The texture of 15 mm diameter rod was highly oriented; specificdly, 60% of the
grans were oriented in the {-203}<302> direction. The manufacturing step of
producing tubes from this rod via a deep-drawing step sgnificantly changed the
texture to a principa orientation of 26% {-110}<223>, and introduced a more
evenly distributed texture over severa components.

5. Expeimentd transformation drans were in good agreement with Taylor factor
cdculations for trandformation to the tweve variants of matendte.  These
predictions and mechanicd tests show that the trandformation strain for Nitinol
tube is lowest & a loading direction 35-45° to the drawing direction, and that
texture in various rawv materid forms has a profound influence on the

trandformation strains.

It is for these very reasons that it became gpparent that in order to estimate the
fracture behavior of Nitinol dents, experimenta testing must be performed in a product
form that accuratdy mimics det materia.  Therefore, the remainder of the tedts
presented herein were conducted exclusively on flattened Nitinol tube with nomindly the
same texture, microstructure, and phase transformation temperatures as endovascular

gents.
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CHAPTER 4. ORIENTATION-DEPENDENT FRACTURE TOUGHNESS

4.1 Introduction

Stresses from implantation and in vivo operation subject dents to a variety of
overload dresses, for example from flexions of the joints or Imply maneuvering the
device through highly tortuous paths during implantation. These events can lead to
“gangle-event” overload fracture potentidly result in degraded performance or, in the
worse-case scenario, complete failure of the device. Despite the recognized importance
of thisissue, the fracture toughness of Nitinol tubing has not been determined.

When reporting fracture toughness vaues for engineering gpplications, it is preferable
to cite the plane srain (mode 1) critical fracture toughness, K, as this is a true materid
congant. This vaue has never been measured for Nitinol. Indeed, there are only three
reports of fracture toughness in the literaiure and each represents a highly specific
condition [21, 54, 110], none of which are the plane strain (mode I) vaue.

When plane-drain conditions are not applicable such as in the case of biomedica
devices (i.e when the specimens are ressonably smdl®), toughness values may become
both crack dze and geometry dependent, resulting in eevated toughness vaues.
However, in this case, snce the god is to determine the engineering parameter “fracture
toughness’ for a highly specific gpplication, endovascular stents, the measure  of
toughness in these samdl C(T) specimens is more appropriate than the K c vaues. Since

the Kic vaue will invaridble be lower than the toughness measured herein, desgn usng

3 Sample thickness, B, and crack length, a, typically assumed = 2.5(K.c/sy)2 for plane strain conditions [93.

American Society of Testing Materials |, Subcommittee E08.06. E399: Standard test method for
measurement of the plane strain fracture toughnessin metallic materials. ASTM Book of Standards,
2005).
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that parameter may result in an overly consarvative estimate of the fracture resistance

resulting in unattainable design congderations.

4.2 Stress Intensity Calculations

Stress-intengty vdues, K, were cdculated from sandard handbook solutions [93,

111] for a compact tenson specimen geometry using the following equations with a range

of vaidity for 0.2=a/W = 1:

& P 0_za o
K= “F¢c—=, where (4.1
gB«/Vv;a g W g
2 .3 44
a%+_5€%886+464— 13329—- +14729—— 56207
SN W Wg
Fg—+= ’ (4.2)
eWg %’i a 0/2
& Wg

and where a is the crack length measured from the loadline (4-6 mm in these samples), W
is the width of the specimen measured from the loadline (=10 mm), B is the sample
thickness (~0.4 mm), and P the applied load.

As indicated by the texture results in Chapter 3, Nitinol has directiondity-dependent
mechanical properties. Thus, it came as no surprise that some cracks were inclined a an
age a (~25 deg) to the drawing direction, presumably due to texture. Therefore,
fracture toughness values are presented as equivaent toughness vaues to account for that
kinking, and are computed from the maximum dran-energy release rate, G, utilizng

both mode, ki, and mode 11, k;;, components, i.e.,

Keq=[G(a)E]” = [ki*(a) + ki*(a)]” (4.3)



where E' is the gppropriate dagtic modulus, specificdly, in plane stress E' = E (Young's
modulus), wheress in plane sran, E' = E/(1 — n?), where n is Poisoon's ratio. This
goproach compensates for the witnessed angled crack growth in the circumferentialy-
oriented samples. The angle was measured by opticd microscopy following each
experiment, and the crack extenson was continualy monitored throughout tesing usng a

telescope with 1 mm accurecy.

4.3 Fracture Toughness Behavior

To gmulate the types of dent fractures and fallures that may result in numerous Stes
in the device from a dngle overload event, such as macroscopic bending/buckling of a
supeficd femord atery dent in response to knee flexion, the fracture toughness of
flattened Nitinol tube was evauaed a vaious angles to the tube drawing direction.
Cracks grown from pre-notches oriented in the longitudind and 45° directions
propagated by pure mode | fracture, i.e, cracks did not kink from the pre-notch
orientation.  However, cracks grown from pre-notches oriented in the circumferentia
direction kinked from the pre-notch orientation producing a mixed-mode | + Il loading
configuration. Note that in terms of a crack-driving force, the effects of these differences
in crack-path orientation are accounted for in the computation of the equivdent dress
intendty Keq (Eq. 4.3), but from an energetic viewpoint the cracks should not have
diverged from the favorable mode | crack pah unless the materid microstructure
(texture) overwhemed this driving force, making a more energeticdly-favorable path
aong amixed mode (kinked) orientation.

Results for dl three sample configuraions, namely circumferentia, longitudind and
45° fracture are shown in Fig. 4.1, and display so-cdled crack resstance or risng R-
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curve behavior, i.e, the dress intendty to initiate and sudtain subcritica cracking
increases with initid crack extension. The fracture toughness a the onset of crack
extenson, i.e, a Da ? 0, is known as the crack-initiation toughness Ko, and is
ggnificantly lower than the toughness required to induce dgnificant advance of the
growing crack.  In the present case, the initiation toughness vaues for Nitinol in the
crcumferentid, 45° and longitudind crack-growth orientations were 16, 10 and 27
MPaOm, respectively. It is suspected that the difference in initiation toughness vaues as
a function of crack-growth angle is due to the influence of texture in the materid, as
previous reports have demondrated variable mechanicad properties as a function of angle
to the drawing direction in processed Nitinol sheet [96] and in this work with tube
(Chapter 2). Specificdly, these studies show that the tensle stress [96] and drain (see
Chapter 2) required to initiste the austenite-to-martendste phase trandformation are
ggnificantly lower in the 45° direction to the drawing direction, which is in good
agreement with the fatigue-crack growth results (Chapter 5) showing lowest crack-
initiation toughness vaues in that direction.  Despite ggnificantly different crack-
initigtion vaues, dl three sample configurations reach the same <Seady-dtate fracture
toughness vaue of Kg ~ 34 MPaOm. The presence of an R-curve in this materid
suggedts that there are competing effects ahead of the crack tip, and in the plastic wake of
the growing crack. These competing effects may be due to such factors as
superdadticity, modulus mismaich between the audenite and martendte phases, and

crystalographic texture.
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Figure 4.1: Fracture toughness properties of flattened Nitinol thin-waled tubing
(longitudind, 45 deg and circumferentid orientations) in 37°C air, in the form of crack-
resstance curves (R-curves), show a dependence on both crack-growth direction and the
extenson Da of a nondationary crack; n = 4 per orientation. Initid pre-notch
orientations are given on the tube schematic to the right.  Crack-initigtion toughness
vaues, i.e, the vaue of the stress intendty a Da? 0, range from K, ~ 10 to 27 MPaOm;
with crack advance, toughness vaues approach a steady-date fracture toughness of K, ~
34 MPaOm after ~0.4 mm crack extension.

Scanning eectron microscopy of the fracture toughness specimens reveadled a ductile
fracture with dight evidence of microvoid codescence (Fig. 4.2). No differences in
fracture morphology were detected between the three sample configurations, or between

the initiation and steady-State regions.
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Figure 4.2:  Scanning eectron micrograph of the overload fracture morphology,
corresponding to the Steady-state plateau on the R-curve (Keq ~ 34 MPaQm), in a
cdrcumferentidly-oriented pre-notch specimen, showing ductile fracture. No difference in
fractography was observed between the initiation and Steady-state regions, nor between
the three pre-notch orientations (longitudind, 45 deg, and circumferentid).

4.4 Comparison of Fracture Toughness with other Nitinol Product Forms

Very little research into the fracture toughness is reported in the literature (Table 4.1).
Indeed, there are only three citations in the litersture addressng this critical engineering
parameter. Moreover, adl of that data appears to be derived from non-standard fracture
toughness tests.  For example, one study concluded the fracture toughness from a tensile
bar with a machined blunt notch [54], another determined the fracture toughness from the
ungtable growth phase of a fatigue-crack growth curve [48], and the remaning
manuscript [21] reported values from specimens that were in non-plane-strain conditions.
Certainly there are no reports of the criticad engineering design parameter, K¢, but instead
the reports of fracture toughness pertain to very specific product forms and crack
criterion and may be crack size and geometry dependent, but in some cases may be far

more appropriate than the plane strain (mode 1) fracture toughness.
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Table 4.1: Summary of materia properties, soecimen descriptions and fracture toughness
vaues reported in the literature.

Temperatures, °C at%  Prod. Dimen,, K,
Ni  Form mm MPaOm
Ref Mi Ms As A Test b X
[21] 70 8 100 120 30150 499 Plate 127 508 40-65
[48] 3B 49 66 76 20 494  HIPbar 10 50 27-32
[54] - - <20 - 20 499 - 05 3 39
Current Work - 25 37 50.8 Tube 04 12 10-35

* Global size of the specimen; either diameter for disk specimens, or side length for square specimens
** A non-standard specimen was used with gage dimensions 0.5 x 3 mm, and gage length 20 mm

Steady dtate fracture toughness values (~35 MPaOm) measured herein compare quite
well with the other literature citations. However, the current work clearly is the only one
that demondtrates an R-curve behavior in Nitinol, and has demondrated the lowest
(initiation) fracture toughness ever reported.

Holtz et al. [21] conduct tests over a variety of temperatures such that the toughness
as a function of stable microstructural phase was determined. Below the Ms temperature,
i.e. where martendte is the stable phase such that there is no superdadicity or phase
transformation, the fracture toughness was lowest at ~40 MPaOm. A dramétic increase in
fracture toughness, 53 MPaOm, was measured when the specimens were raised in
temperature to between the As and As (100 — 120°C) such that austenite and martendte
coexised and the phase transformation could presumably proceed. Further incresse in
the toughness, 65 MPaOm, was observed when the maerid was in the superdadtic
augtenite form (150°C, which is 30°C above A;) where the trandformation to martensite
could occur in response to the stresses ahead of the crack tip.

While sudying the role of carbide incusons (TiC) on the fatigue-crack growth
properties in hot-isodaic-pressed bar Nitinol (in the stable martensite, non-transforming,

phasg), Vadyanathan et al. [48] deduced a fracture toughness of 27 MPaOm from the
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ungtable growth portion of the faigue-crack growth curve. Interestingly, dthough the
faigue-crack growth behavior was affected dgnificantly by the presence of TiC
inclusons, the fracture toughness vadues were amilar regardless of incduson dendty (0
20% incluson volume content), and ranged from 27-32 MPaOm. Although it is
recognized that the ungtable growth regime of a fatigue-crack growth curve is dominated
by Kmax approaching the fracture toughness, determination of the fracture toughness from
such data cannot account for the role of cyclic deformation, crack sze effects, and
loading rate; therefore this determination of fracture toughness is questionable.

