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Abstract

In the first chapter, the corrosion resistance of mechanically polished and as received
nitinol was characterized. Two treatmentsre applied tomprove the corrosion resistance:
placing samples in 9Q distilled waterand in a 3% solution of #D.. Potentiodynamic cyclic
voltammetry curves and measuring the mass lossniaggressivesolution were used to
characterize the corrosion resistance. ThgJ Hand water treatments wer®und to
substantially improve the corrosion resistandéinol discs wee imaged during a cyclic
voltammetry scan. This enabled ust@racterizéhe corrosion mechanism in situ.

In the second chapter the effect of the electrolyte flow on the corrosion of aluminum
1100 and 5052 was investigated. Corrosion was found to be more severe when the sample was
left in a still solution. The surface of Al 5052 was imaged during corrosioriowel flow did
not affect the corrosion propagatiorechanism.
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Chapter 1: Introduction

In this thesis we wilkexplorethe corrosion properties of nitinol, in chapter 2,
and aluminumin chapter 3Nitinol is an interesting implant materjahat is used in
various applicationdt is generally held tnave a high level of corrosion resistabcg
is known towidely vary with different surface treatments. In this study we will
characterize¢he effects of the surface morphology on the corrosion resistaseell,
we will apply a treatment in boiling war and in a hydrogen peroxide solution to
improve the corrosion resistanc&he surface chemistry and structure will be
investigated using-ray photoelectron spectroscopyray diffraction, and scanning
electron microscopy to ascertain the mechanismitigh the corrosion resistance is
improved. Finally, we will imagein real time,the surface of nitinol discs as they
corrode to determine the corrosion propagation mechanism. To the best of our
knowledgereal time videos of nitinol taken as it corrodiese never yet to be reported

in the literature.

Chapter 3 deals witbffects of electrolyte flow on the corrosion resistance of
aluminum. The effects of flow on the corrosion of aluminum has not been heavily
studied andhe literatureincludes several conflicting reportdVe will determine the
effectboth astill and aflowing electrolyte on the breakdown potentidlaluminum, a
higher breakdown potential is correlated witbrecorrosion resistancé&urthermore,
we will image in real timethe surface of an aluminum plate to determine the corrosion

propagation mechanism and if this mechanism changes due to flow.



Chapter 2: Nitinol Corrosion
2.1 Introduction
2.1.1 History of Nitinol

Nitinol, an acronym for Nickel Titanium Naval Ordnancebloratory, is an
equitatomic alloy of nickel and titanium. This novel alloy was discovered by William
J. Buelher in 1959; he was tasked with findanghaterialfor the nose cone of Polaris
submarindaunched ballistic missitewhich could betteresista high temperature
environmentluring reentry. After casting, what would be called nitin8uelher noted
that cool bars when dropped produced a leaden like s&ard warmed in boiling
water rang with a belike quality signaling that this material haderesting properties
due to a phase changabsequent tesfsund thematerialto have a high strength and
to be veryductile [1]. During a meeting, a strip of folded nitinol was heated with a
cigarette lighter and to the guise of the audience the material retook its original shape

[1]. The property ofiitinol shape memorwas discovered.

2.1.2 Shape Memory

Shape memory derives from a phase transition between the low temperature
martensite ad the high temperature austenite psalSkrtensite is softeland is much
easier to deform compared to austensitech has a much higher tensile strength. This
phenomenon allows nitinol to experience a large degree of reversible strain unlike other
metals such as steel or titaniuin.the austenite phase the material is made up of two
interlocking simple cubic structures. When the temperature falls a new and more
complex martensite phase forms. Martensite is composed of a monoclinic structure,
oP4in Pearson notatiof?]. Due to the complex martensite structarsapplied stress

2



leads to twinning. Twinning isajora type of deformatiowhere no atomic bonds are
broken,unlike the movement of slip plan&slip planes are clespacked directions of

the material where dislocation, slip, can most easily occur.

Nitinol heded to approximately 770 K will form new austenite bonds and
“remember " Afterhsldape ssttimgyipernitinol in thenmartensite phasis
deformed ad then heated the material will be restoredtsooriginal shapethat it
possessegrior to deformation. This phenomenonkisn own as “ shSape men
long as nitinol is not plastically deformgte deformed martensite phase waivertto
its original shape as the crystal structure changes to the austensiteNihiaséin the
martensite phase is easily deformed due to twining allowing it to take on different
forms. But, when martensite nitinol-tiins and converts back to austeasits forced
to take on its original shape the only possible shape availabWhen nitinol is
completely in the austensite phase and cooled to the martensite transition temperature
some austensite will remain a metastablestate The material need® be cooled to
the austensite finish temperature to convert all the remaining austensite to martensite.
The same applies when martensite is heated and starts to form austérsieads to
a hysteresis | oop f[8]rByaiterihgithe oompositiopdn s e t r a
applying variousnechanical treatments, the transition temperatae range from.70
K to 370K. Small, ~1%, changes in the nickel atomic concentration give rise to large
changes in the martensite to austensite transition temperaymieally, nitinol will
have a hysteresis width between3IK [4]. Superelastic nitinak engineered to have
a transition temperature such tlaahetastable austenite phase will be present at room
or body temperatur&Vhen loadedhe material will immediatelgonvertall nitinol in

the austensite phase into the more ductile martepigse Then when unloadethe



materialwill spontaneouslyevert totheaustenitgophaseand changéack to its original

shapg?2].

The first shape memory allp AuCd, wa originally discovered in 1932,
making it much older than nitindby Arne Olandef5]. Besidesitinol there havéeen
several other shape memory alloydiscovered These includehe Cu based alloys
CuAINi andCuAnZl, Fe based alloysnd several other novel alloysu and Fe alloys
while cheaperlack the ductility of nitinol are less stableand more brittle in
comparisonPromising work has been done more recently alloying nitinol with either
Zr, Hf, or Pd which ould be useful for higher temperature applicati@wgliring shape
memory materialsNitinol, as the premier shape memory matehak a plethora of
applications including eyeglass frames, endontic files, orthodontic archalieess
and everheat enginef3]. Nitinol is practically immune to corrosiomhen halide ions,
usually chlorideions, are not present. For medical implants such as orthodontic
archwires and stents the corrosion properties of nitinol are substantiallyatweslue
to the aggressive nature of the b¢@j The topic ofthis chapterin the thesisill be
exploring the corrosioaf nitinol by electrochemi tests and by imaging the corrosion
in real time As well, we will attemptto improve the corrosion resistance using some

environmentally friendly surface treatments.

22 Literature Review
2.2.1Localized @rrosion

When an oxide fresurfaceon a passive met# exposedo watercorrosion
occurs leading tgositively charged metal cations pagsfrom the metal into the

solution. These metal cations leave behind free electrons in the malaésiesd known



as the anodic reaction in whibasemetal is oxidizedIf the electrons are not removed

via some other reaction tlieee electrons in the materaill build upand createn
electric field opposing the dissolution of the metakpending on the pH of the
electrolyte different reductioreactions can occur to consume the free electtans.
acidic solutions hydrogen ions are reduced to hydrogen gas while in neutral and basic
solutions water is reduced to hydrogen gas and a hydroxide anioncthestively

are known as the cathodic ctians.A further cathodic reaction can occur when oxygen

is present producing either hydroxide ions or waténe electrolyte is neutral or acidic
respectively.Corrosion can continue to occur so long as the electrons are removed
through theseeactiors. A steady state forms where the rateaobdic and cathodic
reactiongeach parity. The steady state potential that forms is known as the open circuit
potential (Eocp). The amount of material dissolvefom a passive metaht the
corrosion potential is usually of a negligible proporti@m a single electrode the
anodic reaction will tend to occur in the most reactive regions. The most reactive
regions are listed in order of increasing reactivity: crystal ledges, kinkscations,

high index grain faces, impurities grain boundaries, inclusions, second phases, and
creviceg[7]. Localized corrosion occurs when the anodic and cathodic regions do not
shift across the surface, this is known as garearrosion, but remain localizéaltheir
respective regionsPassive materials such as stainless steel and nitinol exhibit
measurable mass loss only when the electrode @&ipedl in the anodic directioAs

the electrode potential becomes more pasitpolarized in the anodidirection, the

rate of the anodic reaction will start to increpge

The two main types of localized corrosion are crevice and pitting corrosion.
These modes of corrosion are far more insidious than general corrosion since they can

cause failuredue tolow levek of mass loss andre exceptionally difficultto detect



Crevice corrosion is caused by the differential concentration of oxygen inside and
outside ofa crevice For example, crevice corrosion is commonly found inside of gaps
in junctions or around bolts. Oxygen reduction occurs wherever the metal surface is
exposed to the electrolyte. But, as oxygen is consumed in a crevice the amount of
oxygen availabldor reduction is limited by diffusiomutside of the crevicexygen is

much more readily availahle

0 ¢OU0 T1TQO U0 (1)

This differential concentration of oxygen has two effects: metal exposed to lower
concentrations of oxygen hawgore anodic potentighnd the limiting current density

for oxygen reduction is decreasgdcomparison to # surface. The Nernst equation
can be used to calculate the reductioteptial of the reactianshownin Eq. 2 for

different concentrations of oxygehhe Nernst equation is givers

06 O —at

(2)

where E is the standard reduction potential, z is the number of electrons transferred, R
is the universal gas constant, F is the faraday consfahtulating the reduction
potentials for a 15 mg/L (a common bulk concentration) and 1 mg/L (concentration in
acrevice) concentration of oxygen we find 1.596 V and 1.5®8pectivel\{8]. The

crevice willalsobecome progressively more acidic as oxygen is depleted and a steady
state is reached. Chlorine anions and metal cations, produced from corrosion, cannot
easily diffuse out a crevice. Metal catiomsll then react with water molecules

producing hydrogen iadecreasing the local pH:

0 coBob 30 O 3)



Summarizing, crevice corrosion initiates in a holé¢l@sample surface and due to the
differential concentration of oxygen corrosion occurs. A lack of oxygen and a surplus
of metal cations allow the internal electrolyte to become highly acidic and aggressive
which inducesthe propagation of corrosion througlidhe material. The initiation

stage for crevice corrosion can be long but propagation usually proceeds very rapidly
[8].

The other common form of localized corrosion is known as pitting corrosion.
Pitting refers to the localed breakdown of the passive layer usually by chloride ions.
A chloride ion is a strong Lewis base and interacts with Lewis acids, metal cations,
which can initiate the dissolution tife passive laye€hloride ions are relatively small
and have a high difsivity, they can easily penetrate the oxide Ig@dr There have
been several mechanisms propaseexplain howhalideanions initiate corrosion pits
the penetration mechanism, film thinning mechanism, and the film rupeckanism.
In the penetration mechanism, aggressive ions are transported through the oxide layer
to the interface between tbgide and thenetal. The aggressive anions migrate through
oxygen vacancies to the interface. There the anions attack and elisselvnetal
substrate underneath of the passive 1§prThis mechanism works well to describe
corrosion due to chloride ionghich are similar in size to oxygen atoms. Butth
bromide and iodide aralsoknown toinitiate pitting corrcsion and their larger size
makesthe penetratiormechanism unfeasiblas a general explanatiom the film
thinning mechanism the aggressive anions adsorb onto the passive layer of the material
forming a complex with the oxidéhesecomplexes usually form in clustei&his leads
to localizeddissolution of the oxide layer until the metal matrix is exposed. The passive
layer of aluminum has been found to thin under the presence of aggressive halide

anions using XP$10]. The finalmechanism, the film rupture mechanism, proposes



that aggressive anions penetrate through cracks and flaws in the oxide layer. Further
flaws are produced as chlorine ions diffuse into the.filirese flaws in the oxide layer
cannot extend all the way to the metal substrate since the metal would react with water
and oxygemmolecules and rexidize[11]. The anions mushenpenetrate the distance
between the defectnd the metal using the twoareviousmechanismsThese three
mechanisms are by no means mutually exclusive and likely all contribute to the
initiation of corrosion. Yuet al. found evidence that both the penetration and film
thinning mechanisms played a key role in the corrosion of Aluminum in a NaCl

solution[12].

Corrosion pits have a similar propagation mechanism to crevice corrosion. At
the nieleation site corrosion begins underneath the oxide layer. The oxide layer cap,
generally porous, prevents diffusion of metal cations and hydrogen ions out of the
corrosion pit.Furthermore, halide anions will be electrostatically attracted into the
corroson pit to maintain charge neutrality due to finesence ainetal cationseleased
from corrosion.These metal cations react with water molecules to form hydrogen
atomswhich lowersthe pH in thecorrosion pit.Directly outside of the corrosion pit
oxygenreduction is driven by electrons freed by corros@xiygen reductioimcreases
the pH directly outside of the corrosion gie to the production of hydroxide anions
The potential in the corrosion pit drops due to this phenomgjoithe pit quickly
becomes supersaturated with both chlorine and metal cations which form a salt layer
on the bottom othe pit[13]. Eventually as the pit grows the oxide layer cover will
breakdue toan osmotic pressure difference across ¢hp This removes the largest
barrier to diffusion allowing the pit electrolyte to become dilu#ten the oxide cover
collapses the pit can either repassivate or continue to corrode; these corrosion modes

are callel metastable and stable pitting corrosioaspectively. This corrosion



mechanism is illustratedh figure 2.1 for an arbitrary metal undergoing pitting

corrosion.
Air 0,
NaCl Solution
_ High O,, High pH
Comosion Products " Hz
/. 20H cr
H,0 M(OH): /
M

Figure2.1: An illustration of the pitting corrosion mechanism for an arbitrary metal.
Inside of the corrosion pit we find a low pH and a low concentration of oxygen. In the
vicinity near the corrosion pit we find instead a high pH, due to the cathodic reaction
producing hydroxide aniorend hydrogen gasnd a high concentration of oxygen.

Stable corrosion pits form when the current density in the pit is greater than the
pit stability product. This is a measurement of the aggressivenegé ainal itsability
to continue to corrode after diffusion with the bulk is no longer impddéd
Metastable pit growth iander diffusion controinstead ofohmic controj this means
the pit current density is independent of the electrode potedtbalever, a potential
at which stable pitting starts to occur, the pitting potential, is known to é&xéstact

that pit growth is under diffusion control should preclude a measurable pitting



potential. While metastable pithave current densitieshat are independent of the
electrode potentiaPistoriusand Burnstein found that the distributioof pits with
highercurrent densities shifts tdargervalue with increasing electrode potenfi3].