He et al. [54] dudied the role of hydrogen embrittlement on the fatigue and fracture
of Nitinol. It is unknown what product form of Nitinol that these researchers used, but it
was clear from the text that the materid was superdagtic audtenite at the test temperature
(20°C). These researchers determined a fracture toughness value of 39.2 + 2.8 MPaOmin
the virgin (non-embrittled) form.  The fracture toughness logarithmicaly decay with
increased hydrogen content per: K, = 78.8 — 9.8 InC;, where C; is the totd hydrogen
concentration (atomic hydrogen + hydrides) measured in wppm. It should be noted that
these researchers used a highly non-standard specimen geometry for determining fracture
toughness. Specificdly, a tendle “dogbone’ specimen with gage dimensons 05 x 3.0
mm, and gage length 20 mm were used. Although the authors of tha text refer to ther
measured values as (mode ) fracture toughness vaues, these vaues ae highly

questionable®, and should be considered “notch toughness’ values.

“ Typically, the apparent fracture toughness scales with the square root of the root radius of the stress
concentrator [112. Ritchie RO, Horn RN. Further considerations on the inconsistency of toughness
evaluation of AISI 4340 steel austenitized at increasing temperatures. Metalurgica and Materias
Transactions A 1978;9A:331-341.]. Consequently, as shown in both metallic [112. Ritchie RO, Horn
RN. Further considerations on the inconsistency of toughness evaluation of AlSI 4340 steel austenitized at
increasing temperatures. Metallurgical and Materials Transactions A 1978;9A:331-341] and bhiological
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4.5 Conclusions

The fracture toughness of Nitinol tube shows R-curve behavior with crack-initiation
toughness ggnificantly lower than the pesk toughness vaue a deady-state.  Crack-
initiation toughness vaues ranged from 10 — 27 MPavm, with the lowest initiation
toughness associated with fracture in the 45-degree direction to the drawing axis. Steady-
date fracture toughness values, conversaly, were independent of orientation and were
approximately congtant at ~34 MPavm, which was achieved after roughly 400 nm of
crack extension.

As toughness measurements were performed on actud dent starting materid, i.e,
~400 mm thick flattened tube, deformation conditions did not conditute plane dran.
Consequently, the vaues presented herein are not plane dran (mode 1) fracture
toughness K| vaues. Despite this they are accurate and entirely appropriate for the
gpecific product form (Nitinol tube) that is used for endovascular stent manufacture.
However, it should be noted here that when plane-strain conditions are not gpplicable,
toughness values may become crack sze and geometry dependent. Whereas the crack
gze dfect is fully accounted for through the messurement of R-curves, care must be
exercised in utilizing the present data for dl crack configurations as the cited toughness
vaues may be changed somewhat in different geometries [114]. However, as the present
sudy is peformed on compact-tenson samples, which develop the mogt highly

congrained (Prandtl) field a the crack tip [115], the present toughness values and R-

materials[113.  Imbeni V, Ndla RK, Bos C, Kinney JH, Ritchie RO. In vitro fracture toughness of
human dentin. Journal of Biomedical Materials Research A 2003;66A:1-9.], when the fracture toughness is
measured in specimens containing notches, rather than nominally atomically sharp (e.g., fatigue) precracks,
the resulting fracture toughness val ues can be highly inaccurate.
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curves can be conddered as worst-case, a least for section sizes with sub-millimeter

dimendons.
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CHAPTER 5: FATIGUE-CRACK GROWTH IN SIMULATED BODY FLUID

5.1 Introduction

Stresses from in vivo operdaion subject dsents to cyclic dresses from the
gystalic/diagtolic snus rhythms of the blood vessds, which can lead to fatigue damage;
damage can potentidly result in degraded performance or, in the worse-case scenario,
complete falure of the devicee The mgority of prior research on Nitinol fatigue has
focused on determining the dress/drain-life (SN) properties of wire and sent-like
samples [31, 42-44, 49, 51, 52, 55, 65, 68, 72-74]. Although vitd in determining sfe-
operating mean and dternaing stresses and drains in Nitinol devices, such SN properties
do not reved the individua contributions from the crack nuclestion and crack growth,
which are citicad in edimaing conservative device lifetimes and determining criticd
flaw dze detection limits. In particular, a fracture-mechanics based (so-cdled damage-
tolerant) characterization of the fatigue behavior, which compliments exising totd-life
data and life-prediction andyses, is crucid from the perspective of defining the effect (in
teems of potential fracture or reduced lives) of pre-exising crack-like defects in the
device (see ref. [116] for such an andyds); SN andyses done can give little indication
of such defect-induced fracture risks.  However, fatigue-crack propagation data for
Nitinol are extremdy limited; in fact, there have only been seven previous studies which
isolate crack-growth phenomena in this maerid, and the mgority of this work involves
Nitinol product forms that are ingppropriate for the manufacture of endovascular sents,
namdy >1 mm thick plate [21, 31, 45], >10 mm diameter bar [20, 48, 53, 56] and 200
mm thin drip [57, 58]. Moreover, virtudly al experimentd dudies on the fatigue of

Nitinol have been conducted at frequencies far in excess of physiologica loading, and to
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date the effect of frequency on fatigue-crack growth remains undefined. Only one study
[117] reports fatigue-crack growth in Nitinol tube materid suitable for endovascular
dents a both low and high frequencies (5 - 50 Hz); however, this experiments Hill did
not address frequencies as low as those seen in vivo (~1 Hz), and did not use a smulated
body fluid.

Consequently, it is the primary objective of this chapter to provide a comprehensve
characterization of the in vitro faigue-crack growth properties (especidly a the dl
important near-threshold growth rates) in thinwdled Nitinol tubing typicaly used in
commercid dent manufacture in smulated physiologica environment, in order to redize
quantifigble enginering parameters for desgning agangd premature falure from in vivo

fatigue damage in endovascular self-expanding stents.

5.2 In Vitro Fatigue-Crack Growth Behavior

To dmulae the types of fracturesfalures that may result from cumulaive damage
events, eg., rhythmic heatbeat, a pre-exising flaws such as surface scratches or
indusons in the materid, the in vitro fatigue-crack growth behavior of flattened Nitinol
tube was measured in 37°C Hanks Bdanced Sdt Solution (HBSS). Preiminary results
in specimens with the pre-notch oriented in the circumferentia direction were quite
interesting. Indead of following an energeticaly-favorable mode | path, the faigue pre-
cracks grew a an angle of ~45°; see Figs. 5.1 and 5.2. These phenomenon, attributed to
the drong texture in the materia (Chapter 3), warranted the need for C(T) specimens
with the notch oriented a 45° to the drawing direction. Testing in specimens with this

orientation resulted in pure mode | crack paths.



g

5 mum
—
Figure 5.1: A compact-
tenson C(T) gpecimen
with pre-notch oriented

in the drcumferentid
direcion and fdigue
propagation path

deflected ~45 deg to the
expected mode | crack
pah (horizontd in this
photograph).

Figure 5.2 Scanning eectron micrograph of a kinked
faigue fracture surface showing both the primary crack
and secondary microcracks angled from the energeticaly-
favorable mode | crack path, demondrating the influence
of texture on the mechanicd properties of Nitinol tube
which has its lowest tendle trandformetiond drain in the
45 deg plane (Chapter 3) through which this sample fatigue
fractured. The crack-growth direction is diagond from
top-left to bottom-right, with the gpplied tensle load
pardld to the verticd axis DK ~ 6 MPalm, da/dN ~ 10”7
m/cycle, R=0.1).

Spat

Fgures 5.3 and 54 show the reaults of the fatigue-crack growth tests for postive

load ratios of R = 0.1, 0.5 and 0.7, where the dtress intensity vaues were again cdculated

from handbook solutions [94, 111] per Egn. 4.1 and 4.2.

The variation in crack-growth

rates as a function of DK for the three load ratiosat 50 Hz is shown in Fig. 5.3, where it

can be seen that typicd of mogt medlic and intermetdlic dloys [118, 119], with an

increase in the (pogtive) load retio, growth rates are progressively increased, particularly

a near-threshold levels. This implies that growth rates depend upon Kyax as wel as DK,

as can be seen in Fig. 5.4 where the growth rate data of Fig. 5.3 is replotted as a function

Of Kmax.
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Figure 5.3: Vaiation in in vitro faigue-crack growth rates (da/dN) with the dtress
intengty range, DK, in 37°C HBSS at 50 Hz test frequency for load ratios of R= 0.1, 0.5,
and 0.7, showing the dependencies of the fatigue threshold, DK, and subsequent growth

rates on both DK and R in Nitinol tube (45° orientation).

Fatigue threshold values

increase from 1.15 to 2.48 MPavm as the R-ratio decreasesfrom 0.7t0 0.1; n = 4.
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Figure 5.4:

In vitro faigue-crack growth data from Fig. 5.4 replotted as a function of

Kmax, Sill demongrates a growth-rate dependency on load ratio R, indicating that growth
rates in Nitinol tube (45° orientation) have a combined dependence on both DK and Kmax.
This combined dependence is quantified as modified Paris-lav condants that are

presented in Table 1; n = 4 per condition.
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5.3 Fatigue Thresholds:

DK, fatigue thresholds are progressvely decreased a increasing load rétio,
specificaly by ~53% from 248 MPavm at R= 0.1 to 1.15 MPavm at R= 0.7 (Table 5.1).
The occurrence of such thresholds is most likely associated with the presence of crack-
closure mechaniams, eg. [118, 119], (Fig. 5.5); their existence is of importance to stents
as medica devices operdting in vivo a dress intendties bedow DKy, will not likdy
experience dgnificant subcriticd cracking from surface imperfections or other pre-
exiding defects in the materid. As for the load-ratio dependence of crack-growth rates in
Nitinol, an dternative mechanistic explanation to crack dosure is the occurrence of Kipax-
dominated fracture mechanisms (“dsatic modes’) [120], that are typicaly observed in
britle materids. As indability and caastrophic fracture are approached, these
mechanisms ae often increesngly evident and consequently growth raes become
progressvely affected by the maximum dress-intengty, rather than smply the dress
intengty range. However, dnce in the present data, the effect of R is increesingly
enhanced a lower growth rates, i.e, as Kmax approaches the threshold rather than the
fracture toughness (Fig. 5.3), the exisence of daic modes (in addition to driation
growth) is unlikely to be prime explanation for load ratio effects in Nitinol. Indeed, there
was little evidence of such datic modes in scanning eectron microscopy images of the
fracture surfaces;, ductile driation growth was observed a dl dress-intengty amplitudes
in the higher Paris regime (Fig. 5.6), with the mean driation spacings corresponding well

with macroscopic crack-growth rates in the scanned region.
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Figure 55. Micrograph of near-threshold fatigue crack showing a tortuous crack path
following the Nitinol microdructure that crestes frictiond interference between mating
fracture surfaces, this leads to (roughness-induced) crack closure effects that ultimately
can lead to arest of the crack, eg., a the fatigue threshold. Crack propagation is from

|eft to right, at DK = 1.25 MPaCm (R=0.7).