They also found that the number of nucleation sites available increases with the
electrode potential. At lower potentials #nailable nucleation sites are constricted to
regionscovered byscratches andefects As the electrode potential increasesler

and shallower corrosion pits can forfistoriusand Burnstein found pits with this
morphology have a higher current densihey are more likely to pass the critical pit
stability product, the product of the current density and depth, and therefore gthieve

stability [11].

2.2.2Nitinol Implants

Nitinol is thought to havesuperior properties in terms ofs corrosion
resistancebiocompatibility,and elastic properties in comparison with other memory
alloys[14]. Biocompatibilityand corrosion resistance &specially important because
the mostnotableapplication of nitinol andhe catalyst for this researdh its use in
stents which operate in the hostile environment of the b&ayperelasticitinol stents
can becompressed and delivered to the occlusion site using a catlhieuttheneed
for a balloon catheter, as is the eagth stainless steel sten@ncereleased the nitinol
stentsself-expand due to the removal of strain; this allows a much less invasive surgery.
As well, nitinol stentsanalsoprovide a support for graft material designed to repair
aneurisms. The coewtional surgery requires accessing the aorta, inserting the graft
and then sewing the aorta closed. This procedure has a high patient recovery time, up

to 6 months, and high morbidity. The nitinol graft can be inserted with a catheter
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through the femoradrtery,requiring no surgeryeducing the average recovery period
to 11 day44]. Figure2.2 shows the stress strain behavior of nitinol, stainhesd,sand
biological materials. When comparing the stress strain behavior of nitinol and stainless
steel to biological materials nitinemerges as havirtge mossimilar propertiesThis
allows ntinol stents to enablthe blood vessel to move and expand frei@lgontrast

to a stainlessteel stent which forces it to remdired in one orientationAs well,
nitinol bone implants and the boneetf will have similar materigbroperties in terms

of their elasticity, hese implants are more biocompatible. On the other htdless

steel stents suffer from stent migratdureto blood vessel movemeandsystolic and
diastolic blood pressures. Nitinol stents are pseudoelastic allowing them tohesest
changes in gessureand remain in positiofil5]. MRI imaging is commonly used to
assess the success of a stenting operadfiaterials with high magnetic susceptibilities
create large field distortions and artifacts obscuring the inNigaol is a norferrous

alloy and therefore has muchlower magnetic susceptibility compared to stainless
steel When imaging nitinol there are fewer distortions wreclabledoctors tobetter
assess the outcometbe procedurd4]. Thebenefitsdescribed in this paragraplave

not been overlookeand have propelled nitinol stents in only a few decades to account
for around half ofall stents used throughout the wotleay[16]. But, challenges
relating to corrosion and biocompatibility still remain, these will be deslis section

1.2.3and 1.2.4.
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Figure2.2: The stressstrain relationship for superelastic nitinol stainless steel, bone,
and tendornissue[4] .

2.2.3In-vivo Stent Corrosion

Nitinol stents after undergoing surface passivation treatments such as
electropolishing and chemical etching have excelilenitro corrosion resistandaut
their long termin-vivo resistance is less well known. Several studies on early nitinol
stents found that pitting corrosid@adto the premature failure of nitinol sterjis7,
18]. Every stenexplanted by Heintet al. even inas little as Smonthswas found to
have amultitude corrosion pitson the surface As expected stentsnplanted for a
longer durationillustrated a more severe degree of pitting corrosion with several
covered bylarge defects and fracturg¢$7]. The authors theorized th#ite poor
corrosion properties of these stents could be due to the adherence of white blood cells
and epithelial cells creating an aggressive local environment for th¢lstgrih more
recent stusts commercial electropolisheditinol stents were observedfter
explantatiorto be susceptible tpitting corrosionin-vivo. Even mild ptting corrosion

could lead to the premature fractufestentsunder the cyclic loading experienced by
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the implantand the release of metal cations into the surrountssye[6, 19]
Corrosion resistancef the explanted stentgasthought to be reduceoly abrasions
resultingfrom manufacturingand patches of residual original oxide which were not
fully removed[6, 19]. Mazanecet al studied five explanted nitinol bone implants for
corrosion.No corrosion was observed using SEM observatiothe samplesyhich
were implanted in the body betwe#to 12 monthg20]. A recent study by Sullivaaet

al. sought to link then-vitro breakdown potential ¢ with the severity of explanted
stent corrosionn-vivo. After 6 months implanted in a minipigs artethe explanted
stents withan oxide layecreated witthigh temperature thermal oxidatiarere found

to have undergone severe pitting corrosj@d]. The mechanicallypolished and
electropolishe@xplanted stentsxhibited no pitting corrosion aft&EM investigation.
Their research found that stents with breakdown poteratiadse600 mV, relative to
the saturated calomel electrode (SGkguld not corroden-vivo [21]. The Ag/AgCI
electrode measures a potential 45 mV more noble than the that measured by the SCE
electrodeThe study by Sullivaet al.is contrasted with the previous studmesntioned

in which corrosion was commonly found on explanted electropolished sthissis
likely due to differences in the preparation of the stant$ the quality of the metal

supplied

2.2.4 Nickel and Biocompatibility

Along with the obvious problem of stent fractutue to corrosigrthe release
of metal ions into the surrounding tissalsoposesa problem, gsecially concerning
nitinol. Nitinol is composed ofapproximately 50% nckel, which is a known

carcinogen and allergej22]. Shih et al anodically polarized nitinoWhile being
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surrounded by cultured rat smooth muscle cells. Cell growth was inhibited due to
nitinol corrosion and the release of nickel into the surrounding tissue. As well, the cells
underwent morphological changes amd increase in cell death as the nickel
concentration increasedue to corrosiorpast 9 ppni23]. It is very difficult for nickel

ions to leave the bulk due to high atomic bonding forces and the protective titanium
oxide layer which poses a large impediment to diffusion. Setting aside any corrosion,
nitinol implants areusuallyonly responsible foreleasing a small amount of nickel.
Rieset al. investigated the change in the serum eickoncentration. With nitinol
amplatzer septaloccluders,a nitinol mesh that closes holes on either side of heart
cavities,implantedinto the body the blood concentration was measured in 67 patients
24 hrs beforeand24 hrs, 1, 3, and 12 months aftérhe researchers found the mean
conceitration rose from 0.47 ng/ml to 1.27 ng/ml 24 hours later. This increased to a
maximum of 1.50 ng/ml after one month and tekxwly decreased back to 0.47 ng/ml
after 12 monthsThe researchers proposed this decrease was due to a calcium
phosphate layer forming after implantatioreobphilia cells surrounding the implant
stopping nickel diffusiorf24]. The surface chemistrgnd the structure of the oxide
greatly affects the rate nickel is released from the maf{@5%ql S.A. Shabalovskaya
found that after applying various surface treatments to nitim@Inickel concentration
varied between 0% and27%. The effect of the various surface treatments on adjacent
cultured rat splenocytes was found to be drastically different; a high nickel concertation
lead to greater amounts of cell dedf#6]. Thick oxide layersformed athigh
temperatureswhich have a high concentratiaf nickel oxide,and rougler surfaces

have beerfound to release more nickigins In contrast,mechanically polishednd
electropolishednitinol exhibited much thinner more homogenous titanium oxides.

Thesepassivated oxide layetsad toa much lower rateof nickel releas [27]. The
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surface nickel concentratiosoes not affecthe blood nickel concentration over the
long-term. But, high surface nickel concentrations beemvaito negatively affect the

cellular health of neighboring cells.

2.2.5 Nitinol Oxide Layer

When nitinols surface is properly passivated it is known to have a high degree
of corrosion resistance and stability in aggressive solufZ8js This property is due
to TiO2 makingup the bulk of the oxide layer to the exclusion of nickel oxides. The
Gibbs free energy of formatioph G ( 2,908 TiQk, )TiO, and NiO oxides is889.5,
-495, and-211.7 kJ mot respectively[29]. The free energy of formation is
substantially lower for Ti@compared to TiO and especially compared to NiO. When
oxides are formed at room temperatures we should expect a thin, mainlpxig®@
| ayer nfx to fTon based on the thermodynamics. Treatments at high
temperatures, such as those required to set the materials shape (~ 770K), produce a
much thicker oxide (=2 100 nm) wirnducea f ar
the corrosion resistang28]. As well, titanium oxides exposed to higgmperatures
will undergo a phase change from teatasghase to the rutile phase. Hanstral.
claims that this phase change increases the density of defects embedded fadbe sur
This will lead to a reduction in the corrosion resistdB86& Increasing théemperature
of theheat treatments resain thick, porous, and rougbxide layers that easily crack
under low strains (<1 %). These cracks open new faces to degradesandceptible
to crevice corrosiondue to differential oxygen concentratiof#3]. The rutile and
anatase phase #fO2 have much larger unit cell volume®p62 nnif and0.136 nni

respectively, compadgo the austenitic NiTi substrate.Q27 nnd) [31]. As the oxide
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layergrows thickerdue to oxidationahighlevel ofstress builds up due to this volume
difference This givegise toa surface that igrogressively more cracked surfasthe
oxide grows Thick oxides grown at high temperatudsocorrode more vigorously
when put under strain compoundiwgh their dready poor corrosion performantre
comparisonthe corrosion resistance tfin( = 1 0 -gmom) filmes did not suffer
under strains of 8%, in the tension mod@8]. Thick, homogenous Tibxides can
be formed by long term expa® to low temperatures (373 K atm) but thisoxidation
will createa sublayer below the oxide depleted of titanil88]. This material may
appear to be free of nickel on the surface dt corrosion can unearth the rich Ni
sublayer resulting in a high amount of nickel leaching into the bblgre arealso
large differences between different as received oxide layers dd#feécences in
temperature and manufacturing methiidinol wires are drawn from an ingosing
diamond drawing plates. The resulting material exhibits a-lgadn coloured oxide
layer, fine drawn wire After this step many manufacturers anneal the material at high
temperatures further oxidizing the magé¢teaving a black oxideith a poor corrosion

resistanc¢33].

Another factor affecting the corrosion resistance of an oxide layer is the
crystallinity of the oxide. Generallyamorphous oxide layemarethought to be more
corrosion resistarnthan highlycrystalline oxide. Amorphous oxides would lack grain
boundaries and other defects associated with crystalline matiadlseduce their
corrosion resistancé\n additional benefit of an amorphous oxide lagethegreater
biocompatibility, allowing easier bonding of platelets to the matefiagd]. Several
studies have shown that amorphous oxides are correlated with superior corrosion
resistance Shabalovskayat al. probed the crystal structure of chemically etched

nitinol samples boiled in distilled water using electron backscattering diffraction
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microscopy. They found that the treatment createcdm@morphous andomogenous
TiO2 oxide layer. Chemically etched and théeattreated samples exhibiteab
crystallineorder withan annealingemperature of 500°C and only starteddon a
polycrystalline oxide at00°C[35]. Oxides formed at high temperatures have a lower
resistance to corrosioMcBee and Kruger found that as the Cr contentstaaless
steel oxide was increased thexide becomes more amorphousgher chromium
content stainless steels are more corrosion resi@@hiShihet al set out to directly
prove amorphous oxides are superior to polycrystalline oxitlesy converted a
polycrystallinenitinol oxide layer to an amorphous oxide lay@hihet al chemically
etched nitinol wires and passivated them to form an amorptwads. The samples
with the amorphous oxides exhibited no breakdowns wiiiese with the
polycrystalline oxidesorroded at potentials between 0.2 and 0[8X. Interestingly
these corrosion tests were performed in the aartiery of mongrel dogs. But, no
studies were performed outside of the body sodifferencein the resultdbetween
testing in the aortand testing in a laboratory corrosion celpeciallyin terms of
blood flow, were not determinedlhe exactexperimental techniqgdor converting
nitinol with a polycrystalline oxide to aamorphous oxidevas described in separate
paper published in a nepeer reviewed industrial journait cannot be found in
academic databases and no pdf exiige researatrs do say that the amorphous
samples were created after chemical etching the polycrystalline esah3]].
Chemically etching nitinol samples remaviaclusions, defects, and the thick low
corrosion resistanagxide The researchedid not showthat the change in oxide layer
structure is the cause of this increase in corrosion resistance and not the removal of
defects from the surfacén fact, chemical etching is known to increase the corrosion

resistance of most aterials with a native oxide laye28, 38] E. McCafferty in
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“Introduction to Corrosion Scientalso states that amorphous oxides have a much
highercorrosion resistance compared to polycrystalline oxi8lesthe papers cited to
support thisnvestigats the corrosion of amorphous alloys radiby with amorphous
oxides[39]. While the theoretical reasons ftine beneficialeffect of changing a
polycrystalline oxide to an amorphous oxide make physical sense the experimental

evidencas severelylackingrelative to the strength of the claims

2.2.6 Water Treatment

When implants are sanitized they anany timesautoclaved osterilizedin
boiling water. Shabalovskayaet al. determined the effect of these sterilization
techniques on the biocompatibility of nitinpt0]. The increased temperature was
found to have promoted the diffusionratich of theemaining nickel out of the oxide
layer. It was found that the elevated temperature led tgrtheth of the oxide layer
from ~4 nm tahe10-20 nmrange The thickeroxide layer had greatlyreduced nickel
concentration on the surface-10) and a lowerd level of Ni releasever time The
corrosion resistance with the thicker oxigdas not found to deteriorate under strains
of up to 68%, in the tension mod@l0]. In a later paper, using scratch test
Shabalovskayat al.found that the chemically etched plus water treated samples had
a higher pitting potential compared to the as received and chemically etched samples
[41]. The independent effects of just the water treatment were not isolated or discussed.
In apaper by the same researchére ion concentration of thestilled water used to
boil the sampleswas tested for its nickel concentratidssing inductively coupd
plasma analysis they determined thigkel did diffuse out of the sample when boiled

[40]. Michiardi et al. followed their thermal treatmentith a boiling water bath for 1
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hour; they found that Ni release treated samplegirtually ceased24 hoursafter
immersion[42]. A treatment in boiling water has been usedriprove the corrosion
properties of other materialslageset al.applied a similar treatment to stainless steel

316 LVM [43]. The treatment greatly increased the corrosion resistance of the material.
The researchers argued that this was caused by the selective dissolution of soluble MnS
inclusions on the metal surface. These inclusions are thoughtpiebersor sites to
corrosion in stainless stediny effects on the oxide layer thickness or make up was

not investigated43].