500 ke | TLE 5| s | 51 1| 800 k| TLDE |+ 22 3 i

Figure 5.6: Scanning dectron micrographs of fatigue driations in the mid-range of
growth rates (Paris) regime R = 0.1, DK = 89 MPalm, da/dN = 1-2 x 107 m/cycle).
The fatigue striation spacing was ~2-4 x 107 m/sriaion, which corresponds well with the
measured globa crack-growth rates. Macroscopic fatigue crack propagation is left to
right in these photo-micrographs, however the driations in this andyzed region (near the
C(T) specimen surface) are oriented top to kottom due to the curvature of the crack front
near the sample edges.




5.4 Crack-Growth Rdationships:

Irrespective of the mechanism of fatigue-crack growth, it is important to reiterate that
in vitro fatigue-crack growth rates in Nitinol are a function of both DK and Kmax. This
can be wdl described in terms of a modified Paris power-lav formulaion [119].
Traditiondly, “mid-range’ fatigue-crack growth data can be fit to Paris-law expressons,

which in their Smplest connotation are of the form [121]:

da/dN = C (DK)™, (5.1
where C and m are experimentdly determined scding congants.  However, a more
complete description for Nitinol can be made usng a modified Paris lav where growth

rates are quantified in terms of both ?K and Kyex [119]:

da/dN = C’ (Kmax)"(DK)P , (5.2)
whee C' = C(1-R" and m= n + p. The traditiond and modified Paris-law congtants (m,
C, n, p, and C') for Nitinol tube are given in Table 51 and show a nomindly equd
dependence on both ?K and K., athough the dependence on Kmax is higher. This trend
is typicd for both ductile metals and intermetdlics [118, 119], and it is therefore not
aurprising that Nitinol, which is an intermetdlic with a B2 crystd dructure in the body-
temperature audenite phase, dso dislays roughly smilar dependencies of fatigue-crack
growth rates on the maximum and range of the applied dress intengties. Comparisons to
crack-growth data collected for Nitinol tube samples tested in ar [117] show excellent
correlation with the tests conducted in a liquid environment, as indicted by the
comparisons in Table 5.1, suggesting thet corroson (at high frequencies) is negligible in

thisdloy.
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Table 5.1: Pais-law faigue-crack growth constants (defined in Egs. 5.1 and 5.2) and
DK thresholds experimentaly determined for flattened Nitinol tube (45° orientation)
tested in Hanks Badanced Sdine Solution (HBSS) a 37°C to smulate in vivo conditions.
Reaults are very samilar to those collected for the same materid tested in ar at 37°C
[117]. Experimentdly determined congants are for fatigue-crack growth a 50 Hz, and
show excdlent corrdation with crack-growth dudies peformed a typicd in vivo
frequencies (1 Hz); n = 4 for each condition except the 1 Hz testing where time permitted
onlyn=1

Paris constants Modified Paris constants DK
R-ratio (37°C-HBSYair [117]) (37°C-HBSYair [117]) M Patchm)
m C (m/cycle/(MPatm)™) n p C' (m/cycle/(MPam)™)

443/ 1.85x10 / 1.87/ 256/ 152x10 /

01 421 Lepao™ 153 268 Leoao™ 2481248
381/ 156x1010 / 1.25/ 256/ 6.55x101 /

05 343 2.96x10'1100 0.75 268 1.76X101'10 202/1.86
362/ 2451010 / 1.06/ 256/ 6.87x101 /

0.7 371 2.49x10°1° 103 268 721x10° 115/144

05(1Hz) 303 279x10%° - - -

5.5 Role of Cyclic Frequency:

The vas mgority of faigue data on Nitinol for biomedicad devices have been
determined at frequencies of 30 Hz or more [20, 42-44, 52, 53, 55-58, 65, 72, 117],
primarily for reasons of expediency. Clearly such frequencies do not smulate
physologica loading, such as human dnus rhythms, which is unfortunate snce in the
presence of a “corrodve’ environment, fatigue-crack growth rates per cycle in most
metdlic materids are actualy accelerated by lower frequencies due to an increased time
period for the corrosion kinetics to be active, eg. [122]. The implications of this are that
life predictions may not be consarvative when based on such higher frequency faigue
data. Despite this, only one study [117] has addressed the influence of frequency on
crack-growth behavior in Nitinol, but that sudy was in ar, not a corrosve medium, and
frequencies (5-50 Hz) were dill significantly higher than the human heartbegt (1.2 Hz).

To invedigate this effect, the present work on the crack-growth rate behavior in

HBSS a 50 Hz (Fig. 5.3 and 5.4) was compared with measurements of the corresponding
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growth rates a 1 Hz for specific DK levels. Reaults, shown in Fig. 5.7, indicate that at
nomind DK levels of 2, 3, 4, 5 and 7 MPavm, there is only a minima difference between
crack-growth rates a 1 and 50 Hz. This gpparent lack of a corroson fatigue effect in
Nitinol in vitro is aso evident by the fact that the Paris-law constants from the tests at 50
Hz in HBSS are virtudly identica to those determined previoudy for identica tests in air
[117] (Table 5.1). This result is conggent with the sudies of Filip et al. [57, 58] who
concluded that fatigue-crack growth in thin grip Nitinol was not adversdy affected by

the presence of asmulated body fluid.
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Figure 5.7.  Fdigue-crack growth behavior in Nitinol tube (45° orientation) a R = 0.5
comparing tests conducted in ar a 50 Hz [117], with corresponding results in smulated
body fluid (HBSS) a 50 and 1 Hz; n = 4 per condition (except a 1 Hz where n=1). Itis
goparent that there is no ggnificant difference in faigue-crack growth data collected in
ar or in HBSS. Moreover, lower frequencies, which more accurately represent in vivo
conditions, produce margindly dower growth rates than a higher frequencies, indicating
that the higher frequency tests that are invariadbly utilized may in this case provide
dightly more consarvative lifetime predictions for Nitinol biomedicd devices.

It is interesting to note that in both the current tests and in previoudy reported
expeariments in this exact materid [117], near-threshold growth rates a the lower
frequency are margindly slower than & 50 Hz, which implies that the current policy with
many dent manufacturers of usng high-frequency tesing may wel provide a
consarvative bads for predicting in vivo device lifetimes. The difference in gowth rates
a 1 and 50 Hz is smdl, and could be smply associated with sample-to-sample variations,
however, dternative explanations are that more crack-tip corroson products are able to
foom a the lower frequency, leading to margindly enhanced (oxide-induced) crack-
cdosure effects [123]°, or possbly that hest, generated adiabaticdly due to the in situ
phase trandformation in Nitinol, is more effectively disspated a the lower frequencies in
the fluid environment.

Whatever the specific mechanisms, the fatigue data (Fig. 5.7) clearly demongtrates for
the first time that coupon or product fatigue testing at frequencies an order of magnitude
higher than typicd physologicd (eg, human heart beat) frequencies, does not

necessarily lead to non-conservative lifetime predictions for Nitinol devices, as in vitro

® This is actually an unlikely explanation as oxide-induced crack closure effects predominate at lower
growth rates at lower DK levels[118. Ritchie RO. Mechanisms of fatigue crack propagation in
metals, ceramics, and composites: Role of crack-tip shielding. Materials Science & Engineering A
1988;103:15-28], whereas the present difference in growth rates at 1 and 50 Hz is seen throughout the
entire spectrum of growth rates.

52



fatigue-crack growth rates in superelagtic Nitinol tube appear to be essentidly frequency-

independent in smulated body fluids over the range of 1 to 50 Hz.

5.6 Comparison of Fatigue-Crack Growth Behavior to Prior Work

Previous studies of fatigue-crack growth data in superdagtic augtenitic Nitinol bar
reported threshold DKy, values of ~1.6 to 2 MPaOm a R= 0.1 [20, 53, 56], 2.4 MPaOmin
plate [31] a R<0.1, ~3 MPaOm in 200 nm thin strips & R = 0.2 [57, 58], and 2.48
MPaQOm in flatened Nitinol tube in ar & R = 0.1 [117]. The current test results on
flattened Nitinol tube tested in HBSS a R = 0.1 give higher threshold vaues (~25
MPaOm) than the bulk Nitinol bar [20, 53, 56], and dightly lower vaues than the thin
drip specimens [57, 58]; results, however, are datidicdly the same as teds on smilar
samples tested in 37°C air [117] (P = 0.53)%, see Fig. 5.8. The traditiona Paris power-
lav exponent, m, is dightly greater (~4) in the flattened Nitinol tube investigated in the
current study (and ref. [117]), as compared to m vaues of ~3 in bulk Nitinol bar [20, 53,
56] and thin drip [57, 58]. This observation indicates that crack-growth rates (under
constant cyclic loads) increase more ragpidly in Nitinol tube than bar or strip, meaning that
once a crack reaches steady-dtate growth in tube, that crack will more rapidly propagate
than in other Nitinol product forms. This increased crack growth rate is readily observed
when plots of the various product forms are superimposed on each other (Fig. 5.9).
Statigica evauation usng grouped linear regresson with covariance andyss of the raw
data from [20, 31, 53, 56-58], was compared with the current research and showed no

ggnificant corrdation (P < 0.001 a 95% confidence level).

6 Grouped Linear Regression with Covariance Analysis performed [124. Armitage P, Berry G.
Statistical Methodsin Medical Research 3rd Ed.: Blackwell Publishing, 1994.], indicating the probability
that the two curves are statistically the same is 53% (95% confidence level).
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Figure 5.8. Fatigue data from thin-waled superdastic Nitinol tube tested in 37°C air
[117] and Hanks Badanced Sdine Solution (HBSS) in the current work showing (a)
fatigue-crack growth rates as a function of stress-intengty range DK, and (b) the variation
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Figure 59: Comparison of the current fatigue crack-growth behavior of Nitinol tube
tested in HBSS (black circles) a R=0.1 with the sme materid tested in air (red circles)
[117], and dl other previoudy reports of superdagtic materid: Meton & Mercier [31],
Dauskardt et al. [20], McKelvey & Ritche [56], and Filip et al. [58]. Visudly, it is dear
that Nitinol tube crack-growth curves are steeper than any previous study in bar, plate
and drip.  Satidicd andyss confirms that visud obsarvaion: P-vdues for the
hypothesis that the curves from the present work and [117] are collinear with any of the
other data are <0.1%.

5.7 Conclusions

The in vitro faigue-crack growth behavior as a function of load ratio and frequency,
has been characterized. This study represents the first report of such fracture mechanics
based evauation specific to the Nitinol tubing used in the manufacture of many
biomedical devices (eg., sents) in a Smulated body solution.  The following specific

conclusions can be drawn:
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. Fatigue-crack growth behavior in 37°C Hanks Bdanced Sdine Solution (HBSS)
a 50 Hz frequency was found to display a clear dependence on the load ratio,
with increesng growth rates and decreasng fatigue thresholds being measured
with increasing positive load ratio from 0.1 to 0.7.

. Fatigue-crack threshold values, DK, ranged from 1.15 — 2.48 MPavm, with the
lowest value being associated with a load ratio of 0.7. Typicd of intermetalic
materias, crack-growth rates exhibited asimilar dependency on DK and Kmax.

. Fatigue-crack growth rates at 50 Hz frequency were found to be virtualy identica
in 37°C ar as in 37°C HBSS, indicating that a this test frequency corrosion
fatigue effectsin thisdloy in Smulated body fluids are minima.

. Fatigue-crack growth rates in 37°C HBSS are essentidly identical at 1 and 50 Hz,
indicating that the fatigue parameters quantified from 50 Hz testing represent a
reesonable edimate of the crack-growth behavior a physologicd loading
frequencies.
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CHAPTER 6. X-RAY MICRODIFFRACTION CHARACTERIZATION AT A
GROWING FATIGUE CRACK

6.1 Introduction

Previous studies [20, 21, 31, 45, 48, 53, 56-58, 117] have characterized the fatigue
resstance of Nitinol, but none have focused on underganding, at the micron-scale and
below, how cracks propagate in the presence of an in situ phase trandformation. To Sart
to address this problem, a technique was developed that combines micro-mechanicd
loading of fracture-mechanics specimens with in situ high-resolution imaging with x-ray
micro-diffraction (at Beamline 7.3.3 a the Advanced Light Source synchrotron radiaion
feacility, Berkdey, CA). To make these reaults redigtic as possible in terms of modeling
gent behavior, the same 400—mm thick thin-waled Nitinol tubing used in Chapters 4 and
5 were employed here (Fig. 6.1) with the exception that the specimens were annedled to

produce an average grain size of ~25 mm.

-
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Figure 6.1 Schematic illudration of the compact-tenson specimen and region of
imaging. The blue box represents the approximate area surrounding the crack tip that
was scanned by xray micro-diffraction; this region ranged in Sze from 01 x 01to 1 x 1
m?, with meny thousands of Laue diffraction patterns collected within that box.
Specimen dimensions were crack sze a = 54 mm, thickness B~ 0.4 mm, and width
W 108 mm. Green arows denote the direction and location of applied load, which
ranged from 0 to 62 N, corresponding to stress-intensity values up to 15 MPaOm.
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The micro-diffractometer was used to obtain Laue diffraction patterns from very
highly locdized regions (oot sze <1 mm diameter) in the vicinity of the crack tip. By
comparing Laue patterns teken in undrained materid, the loca drains and grain
orientations could be computed [125] a the growing crack tip by andyzing the deviations
in the spot locations in diffraction patterns collected near the highly-dtrained tip region.
Each contour plot presented represents data obtained from the andyss of literdly
thousands of such Laue patterns collected in a grid pattern around the crack tip, involving
hundreds of hours of diffraction pattern collection and computationa andyss.

Attention was focused on understanding the specific nature of the complex phase
transformation ahead of a growing crack tip in Nitinol, as the exact sze and shape of the
trandformation zone has never been characterized a this resolution in a superdadic
materid.  Whereas synchrotron radiation sources have been used to magp srains and
phases in Nitinol specimens to the same, or lesser, resolution [126-129], the only studies
centered on the materids with a phase trandformation ahead of a crack trip have been
performed a much coarser scaes, by opticd microscopy and Moiré interferometry [130,
131]. In the present work, x-ray micro-diffraction permits a resolution of ~1 nm
resolution, with the Laue diffraction paterns providing a direct measure of the atomic

regponse to gpplied mechanicd forcesin this highly unique materid.

6.2 Strains Ahead of aCrack Tip

A large region (~1 mm?) was investigated surrounding a crack tip with diffraction
collection points spaced on a 16 x 16 mm grid which provided a coarse view of the
microscopic drains (Fig. 6.2). Loads were gpplied in a sequence such that the sample

experienced a dress intensity of 7.5 MPaOm (just beow the crack-initiation fracture
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toughness of 10 MPaOm, per Chapter 4), followed by continued loading to 15 MPaOm
(close to the onset of catagtrophic fracture), and findly reverse loading back to 7.5
MPaOm. The strains presented in Fig. 6.2 are on the scae of +1.25%, which represents a
median vaue of the anisotropic dran required to induce the audenite-to-martendte

phase transformation.

o T

Louad Path

Load Path

Load Path

Figure 6.2 Coarse scde (~1 mm?% 16 x 16 nm step size) dadtic strain and resulting
phase maps. The top row shows the resultant dtrains (eyy, exx, €xy) and regions of
transformed martensite surrounding a crack loaded from 0 to 7.5 MPaOm, with the gray
regions representing the crack and the phase-transformed materia as determined by an
absence of Laue diffraction spots. The second row of contour maps shows a dramatic
increase in drains and volume fraction of martensite after the crack was further loaded to

a dress intensity of 15 MPaOm. Finaly, the sample was unloaded to back to 7.5 MPalm
where it is apparent that both the residua tensile strains pardld to the crack face (eyy)
and the martensite volume fraction are much larger than during thefirst cycle of loading.

As expected, the largest normd srains occur in the plane of the crack surface in the
direction of agpplied loading (the Y direction). Loading to the maximum dress intendty

(15 MPaQm) resulted in a dramatic increase in the size and extent of the grains around
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the crack tip. Reverse loading back to 7.5 MPaOm naurdly result in their decresse,
dthough the magnitude of the drains after unloading are much larger than after initid
loading to the same dress intengty; this is indicative that cycles of loading can impart
resdud drains in the vicinity of the crack tip.  Although this is wel known for the cydic
loading of fatigue cracks in metads, where didocaion pladticity can leave a zone of
compressive drain directly ahead of he crack tip (the cydlic plagtic zone), it is uncertain
whether smilar notions gpply to a superdagtic metd where deformation is occurring via

atotaly different mechaniam, i.e,, via a phase transformetion.

6.3 Transformation Zone Size and Shape

As ddormation resulting from the phase trandormation in Nitinol is highly
anisotropic, due primaily to cryddlographic effects eg., texture [95], isotropic
plagticity/yidd models, such as Tresca or von Misss, ae unlikdy to have much
goplication to Nitinal. Lexcdlent and Blanc [132], however, have proposed a yield
model that does account for Nitinol’s anisotropy based upon plateau sress variations in
tenson (370 MPa), compression (515 MP4d), and mixed mode derived from experimenta
tenson and bending tests conducted in Nitinol tube. Their yidd criterion was gpplied to
the prediction of a partidly transformed zone ahead of the crack tip in the C(T)
goecimens, utilizing dandard fracture-mechanics handbook solutions for the angular-

dependent stresses around a crack tip [114]"; results are shown in Fig. 6.3 where stresses

" Computer software was written (Appendix A) to calculate the principal stresses in response to an applied
stress intensity, K, as a function of angle, g, and distance, r, from the crack tip per the standard fracture

K
J2pr
Fundamentals and Applications. 3rd ed. Boco Raton, FL: CRC Press, 2004.]. Unlike conventional fracture
mechanics estimations (e.g. Tresca or von Mises) which compare these principal stresses to the yield stress
to determine a plastic zone size, these principal stresses here were compared to the anisotropic
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within the boundary exceed the anisotropic transformationa stresses as described by
Lexcdlent and Blanc [132].  Perhaps, the mogt driking festure of the predicted zones
(Fig. 6.3) is their “peanut” shape (with less transformation directly ahead of the crack);
this is actudly characteritic of isotropic, plane-drain conditions, dthough the sampled
regions in this work are clearly in plane dress, due to the limited penetration (of a few
micrometers) of the x-rays beow the surface. Because the experimentaly measured
zones dso display this peanut (Fig. 6.3), the importance of usng an anisotropic yied
model for Nitinol is confirmed.  However, the messured Sze of the transformed zones
(deduced in Fig. 6.2 from the strain maps and shown in gray) are approximately Sx times
smaller than those predicted by the smple fracture-mechanics solutions.

This apparent contradiction, between observed and predicted zone sizes, appears to
reult from the fact tha the experimentaly-determined transformed zones in Fg. 6.2
represent only the materid that has fully transformed to martendte, wheress the fracture-
mechanics predictions are based on a dress to initiate, but not necessarily complete, the
trandformation. What is difficult here is that complete transformation in Nitinol does not
occur a a finite grain or dress leve [8]; ingtead, due to textura effects, the srains for
complete transformation range from <1% to as much as 4-5%, with the corresponding
stresses ranging from 350 to 800 MPa [133]. Furthermore, xray micro-diffraction of a
gran that is only patidly trandformed (i.e, containing both audenite and martendte
phases) will necessarily produce Laue diffraction spots from the audtenite, but the spots

in those patterns will widen due to the scattering effects of the martengite.  Only regions

transformation stresses (defined at the beginning of the “plateau” in a Nitinol stress/strain diagram) per
Lexcellent and Blanc’'s[132. Lexcdlent C, Blanc P. Phase transformation yield surface
determination for some shape memory aloys. Acta Materialia 2004;52(8):2317-2324.] yield criterion to
derive aboundary that defines a region containing stresses sufficient to drive the phase transformation.
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of full trandformation (i.e, with no audenite) result in no Laue diffraction spots, which is
the method by the transformed regions were determined that are shown as gray regions in
Fig. 6.2.

To further invedtigate the nature of these patidly vs fully transformed zones, three
different approaches were taken to edimaing patidly tranformed grans.  Each
goproach assumes complete transformation determined by a lack of Laue diffraction
paitern, with partid transformation estimates described in each criterion below.

Criterion 1. patid trandformation based upon pesk broadening. This approach
utilized the fact that the nanoscade lath microstructure of martenste acts as a scattering
center, which causes peask widening of the Laue diffraction spots when both phases are
present. Most (>90%) of the average peak-width vaues fdl within a very tight range. To
determine boundaries representing partial transformation, the lower bound (representing
0% martendite) was set equal b 1.4 times the pixel width at the lower end of the range,
and the upper bound (representing 100% martensite) set equa to 4 times that lower pixe
width. The cdculated zone using this criterion is presented in Fig. 6.3a and shows that
the partid trandformation zone is very smdl, extending only ~50 mm beyond the fully
trandformed zone, which is much smdler than predicted by the fracture mechanics
solutions. Although this is the most direct measure from the Laue diffraction data of
phases present, the imposed boundaries are somewhat arbitrary as they were sdected
based upon visud ingpection of individua diffraction patterns to estimate the presence of
the martengite.

Criterion 2: patid transformation based upon the equivdent dress > the tensle

dress a the onset of transformation (i.e. the plateau dress in a Nitinol Sress/strain
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diagram)®. From laboratory experiments [133], it was found that the onset of the
“platea” tendle dress ranged from 350-550 MPa, and the end of the “plateau” was
between 400 and 800 MPa, depending on the loading direction. Therefore the lower
bound of partid transformation (0% martendte) was set coincident with the lower-most
transformational stress (350 MPa) and upper bound of transformation (100% martensite)
with the uppermost transformation stress (800 MPa). This criterion produced a region of
patid trandformation that coincided quite wel in both dimenson and shape with the
fracture-mechanics predicted solution, as shown in Fig. 6.3b.

Criterion 3: partia transformation based upon the individud stress components, sij, >
the tensle dress required for transformation in each specific direction.  The third
criterion was dmilar to the second in the fact that it imposed stress-based boundaries;
however, it utilized knowledge of variations in the trandformationd sresses [133] as a
result of texture orientations within the sample.  For the C(T) specimen, the onset of
tranformation in both the direction of crack propagation (s11) and in the direction of
applied load (s22) was 350 MPa, with transformation complete a 400 MPa.  In the
direction 45° between the crack path and applied loading direction, the stress
(s45°:m) for the onset of the tranformation is 550 MPa, with complete
trandformation a 800 MPa. At each scan location, the individua stress components were
cdculated (per App. B), and boundary conditions set as &) for si11, 0 and 100%
martensite coincided with 350 and 400 MPa, b) for s, the bounds were the same as in
(@, and ¢) for s4s°, 0 and 100% martensite coincided with 550 and 800 MPa. At each

location the total amount of martendte was st equa to the average of the percent

8 See Appendix B for the determination of stresses from only the deviatoric strains cal culated using the
Laue diffraction patterns.