2.2.7 Hydrogen Peroxide Treatment

Titanium implants that have been in the body for many yeare been found
to have thick oxide layers some, on the order of micromewyst titanium implants
with air grown oxids possess a thickness the order of nanometers4 nm. H>O>
generated in the bodgue toan inflammatory respons® the implanthas been
proposed as the source tbe high rate ofin-vivo oxidation[44]. In the immediate
region surrounding site of inflammation the hydrogen peroxide concentratiorrisan
to 1.1%[45]. Panet al. showed that whetitanium was left in a solution dfi.O; a
thicker TiQ oxide layer formed over several weeks. Tit@niumoxide layerchanged
the colour from grey to a light blue due to diffraction effects of the thicker ¢&ije
This also indicates the liglrown as received oxide is thicker than the air griayer
that appears after mechanically polishi@buet al.oxidized chemically etchetitinol
samplesy boilingthemin a bath of 30% hydrogen peroxifie 2 hourscreating a 500
nm thick TiQ oxide layer They found the treatment dramatically redudled Ni

concentration on the sample surfaChu et al. proposed that the mechanism for
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oxidation by hydrogen peroxide is different than the one for teigtperature oxidation
[31]. High temperatures indedhe diffusion of Ti metal owdf the bulkinto the oxide
where they aréhenoxidized. This leaves behind a nickel rich THldhasgust beneath

the surfac¢29, 46] The mechanism proposed by Chktial insteadsuggest that the
elevated temperaturkie to boiling induceNi atoms to diffuse out of the bulk atite

oxide into the surrounding solutiorH>O; etching carbreak the NiTi bond opening

sites for oxidation.This leaves behind vacancies which are subsequently oxidized by
peroxide radical§31]. The oxide layer in this case should expand inwaeitd nickel
moving towards the surfa@nd oxygen towards the bulk. In contrast, oxidation due to
high temperatures leads to an outward growth of the oxide layer and to the formation
of the TiNk layer, not seen 20 treated samplepi6]. Chu et al. found the Ni
concentration decreased from 47.5% to 6when a chemically etched nitinol sample
underwent 30% kD» treatmenfor 2 hourg[31]. This initial surfaceNi concentration

is uncharacteristicallyhigh, it is close toa bulk concentration, for gassivated,

chemically etchegsample.

Shabalovskayat al. applied asimilar hydrogen peroxide treatment to nitinol
Their samples were first polished to guh mirrorlike finish and then chemically
etched with a solution of HF aitNOzs. Theresearcherased3% and 30% solution of
H2>O2and increased the temperature ofgbkitionto 90°C the treatment was applied
for 2 hours The 3% and ®% H.O» treatedsamplesiad oxide layersvith a 20 nm and
100 nmthicknesgespectively. The samples treated with 383@.were found to have
a higher current density thdahosetreated with 3% bD. during potentiostat tests.
The authors attributed this to the higher density of cracks found on the 30% treated
samples. The treatment created an oxide layer with a comparable thickness to one

grown by a short heat treatmeBut, samples that undergo short heat treatments have
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a poa corrosion resistance, likthose with anative oxide.They proposed this
difference was due to the increased homogeneity of the resulting oxide over one created
at high temperaturelThe samples corrosion performance did mieterioratewhen
strained upd the elastic limit unlikehe as received antieattreated sampleshe
temperature of this treatment, 90°C, is to far to low to induce atomic diffusion to allow
new phases to forjmout his elevated temperatukgas likely able to assist in the
diffusion of Ni atoms from the surface of the materighey found the concentration

of Ni decreased from4% to 6% for the 3% treatment and from 14% to 10% for the

30% treatmenf45].

2.2.8 Corrosion of Nitinol

Inclusions are known to accelerate corrosion in several ways. Impurities can be
preferentially dissolved leaving holes in the oxide that can more easily corrode. As
well, inclusionscanbe more noble in comparison to harounding oxide layer which
can kad to localized galvanic corrosion. Inclusions are also known to trigger the fatigue
failure of nitinol medical devicesThreetypes of inclusions areofind in nitinol:
carbides (TiC), intermetallics (8lii), andintermetallic oxides (BNi2Ox). Bai et al.
found that TiNi-Ox had a potential more noble than the nitinol matrix but they found
these inclusions didot cause the breakdown of nitirfdi7]. TiC is also suggested to
be a cause for pitting corrosion in nitif@B]. Due to the electro dischargechining
process a surface | ayer, 5 to 2&eivpgdn deep
nitinol [48]. Electropolishing and chemical etching are known to remove these
defective surface layeri28]. Wohlschldgelet al. investigated the effects of these

inclusions on corrosion. They drew tubes from a variety of nitinol ingots of various

21



guantities andleterminedhe size distribution of inclusns. They found thesize rather
than the number of inclusions influendbdcorrosion. A sample with larger inclusions
would corrode more readilpver a sample with a higher concentration of smaller
inclusions Wohlschldgelet al suggested this wakle to inclusions acting as crevices
where corrosion is initiatgd9]. A recent study by B.G. Pound similarly found that the
size of the inclusion played critical role in the onset of pitting corrosioRor
electropolished nitinol, ENiOx inclusions were found to be associated with pit
initiation. Secondary pitsinitiating around the original site of stable pitting
preferentiallyform around larger inclusionB.G. Pound proposed that inclusions
depletethe nitinol matrix adjacent to the inclusion of titaniufime larger the inclusion
the more titanium is depletatiereforeand the more susceptible tlozal area is to
corrosion. B.G. Pound fourttiat the type of inclusioplaysa secondary role at most

in comparison to sizg0].

Nitinol is commonly heldto havea widely varying corrosion resistance
depending on the surface treatment. This is likely due to differences in the preparation
of the oxide which gives rise to different oxide compositions, inclusion distributions,
oxide thicknesses, 0 u g h ,rarderystallmities[28]. The preparation knowo have
the poorest corrosion resistance is thesggived state. While this covers a rather broad
range of surface conditions it generally refers to a thick oxide layer derived from
manufacturing wheret was exposed tdigh temperaturesThese potentials are
reported versus the SCE electrofkabalovskayat al found the average breakdown
potential of nitinol wires increased from HZb8 mV to 100872 mV when the as
received wire were chemically etched, removing inclusiongeating a more
homogenous oxidi1, 52] They also tested fine drawn wires with a light brown oxide

and the as received samples witthigker black oxide. The finelrawn wireshad a
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higher degree of corrosion resistamceomparison to the black oxiddéres, they had
breakdown potentialof 466:58 mV and 17&258 mV respectively{51]. Similarly,
Sullivan et al. tested the breakdown potentialsc@immercialstents before and after
the stent was mechanically polished and chemically etctiexl subsequent average
breakdown potentials increased from 1438 mV to 831.Z256 nV [27].
Electropolishings also known to greatlincrease the corrosion resistance of nitinol.
B.G. Pound found the breakdown potential of mechanically polished nitinol wires
increased from 38476 mV to 1200 mV after they were electropolisf&g]. Eiselstein

et al found asimilar trend where only 10 out of 57 electropolished wires corroded up
to 1.2 V in a potentiodynamic teshe breakdown potential was 487184 mV[54].

The test conditions for these experiments are summarized irRtabldere is clearly

a large variation in the breakdown potentials reported in these various studies for
different surface treatments and even between nominally the same tre&thesd.

discrepancies will be discussed further in the following paragraphs.
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Table2.1: Assorted studies determining the breakdown potential of nitinol samples.
The acronyms are as follows: mechanically polished (MP), as recdik8),
chemically etched (CE), fine drawn (FDlectropolished (EP), phosphate buffered
saline(PBS), simulated body fluid (SBF), breakdown potential or corrosion potential
(Eb), relative to the SCE electrodehe final surface finish is given for the MP samples
when applicable. In the surface treatment section sardpignatedvith MP or AS

and hen CE or EP wereitherchemically etched or electropolished. The test condition
section contains the electrolyte, temperature, and potential sweep rate for the
experiment. The surface area refers to the area exposed to the electrolyte.

Sample type | Sufface treatment Test conditions Surface Ep (mv) Ref
area (crd)
Disc MP, 1 pm 0.9% NaCl, 37C, 1 mV/s .0011 >1200 [47]
Wire AS 0.9% NaCl, 46C, .167 mV/s 1.76 176(258)  [51]
Wire AS, CE 0.9% NaCl, 40C, .167 mV/s 1.76 1000(72)  [51]
Wire FD 0.9% NaCl, 40C, .167mV/s 1.76 466(58)  [51]
Disc MP, 1um Hanks,40°C, 0.0028 mV/s 1.13 520(420) [55]
Disc MP, EP Hanks,40°C, 0.0028 mV/s 1.13 990(50)  [55]
Stent MP, 17um, CE PBS, 37C, 1 mV/s 6.35 831.7(256) [27]
Stent AS PBS, 37C, 1 mV/s 6.35 143.6(73) [27]
Wire MP 0.9% NaCl, 37C, 1 mV/s 2.30 128(66) [56]
Wire EP, 2 of 10 corroded  0.9% NacCl, 37C, 1 mV/s 2.30 413(37) [56]
Disc MP, 1 um SBF, 37C, .167 mV/s 1.78 >1100 [57]
Disc MP, 600 SBF, 37C, .167 mV/s 1.78 600 [57]
Disc EP SBF, 37C, .167 mV/s 1.78 >1100 [57]
Wire MP PBS, 37C, .167 mV/s 1.15 306(59)  [54]
Wire EP, 10 of 57 corroded  PBS, 37C, .167 mV/s 1.15 407(184)  [54]

Mechanical polishing can be used to remove the oxide layer derived from
manufacturing allowing a thin more corrosion resistant passive layer to form. But,
different researchers suggest tha¢chanical polishindeaves nitinol with a highly
variable corrosion resistanok rougher surface will contain deeper valleys which act
similarly to crevices, to some degree inhibiting diffusion which allows corrosion to
occur at a lower potential. As well, work Byissi et al. has showrthat the size of
inclusions decreases as thiee of thepolishing particle decreases, from 600 grit to
diamond suspensions, meaning a flatter surface. As discussed in the beginning of this
section nitinol corrosion is strongly dependenttioa size of the inclusior{®7]. Bai
and Rotermund tested dssground from wires polishedp to a mirroflike surface
finish, using 1um diamond pastelheyreported that no corrosion was observed on

any of the nitinol samplesn both 500 grit and um mirror-like samplespast 1200
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mV where oxygen evolutiostarts to accourfor therise in the measured curretdble

2.1 [47]. On the othehand,B.G. Pound[56] and Thierryet al.[55] found thatthe
breakdown potential of mechanically polished nitinol w28 + 66 mV an®20+ 420

mV respectively.Tuissiet al. tested the corrosion resistance of nitinol polished to a
600 grit and Jum mirror-like finish. They found that the mirrdike samples exhibited

no corrosion up to 1100 mV but the 600 grit samples did undergo corrosion at 600 mV
[57]. Eiselsteinet al performedcyclicvoltammetryexperimenton 50 mechanically
polished and57 electropolished nitinol sample¥hey found thathe breakdown
potential & MP nitinol was 30% 59, 283+ 18, 246+ 65, 138+ 67 mV for a pretest
corrosion electrolyte exposure time1d6, 60, 12, and 1 hagrespectivelyThis is a
dramatic differenceconsideringhatmost researchers leave their samples in solution
for approximately 1 houprior to testing many studies may be underestimating the

breakdown potential.

Clearly there is indeed a large discrepancy in theosmn resistance of
mechanicallypolished nitinol Likely a part of this discrepandy due to different pre
corrosion exposure times. Usuallgsearchers use an exposure time of 1 hour but
sometimes it can be as high as 12 or 24 hothe corrosion reistance of implant
materials is usually tested in one of the
solution, phosphate buffered saline solutiPBS) and 0.9% NacCl solution. Work by
B.G. Pound found that in the case of nitinol corrosion is mggtessiveand haghe
lowestbreakdown potentiakith the 0.9% NaCl electrolyf®3]. Simulated body fluid
(SBF) was not tested by B.G. Pound but it has very similar salt concentrations to PBS.
Thediscrepancy ibreakdown potentialis not due to the physiological solution used
the solution used is only of secondary importafi¢ee potential sweep rate is said to

not significantly affect the corrosion resistance of the material when the rate is equal to
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or belowl mV/s[58]. Bai and Rotermund tested the surface exposed by grinding a
wire flat. The surfacéheytested would not be enriched by inclusions sind fitom

the bulk of the metgld7]. Tuissiet al. and Thierryet al. tested samplesut from a
sheet of nitino[55,57]Bai and Rot ewouldlaclkah enrickea Mm@ub e
surface layer due to manufacturjnmlike thase from the other two papefBhisis a
possible explanation of the differenicethe corrosion performance between Bai and
Rot er mwm sam@es dnd thosested by Thierrgt al.and Tuissit al As well,
Thierryet al.and Tuisset al.testeda samplevith a much larger surface areampared

to Bai and Rotermuni®5, 57] A larger surface area would encompass more inclusions
and defects wherdocalized corrosion can initiate. Depending on the surface
concentration of defects critical for corrosion this substantially smaller area may not
contain inclusions large enough to initiate corrosiés discussed in the previotur
paragraphs nitinol has a widely varying corrosiesistance depending mainly on the
oxide layer structure as well as the concdiurnaof inclusions, thesize ofinclusion,

and the surface area of the sample

2.2.9 Spatial Interactions among Corrosion Pits

Pitting wasongassumed to occur randomlyboth time and spadaut several
studieshaveshown thatpit propagation is heavilyfluenced by neighboringorrosion
pits. When a pit is corroding metal cations and hydrogen ions will diffuse out of the
pit. Changein the local environment around the pit can be detected upwards of three
pit diameters awajb9]. The surrounding oxide layer is thinned by a decrease in pH
driven by nearby pittingThis increases the probability that pits wiltfoclose to the

pits which have reachedlreadystability. Wu et al. created a stochastic model to
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describe the transition from metastable to stable pitting corrosion.al$wpund that
experimental evidence can only be accurately modeled when inb@sdietween
neighboring metastable pits were taken into consider§i@n Current spikes due to
individual metastable pitting events were found to be correlated in time. This gives
further evidence that pits interact with eaxther during propagatioj61]. The small
number oimetastable pitthat nucleate will enable further nucleation of more pits close
by, building up to atransition to stable pittinteading toevenmore metastablpits

nucleatingaround those pits

Thestudiediscussed abowgere performed by analyzing the current time plots
on Al and SS samplesderpotentiostat conditions. Lunet al.instead created a 5 X
5 array of SS electrodewith a 0.09 mm spacinigetveen electrodedp gain more
direct evidence of this phenomenodrhis allowed them to inhibit or induce stable
pitting on each electrode and thevestigatethe effect corroding electrodes had on
their neighborsThey found that the electrodesdlnsestto anelectrodepolarizedat
the breakdownpotential were more likely to corrodé2]. These samaesearchers
proposed a stochastic modehtincluded the effects dbcal concentration, alterations
in the potential field, andamage to the adjacent oxide laj&9]. Puncktet al imaged
the corrosion of a SS 316 disc using both lightroscopyand a novel technique
known a=llipsomicrosopy for surface imagingvhich indicates the relative thickness
of the oxide layerto capture videos of corrosion in real timsingthese techniques
the authorgouldcorrelatecurrent spikesvith pitting events seen in the vidggs, 64]
Their work reinforced Lunet al, suggestinghat pitting is not random in time and
space and that stable pits induce corrosion around themsdlkeyg. found this
phenomenon occurring oa sample piece of SS16 in potentiostatic conditions,

instead of on an array of electrodés, 64}
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Another form of corrosion that is known to exhibit spatial interactions is the
corrosion of magnesiumMagnesium corrosion has been houto propagate via
multiple different mechanisms depending on the chloride concentration. At low
concentrationslark threaeike tracks filiform like, have been visualized crossing the
surface. At higher concentrations a single corrosion front has been ob&¥iads
et al.investigated the root dfiis mechanism changesing insitu imagingandvarying
concentrations of NaCThey proposed that thehangingcorrosion mechanisnis due
to the decreased conductivity of tledectrolyte as the concentration dflaCl is
decreasedA lower conductivity limits the distance over which galvanic coupling can
occur. The shortest possible distance between plesgiblvanic couples is a line
perpendicular to the anodic regiorhis inhibits the radial propagation of corrosion,
the front.In the high concentration case longaivanic couplinglistanceshatarenot
perpendiculato the corrosion frondire possibl¢65]. One key difference between the
corrosion of nitinol and Mg is the continuously moving anodic regRagionsof Mg
that have corrodedbecome cathodic relative to a smalhodic region that is
continuously movingvirgin Mg does nottake partin the reaction until the anodic
region moves ifi66]. In contrast the nenorroded regions of nitinol act as the cathode
not the previously anodic region&. study byChu et al. looked at the differences
between the corrosion mechanisms of Mg,-EtgCaMn, and MgY alloys. They
imaged the surface of each alloy under immersigth no potential appliedThey
foundthe same results as Willianes al. for pure Mg but they found Mgn-CaMn
alloys corrode vidiliform corrosion independent of the NaCl concentrati®arrosion
in Mg-Y alloys was found to follow the alloy grain structure as they propagated

throughout the samp[é7].
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2.2.10 Outlook

Both the hydrogn peroxide andater treatmentsave been showto improve
the corrosion resistance of chemically etched nitinol wires. But, the chemically etched
nitinol control wires alreadpoth havevery high breakdown potential85, 45] The
differencein the corrosion resistance betwedhe chemically etched and treated
sampleswas not great.Both the hydrogen peroxide and the water treatment were
applied separatelyin this thesis to mechanically polished @sdeceiveditinol wires
We will characterize the corrosion resistance before and after these treatments and
determine if they are stdlffective The corrosion resistance will be characteriasithg
cyclic voltammetry scans, to firttie breakdown potentisdndby characterizingnas
loss behavior of eaalf the various treated sampl&sirthermorewe will compare the
relative effects on theorrosion resistances of both the watad hydrogen peroxide
treatmens to determine which is superidn the study by Shabalovskag al. the
water treatment was found to produce a more amorphous, aieh are thought to
be more corrosion resistant, in comparison to the air grown d8&le We will
determine the crystallinity of the mechanically polished, water, and hydrogen peroxide
treated oxide layers. This may provide insight ashoov the hydrogen peroxide
treatment increases the corrosion resistaWge. will also investigate the suda
composition and structui@ the oxide layeusing XPS and SENb determine what
factors aremostimportantfor predicting and improving theorrosion resistancef
nitinol. The surface of nitinol has yet to be imagadsitu when it isundergoing
corrcsion. We will image the surface of a nitinol disc whiteis undergoing linear
polarization This should provid@ovelinformation abouthe corrosion mechanism in

nitinol and possible spatial interactions betweerghboring regions aforrosion.
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2.3 Materials and Methods
2.3.1SamplePreparation

A variety of sample shapes, such as wires, discs, and plates were used in this

thesis. To enable the use gfazing incidence xay diffraction (GIXRD) on

superelastic nitinol plate samples, ferfKellogg's Research Lak)swere prepared.

Using a Crystalbond adhesive the sangeere mounted onto aluminum pugisor

to polishing Prior to grinding, nitinol wires had Teflon heat shrink tubing, with their
interior filled with epoxy, and then had rubber heat shrink tubing shrunk onto the
Teflon, the epoxy hardened around the wire after heating. This tubing allowed a tight
seal with tle wire and was intended to reduce crevice corro3ioa samples werfest

wet ground with 1500 grit abrasive paper (Buelher) to remove the as received oxide
layer. The samples were then polished respectiwally 9, 3 andfinally a1 p m
diamond suspensis (Buelher)at 100 rpm (BuelheBeta Polisher Before moving to

the next step, the samples were washed with ethanol and distilled watesamdes

0.38 mm in diameter, were produced by wet grinding superelastic nitinol wires
(Component Supply Co Indlat with 600 grit abrasive papeFhe samples were then
polished with 9, 3, and 1 pm diamond susp

they appeared to be mirror like under a microscope.

Prior to the water treatmef¥VT) someof the wires were polished with 600
grit abrasive paper (Buehler). The wires were then placed in a Teflon container and
90°C preheated distilled water was added. The Teflon container wasskeednto
a Thermo Haake C3 heat controlled bath, set at 90°C wHhter inside the Teflon

container wageplacedtwo times, the samples were treated for a ttwaé of three
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hours. In case any ions leeched from the sample into the solution, the water was
changed to allow the continued dissolution of potential impurgrerickel on the
surface The hydrogen peroxidéH-O,) treatmentsimilarly involved preheating a
solution of 3% HO. (ACP and Sigm&ldrich 30% HO. ACS reagent) to 90°C.
Some HO>would inevitably evaporate when the wires werelpgated. Tetandardize

the amount of kD left after when the wires were immersed great care must be taken.
The temperature of the hot plate and the temperature of the solution mastrioded
preciselyor the amount of ED2 will vary with each trialThe preheaed solution was

then added to the wire containing Teflon container and placed in the heat bath, set at
90°C. The samples were removed 2.5 hours latéfter the treatment, for
potentiodynamic tests, thvdres were coated with lacquer so ordgection of the wire

with a1l cmlonglength wasexposed to the electrolyte. The cut end of the wire was
coated as well to restrict corrosion to the uniform wire surfébe.wires remained
uncoated for the mass loss and XPS experimEmtally, the samm@s were sonicated

in ethanol and dried with a heat gun prior to testing. The same treatments were also
applied to the swgrelastic nitinol plate samples but unlike the wittesy were only

treatedafter mechanical polishing.

2.3.2Mass Losdlests

The corrosionperformance of alloys in aaggressivd-eCk solution has been
correlatedo their resistance to corrosion in comnemvironments such as in seawater
or in the body. Samples which experiermogrosionof a higher degree of severiye
correlatedwith a higher breakdown potential in potentiodynamic experim@@k

Superelastic nitinol wire8.38 mm in diameteiGomponent Supply Co Inoyhere cut
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to 5 cm long. The wires had a golddorown nativeoxide layer, his means thewere

not annealed after fine drawinbhe wires werasonicated in acetone, ethanol, and then
dried with a heat guprior to immersion The samples were placed in a test tube that
was also sonicated in acetone, ethanol and then dried wigataghn. To prevent
corrosion at the cut end of the wire 0.5 ml of chloroform was placed into the bottom of
the test tube. Chloroform does not mix with aqueous solutions and is inert. Due to the
corrosion resistance of nitinol a solutioh 0.028 M (4.5%)FeCk (SigmaAldrich
Iron(lll)Chloride 97% ACS reagentyjas used to accelerate the onset of corrosion.
Corrosion tests with 4.5% NaCACP NaCl 99% ACS reagentjerealso attempted

but no measurable change in mass occurred within a month and the experiment was
discontinuedSamples were sonicated in acetone and then ethanol before weighing to
dislodge any debris that may be stuck orstiréace After sonication theamples were

dried with the heat gun angleighed Samplesremoved from the solutionvere not
returned to the solution after weighingires with an aseceived oxideasreceived

oxide water treateds receivedhydrogen peroxide treated, 600 grit sampéesl 600

grit watertreatedsamples were testgithe treatments will be summarized in a following
paragraphFor each day immersed minimum of three samples were removed from
the test tubes and weighading a Sartorius Research R160P scale, accuradtetap

micrograms

2.3.3Nitinol Wire Potentiodynamic Tests

Five different surface finishes were tested in this experiment: as received, as
received with water treatment, 600 grit, 600 grit with water treatment, and as received

with hydrogen peroxide treatment. Two electrolytes were used in this experiment, a
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.154M NaCl, 0.9%, solution (ACP 99%aCl, ACS reagent), and a solution of HCI
(SigmaAldrich 37%HCI, ACS reagentand NaCl.The acidic solution was composed

of .054 M HClI and .1 M of NaCl to keep the chlorine ion concentration constant. The
addition of HClgreatly lowers the pH from approximately 7 to 1.27. Samples were
tested in a 5 ml glass cuvette. Prior to an experiment the cuvette was sonicated in

ethanolrinsed with distilled water, anthienringedwith the test electrolyte.

A standard three electredcell was used in this experiment. A 2 cm long
platinum wire was used as the counter electrode. A nsdx@r silver-chloride
(Ag/AgCI) electrode (eDAQ, model ET073) was used asrdference A saturated
KCI solutionfilling solution, which wasreplenished regularlywas usedjiving the
potential .197 V at 28C versus thestandard hydrogen electro@HE). The potential
of the Ag/AgCI electrode was periodically compared tefarence SHE electrode to
make sure no potential drift was occurriddl potentials were reported against the
Ag/AgCI electrode unless stated otherwiEke nitinol wire samples were used as the
working electrodeThe measurement was performed by an Auttl@STAT 2014
potentiostatPrior to the potentiodynamic experimehebpen circuit potential was
measured for 30 minutes to determine the potential was stabilized before the
experiment was initiatedlhe potential was started 100 mV belove thpen circuit
potential (kcp). The potential was increased at a rate of 1 mwysl the current
threshold was reached or the applied potential reached, labove this value water
splitting dominates the measured curreftte current threshold was set at 50 ,mA
above this the scan direction would reverse. The experiment veowuldahen the

potential reacheds starting value.
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2.3.4 X-Ray Photoelectron Spectroscopy

A Kratos Axis UltraX-ray photoelectron spectrometesingaAl-K a s our c e
with a 15 mA currengenerated byl5 kV electronswas usedo perform XPS The
CASA XPS software was used tothie XPS spectra with theoreticabaks The XPS
spectrawere takernin a 600 um lens mode with a 8¥ potential energylTo get the
correct peak ardar each chemical speciascorrected sensitivity factor must be used,
this requiresthe transmission function that is unique to the specific XPS instrument.

The transmission function is given:by
Y 0 P (4)
where PE is the potential energy, KE is the kineticenw « ¢ — ,and bis 0.01.

The exponent y is given by the formula:
W e 0 o QCw (5)

where @ =1.1066, a= 5.0677, a=-4.0724, and &= 0.9033.Using the transmission

function,you find thenew sensitivity factor using the relationship
~0 oC Yy "™ (6)

where SF is the sensitivity factor for the specific atomic pPakding the peak area

by this new sensitivity factor gives the corrected peak di@asurveyscanwas taken

from 0 to 1200 eValong withfour high resolution scans. The four regions scanned

from 276296 eV, 445475 eV, 512542 eV, and 83885 eVcorrespondo the C1s,

Ti2p, Ols, and Ni2p peaks respectivdlfze binding energy was calibrated te {GC

Cls peakit has a binding energy 0284.8 eV.The surface composition was
investigaed for samples polished withlm di amond sus psmilalyon and

polished and then treated either with hydrogen peroxide or distilled Watreeplate
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samples of eaclnish were testedAs well, XPS spectra from nitinol wires wi@600,

G600+WT, AS, AS+WT, and ASH®, surface finishes were also taken

2.3.5Grazing Incidence »Ray Diffraction

Amorphous oxides are thought to have a higher corrosgsistance in
comparison to polycrystalline oxides. As well, amorphous oxides have superior
biocompatibility propertiesasdescribed in section 1.2.Crystalline materials have
well defined diffraction peaks while amorphous materials produce broad ywébaks
very large full width at half max value&IXRD allows the diffraction pattern from a
thin film to be characterized. GIXRD uses a small angle of incidence to penetrate less
of the materials substrat€éhe small anglenformationdepth can be estimated using

the followingequation:

08 OFé—
T == —=7= X
OFI OFc¢— |
where p is the linear abferdiOpGukanr adebti on

o i s the gr aisthaaggleairefléceoft9].a medchfor@ationdepthis
different depths for Xaysdiffractedat different angles. For instance, the minimum
information depth for an incidence angle of 1° is Ba¥with the detector angle &

the lowest angle in our experimemhis value increases as the detection angle increases
until it reaches @lateauat 90° with a value of 325 nmssuming an oxide thickness

of 10 nm and solving for the incidence angle requieedliminate signals from the
substratewith the detector at 9@fe get an angle @.03°. This angle is clearly ttow

to be experimentally feasible, at least with our hardwiaiis. useful to use an angle

below the critical angléor total internal reflectionDue to total internal reflection the
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signal will come almost entirely from thkin film, not the substratd he xray beam
penetrates only a few nm into the material due tevamescent wawlat forms on the
surface This could allow us to avoid the problem of several hundred nanometer

penetration depthshich leads to the substrate signal to domijé&é

A Siemens D5000 XRD was used in this experiment. The samples were
mounted using double sided tape into the center of the powder diffraction Adicke.
metal pieces, unpolished samples, were placed where pegs that lock the holder in place
are located. This lowers the holder to the same kevel normapowder sampléWe
used a0.2°divergence slit, 1.0° anti scatter slit, 0.6 rfired slit, and thepotential
differenceand current were set at 40 kV and 30 mA respectively. The detector was
swept from 10° to 90°n total 9 nitinol plates (1x1 cmjvere tested: 3L Y m
mechanicallypolished(MP), 3 mechanically polished and water treated (MP+WT)
and 3 mechanically polished and hydrogen peroxide treated (M®xHsamples.
These were the same nine samples that underwent XPS ar@Iy$D spectra were
obtained usin@ 1.5%ncidence anglea small number adcans were also performed at