63



martendte determined by boundary conditions (@ - (c¢) a@bove Using these
directiondity-dependent transformation criteria, the calculated partid transformed zones
(Fig. 6.3c) were very smilar to those from the equivaent dress criterion (Fig. 6.3b). The
dightly larger zone Sze predicted by this Criterion 3 is attributed to the fact that the
additional srain (and therefore dress) associated with dilation is accounted for, whereas

the equivaent stress based Criterion 2 ignores that strain component.
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Figure 6.3: Evolution of the trandformation zone in response to a sngle loading and
unloading cycle. These fine step-sze diffraction maps (3 x 3 mm grid) show the change
in gze and shape of the transformation zone in response to a loading cycle from 10 to 15
to 10 MPaOm. The black, peanut-shaped boundary in column 3 shows the transformation
zone predicted by the combination of ample fracture mechanics solutions [114] with the
anisotropic  Nitinol  yiedd criterion of Lexcdlent and Blanc [132]. The patidly
transformed materid, which comprises a mixture of the audtenite and martendte phases,
was experimentaly-determined using three different criteria @ Criterion 1 based upon
peek broadening, reveded a much smaler transformed region than was predicted by
fracture mechanics, b) Criterion 2 based on equivaent stresses > tendle transformationa
sresses, resulted in a zone Sze and shape in excelent accord with fracture-mechanics
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predictions, and c) Criterion 3 based upon directiondity-dependent stresses > tensile
trandformationa  stresses, again resulting in good corrdation to the anisotropic
predictions from fracture mechanics-based solutions but dightly larger than  from
Criterion 2 because of the incluson of te dilationd Srains in this criterion.  Note thet the
scae bar gpplies to dl plots, except the zoomed-out views (column 3) which have a 100
nm scale bar inset.

Although edimated zone Szes from the Criterion 2and 3 matched quite well with the
fracture-mechanics cdculations, nether is entirdy agppropriate for this particular dloy
due to its large gran sze. Because multiple diffraction patterns were collected from
within each grain, Criterion 1, involving peek-widening, is actudly more gppropriate as
it is the only one that directly measures the phase of that grain. The other criteria,
however, are gppropriate for finer (nanoscae) grained Nitinol (such as those used in the
fracture mechanics testing in Chapters 4 and 5) where each diffraction pattern (ring,
rather than Laue) would represent the average of many grains in which pesk broadening

dueto individua grain contributions would not be discernable.

The quedion then arises, why there is such a large discrepancy between the
tranformation-zone sze esimated with the pesk-widening criterion and that caculated
usng fracture mechanics?  Although one cannot be certain, it is bdieved that this is
agan due to the large gran dze as there are fewer microdructurad dtes, i.e, gran
boundaries, for the nucleation of martendte. Thus, even though the stresses cdculated in
the second and third criteria are sufficiently high to transform the materiad out to a zone
dimenson equivdent to the predicted vaue, the lack of nuclegtion cites prevents such

widespread transformation.
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6.4 Crystallographic Texture Effects on L ocal Transformation

An interesting observetion in the phase maps in Fig. 6.3 is the presence of
untransformed  “idands’ of audenite near the crack tip tha ae surrounded by
transformed materid. As these idands are roughly the sze of the grains (~25 nm), their
presence suggests that the crystdlographic dignment of the grains (i.e, the texture) may
ggnificantly influence the trandformation of materid ahead of the growing crack. To
invedtigate this, an in situ low-cycle fatigue experiment was performed where a C(T)
specimen was cycled between 7.5 and 15 MPaOm (i.e, with R= 0.5) for a total of 100
cycles, in order to observe the evolution of the phase transformation throughout the
fatigue process. The texture was completely described in three-dimensons for each grain
by two planes (one pardld to the crack surface and one pardle to the specimen surface)
and a direction vector chosen to be coincident with the crack-growth direction. Results

are presented in Fig. 6.4.
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Figure 6.4: Gran-by-gran evolution of the audtenite-to-martenste transformation ahead
of a crack tip in response to fatigue loading (7.5 to 15 MPaOm) through 100 cycles. The
color maps represent Miller index planes or directions of individud augtenite grains as
indicated above each column, and the black regions are fully transformed martenste.
During the first loading cycle to 7.5 MPalOm, the fully transformed zone is <50 nmm wide.
Subsequent loading to 15 MPaOm and unloading to 7.5 MPaOm results in a growing fully
transformed zone size a the 7.5 MPaOm, which stabilizes a ~120 mm between cycle 2
and 10. Conversy, the transformation zone Sze a the upper stress-intengty leve
remains congtant (~ 200 mm) throughout the fatigue loading cycles. Interestingly, instead
of retaning the dassc peanut-shaped zone that was seen in earlier experiments, instead
severd grains have gpparently suppressed the phase transformation. These grains are
further investigeted in Fig. 6.5.
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During the first forward cycle to 7.5 MPaOm, the fully transformed zone remained
rativdy smdl (~50 mm width) when compared to subsequent cycles (~125 nm),
consgent with al previous experiments. This zone Sze grew subgtantidly, however,
after this firgt cycle, and stabilized in width between the second and tenth cycle.  During
eech fatigue cyde, the crack grew incrementdly and then dabilized ingantaneoudy. The
diffraction scans were therefore taken while the crack was in a stable configuration. Over
the course of the 100 cycles, the crack advanced a total of ~30 nm (da/dN ~ 3 x 10’
m/cyce), which is a the upper end of the Paris regime of faigue-crack growth for this
aloy (see Chapter 5).

Three grains were of specid interest. These are highlighted as A, Band C in Fig. 6.5,
which shows the gran maps and corresponding crystalographic texture from the C(T)
specimen loaded to a stress intensity of 7.5 MPalOm during the second cyde.  Although
gans A and B ae dl wdl within the phase-transformed region, it is clear that they
localy continue to suppress the trandformation. In grains A and C, with crystdlographic
orientations depicted respectively in Fig. 6.5a and 6.5c, the plane in which the load is
aoplied (the red plane) agpproximatey represents the habit plane (551) [134], i.e, the
shared plane between the parent augtenite crystal and transformed martenste.  One may
therefore imagine that loading of that habit plane would promote, rather than inhibit, the
phase transformation. However, the trandformation from audenite to martendte
progresses via a shearing (lattice invariant shear), rather than tendle loading, around that
plane [8]. This suggests thet the transformation is suppressed in these grains because of a

combination of the crystalographic aignment dong with the gpplied loading direction.
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Figure 6.5. Atomidic loading diagram of preferentidly untrandformed grains shown in
Fig. 6.4. The red planes are pardld to the C(T) surface, yelow planes are pardld to the
fracture surface, red arrows show the direction of crack growth, and green arrows show
the gpplied loading direction. Note that only the titanium atoms are shown in the diagram
for clarity; nicke atoms resde a the [2%Y4 podtions. Schematic diagrams of the
crystdlographic orientations of each grain are given as, @ Grain A is oriented with (110)
planes pardle to both the C(T) surface (red) and the crack plane (ydlow) with growth in
the [100] direction; b) Gran B shows the lower-most untransformed grain from Fg. 4,
with (120) planes pardld to the C(T) surface (red), (100) pardld to the crack plane, and
growth in the [120] direction; and ¢) Grain C is immediately ahead of the crack tip, with
its (110) plane pardld to the specimen surface, (100) pardld to the crack plane, and
[110] in the direction of crack growth.

Gran C immediady ahead of the crack tip partidly suppressed the transformation
during the firg ten cycles, and then sometime between the tenth and hundredth cycles
transforms and fractures, as indicated by the moving transformation front in Fig. 64. It is
interesting to note that the orientations of grans B and C share the same crack pane and
goplied loading direction, and that grans A and C share the same loading plane. Clearly
gran C is subjected to higher strains than the other two grains, due to its proximity to the
advancing crack front, yet is dill able to suppress the transformation for severd cycles

while its adjacent grains are transforming preferentialy.
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These observations of the nontransformation of grains with a preferred orientation
not transforming suggest that when the habit plane is loaded predominantly in tenson
rather than shear (as indicated by the strain maps in Fig. 6.2), the trandformation can be
suppressed.  Furthermore when certain other planes are loaded, eg., the (120) plane in
gran B (with crystalographic orientation schemétic in Fg. 6.5b), in the [001] direction
the transformation may also be suppressed due to eevated stresses required to completely
transform to martensite along that loading direction; see discussion below.

These observations of suppressed grain transformation in response to tensle loading
dong the [100] direction gppear to compete with previous theoreticd and experimenta
evidence [108, 109] and Chepter 3 of this text. Those sudies concluded that
polycrydaline Nitinol loaded in tenson dong the [100] direction required the least strain
for complete transformation to martensite when compared to loading upon any other
cryddlographic direction. In the present research, however, it was shown that two
grans, B and C in Fig. 6.5, that are tensle loaded adong that direction suppress the
transformation. However, gpparent discrepancy can be resolved if the trandformation is
stress, and not strain, driven. The results in Refs. [108, 109] and Chapter 3 may indicate
a sndler amount of strain required, but do not address the stress vaues necessary to
reech those dran vadues The results presented herein conclusvely show that the
orientation-dependent  transformation ahead of a crack tip with a finite applied load is

stress-dominated.

6.5 Conclusions

The role of the augtenite to martendte phase trandformation, strain state, and texture

of Nitinol on crack propagation in a standard fracture-mechanics type compact-tenson
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goecimen has been investigated.  Unlike previous sudies, the current research was
conducted usng materids that accuratdy mimic the manufecturing conditions of
biomedica implants specificdly endovascular stents. Furthermore, by utilizing x-ray
micro-diffraction techniques, it was possble to obtain a direct measure of drains and
crystalographic dignments with aresolution of ~1 nm.

As expected, the dran doates surrounding a growing fatigue crack were
predominantly tengle in nature. Forward loading to an initid minimum gress intendty
aways produced a lower drain date and smdler transformation zone than &fter the
goecimens experienced a higher dress intendgty followed by reverse loading to the
minimum vaue. Sabilization of the zone dze a the lower dress intendty occurred
between two and ten cycles Both the fully and partidly transformed zones were
“peanut-sheped” which was condgtent with the fracture-mechanic predictions based
anisotropic yidd surfaces criterion. However, the sSze of that transformed zone was
much smaler than predicted. This discrepancy is dtributed to a lack of sufficient
nuclegtion gtes in the lage graned maerid which inhibited a large-scde patidly-
trandformed zone ahead of the crack tip. Findly, it was observed that certan
cryddlographicdly-oriented grains were able to suppress the phase transformation
within the expected fully transformed zone. Grains oriented with the habit plane (551)
pardle to the tendle loading direction preferentidly suppress the transformation due to a
lack of shear across that plane which is required for the phase transformation, and other
grains could dso suppress the transformation due to the higher sresses required to

produce the transformation with orientations near the [100] crystalographic direction.
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CHAPTER 7: NITINOL PRODUCT DESIGN USING FRACTURE MECHANICS
PARAMETERS

7.1 Introduction

Severd key fracture-mechanics parameters associated with the onset of subcritica
and critical cracking, specificaly the fracture toughness, crack-resstance curve, and
fatigue threshold, have been determined in Chapters 4 and 5. These vaues were obtained
for highly specific materid: superelagtic Nitinol tube that is used for the manufecture of
endovascular stents and other biomedica devices. Since the motivation of this work was
to determine those critical varidbles for that very specific engineering gpplication, it
warrants a discusson on how to turn those basc materids science parameters into a
practica engineering design criterion.