10° and 1°

2.3.6In-situ Optical Experiment

Using an optical setp corrosion can be investigated situ during a
potentiodynamicsweep. This allowed the visual detection of corrosion and the
correlation of the electrochemical data with the state of the sample sUtfi@ceptical
set up is showin figure 2.3. A green LED is used to illuminate the sample surface,
back left of the imagelhe colour green was used to reduce optical efa&swith a

red,632.8 nm HeNe laser in the perpendicular tradke LED and the CCD camera
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(Sony XGST5Q 768x494 25 fpg are in two separate paths that are combined by a
beam splitterThe light from the LED is focusday theobjectivelens onto the polished
sample surfacéhe CCD records the image at 25 fps. The brightness and contrast can
be adjusted using the monitdhesystemhak at er al resol utimon of
[70]. Ellipsomicroscopy for surface imaging (EMStan be used to detect local
changes in the oxide layer thickness around corrosion Bien though our
experimental set up allows simultaneous imaging with EMSI and thentighbscope,

EMSI cannot be used his is due to the production of hydrogen bubbles which occur
when eitheNitinol or Aluminum corrode which severely distorts the resulting images

these appear immediately after the initiation of corrasion
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Figure2.3: A schematic of theptical microscope set up.
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Thepreparation of the nitinol disc samples was described in sekc8dh The
wires were originally hydrogen peroxide treated to prevent crevice corr@igmo
corrosionwasfound on thesebefore water splittingso the as received finish was used
instead These samples were tested in an aggressikgion of1.2 M HCI to initiate
corrosion.The saméhreeelectrode cell was used to test the corrosion properties of the
discs as thenitinol wires. A miniature Ag/AgCI electrodand 2 cm long platinum
electrode was used in this experiment for the reference and counter eletirodasme
potentiostat was used. The open circuit potential was measur&@l fonutes prior to
the experimento reduce noise the cyclic voltammetry plofThe experiment started
100 mV belowtheopen circuit potential, &+ The potential was increased at a rate of
1 mV/s The potential was not reversedl a final potential of 1.5 Vinstead the
experiment was stoppeblefore the sample was destroyed to allow an SEM

investigation aftethe experiment

2.4 Results

2.4.1 X-Ray Photoelectron Spectroscopy

In table2.2 and shownn figure 2.4, the summary of the X¥data is showfor
theinvestigationinto the surface composition of nitinplates XPS was performed on
three samples for each sample typeur elements were found consistently on each
surface: titanium, nickel, carbon, and oxygen. Trace amounts of sodium and nitrogen
were found butheir percentage was small enough foote peaks to be disregarded
(>1%). A Shirley background functiomvas used to model the backgrowsignal that
arisesdue to inelastic scattering. This functiassumes the inelastically scattered

electrons lose a random amount of energy. It does not overestimate the peak signal like
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the linear background.here was no significant difference, unpairgddt with a 95%
confidence interval, in the oxygen and carlsoncentrations in the three sample types.
There waslsono significant differenceetween the titaniurooncentrationn the MP
andthe MP+WT samplesthis was likelydue to oneanomalousMP+WT sampleOn
other handthe MP+WT samples had a lowswncentratiorof Ni compare to the MP
samples thaborderedvery closelyon significance.There was a marked decrease
the amountof titanium and an increase in the amount of nickel in Nfe+H>O>
samplesThere was a significant increase in the nickel and a decrease in the titanium
concentrationwhen caonparing the MP and MP+WT samples tte MP+ H>O»
samples. Summarizing, théP and MP+WT samptehad no statistical difference in
theTi concentrationbut one didnarginallyexist for Ni There was a marked increase

of Ni and a decrease of Ti in the MIPI2O> samples.
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Table 2.2: Shown below is the averaggomic percenttomposition of the three
different sample types: mechanically polished (MP), MP and then water treated
(MP+WT), and MP and then hydrogen peroxide treatmem+NAO.). Three of each
sample type were testedhe individual atomic peaks are broken down itte
percentage of each chemical species found on the mafEmlTiNi ratio is also
given.The standard deviation is included for each average in brackets.

Peak MP MP+WT MP+H,0,
Ols 43 () 47 (9 46 (3
Cls 41 (0 37(0 41 (9
Ni2p 3D 1(.7) 70
Ti2p 13 (0 153 6 (1)
Ti/Ni 5(1) 14(7) 1(0)
Cils
CC 712 61 (9 74 (1)
C-OH, C-O 14 (1 20 (4 9(1)

C=0 7 8(5) 2(1

0-C=0 8(1) 11 () 153
Ni2p

Ni Metal 91 (2 79 (19 7@
NiO 9.1(2 21 (1) 46(9)

Ni(OH) 0(0 0(0 47 (10
Ols

Metal Oxide 62 (4 71 (10 46 (4

Ti,O5 23 (0 18 (4 41 (49

OH, C-O 11 (1) 79 8(1)
C=0 50 403 4(1
Ti2p

Ti Metal 12 (1 8(1) 0(0
TiO, 76 (2 84 (D 64 (4
Ti,Os 9(1) 6 (0 33(2
TiO 3() 2(0 3(2
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Figure2.5: A breakdown of thaverage percent, shown in taBl@, composition

from the Ols, C1s, Ni2p, and Ti2p peaks.

Looking at the breakdown of each specific peak we findtkieaie were changes

in the species observed between the samplesvn intable 2.2 andfigure 2.5. A

typical high resolution XPS spectfar a MP+WT and MPR-H20> sample isshow in
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figures2.6 and2.7. To model the MP spectra the same fit was used as the MP+WT
samplesonly the MP+WTspectaare shownThe largest difference between different
types of samples were found in the nicRgl oxygenls, and titaniunp peaks.in the
nickel spectrafor MP and MP+WTsampledwo major peaks were found for Ni 2p,
Ni(0) and NiO.Thesepeakswere locatecat 8517 and at 853.7 eV respectivelsn
example is shown in figur@.6. A special pak shapea Lorentzian asymmetric
lineshape LA(1.1, 2.210), was used for thei(0) metal peak to model the asymmetry
[71]. Asymmetry arises specifically in metallic XPS peak® tothe availability of
conduction electrontor shakeup like eventsafter photoemission of core electrons.
This phenomenomanifests itself asl@gher intensityail on the side of greater binding
energy Satellite peaks are common in nickel 2p petiesatellite peak is located 3.65
eV above tk Ni(0) peal71]. In the MP and MP+WBamples nickel appears mainly
as NiQ), nickel metal, with a smaller concentration of nickel oxide, Ni@nposing

the remnantsThere is an increase in the amount of NiO when the WT was applied to
the MP samples. In théP+ H>O, samples the amount of Ni(Ghown in figure2.7,
decreasediramatically while the NiO and a new Ni(OHpeak dominatedThe first
Ni(0), NiO, and Ni(OH) pealswerelocated at 858, 853.9, and 854.8 eV respectively.
Due tolarge pealwidths to model the Ni2p spectraultiple satellite peaks for each

of the three species were requirgtie constraints on thell width at half max, peak
separations, anctlative area$or the various satellite peakgere taken from a paper

by Biesingeret al. who modelled the peak shapes of various nickel spEt2gs
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In theMP samples the titanium peak is dominated by, idde but there was
also a clear Ti(0) metal peak..Ds oxide was also found as well as a trace amount of
TiO. The samples that underweWT had a significant increase itheir TiO>
concentrationThetitanium spectraf the MP+ H2O,and MP+WT samplegre shown
in figures2.8 and2.9 respectivelyAn asymmetrical peak shadeA(1.1,5,7) is used
to model the titanium metal pedk3]. The MP+WT samples had théiiO,, Ti2Os3,

TiO, and Ti(0)2p3/2peaks located at an average binding energy of 458.5, 456.1,,

and 453.7 eV respectivelyhe surface of the MP+WT samples had much lower
concentrations of BDs, TiO, and Ti(0) in comparison to the MP samplébe
MP+H>0, samples was found to have no Ti(@hgoonent, only oxide was found. For
the MP+H>0, samples the average binding eneofyhe TiQ, Ti-O3, and TiO 2p3/2
peaks was 458.5, 457.7, and 455.3 ENerelative compositions of the varioagides
alsodiffered significantly Thepercentage of Ti©decreased while the percentage of
Ti»Oz greatly increasedrhis change in the oxide layer composition was also found in
the Ols peak where the amount ofCsialso saw a large and expected increalee

amount of TiOremainedconstant between all three samples groups.
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The carbon 1s and the oxygen 1s peaks did not substantially change between
the two samplegroupsother than the increase in,0s. The oxygen spectra for a
MP+WT and for a MP420, samplesare shown in figure2.10 and2.11. The metal
oxide peak, Ti2Os, C=0, andthe GO peakwere located at an average binding energy
0f529.9, 531.4533.2, and32 eV for the MP+WT sample. For the MA#O2 samples
the average binding energy of thpeakswas 529.4, 531, 532.8, and 532 eV
respectively Interestingly, no peak was found in the TiC region of the carbon 1s peak.
The spectra for the carbon 1s peakshiswn in figure®.12 and2.13 for the MP+WT
and MP+H20. sample. Similarly, nointermetallic oxide (TiNi2Ox) peaks were found
but thesedo overlap withlarger peaks which could explain their absencks well,
these inclusions could be set deeper into the azitdher than on the surfacehe GC,
C-OH, C=0, and &=0 average peak binding energy was located at 284.8, 286.3,
287.8, and 288.8 eV for both the MP+WT and Mi2®. samplesNo peaks associated
with inclusions were found aie WT, H20, and tle mechanically polished samples
but as was said above due to a small concentration and overlap we likely cannot resolve
these peaksThe remaining gas molecules in a high vacuum chambe usually
composed of kD and CO. Incident-xays break down these molecylesding to the
formation of organic molecules when these ions bond together. This givés thige
adventitious carbon and the associated oxydgtrcted on a sampl&he anount of
adventitious carbofound in the XPS spectra goportional to the length of timntée

X-rays are incident upon the sample.
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Figure2.10: High resolution XPS spectra of tbrygen 1s peak for MP+WT sample
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XPSspectra were also taken for wire samples with a variety of surface finishes
the compositionaflata is summarized in tak®e3. Only onespectrumfrom eat type
of surface finishwascapturedThe fits used for the nitinol plates were also applied to
the wire samples with only some minor modificatiombe fine drawn as received
samplestarted out with a relatively high Ti/Ni ration. When the water treatment was
applied thenickel, peak disappead into the noise. When the hydrogen peroxide
treatment was applied weundthe Ti/Ni ratiogreatly decreased due to an increase in
the amount of Ni detectetiVhen theas received oxide layer was remowkd Ti/Ni
ratio wasalsofound to decreas@he amount ofinoxidized titanium metal changed
from 8.3%to 7.3% and.3% tol.7%% for the water treated atbO- treated samples
respectively. The titanium spetra werevery similar tothose found for the plate
samplesBut, instead of a large Ti(lll) peak, similar in size to the Ti(IV), we found the
percentage of Ti(lll) was 6.3%, it was 32.5% for the plate samNiekel was found
in the Ni(OH) state for the AS samplejth a 2p3/2 binding energy of 855.68 eV. The
H.Oz treatednickel spectra isimilar tothose found for thél.O. treatedplates figure
2.7. Using the same fitting parameters for the platesfound the nickel component
was mainly composedf Ni(OH)z, 77.0%, with some NiO, 23%. There was no
indication of any metallic N@) presentThe as received sample may have contained
some NiO but theNi 2p peals wastoo small relative to the noiseo properly fit
multiple peaksThe N2p peak for the G600 samples reblinding energy indicative
of a metallic species. Both the G600 sample and the water treated G600 sample have a
Ni2p3/2 peak a851.9 eV, indicative of Ni(ONo Ti2O3 O1s peaks were needed to fit
the wire samples but the binding energies between that a@e@@eak are very close.
The TkOssignal is likely contained within the-O peak.To fit the ASsample spectra

for the Ols peakisubpeak at 534.7 eV had to bedad| 6.6% of the O1s contenthis
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binding energywas muchtoo large for a hydroxide peak, ~533 eid its nature is
unknown not matching any reasonable species. Tas the only sample with this

unknownpeak.

Table2.3: Shown below is thatomicpercentcomposition of thdive different sample

types Only a single sample was scanned from each gidupindividual atomic peaks

are broken down into the percentage of each chemical species found on the material.
The Ti/Ni ratio is also given. The ®@6+WT C1s data could not be included, the entire
peak was not included inthe specfrh e “ *” i n the AS col umn
certain of the distribution of NiO and Ni(OH)

G600 G600+WT AS AS+WT AS+H0;

Ols 29 23 66 20 39
Cils 67 73 25 77 56
Ni2p 1 0 1 0 2
Ti2p 3 4 4 9 4
Ti/Ni 5 20 12 NA 2
Cls
Cc-C 81 - 76 50 58
C-OH, 12 - 17 43 21
C-O
C=0 2 - 3 2 16
O-C=0 5 - 4 4 5
Ols
Oxide 32 43 40 19 33
C=0 25 8 23 39 46
C-O 41 49 31 42 21
Unknown 0 0 7 0 0
Ni2p
Ni(OH)- 0 0 100 0 77
NiO 0 0 *0 0 23
Ni Metal | 100.0 100 0 0 0
Ti2p
TiO, 73 80 85 88 85
Ti,03 9 7 10
TiO 7 2 3 3 4
Ti Metal 16 8 6 7 2

2.4.2Nitinol Wire Potentiodynami&xperiment

The results fothe potentiodynamiexperimentsrelisted in table2.4. Nitinol

wire samples were prepared using a varadtgurface treatments. The samples were

50



tested in two different electrolyte solutions. The as received samples exhiisted
lowest breakdown potentiaf all the surface treatmenilhe acidic NaGHCI solution
decrease the breakdown potential and incredgbe corrosion potential for the -as
received sampldn figure 2.14, the cyclic voltammetry curve is plotted for three as
receivedsamplesHgure2.15shows the CV plots of two 600 grit samp{€$600) one
water treatedWT). Figure2.12, shows the CV plots for two G600 samples, one is
water treatedBoth the as receivedAS) and the as receivednd water treatd
(AS+WT) samples exhibit a similar curve witixide breakdown and severe corrosion
beginningaround 800 mV.The AS sample tested in the acidic solution exhibits a
similar catastrophic breakdown, albeit at a lower potential. ButA8samplein the
acidic solutionhas a larger current densagross all potential$n acidic solutionsat

low potentials there is a large current spike followed by a dramatic drop in current.
This spike is indicativef the shift from the active to passive regiona metal it is
illustrated in both figure®.14 and 2.16. The flade potentialwhere thistransition
occurs,becomes more positive as the pH decref&®s This potential shifexplains
why this flade peak was not seen wiesample weretested in the NaCl electrolyte as
opposed to the acidic electrolyt&imilarly, the acidic electrolytesignificantly

decreased the @ treatedsamples corrosion potential
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Table 2.4: The results from potentiodynamic tests are tabled below. The breakdown
(Eb), repassivation (Ep), dnthe opertircuit potential (Eocp is listed for each
different surface treatment and electrolyte. The number of sartggesdand the
number that did corrode is listed. As well, the difference between the breakdown and
corrosion potential is listed. The standard deviation is listedi®esich valuelThese
potentials are reported relative to the SCE electrode.