Specificdly, these criticd materids parameters were used to construct smple
decison criteria for assessing the quantitative effect of crack-like defects in such Nitinol
devices with respect to their resstance to failure by deformation or fracture. The criteria
are based on the (equivaent) crack-initigion fracture toughness and fatigue threshold
sress-intendity range presented earlier, together with the generd yidd drength and
fatigue endurance drength from complimentary literature, and are used to congruct a
bass for desgn agang single-event (overload) failures as well as for time-/cycle-delayed

failures associated with fatigue.

7.2 Materials Parameter s used for Deter mination of Safe Oper ating Conditions

7.2.1 Design against Single-Event Fracture
Fracture toughness values reported for superelagtic Nitinol tubing (in Chepter 4) show

dependence on both the extent of crack advance, as characterized by the Rcurve, and the
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orientation of the crack path within the tube. Recdl that toughness vaues for crack
initiation are lowest Keq ~ 10 MPaQm) for cracks growing at 45° to the axis of the tube,
and highest (Keq ~ 27 MPaQm) for cracks growing longitudindly, with Keq ~ 16 MPaOm
for the crcumferentia crack-growth orientation. From the perspective of developing
conservaive desgn criteria for Nitinol  devices, the lower-bound crack-initiation
toughness is the parameter of rdevance. When locd dress intendties are below this

value, the device can be conddered to be safe from instantaneous overload fracture.

7.2.2 Design against Cumulative Fracture Event

Because of ther smdl-section geometry, combinations of applied stresses and crack
gzes leading to dress intendties much above the threshold vaue can lead to the growth
of through-thickness cracks and premature failure of the device. Consequently, for safe
in vivo opeaton, it is dedrable that dress-intengty conditions reman bdow the
threshold where crack growth is presumed to be dormant.

Conventiondly, the faigue threshold is operationdly defined as the dress-intensty
range to yied a growth rate less than 10°° m/cycle [94]. However, this rather arbitrary
assignment of the threshold, which for physologica frequencies trandates to crack
extensions of ~4 mm per year, is somewhat precarious when deding with smdl devices
such as dents which may contan physcdly-andl flavs.  Unlike the rdativey large
cracks, typicdly millimeters in length, found in laboratory fatigue specimens, biomedica
devices are likedy to contain far samdler flaws on the order of tens of micrometers in size,
e.g., microstructura voids, inclusons or crack-like defects. Thresholds for such smadl
cracks tend to be lower than the large-crack thresholds (this is sometimes referred to as
the “andl-crack effect” [135]). Although difficult to measure precisely by experiment,
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such gmall-crack thresholds can be usefully estimated by extrapolating the linear, mid

growth-rate, portion of the da/dN vs. DK curve, i.e, the Paris regime, to lower growth

rates [121] (as shown schematicdly in Fig. 7.1). Mechanigticaly, this can be judtified by

noting that due to thar limiting wake, smdl cracks do not deveop sgnificant levels of

crack closure, i.e., microscopic crack wedging processes primarily due to oxide debris or

agperity contact indde the crack, which act to effectivly lower the near-tip DK by

increesng Kmin [118, 123, 136]; such closure ends to prematurely “arrest” cracks leading

to asymptotic crack-growth behavior at the large-crack threshold.

Fatigue-Crack Growth Rate, da/dN (ml/cycle)

- Small crack
estimation line

e e Al e I [
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Unstable growth -
{Kmm dominated)— .
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th, large crack

th, small crack

Figure 7.1.

Stress Intensity Amplitude, AK (MPavm)
A typicd fatigue-crack growth-rate curve plotted in log-log scde with

critical locations marked. Threshold vaues, DKy, for large cracks are determined from
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experimental data collected usng standard fracture-mechanics specimens and typicaly
represent the asymptotic stress-intendty range for crack growth. This asymptote of the
data in Nitinol tube is invariably due to crack closure effects from interference or
wedging of oxidation debris or fracture surface asperities ingde the crack flanks.
Physcaly smal cracks, however, ae more rdevant to commerciad biomedicad devices,
and are not subjected to the same closure effects as laboratory-grown large cracks,
consequently, they may propagate at dress intendties lower than predicted by large-crack
data. Edimates of the threshold stress-intengty range for smdl cracks can be made by
extrapolation of the linear Paris growth-rate curve down to 10° nmicyde  For smdl-
scde biomedical devices such as endovescular dents that are only a few hundred
micrometers thick in specific regions, any dress-intendty ranges above the DK, vaue,
i.e., in the Paris or ungtable growth regime, can result in ragpid through-thickness fracture.
Accordingly, the threshold DK, vaue can be conddered as the critica limiting variable.

In Chepter 4 it was shown that fatigue-crack growth rates and corresponding
threshold vaues in Nitinol thinwadled tube are sendtive to load ratio but reatively
ingengtive to test frequency. Smadl-crack fatigue thresholds can be edtimated from the

Paris-law congtants C and m from Table 5.1, according to:

B ao- 10 i{n
DKth,smaII crack — (:ﬁ_
(%]

The large and smdl crack threshold values are presented in Table 7.1. Extrapolation of

(7.1)

the R = 05 data & 1 Hz (Fig. 5.7) resulted in ~9% lower smal-crack threshold vaues
when compared to the same data from the higher (unredistic) 50 Hz frequency test.
Therefore, dl smdl-crack DKy, threshold vaues estimated from 50 Hz data are reduced
by 9% in Table 7.1 to account for the difference between the experimental test frequency
and in vivo conditions.

Table 7.1: Fdigue-crack growth DK;n thresholds for thin-walled superdastic Nitinol tube
as a function of load ratio, R Threshold vaues are shown for both large cracks from
experimenta results (Chapter 5) and for smdl cracks based on a linear extrgpolation of

the Paris regime (Egn. 7.1). Unless indicated otherwise, the data below was determined
from 50 Hz testing.

DKih, MPaOm
R Large Crack Small Crack
0.1 2.48 1.33
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0.5 2.02 0.81
0.7 1.15 0.71

7.3 Stress | ntensity Factor-Based Device Design Diagram

Mechanicd andysis to cdculate the dresses experienced by a biomedicad device,
which is most eadly peformed by finitedement modding, can reved the maximum
dress intendties generated a presumed worst-case defects during Sngle-event type
occurrences, such as deployment of the stent, and the dress-intensty range (and load
ratio) attributed to cyclic deformation, aisng from the pulstile motion of dents in
response to the heartbeat (see, for example, ref. [116]). In addition, such analyses can be
used to reved “critica locations’ on the biomedicd device where cracking problems may
aie, these ae usudly defined as regions of paticulaly high dress or where
experimenta testing or in vivo data has shown that cracking events may occur.

By congdering the computed dSress-intensty values & such critical locations, and
comparing them to the critical fracture mechanics parameters of the fracture toughness
and fatigue threshold, regions of safe operation can be mapped out in terms of the gpplied
stresses and likely defect szes. Conservative vaues here would pertain to the crack-
initiation fracture toughness for the gppropriate (or wordt-case 45°) orientation, and the
threshold Stress-intensity range for word-case smal cracks a an appropriate (or worst-
case highest) load ratio. Figure 7.2 presents such a safe-operating device design diagram
based on the fracture mechanics data for Nitinol thin-walled tubing described in this
work; this diagram readily permits a quick assessment of the susceptibility of a rticular
device to falure by time/cycle delayed fatigue or to ingtantaneous fracture due to an

overload. Specificdly, the maximum dress intendty produced during single-event type
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occurrences is represented by the x-podtion on the grid, and the dress-intendty range
atributed to cyclic events is plotted as the y-coordinate. The location of the (X,y)
postiond par on the plot then reveds if the device is susceptible to fatigue-crack
growth, overload fracture, or both.

Usng word-case vaues, Region 1 in Fg. 7.2 represents the area that is safe from
fatigue-crack growth and overload fracture under al conditions andyzed (R = 0.1 - 0.7,
crack-growth angle = longitudind, 45°, and circumferentia). Regions 2 and 3 represent
a degree of susceptibility to fatigue-crack growth and overload fracture, respectively;
region 4 represents the unsafe region where the device would be susceptible to both
modes of falure. Depending on the individua device mechanics, eg., if the in vivo
operating conditions are such that R < 0.7, andlor the crack path is nearer the
circumferentid or longitudina direction), the safe zone (Region 1) may be expanded to
encompass dl, or pats of, Regions 2-4. Region 5 represents the worst-case scenario

where failure by overload fracture or fatigue-crack growth is an eminent risk.
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Figure 7.2. A sdfe-operating device design diagram is shown for devices manufactured
from thinrwalled superdlagtic Nitinol tube. Stress intendties aitributed to single events,
e.g., aimping and deployment dresses in a sent, are represented on the horizontd axis
and vary by the angle that the crack is propageating with respect to the tube-drawing
direction. Stress-intendty ranges tributed to cydlic events, e.g., contraction and dilation
of a gent in response to the heartbeat, are represented on the vertica axis and vary with
load ratio, R, and whether the experimenta large-crack fatigue data or the more
consarvative andl-crack estimates are used. Any combination of defect szes and single-
event dresses and/or cyclic dresses fdling into Region 1 pose no threat of fracture or
crack propagation under the evauated conditions. Devices whose dress intengties fal in
Regions 2 and 3 are mildly susceptible (depending on exact R-ratio and crack-growth
directions) to fatigue-crack growth and fracture, respectively; in region 4, the device is
susceptible to fracture by either mechanism. Parts that are subjected to any portion of
Region 5 are in great risk of fracture ether by faigue or overload, regardless of the crack
angle and R-rétio.
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7.4 Stress and Flaw Size-Based Device Design Diagram

An dterndive, and perhaps more ingghtful, gpproach to safe design criteria, usng
goplied dresses and flaw gzes (rather than dress-intendty factors as in Fg. 7.2), is
afforded by the KitagawaTakahashi diagram [137]. For modding the threshold
conditions for fatigue, this approach combines a fracture mechanics-based “damage
tolerant” approach, which defines a large-crack limit (in terms of the fatigue threshold
DKin), with the more traditiond “totd-lifé’ (SIN) approach, which is used to define a
gndl-crack limit in terms of the faigue limit (or endurance drength) Dsix. The benefit
of such a combination is that the traditiond gpproach quantifies the effects of crack
nuclestion and propagation from smal, often blunt, flaws tha ae present in as
manufactured parts, and relates this to the typicd data collected from damage-tolerant
(da/dN vs. DK) experiments. The 10°-cycle endurance strength, Dsta, determined for
tensontension fatigue testing in Nitinol tube, varies with heat trestment and R-ratio, and
ranges from 100-200 MPa [52, 71]. For corresponding modding of overload falure, the
diagram combines the fracture toughness of the materid as the large-crack limit and the
generd yidd dress, i.e, limt-load dress for plagic falure, a the smal-crack limit. For
this paticular example, the generd yidd dress was edimaied as smply the uniaxid
(0.2% offset) yield stress, from the linear-dlagic martensite loading curve, sy™", for
Nitinol tubing; this ranges from 1000-1200 M Pa [138, 139].