Treatment Electrolyte Eb (mV) Ep (mV) Eocp(mV) No. No. Eb-Ecorr
Samples Breakdown
As received NaCl 780(60) 280 (19 -420(50) 6 5 700 (80
As received NaCFHCI 560 (49 130(20) -329(30) 5 5 890 (50
H,0O, Treated NaCl - - -597(30) 4 0
H.0, Treated NaCHHCI - - -410(80) 4 0
Water Treated NaCl 890 (119 270 (30 -500 (19 9 5 1390 (119
600 Grit NaCl 870 (89 230 (0 -290 (20 3 3 1160 (89
600 Grit Water NaCl - - -510 (19 3 0
Treated

A5, Nalll
A5, HCT-MaCl
AS, W, Nal

800
600

400

200 B o~

PotentialimV')

-200 \
—400 '

=600 |

-B00
107 10® 107 10" 107 10

CurremiA/cm® )

Figure2.14: Cyclic voltammetry plots for twAS samples tested in a NaCl and a
NaCFHCI electrolyte and aAS+WT sampleThe two arrows indicate thgpical
positionsof thebreakdown (i) and corrosion potentials {&)..
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Figure2.15: Cyclic voltammetry plots for &600wire and aG600+WT sample
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Figure2.16: Cyclic voltammetry plots for twéS+H,O> samplegested in NaCl and
NaCkFHCI electrolytes.

The AS+ H>0O, samplestested in both théNaCl+HCI and NaCL solutions
exhibited no breakdowns and no corrosi@yclic voltammetryplots ofthe AS+HO»

samplesreshown in figure2.16. As expectedAS+H>O, samplan the acidic solution
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has a much higher curres¢nsitythroughout the entire potential rangath samples
showno corrosion up to the 1500 mV, the samplthaNaCl solutionexhibitsa slight
increasen the current as the potential increasHse rate of current increadsa the
hydrogen peroxidesampledestedin the NaCl electrolytélattens ait as the potential
increases. This is due to water splittimdnichbecomes significant at potentials around
1500 mV, leading to an exponential rise in currdntthe acidic solutiomwater splitting
occurs ata potential well above 1500 mV which is why the current stays relatively
constant at high potentialslydrogen ions are produced by the oxidation side of the
water splitting reaction. This reaction will be inhibited by a large concentration of
hydrogen imsand will therefore require a higher potential to ocitne samples which

had their native oxide layer removed with 600 grit sand paper had a more noble
potential in comparison to the as received samfles.cyclic voltammetry plots for

two G600samples in which one had undergone water treatment is shown in figiie

We can see that th&s600+WT sampleundergoes no corrosion up 1600 mV. In
comparison th&600sample has a clear breakdown where the current catastrophically
increases independent of potentiddhen theAS samples underwent water treatment
their breakdowrpotential was not significantly differesbmpared to th&S samples
without treatment But, when the G600 samples underwernthe water treatment

similarly to theAS+H,O, samplesno corrosion was detected.

The structure of the oxide layer can be illustratsithg low resolution SEM as
displayedn figures2.17 for anAS sample 2.18 and2.19 for aAS+H>O, sample 2.20
for aG600 sampleg2.21 for a AS+WT, and2.22 for a AS+WT sampleOxide grains
with a width on the order of 1 um can bbservedn the surface of the as received
sample. In comparison th&S+H,O, sample exhibitecho clearly discernible grains.

Cracks can beesadilyobserved across these samglkgned along the axial direction
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of the wire.These cracks widely vary in both their width and leng#hen the water
treatment was applied to ths received sample th&ide grains are not aliscernible
in as in figure2.14. No visible difference was detectdzttween th&600sample with
and withouthe water treatment. Figue20illustrates someesidual oxide remaining

on the sample surface, a small amount was found @6@0samples.

Figure2.17: An SEM image of ai\S nitinol samples oxide layer.

55



10 pm

Figure2.19: An SEM image of #AS+H20- nitinol samplesthe same sample as in fig
2.15,oxide layer.
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Figure2.20. An SEM image of5600nitinol samples oxide layer.
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Figure2.21: An SEM image of al\S+WT nitinol samples oxide layer.
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Figure2.22 An SEM image of &600+WThnitinol samples oxide layer.

2.4.3 Mass Los3ests

The data from themass lossexperiment described insection 2.3.2, is
summarized infigure 2.23. The AS+H.0. samples had a far superior corrosion
resistanceompared to all other surface finishes. T@&00+WTsamples had a very
similar mass loss curve up to day 3 but then it dramatitallpff and approaches the
same level as the AS and G600 sampkedra tests were conducted fday 5 of
exposure to coirin this dramatic increase in corrosion. Interestingly A®-WT
sampleshad a superior corrosion performarammparedo the G600HWT samples.
There was still a large degree of variation in their corrosion performance after several
extra samples were tedtd he AS+H,O. samples lost approxiately 15% of its mass,
after 6days, while the as received samgtest 47% of its mass after 6 dayshe 600

grit samples had slightly better corrosion performancempared to th&S samples.
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One 600 grit sampleemoved aftethe third day of exposur@as brokenn several
pieces. The large error bars were likely caused by this one sample fracturing exposing

more metal to the electrolyte.
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Figure2.23: The normalized mass loss versus the duration the wire vpasex to
.028 M Fe( solutionfor the as received (AS), 600 grit polished (G600), hydrogen
peroxide treated (¥D.), as received and water treated (AS+WT), and 600 grit polished
and water treated (G600+W.T)

2.4.4Disc Imaging Experiment

For the polishedliscs tested in 1.2 M HC13 out of 14 samples corradieThe
averageopen circuitand breakdown potentials wefé8+17 mV and 295+31 my
respectivelyCorrosionalwaysinitiated from the edge of the nitinol wires, never from
the centerLarge hydrogen bubbldsrmed and obstructeithe view of the corrosion
process. But, a common thread can be found between the different samples. Corrosion
usually initiated from one edge region, sometimes rtitae ongand propagated as a
front acrossthe sample, consuminthe surfacdf experiment was notmmediately
ended.The applied potential was removedtbe order ofLl5 minutes after the start of

anexperimento preserve features shown in the vidédter the firstcorrosionspot
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was detectedmal holes or pits would form in front of thisitial region These holes
would spread around the pit untthe small pits exparedl enoughto merge with the
largepit. To allow an SEM analysis the sample surfhadto survive therial. This

wasthe reasomepassivation potentiatouldnotbefound in this experiment.

Figure2.24 shows stills from the corrosion of one of the polished nitinol wires.
Thegreyareas correspond to the uncorroded polished nitinol surface. The dark areas
are regions that are corroding or are covered obscured by a hydrogen buliike
case these bubblde not obscure the corrosion froi the first panel, taken 8 minutes
and 28 seconds (8:28) after the start of recordiwg can see the corrosion front
consuming the material. Several hydrogen bubbles are present over the corroded area
but none block viewing the corrosion front. Looking along the top right section of the
front a dendritic like small area of corrosion precedes the front, indicated by an arrow.
In the net panel, 8:37, the corrosion pise aligned in front of this dendritic line of
corrosion, shown by the arrow. These dots can also be seen in the bottorwtit®it se
of the front in a similar dendritic like patteran arrow marks this location. Six seconds
later, 8:43, similar dots are found ahead of the front, top right section, while the area
previously covered by dots has mainly merged into one continuoksseéetion. At
8:51 this area around the black detsimilarly corroded until nothing can be observed.

At 8:53 and 9:00 we see this process continue, more black dots formadieadront
which thenmerge togethebefore new dots are produced furtheeadh This sample

was destroyed in the corrosion test sV could be performed on it.
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Figure2.24: Images of the aoosion of 1 pnpolishednitinol sample 1first image
was taken at 8:28 and the last one at 9T0@. stamps time are given in units of
minutes:seconds.
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A similar pattern for corrosion propagation can be seen in another experiment
the image shown in figur225, sample 6The first panel shows the corrosion that has
already occurred up until thabimt. The second panel, 15:12, shows a dark spot that
formed in front of a small corrosion front, marked by a white arrow. At 15:21 we can
see that this spot has grown larger in size. At the same timedsiaialier dots can be
seen forming the directionf dhe white curved arrows. Five seconds later, 15:26,
corrosion starts to occur at another spot marked by an arrow. Between 15:37 and 15:40
the front expands to the point marked by the arrow. Several dark spots are apparent at
the edge of the front whiclmérease in number between 15:37 and 15:40. Going back
to the first locationijnitial arrow, of corrosion the faint spots can be seen expanding
towards the corrosion front, marked by the two white arrows. The front then, 16:13,
consumes that area betweeselt and these spots in a rapid expansion. The cyclic
voltammetry scan was stopped at that point, to preserve the surface, and SEM was

performed.
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Figure2.25: Images of the corrosion of 1 um nitinol sampjdi&t image was taken
at 14:21 and the lashe atl6:13 The stamps time are given in units of
minutes:seconds.
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SEM micrographs are shown for samglen figures2.26, 2.27, and 2.28.
Several severely corrodedgrens can be seen in figu226. The area thatvas
investigated in figur.25is shown in figure2.27. Small holes in the sample can be
seenin front of the corrosion pit on all sides. This is very pronounced at the bottom of
the image, labeled by the number 1. Wherectireosion pit curveshe front of small
holescurves with thepit. Thisfrontissimilar in shape to those that were viewed in the
video of the experimenThearrayof holes labeled by the number 2 are likelymed
from corrosion at the top of the sampfegure 2.26, rather than the corston region
shawn in figure2.27. The SEM images show the black dots found in the video of the
sample are indeed corrosion pi&milarly, this front like pattrn can be viewed in
figure 2.28, this region was blocked from view by a bubble during the experiment. Here
we see a front of small holes that are located ahead of a corrosamgyd in a front
like manner Clearly these pits are not randomly alignedt instead arstructuredn
a circular pattern around different regions of corrosiMe can see a very silar
featureat the top oflte sample in figur@.26. Similar features are present around the
large hole that formed in the bottom of the sample. These can be seen in the remaining

undissolved areas on the edge of the sample
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Figure2.26. An SEMmicrograph of samplé after corrosion was stopped at,16:13
as shown in figure.25. The dark grey region surrounding the nitinol disc is the
protective heat shrink Teflon tubing.
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Figure2.27: An SEM micrograph of the region of corrosion sample 6which was
shown in figure2.25. The Teflon heat shrink tubing, dark grey, can be seen in the top
right hand cornerNumber 1, indicates a corrosion front derived from region of
corrosion found in this image while the front labelled by numbes Zrom a
neighboring, unseen, region of corrosion.

Figure2.28: An SEM micrograph of the region of corrosion on sampléhis area is
located @ the lefthand side of figur@.26. The dark grey region on the left of the
image shows the Teflon heat shrink tubing.
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Sample # displayed a similar pattern for the propagation of the corrosion front
to both samples 1 and figure2.29. Starting at thdirst pane) at 17:52 a similar front
of corrosion pits is formed. These pitsm around theorrosion frontwith a circular
patter that was found in several other samples. In this sample the front propagated from
the top to the bottom of theurfacecutting it in half. The font in this case does not
extend to the new formed corrosion pits like occurred in samples 1 &d,G@ven
without this expansion the corrosion pits form on the surface of the sample in the same
way. SEM microgaphs were shown in figur@s30, 2.31, and2.32for sample 14The
circular front of small corrosion pits that wstsown forming in figur@.29 can be seen
in figure 2.31. This front is further away from the larger corrosion regieanin both
sample 1 andample 6In the other two samplékefronts of corrosion pits were found
close on the order of 2 umo the larger corrosioregion In figure2.32we see a more
typical structure of the small pit corrosion frofhere are smaller corrosion pits that
are located away from the maiorrosion front which have their own small corrosion
pits forming a circle around this larger pit. This phenomenon candreiseseveral

places in figure.32.
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Figure2.29: Images of the corrosion of 1 um nitinol sample 14, first image was taken
at 1752 and the last one at 18:12. The stamps time are given in units of
minutes:seconds.
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Figure2.30: An SEM micrograph of sampl&4 after orrosion was stopped at, 18:12
as shown in figur@.29. The heat shrink Teflon tubing surrounds this nitinol disk but
can only be faintly seen.

Figure2.31: An SEM micrograph of the region of corrosion sample 14which was
shown in figure2.30.
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Figure2.32: An SEM micrograph of the region of corrosion on sample 14, this area is
locatedon the bottom left of the sample @igure 2.30. The Teflon heat shrink tubing
can be seen in the bottom left hand corner of the image.

The evolution of a corrosion fnb is illustrated in figur®.33 for sample 12In
the second panel, 16:17, a corrosion pit can be seen faintly to have originated on the
sample surface. This pit grows quicldigd more faint pits can be seen growing in front
of it, 16:23. More pits grow to the left of this initial region of corrosion. The shadow
that moves across the sample in each frame, except 16:39, is a stream of metal particles
that are being released fraime corrosion pit into the solutioin the final frame we
can make out new corrosion pits that are beginning to form in front of the old region
of pits. The corosion pits varied in size from1l um to several um in their various
stages of growthin somesamples the small corrosion pits are quickly consumed by
the larger front while other times the main front does not expand up to these smaller
fronts. But, due to limited visibility caused by hydrogen bubbles much of the corrosion

front cannotbe viewedfor the duration of the experiment. Therefore, it is hard to tell
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if these fronts of small pits are always consumed by the large &atin our case if

the experiment was stopped before this could occur.

Figure2.33: Images of the corrosion of 1 pnitinol sample 14, first image was taken
at 1600 and the last one at 16:3%he stamps time are given in units of
minutes:seconds.




2.4.5Grazing Incidence »Ray Diffraction

The background scan for the doubklded tape, inciden@ngle of 1°js shown
in figure 2.34. This scan has three peaks which amntbat 14.1°, 23.8°, and 26.3°.
There are no diffraction peaks from 26.3° until $9§ure2.35 shows the GIXRD plot
for two 1 um polished nitinol platsamplesThere are three clearly visibleaks in
each of the two samples at 42.4°, 61.9°, and 78.1° for sample 1 and 42.9°, 61.9°, and
78.9° for sample ZT'hesethreepeaks appear in the all three types of samples but the
two peaks at ~61.9° and ~7#@ffer in relative intensities betwedlifferentindividual
samplesUsing the QualX software these GIXRD plots were matched to the austenite
phase of nitingl a plot of the peak positions for austendeerlayed with the
experimental data from one trial is shown in fig@r&6. The firsttwo peaks found in
this plot were not accountddr by the austenitephase The second peak located at
25.7° overlaps precisely with the largest peak from the,Ta@atase phas€&his will
be elaborated on in the next paragrapigure 2.37 shows that when the angle of
incidence is reduced from 1.5° to 1° the signal from these peaks decreases. If the two
peaks do indeed correspondTi®2 you would expect the signal to increase as the
angle is decreasedhen the measurement is more surfeeesitive When the angle
of incidence is set at 10° the pedk25.7%verlaps with the peak from thackground
tapescan 26.0° Thereforethe peak at 25.%ould bedue to theape backgroundot
the oxide layerChuet al. attributed this same peak25.7°, to the anatase phase of

TiO.. They used a glancing angle 031]. 1. 0°
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Figure2.34: The GIXRD plot for the doubisided tape with a 1.5° incidence angle.
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Figure2.35 The GIXRD plot for the 1 pnmechanicallypolishednitinol plates with
a 1° incidence angle.
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Figure2.36: The blue curve shows the background subtracted GIXRD scan for the 1
pum nitinol sample 3, angle of incidence 1.5°. The black lines below the GEXIRE2

are the locations of the diffraction peaks while the brown lines are the locations of the
experimentally derived austensite peaks.
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Figure2.37: The GIXRD plot for 1 um polished nitinol plates with angles of incidence
angle of 10°, 1.5°, 1°.
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The two groups of treated samples exhibit very similar GIXRD plots to those
from the polished sampleall threegroups of samples exhibited peaks at 46.8°. These
peaks were the most well definadd the largesior the HO» treated samples then
followed by the WT and then the MP sampl&his peak is generated by thesNi
phase NisTi is known to be created from tihegh temperaturexidationof NiTi, this
spectrums shown in figure2.37 which compares an experimental®4 spectra to the
known peak positions of Blli. As you oxidize NiTi you create a Ti deficient region at
the interface between the oxide and the substrate, described in &#ohheNisTi
XRD spectraalso contributes to the peak that merges intorigbt-handside of the
tallest austensite peakhe same experimental spectruasalsoused in figure.41,

and2.42 as was used i.40.

In figure 2.41 we compare the anatase peaks to the experimental spetttrum.
would be surprising that definite Tipeaks were not detected for theQdsamples,
due to its thicker oxideTheanatase peak matches up very closelthepeak located
at 25°as stated in the previous paragraph doutld bedue to the doublsided tape
Similarly, there is a good matchup for the pghicatedat 37.5° and5°. The anatase
XRD spectra has a prominent peak at 48°, very close to e pdak at 46.8But,
sincethe 48° peak does not match the experimental spectra we are likely seeing very
little signal from TiQ. This peak would be small relative to the peak at 25.7° but this
would not explain the presence of the peak at 35.7° which is theoretically less.intense
The GIXRD pattern shown by Chat al. strongly resembles our own, Cletial. did
not slow or perform the scan past 4They associated this wide peak to be from an
amorphous anatapbasg31]. OurMP sample would have a very thin oxidger, ~2-
4 nm, producing a signal of negligible strengtbu would expect the signal associated

with the MPanatas@haseo stay negligible as you increase the angle of inciddnde

75



it does notWe have evidence for the amorphous anatase phase dtPtig.O, and
MP+WT samplesbut, the results for the MP sarepat differenincidence angles and
the lack of a peak at 48° contradicts tfiise wtile TiO2phase similarly does not match
up to the experimental spectifautile isprogressivelyfavoured byhigh temperature
(>500°C) oxidatiorandthereforelesslikely, in our caseto be detected in comparison

to anatas¢30].

NiO peaks overlaid with the experimental diatahown in figur€.42 We see
thattheNiO peaks could contribute to the asymmetric large peak, along vt st
the center of the material. As wehg peak at 37° matches up with the NiO peak located
within 0.1°of its given position But, the NiO peak at 64° is hmatched with any
experimental peak, the experimental pelakse byis not asymmetric. s alsounlikely
that therds detectabl®NiO without corresponding Tigpeaks due to the much higher
TiO2 concentration detectagsing XPS. The same interpretation of the XRD pattern
the shown in figure®.36 and2.40-2.42, H,O; treated sample 2olds for the other 8
samples. The NTi peak is strongest for the>8, samplesit is much smallefor the
water treated samplesd HO> sample 1. Similarly, we did not detect any definite
anatase peaks in any ofir 9 samples due to the large 1.5° angf incidenceand
contradictory MP resultsThe GIXRD spectra confirm our samples are composed of
superelastic nitinol and containd¥li within the top 200 nm of the surfad€isTi was
found to be distributed in a layer close to the metal/oxide interface bgiGiiL[46].
To adequately determine if the sample was polycrystalline or amorphous using GIXRD

you would need to decrease the angle belovetitieal angle.
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Figure2.38: The GIXRD plot for the 1 um polished and then water treated nitinol

plates with a B° incidence angle.
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Figure2.39: The GIXRD plot for the 1 um polished and then hydrogen peroxide

treated nitinol plates with a® incidence angle.
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diffraction peaks while the brown lines are thedtions of the known NiO peaks.

2.5 Discussion
2.5.1 Effect of Surface Finish on Corrosion

The as received oxide layer exhibits the poorest corrosion resistance of all the
surface finishesThis trend held when the samples were testdabth the NaChnd
the NaCFHCI solutions Unsurprisingly the samples tested in the NBICI solution
had a lower breakdown potential. A low pH allows an easier dissolution of the oxide
and a greater concentration of hydronium ions, reactants in the cathodic reaction, push
the reactiotowards greter dissolution Shabalovskayat al. measured the breakdown
potential of a finedrawn nitinol wire to be 48&8 mV[51] while we found a value of
780t62 mV. They performedheir experimentsat 40°C. The heightened temperature
would account for some of this gapn increase in temperature from 20°C to 40°C

reduced the breakdown potential from 1.22 V and 1.17 V to 1.14 V and 1.08 V
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respectivelyin SS 316 and SS 30]. The remaining gaps likely due to the
concentration of inclusions in the surface of the matesall differences in the
treatments after the wire was drawwrhich will vary between differenhanufacturers
of nitinol. When this oxide layer was removed with mechanical polishingdhesion
performance did increase, but not by a huge manhihile the surface will be
roughened the original oxide layer will be removethieghenedurface, as explained
in section2.2.8, will negatively affect the corrosion resistance but removingshe
received oxide will induce the opposite effettterestinglyconsidering the superior
G600 performancerom our XPS data the Ti concentration and Ti/Ni ratio is larger
for the as received oxide compared to the G600 sarRptéhermore, the AS sample
had a greater concentration of Bi@d comparison to the G600 sampke.greater
concentration of Ti@in the oxide layer and a larger Ti/Ni ratio doesthehguarantee
a greater degree of corrosion resistamten comparingetween different surface

treatments.

When comparinghe G600 and AS surface finish#ge composition of the
surface is notsufficient to predictthe relative corrosion resistance. The physical
structure and thickness of the oxide layer must alsoobsideredThe as received
oxide layer is coveredotted with oxde grains. Theehigh energygrain boundaries
are highlysusceptible t@orrosion. As wellthe as received oxide laysrthicker than
the air grown oxide which leads to crackinged unit cell volume mismatcfihe
grain size of the air grown oxide is unknown, it cannot be observed usingSabks
are higher energy surfaces which are more suscefibberosion sectior2.2.8 These
properties willalsonegatively impact the corrosion resistance of the oxide.l&yem
our data the physical composition of the oxide layer is potentially less important

compared tahestructure of the oxide layer aiitd thickness.
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2.5.2 The Effect of the Hydrogen Peroxide Treatment

The hydrogen peroxide treatment increased ftlbkeh concentration on the
samplesurface substantially, approximately seven times in compaongbe MP+WT
platesamplesThe nickel concentration in our samples decreased when tisaviles
were boiled in distilled water. This means that increased concentration of nickel on the
surfaceafter HO. treatmentis not due to increased diffusion causedabgreater
temperature. Therefore, tlgidation due td1.0> mustberesponsible for the great
nickel concentrationThis result is unlike the one found by Caual, who found a
substantially reducedurface nickel concentration after a treatment lydrogen
peroxide[31]. They also predicted the TiNayer wouldnot be produced by thé.O-
treatment Since we did not chemically etch our samptEsne residual TiNilayer
should be expected due ttwe presence of thasreceived oxide. But, the Tiblpeak
was stronger in 2 afhe 3 hydrogen peroxide treated samptesnpared to the MP
samplesvhere it was relatively weaK his indicates that the mechanism proposed by
Chuet al. may be incorrect or the oxidation mechanism changes when treating
chemically etchedVIP or AS, sampleg31]. The increase in Ni was found in bdte
MP and AS samples, so the presence of the AS oxide cagount forthese
differencesThis increase was not found in the studies by Shabalovskayand Gu
et d. [31, 45] This difference must be due to the lack of chemical etching performed
on our samples. Perhaps the peroxide oxidizes the TE&r preferentially leading to
an increase in oxidized nickel species in the material. Or this layer retards the oxidation
into the samplas predicted by Chat al. switching the mechanism to the outward
growth model proposed by Clet al. [46]. TheH20-treated nitinol Ni2pXPS spectra
bear a striking resemblance to twsefound by Shabalovskayet al. takenfrom

nitinol samples heat treated 500°C for 15 minuteS.hey also reported the oxides
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layer was @imilar blue colour indicatingsimilarthicknes435]. The same researchers
alsostudied the effect of the hyalyen peroxide treatment on the surface chemistry of
nitinol. They found the 3% hydrogen peroxide treatment decreased the nickel
concentration omthe surfa@ of a chemically nitinol from 24 to 5%. But, unlike our

own findings their ratio of Ti/Ni was substantially larger, 3:1 instead of ourdtit

[45]. This difference is likely due to chemical etching priottteirtreatment. Chemical
etching removes the nickel enriched sublayer thavides most of the nickel that
would have been oxidized. When nitinol samples were chemically etched prior to heat
treatment the resulting oxide layers were depleted of nickel. Without this initial step of
chemical etching the heareated oxide has a lhignickel concentrationi35]. The
hydrogen peroxide treatment is not uniquely good at creating a nickel free oxide but
instead the concentratialepends partiallpn the state of the pteeatment surface.

The hydrogen peroxideeatmentoes indeed increase the corrosion resistance; but, it
has a lower Ti/Ni ratio compared to the MP, AS, and MP+WT samfiediscussed

in section2.2.4, nitinol wires with higher surface nickel concentrations increased the

rate of cell death whesurrounded bygulturedrat cells[26].

Even witha lower Ti/Ni ratio we saw a very large increase in the corrosion
resistance of the peroxide samples; eliminating breakdowns in the oxidevilyan
applied potentialp to 1.5 V, and reducing the current density measured across all
applied potentialsShabalovskayat al. found theH>O> treatment increased nitinols
corrosion resistance above the level of chemically etched sariipkeis.chemically
etched samples alsexhibited no breakdownsut the current was reduced at all
potentials wherthe HO, treatment was applieft5]. This treatment substantially
improved the corrosion resistanad the nitinol wires with a finelrawn golden AS

oxide it inhibited breakdowsup to 1.5\ where oxygen evolution starts to saturate
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the measured curretwhen the pH of the electrolyte was redufeain neutral to 1.2,

the hydrogenperoxide treated samples still did not corrotlee peroxide treatment
increased the percentage of oxygen deficient titanium oxid@; T the oxide layer

of nitinol platesthis phenomenomvas not found in thel>O: treatedas receiveavires

This may be due to the difference in the surface finish of the two samples. But,
ultimately there is no indication from our datafromthe literature that an oxide rich

in Ti.Osnegatively impacts the corrosion resistance.

While this treatment does lsstantiallyincrease theorrosion resistance the
greater nickel content found at therface is a cause for conceWe were not able to
determine with a high degree of certainty if the resulting oxide layer was
polycrystalline or amorphoutue to the snibsignal to noise ratio of the oxide peaks
A greater concentration of nickel close to the surface wmdditably increase the
amount of nickel leaching out from the stbat due to the thicker oxide diffusion from
deepeiin the oxide layer would be ipeded. The hydrogen peroxide treatment is an
easy way tamprove the corrosion performance of nitinol wiregenwithout any
previoussurface treatmentbut this comes at the cost of a higher nickel content in the
oxide.Any hydrogen peroxide producadund the implantue to inflammatioywill
improve the corrosion resistance tgpa point where the increasetthicknessmay

eventuallyinducecracking in the oxidéoweringthe corrosion resistance.

2.5.3 The Effect of the Water Treatment

The treatrent in boiling water improved the corrosion resistance of both the as
received an@600 samplesWhenthe AS samples were water treajsdme corroded

at the same breakdown potential as untreated samples while others exhibited no
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corrosion up to 1.5 VThe samples exhibit excellent corrosion resistance when the
original oxide layer is remed and then are treated. In this casecarrosion was
detectedn any of the samples testéalom the XPS datdé water treatment increased

the TiQG concentration inthte oxide layer while reducing the nickel concentration

both the G600 and AS sampld@$e amouns of both unoxidized titanium and nickel
decreased when the spl@s underwent water treatmeldhoxidized metashouldonly

be found close to the interfabetweerthe oxide layer and the substraed of course

in the substratePrevious studies have shown that the water treatment combined with
chemical etching can substantially increase the corrosion resistance. But, in
potentiodynamic sweeps there wasdiiterence detected in the shape of the CV plot

or the value of the breakdown potenbatween chemical etching and chemical etching
plus water treatmerpb1]. The GIXRD data hinted that the oxide formed due to water
treatmentmay be amorphous. More work is needed to determine if this is indeed the
case.This study has shown that the water treatment greatly increases the corrosion
resistance without prior chemical etchifigne water treatment is as effective as both
the HO. treatmentand chemical etching at raising thebreakdown potential,

eliminatingbreakdowns up to 1.5 V in 0.9% NaCl

2.5.4 Mass Loss Experiment

The varioussurface finishes that lost the most mass over time also had the
lowest breakdown potentials. TS samples had the worst corrosion performance
and had the lowest breakdown potent@amnpared to all thosested. When this oxide
was removed the breakdown, potential did increase by a small but significant margin.