Figure 7.3 shows the condructed Kitagawa Tekahashi diagram for thin-wadled
superdlagtic Nitinol tube. The intersection of the damege-tolerant fatigue curves and the
endurance drength represents the trandtion from large to smal crack fatigue behavior.

In the case of Nitinol tubing, this trangtion (Sometimes referred to as the intringc crack
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size) occurs a ~15-50 mm. Devices with flaws below this length scde are best andyzed
in terms of the endurance drength in fatigue and generd yidd drength in sSngle-event
overloads, whereas fracture mechanics provides the more appropriate means of anayss
for flaws larger than this scde, specificdly in terms of the fatigue threshold, DKy, and
fracture toughness, Keq. The steady-state fracture toughness, K, is reached following
~400 mm of crack extenson, which results in the horizontd trangtion lines from the
longitudinal, circumferentia, and 45° crack-initiation toughness-based curves to the
steady-state curve at that vaue of crack size, a®  The importance of the Kitagawa
Tekahashi diagram for Nitinol is that it provides an dternative design diagram, now
presented in terms of applied stresses and flaw sizes, ingtead of dress-intengty factors, to
indicate regions of safe operation (green), risk of falure by time- or cycled-delayed
faigue but not overload falure (ydlow), and eminent risk of falure by either fatigue or

overload fracture/generd yidding.

% It should be noted that crack sizes larger than ~100 nm are highly unlikely in biomedical devices with
dimensions measured in terms of fractions of millimeters; however, they have been included in the diagram

for completeness.
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Figure 7.3. KitagawaTekahashi diagram [137] for thinwaled superdagic Nitinol
tubing showing regions of safe operdtion (green), risk of falure by fatigue but not
overload fracture (yelow), and eminent risk of falure by ether fatigue or overload
fracture. The trandtion crack-sze between smdl-crack behavior, governed by the SN
endurance strength (100 — 200 MPa [52, 71]), and large-crack fracture mechanics data, is
~15-50 mm. Above that flaw dze, fatigue fracture is best defined by the fracture
mechanics-based threshold criterion DKy, which is a function of the postive load-ratio,
R Failure by overload is bounded by the martenstic yield stress for Nitinol tube (1000 —
1200 MPa [138, 139]) up to a flaw sze of ~25 nmm, a which point the crack-initiation
fracture toughness of the materiad dominates failure. For crack sizes exceeding ~400 nm,
the steady-date fracture toughness value (=34 MPavm) governs the point of fracture,
hence the jump from the longitudind, circumferentid and 45° safe operaing curves. It
should be noted that for the purposes of determining this particular diagram, the gometry
factor Y was teken as unity and generd yidd gress defined in uniaxid tenson. For an
actuad device, these would have to be caculated for the specific loading, crack and device

geometry.
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Note that for the purposes of congructing this generic KitagawaTakahashi diagram
for superdadic Nitinol thinrwdled tubing, the smple fracture mechanics data was
plotted, i.e, the fatigue threshold and fracture toughness, in terms of the basc
relationship Ds = DKin/Y(pa)” for fatigue conditions, and Smax = KegY(pa)™ for overload
conditions, with the geometry factor, Y, taken equd to unity. Smilaly, the
corresponding generd yidd dress was consdered only in terms of Smple uniaxiad tensle
loading. However, computation of the actuad variaion in these limiting dresses for
faigue and overload falure for specific gpplications will cdearly vary with the crack

configuration, the nature of the loading and the particular device geometry.

7.5 Conclusons

A dmple fracture mechanics-based agpproach to design of biomedicd devices
menufectured from thinrwalled (=400 mm thick) superdadtic Nitinol tubing has been
presented in terms of device desgn diagrams which depict safelunsafe operating regions
that are dependent upon the levels of maximum and cyclic stresses experienced by the
device from handling, implantation and in vivo operaion. To define cumuldive faigue
damage mechanisms aitributed to cyclic stresses in a device, e.g., from pulsaile motion
of gent in response to the heartbest, fatigue-crack growth behavior for both large-crack
(experimentdly determined) and amdl-crack (a more consarvative interpolation  of
experimenta data) threshold vaues were evduated to determine the risk of falure by
faigue. To define falure attributed to single overload events, e.g., from deployment
sresses in a dent, crack-initiation fracture toughness vaues were used as the design
variable due to the fact that the smal dimensons of most biomedical devices redricts
them from ever reaching a higher Steady-date fracture toughness vaue. A Kitagawa
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Takahashi diagram  combining traditiond “totd  life’ fdigue daa with fracture
mechanics-based falure criteria was aso computed to show safe-operating stresses and
dress ranges for devices with known flaw dimensons. Such device design diagrams may
be consdered as a conservative means to define the worst-case susceptibility of a
biomedical device to premature failure in the presence of defects. What is apparent from
such diagrams is that the fracture mechanics-based design parameters compliment, rather
than compete, with tota-life gpproaches to fatigue and smple mechanicd yidd criterion

for angle-event fracture.
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CHAPTER 8: CONCLUDING REMARKS

In this work, it has been proven that the processing that goes into manufacturing the
various product forms (bar, sheet, tube) has a profound impact on the crystdlographic
texture. In turn, that texture dramdicdly influences the mechanicd propertties of the
materid. It was therefore critical to conduct al mechanical testing in product forms that
were appropriate for the research gpplication — biomedicd devices made from Nitinol
tube.

To evduae the susceptibility of Nitinol biomedica devices to fracture, it was firg
critical to determine the pertinent engineering parameters (fracture toughness and fatigue-
crack growth behavior) in materid that accuratdly mimicked the forms used for devices
(tube), while maintaning sandard fracture mechanics geomelries (compact tension
gpoecimens). Testing of these flattened tube specimens revedled a risng Rcurve behavior
in the fracture toughness. Initiation toughness values ranged from 10 — 27 MPaOm ad
were highly dependent on the crack orientation within the tube due to texturd effects.

The faigue-crack growth properties were measured and showed an expected DK
dependence on the R-ratio, with vaues ranging from 115 MPaOm a R = 0.7 to 2.48
MPaOm a R = 0.1. Interestingly, despite the energetic favorability to grow dong a pure
mode | path, fatigue cracks dways grew aong the 45° path (mixed mode |, mode II)
reldive to the tube drawing axis, presumably due to texture effects. Tests performed on
this maerid in a dmulaed body fluid produced nearly identica results to those
conducted in air, indicating that corroson has little or no effect a the Rratios that were

evduated. Ladly, Paris-lav exponents, m, were sgnificantly higher than other forms of



Nitinol, indicating a more rapid crack advance rate during Steady-deate faigue-crack
propagetion.

X-ray microdiffraction characterization in a highly localized region around growing
cracks in Nitinol expected reveded that drans were modly tendle in nature
Furthermore, fatigue testing showed that the sze of the transformed zone was dtable at
the maximum dress intendty dating a the fird cycde, wheress the zone sze upon
unloading to the minimum gress intengty did not dabilize until 2-10 cycles. This zone
was peanut-shaped and required the use of anisotropic yield models to accurately predict
that geometry. However, the experimentaly-determined sze of tha zone was ~5 times
gmdler than predicted by fracture mechanics solutions, which was attributed to the large
grain sze that was necessary for these experiments. It is opined that transformétion in a
nano-crydaline Nitinol materia (like those used for biomedica devices) would produce
trandformation zone matching the fracture mechanics predictions because of the ample
nuclegtion cites (in the form of grain boundaries) that were absent in the materia used for
this sudy. Ladly, cetan crysdlographicaly-aigned grains were able to suppress the
trandformation; and comparison of that data with theoreticd texture predictions indicated
that the transformation should be thought of as stress-, not strain-, driven.

A dmple dedgn criterion, in the form of a KitagawaTakahashi diagram, was
foomulated. By combining the fracture toughness with mechanicd yield criterion, and
fatigue-crack growth data with tota-life &N) data, boundaries of acceptable design were
crested showing zones of safe operating stress vs. maximum detectible flaw size.

Because this work was specificdly amed a understanding the fracture mechanisms

goplicable to superdastic Nitinol biomedicd devices, it was beyond the scope to
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investigate the fracture properties of the non-trandforming augtenite, and/or the dable
martendte phase. Future work could easily determine these properties by smply raising
the test temperature above My for stable audenite, or below Mg for stable martenste.
Fortunatdy, it was shown in this work tha corroson effects in this materid are
negligible, therefore tesing at elevated or lowered temperatures could be done in air,
diminating the need for specidized low/high temperatiure fluid systems  Invetigation of
the fracture properties of each phase may shed light on the individuad contributions of
each phase in the trandforming materia. In addition, one could conduct experiments at
test temperatures a which the volumetric change during the phase trandformation is zero
(-8°C for this dloy, as determined by andyzing the data in ref. [22]) to determine the role
of the “negative dilation” which will be abosent a this temperature.

Current limitations on the ALS beamline prevented the study of the microstructura
influences on a growing crack in the true maerid form that is used for biomedica
devices — nano-cryddline Nitinol. However, the micro-diffraction beamline is currently
in the process of moving to a higher energy source which will dlow for the necessary
faster diffraction collection times in  monochromatic-mode, and will implement new
equipment (namely a computer-controlled goniometer) that will alow future research on
the nano-crysdline materid. It would be very interesting to repeat exactly the micro-
diffraction experiments in such a materid to observe if the anisotropic fracture mechanics
predictions do accurately match the experimenta transformation zone sizes.

Findly, finite dement andyds (FEA) usng complex materid codes may hdp
deconvolute many of the materid parameters that canot be separated via

experimentation. For example, after careful matching of the stress-dtrain and fracture
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response to the experimentally-determined data presented herein, one may be able to use
FEA gmulations to deduce the exact role of the negetive dilation, anisotropic
transformation  dressedrains, texture, and modulus mismaich between augtenite and

martendgite on the fracture properties of Nitinol tube.
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APPENDIX A: COMPUTER SIMULATION OF NITINOL TRANSFORMATION
ZONE

The following Matlab code was written to: a) smulated the anisotropic yield surface
of Nitinol derived by Lexcdlent and Blanc Surface[132], and b) use fracture mechanics
solutions of dress intensity around a crack tip to predict atransformation zone Size.

Figure A.1l: Yidd surface, plotted in terms of principd stresses in MPa, derived from
anisotropic yield conditions for Nitinol from Lexcelent and Blanc (red plot), vs. isotropic
yield condition (von Mises) shown in blue.
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Figure A.2. Lexcdlent and Blanc's yidd surface plotted as radid coordinates (radians
vs. yidd dress) rather than principd dresses in Fig. Al This is the output from the
computer smulation of the yield surface.
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Figure A.3: HAf trandformation zone size as cdculated from the computer smulation by
the combination of the Lexcdlent and Blanc yidd criterion with standard fracture
mechanics solutions. Plot was predicted for a stress intensity of 15 MPaOm, with the
scaein meters.
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%%6%%% The following gpproximates the empirica yidd surface from Lexcdlent, Acta
Met 2004 %%%%%%

dea dl;

index =1;
theta=0;

% From O - 45 degrees
for theta= 0:pi/250:pi/4;
C6 = -2891.4;
C5=-1687.8;
C4 = 84135
C3 = -5886;
C2=1895.2;
C1=6.4885;
CO0 = 372.69;

r = C6*theta*6 + C5*theta*5 + C4*theta™4 + C3*theta*3 + C2*theta*2 + C1*theta +
CO;

y(index,1) = theta;

y(index,2) =r,;

index = index + 1,
end;

% From 45 - 90 degrees
for theta = pi/4:pi/250:pi/2;

C6 = -10963;
C5 =85070;
C4 =-272917;
C3 = 462867;
C2 =-436765;
C1=216291;
C0 =-42991;

r = C6*theta*6 + C5*theta5 + C4*theta*4 + C3*theta*3 + C2*theta*2 + Cl*theta +
Co;

y(index,1) = theta;

y(index,2) =r,

index = index + 1;
end,

% From 90 - 180 degrees
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for theta = pi/2:pi/500:pi;
C2=187.72,
C1=-794.66;
C0=1158.8;

r = C2*theta2 + C1*theta+ CO;

y(index,1) = theta;

y(index,2) =r;

index = index + 1;
end;

% From 180 - 190 degrees
for theta = pi:pi/1125:pi* (190/180);

C2 =-526.15;
C1=23559.3;
CO = -5484.5;

r = C2*theta*2 + C1*theta+ CO;

y(index,1) = theta;

y(index,2) =r,

index = index + 1;
end;

% From 190 - 225 degrees
for theta = (190/180)* pi:pi/320:(225/180)* pi;
C3=201.82;

C2=-2098.9;
Cl=7222,
C0O =-7690.7,

r = C3*theta*3 + C2*theta’*2 + C1*theta + CO;

y(index,1) = theta;

y(index,2) =r;

index = index + 1;
end;

% From 225 - 260 degrees
for theta = (225/180)* pi:pi/320:(260/180)* pi;
C3=-118.16;
C2=1617.5;
Cl=-7312
CO0 = 11450;
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r = C3*theta*3 + C2*theta’*2 + C1*theta + CO;

y(index,1) = theta;

y(index,2) =,

index = index + 1,
end;

% From 260 - 270 degrees
for theta = (260/180)* pi:pi/1125:1.5* pi;

C2=-320.93;
C1=12824.2,
C0O =-5678;

r = C2*theta*2 + C1*theta + CO;

y(index,1) = theta;

y(index,2) =r;

index = index + 1,
end;

% From 270 - 360 degrees
for theta = 1.5* pi:pi/200:2* pi;
C2=179.74;
Cl=-2061.5;
C0 =6228.7,

r = C2*theta*2 + C1*theta+ CO;
y(index,1) = theta;
y(index,2) =r,

index =index + 1;
end;

scatter(y(:,1),y(;,2));

%%0%%6%This ends the yield surface gpproximation %%%%

dear dl;

%%%0% %% The following plots the PLANE STRESS transformation surface for Nitinol
(370MPa A-M) %%%%%%
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K =input('Input applied Mode | stress intensity (MPa*m0.5): );

step =1,
% R andt areradia coordinates about a crack tip in a C(T) specimen;

R=0; % Risin meters
t=0; %tisinradians

% Eval(1,1) = 'R;

% Eva(1,2) ="'t}

% Eva(1,3) = 'sgmal’,
% Eva(1,4) ='sgma2;
% Eval(1,5) = 'evdR;
% Eva(1,6) = 'evatheta;
% Eva(17) =",

% Eval(1,8) ='C6

% Eval(1,9) ='C5;;

% Eval(1,10) ='C4;

% Eval(1,11) = 'C3;

% Eval(1,12) ='C2;

% Eval(1,13) ='C1;

% Eval(1,14) = 'C0;

% Eval(1,15) = 'marker’;

% Congtraints for R may need to be increased/decreased for K level
for R = 0.00008:0.000002:0.00025;
for t = pi/200:pi/200:pi;
sigmal = K*cog(t/2)* (1+sin(t/2))/(sgrt(2* R* pi));
sgma2 = K*cog(t/2)* (1-sin(t/2))/(sqrt(2* R* pi));
evaR = gyrt(sgmal”2+sgma2™2);
evdtheta = atan(sgma2/sgmal); %equadrant 1
if agmal > 0;
if agma2 < 0; Yoquadrant 4
evdtheta= 2*pi + evdthetg
end;
end;

if sgmal < 0; %quadrant 2 and 3
evdtheta= pi + evdthetg;
end;

theta = evdtheta;
C6=0;
C5=0;
C4=0;
C3=0;
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C2=0;
C1=0;
CO0=0;

% Criteria 1 (0-45 degrees)
if theta> O;
if theta < pi/4;

C6 =-2891.4;
C5=-1687.8;
C4 =8413.5;
C3 =-5886;
C2=1895.2;
C1 = 6.4885;
C0 = 372.69;

end;

end;

% Criteria 2 (45-90 degrees)
if theta> pi/4;
if theta< pi/2;

C6 =-10963;
C5 = 85070;
C4 =-272917;
C3 = 462867,
C2 = -436765;
C1=216291;
C0 =-42991;

end;

end;

% Criteria 3 (90- 180 degrees)
if theta> pi/2;
if theta< pi;

C2=187.72;
C1 =-794.66;
C0=1158.8;
end;
end;

% Criteria4 (180-190 degrees)

if theta> pi;
if theta < (190/180)* pi;
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C2 =-526.15;

C1=23559.3;
CO =-5484.5;
end;
end;
% Criteria 5 (190-225 degrees)
if theta> (190/180)* pi;
if theta < (225/180)* pi;
C3=201.82;
C2=-2098.9;
Cl1=7222;
C0 =-7690.7,
end;
end;

% Criteria 6 (225-260 degrees)

if theta> (225/180)* pi;
if theta < (260/180)* pi;
C3=-118.16;
C2=1617.5;
Cl=-7312
CO = 11450;

end;

end;

% Criteria 7 (260-270 degrees)

if theta> (260/180)* pi;
if theta< 1.5%pi;
C2=-320.93;
Cl=2824.2,
CO = -5678;

end;

end;

% Criteria 8 (270-360 degrees)
if theta> 1.5%pi;
if theta< 2*pi;

C2=179.74;

C1=-2061.5;

C0=6228.7,
end;
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end;
r = C6*theta*6 + C5*theta\5 + C4*theta*4 + C3*theta\3 + C2*theta*2 + C1*theta + CO;

if r>evdR;
marker = 0;
dse
marker = 1;
end;

xpos(step,1) = R*cog(t);
ypos(step,1) = R*sin(t);
Eva(steptll) = R;
Evd(steptl,2) =t;
Eva(step+1,3) = sigmal;
Eval(stept+1,4) = Sgmaz;
Eva(steptl,5) = evaR;
Eva(step+1,6) = evaltheta;
Eval(step+1,7) =r;

Evd (step+1,8) = C6;

Evd (step+1,9) = C5;
Eval(step+1,10) = C4;
Eval(step+1,11) = C3;
Eva (step+1,12) = C2;
Eval(step+1,13) = C1;
Eval(step+1,14) = CO;
Eva (step+1,15) = marker;
C(step,l) = marker;

step = step+1;
end; %endst for loop
end; %ends R for loop

C(:,2)=0;
C(:,3)=0;

dimwrite('mydata.out' ,Evd,",);
scatter(xpos,ypos,2,C,'s  filled);
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Appendix B: Derivation of Stressesfrom Deviatoric Strains Measured
by Diffraction

Goal:
Determine the equivaent stress and strain state around a crack tip in Nitinol

Experimental Data:
Deviatoric strains, €;;, calculated from white-beam Laue diffraction patterns. Dilational
drain cannot be measured without monochromatic diffraction data. The dilationd

drains, and the total stresses, must therefore be inferred from the deviatoric strains alone.

Assumptions:
1) Isotropic materid: vdid only for the linear dadic portion of Audenite (note:

trandformation dress'dran vaues ae anisotropic, but dadic  diffness s
isotropic).  Since the Laue patterns disappear upon transformation, the only
deviatoric strains that were measured must be for Austenite, not Martensite.

2) Audenite remans pefectly linear-dadic (e no plagic deformation of
Audgenite). That is, the materid is ether dadticdly deformed Audenite, or the
materid has transformed to Martensite. Therefore, Hookean behavior prevails

3) Plane dress (s33 = 0).  Since the depth of penetration of x-rays is only 5-10
microns below the surface, we can assume that the sampled region is essentidly a
free surface under plane stress conditions.

Calculations:
Bagc formulation of grain: Totd = Deviatoric + Dilationd
- e
e; =e; +di; = 1
ij ij i3 )
where, dijj = ll_ ) J_
Oil]
Therefore:
Coe
€11 =en +§ (28)
- e
€x» =€y +§ (2b)
- e
€33 = €33 +§ (20)
ey =€ (2d)
3 =ey3 (2€)
ex =€x (2)
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Hooke's Law:
Sij = Gijkeij ©)

For isotropic materid:
C11 =Cp =Cg3;Cyy =Cpr5 =Cgp;Cp =Cp1 =C3 =C31 =C3=Cx
E

G=—1 4
1+u @
2Gu
| = 5
1- 2u ©)
(@- uE
= = /-
Cu @+u)@- 1) (©)
uk
Co=l =——
12 (L+u)(1- 2u) @
E
Cy=G=
44 20+ ) )
Therefore, Eqn. 3 becomes:
snu &€y Cp C2 0 0 0 uéenu
a Ué, u
2y C2 Cu Cz 0 0 0 ey
Sxnl &€p Cpr Cy 0 0 0 Uyl
é Tu=ée ae > a €)
sreg e0 0 0 Cy 0 0genyg
&30 €0 0 0 0 C 0 Ué,5U
ey e “o et
ex0 0 0 0 0 0 Cupeesd
From matrix multiplication of Eqn 9 to obtain stress relationship to srain (with plane
dtress zero vaues shown):
s11 =Cpey +Cpp(exn +ex) (104)
S22 =Cpexp +Cp(en +egs) (10b)
S33=Cpieg3 +Cpp(epn tep)=0 (10c)
S12=Ci12 (10d)
S13=Cpp€3 =0 (10e)
Sz = 012823 =0 (10f)
For plane stress conditions, s 33=0. Subgtituting Eqn 1 into Egn 10c:
s 33=0=Cpy s + 22+ C By +e + 20 (118)
e 3 e 3p
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s

1 eu é ' 1 2eu
333=0:“Clle33+C11_'+”012(e]_1 +622)+C12—' (11b)
& 3H & 3H

f ' f C e
s =0=C1ex +C12(911+e22)+e8é2 312 +%9 (11c¢)
e 1]

D

Solving for the dilational strain component from Eqn 11c, and using stiffnessrelation
EQn6 & 7:

e:_C12(e:I|.1+el22)+C:.L_le£33:_ 3 L(ei1+e'22)+(1-u)e'33]
gaéquJr%g (1+u) (12)

Pugging the dilaiond grain from Eqn 12 into Eqn 2 will produce the total strain tensor.
Multiplying thet total strain tensor by the stiffness matrix (i.e. operating Eqn 9) produces
thetotal stresstensor.

Using the total stress and strain tensors, we can how calculate equivaent stresses and
drans
s =432- 30, (13)
J1:S]_1_+522+533=3S (14)

Jo=s11S» +S S +S11S 33 - (5122+5123+S§3) (15)

ST=J}é[(811- Sp)2+(s - Sm)i+(Sm-5m)2]+36 4 +sh+s%)|  (16)

ézgwllf- 3l, (17)

li=epn+ep+ep=¢€ (18)
l2 =€16p +expess +epey - (3122 tefs + 9%3) (19)

- 2
© =§\/%[(911 - e)? +(en - ex)’] + (e - e33) +3(efz +efs +e) (20)
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