We can see that the G600 samples $tightly less mass over time in comparison to
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the AS samples, which mimics this difference in breakdown potential. Moving to the
water treated AS samples the picture gets more complicated. The actual breakdown
potential was the same as the AS sampleshimse that did corrode. But, 4 out of 9
samples did not corrode. This is likely the source of the large error bars foured in th
AS+WT samples. But, if the ASWT samples that did corrode had the same mass loss
behaviour as the AS samples we should expeevan worse corrosion performance.
Either the water treatment changed something in the oxide layer that did not influence
the breakdown potential but increased theéemals resistance to mass loss, ®out

of 4themass lossamples would have be fromthe noncorroding groupn the cyclic
voltammetry test. Since the breakdown potential and mass loss are strongly correlated
the former seems unlikely. It was unsurprising that tb@:l4amples had such good
corrosion resistance due to the lower current density from the CV plots and breakdown
potential lying above 1.5 V. What was more surprising was the poor corrosion
performance of the G600+WT samples and their dramatic decrease itehassn

the 4" and %" days of testing. The water treatment increased the concentrationzof TiO
on the surface of the material relativeutaireateds600. As well, other studies have
shown it increases the oxide layer thickness relative to atmosphedationi A
possible explanation for this poor corrosion behavior is the thinner oxide in comparison
to the HO. sample. A thicker oxide would decreabe diffusion of chloride anions

into the oxidemetal interfaceThe AS+WT would also have a much thicledde
compared to a G600+WT sample but this would not explain the large ddéenme the
breakdown potential. In this case thgh, >1.5 V, breakdown potential did not
accurately predict theelative corrosionperformanceof the G600+WT and thel>.O»
sampes. But, due to hydrogen evolution the relative true breakdown potentials could

not be determined. Likely the;B. samples would have a higher value ef E
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2.5.5 Comparison Between the Corrosion Treatments

Sullivan et al. found that stents with breakdown potentials below 600 mV
displayed corrosion after 6 montimplanted inporcinearteries[21]. All the nitinol
wirestested in this study had a breakdown potential above this Vidieee are a few
caveats in comparing these two valuBse firstis that the study is testing stents while
ours was testing wireStents have joints which are more susceptible to corrosion than
the purely straight sections oh wire. As well, their studywas performed at body
temperaturg21]. The breakdown potential would be higher if it was performed at room
temperature and with a stent instead of a wiet, the breakdown potential was
sufficiently high for even the AS samplés still be impervious to corrosion in a pig
based on this studythe AS samples performed warst all the corrosion testsin
comparison to the othesurfacefinishes followed by the 600 grit sample3he
hydrogen peroxide trément had the best corrosion performaimceerms of both the
breakdown potential and theass loss data. The only drawbdok the hydrogen
peroxide treatment was the increase in the nickel concentration, foundthefter
treatmentof both the mechanicallypolished and as received samplébe water
treatmen@pplied to theé00 grit samplealso eliminated corrosiomp to a potential of
1.5V and the titaniunto nickel ratio was far greater than the AS and th@XHreated
plate,samplesBut, aggressiveorrosionand a high level of mass loass foundafter
5 days of immersion in Fe€lIThere is a trade off in comparing which of the sample
treatments have the best properties fomaplant in terms of the biocompatibility and
corrosion resistance. ForethbO, samplesthere is a higher nickel concentration in the
oxidebut also ahicker oxidelayer. Over many stress cycles this could lead to further
cracking which may deteriorate long term corrosion resistadcestudy by

Shabalovskayat al. held 30% H-O> treatednitinol wires in tension with a 6% strain
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in a 0.9% NacCl electrolytdor 150 hoursanddetected no corrosigiut they did not
test the effects of cyclingn the corrosion performan¢é5]. On the other hand, the
WT 600 grit sample had a poor immersion performance FHaGtomparison. The
superior performance in general canieom the MP+W sampls. A breakdown
potential above 1.5 well above the 600 mV (SCE) limit found Byllivanet al.for
pitting corrosionin vivo, thereforethere should be no corrosievithin 6 months of
implantation[21]. As well, the lower concentration of nickel assists biocompatibility

and reducethenegative effects on the surrounding cells

2.5.6 Imaging the Corrosion of Nitinol

Corrosion always initiated at the interface between the nitinol wire and the
epoxy connecting it to théeflontubing. Thisinitial corrosion is clearly not the result
of pitting but instead of crevice corrosiomhich initiates from small exposed regions
on the edge of the sample. When the wires were tregatied to polishingwith H2O»
no corrosion was detected from the edges of the sample or from the b&tier.
plates were originally used pyeventcrevice corrosionnitiating from the edges. But,
the lack of an interface between wire and epoxy inhibited corrosion to such an extent
that no localized corrosion was ever observeden in highly acidic solutions
Eventually a solution with a low enough pH iirates general corrosioafter the
dissolution ofthe oxide layerThis very high corrosion resistance, much higher than
mostot her experi ments performed wit2B8,1 uyuym p
is reminiscent of the study performed by Bada&Rotermund, in fact our sample had
the same surface arg&]. The average surface area for nitinol samples throughout the

literature is on the order of 1 émhe ground flat samples in our study had an area of
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0.0011 cm. Intermetallic and carbide inclusions are known from XPS sputtering
studies to be enriched at the oxide substrate interfadalked about in sectich2.8

This discrepancy is likely due to the very small surface area that will include few
inclusions Due to exposing a cross section of substrate as the new stimasample

will have a substantially lower inclusion density. Therefore, to image nitinol corrosion
without initiating corrosion viarevicecorrosiona larger sample should be used. The
breakdaovn potential should fall to more reasonable valeesnwhile usinga 0.9%
NaCl electrolyte. This comes with two drawbacks: either you image only a ameall

of the surface potentially missirige corrosion entirely or you image the entire sample
but with a lower magnification. This would prevent high resion images of pit

initiation andthe initial stages gbropagation.

While corrosion always initiatefrom the edge of the sample duectevice
corrosion pitting corrosion did appeas corrosiorfronts propagated. The front did
not just expand in a linear fashion but insteedwas shown secti@3.4, propagated
via the formation of small corrosion pifShese small pits formeaheadof the front
and grew untithey mergeavith the front Clearly some regions at the head of the front
are more favoured than others, if not continuous corrosion would have o¢tneead
front propagationThe samenechanisndescribed in sectioB.2.9for SS,will apply
in the case of nitinol. Metal cations and hydrogen ions will diffusive out of the
corrosion front into the surrounding regions. The surrounding electrolyte will get
progressively more acidic inducing corrosion preferentially near the fftig. was
found to reduce the thickness of the oxide near the corrosiof64jit The clear
hemispherical patterns found in front of corrosion fotsn due to the weakening of
the surrounding oxideCorrosion pits then weaken tlagea ahead of these new pits

leading to another row of piterming. These hemispherical fronts present a very clear
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structure which is unlikelyo bedue to the distribution of inclusioni stainless stegel
corrosion pits aralistributed close t@ few initial pits butstill initiate all over the
surface. h Nitinol corrosion pits wre only found close to fronth.is unclear why in
some cases the initial region of corrosion propagates and envelops the hemispherical
fronts ahead of this region andother caseg does notln these cases themall pits
could be repassivatingreventing their growth and the propagation of the initial
corrosion front We were not able to induce corrosion withdlhe use of crevice
corrosion. Therefore, our data praes no evidence as to where corrosion would
initiate when no crevices were present. As wed#,cansee no theoretical reason why
the detected mode of corrosion propagation would be diffégréndriginated froma
corrosbn pit rather than from arevice; howeverexperimental evidence with no
crevice present would be beneficiah interesting application of our imaging system
would be to first perform an EDS scan of the surface. This would allow the
identification of inclusions in the oxide layer. Thityre sample could be imaged while

it corroded and effectof inclusions on the preferred direction and mechanism of

corrosion propagation could be determined.

2.6 Conclusion

We found the finedrawn as received nitinol wires had the worst overall
corrosion resistancdut the breakdown potential was stllite high. Removinghe
original oxide layeteads toa more nobleébreakdown ptential. The water treatment,
when applied to the mechanically polished sample, inhibits localized corrosion. The
corrosion resimnce of the as received and water treated samples eliminated

breakdowns in sommsamples while in others it had measurable effecthe water
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treatment reduced the nickel concentration in the oxide layer by a substantial margin.
As well, aher studies have shown that water treated nitinol samples leach out
substantially less nickel ions than nweated samplesThe hydrogen peroxide
treatmentincreased the corrosion resistance, eliminating all breakdowns.thut,
treatmentid increase th surface concentration of nicksf a large marginT his would

lead to an increased rate of cell death around the imptear this work the water
treatment appears to be the clear favousiteen biocompatibility and not just the
corrosion resistanads takeninto considerationWe determined that nitinol, in 1.2 M

HCI after initiating from a crevice, corrodes via small corrosion pits that form ahead of
the initial corroded sitan front like patternThese then expaneherging with the initial

site. The process then repeats until the surface repassivates.
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Chapter3: Aluminum Corrosion

3.1 Introduction

3.1.1Introduction

Aluminum is the second most common metal used in industry today. Aluminum
is very malleable and has a lalensity. Aluminunalloys are much ks malleable than
pure aluminun(Al 1100, 99.9% Al with 0.1% Cy)jnaking them much more useful in
most industrial applications. Alloying to create a less malleable and higher strength
material lowers the corrosion resistance of the natezlative to alloys of a higher
purity [74]. Aluminum 5052 is composedf 97.2%Al, 2.5% Mg, and Cr 0.8%; it is
commonly used in marine applicatiobgcause its known to have excellent corrosion
resistance against seawatdnile maintaininga high strength. The 5XXX series of
aluminumis used in marine applications suchrathe construction of boat hujlwhere
it would encounter chlorine rich seawater. hegemarine applicationsthe material
will experience moving water from tides, currents, and propulsion. Due to the
aggressive nature of seawater as an electratyteould be useful to determine the
effects of flow orthe corrosionof aluminum There idittle experimental evidence in
the literature on the effect atlatively low flow velocities on corrosionWe will
determine theelative breakdown potentialof aluminum samples, with and without
electrolyte flow, using cyclic voltammetry scan® assess the relative corrosion
resstances.To the best ofour knowledge,the effect of electrolyte flow on the
breakdown potential has not been previously investig&athermoreywe will image
the surface of the aluminum samplesing a light microsqee, during the cyclic
voltammetry tests. This will provide information about the severity and the mechanism

of corrosion, both when the flow is turned on and off.
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3.2. Literature Review

3.2.1 Aluminum Corrosion Mechanism

Aluminum is widely knownto be susceptikl to pitting corrosion in chloride
based solutions, in acidic solutions uniform corrosion generally oc&eaboulet al.
proposed a 1:8tep mechanisrfor the initiation of corrosion pitby chloride ionsn
aluminum[75]. This mechanism is shown in figuBel. They proposed that chlorine
ions adsorb onto flawed regions of the metals oxide layany of these flaws are
caused bynclusions and various intermetallic particles that disruptstireounding
oxide layer. This is one of the key reasons why high purity aluminum has a higher
corrosion resistance compared to aleguch as AlI5052. During the reaction
intermetallic particles and copper inclusions serve as sites for the cathodic reaction.
Wanget al found that htermetallic particles locatedhdhe surface of aluminum, such
as MgAls, are anodic relative to the aluminum matfi6]. These particles acted as
initiation sites for pitting corrosion in the Al 5XXX seriesalfoys[38, 76, 77] Some
intermetallic particles are also known to be cathodic relative to the matrix. The
subsequent increase in @rbund these inclusiorsn also destabilize the oxide layer
close tothe pecipitate providing more sites for corrosion initiatif88, 76, 77]
Corrosion pits will form around these particles. Due to the small size and constricted
nature of the pit the aggressive electrolyte will maisily be diffusive outside.
Similary, to the mechanism described in sect®?.3, free metal ions in these pits will
react with water moleculesreating hydrogen ionsthereby lowering the pHAn
aluminumchloridecomplex will formon the bottom of these new pase to saturation
of the pit electrolyte preventing repassivatidihese complexes witlissolve in the
metastable pitting regimand the pit will repassivatas it growslarger, increasing

electrolyte exchangeith the externalsolution Some of these pits will not repassivate
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because of a stable AlJayer, that forms on the bottom of the corrosion pit due to
supersaturationthat is renewed faster than it dissolv@bere is a critical current
density below which thisepassivation will occur so reducing the electrode potential
can lead to repassivation of the stable corrosion[p8% An increasing electrode
potential increases the current density around the working electrode and therefore
inside ofthe metastable corrosion pithepit will continue to corrodentil the current
density drops below the critical value and theddittescausingthe dissolution of the

aluminum chloride lay€|75].
®)

. AIOH) L/

Figure3.1: This diagram shows thmechanism for pit propagation in alumin(ing].

3.2.2 Spatial Effects of Aluminum Corrosion

Aluminum is known to commonly corrode via one of three mechanisms:
filiform, pitting, and general corrosianFiliform corrosion occursonly when the
material is covered by a layer of paint, organic coating, or a thick oxide from
anodizatior{74, 79] We have none of thepeerequisites this studyWhether pitting
corrosion or general corrosion occur depends on the distritaniditype of inclusions
and intermetallic particlefound in the material. Adiscussed above section3.2.1,

inclusions are known to be the initiation sites for corrosion. This is made more
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complicatel by the variety of different aluminum allgysvhich contain different
inclusions and therefore exhibit different types of cornosiehaviours. In the case of
the high strength Al 2XXX series;3% Cu, it is known to undergo severe pitturgler
certain conditionsPitting is inducedby the AFCu-Mg, anodic to the matrix, and Al
Cu-Mn-Fe-Si particles cathodic to the matrixShell skaped inclusions are found
throughait Al 2XXX; they have an AICu-Mg exterior and an ACu-Mn-FeSi
interior, which form a galvanic couplg9]. The oxide around these couples is
weakened and cannot-oxidize inducing the fornteon of highly localized corrosian
J.H.W.de Witfound that if Al 2024 was quenched <54 s after exposure to air the shells
were not large enough for pitting to dominate over general corrpg@nDonatuset

al. compared the corrosion of three separate Al alloys: Al 2024, Al 5083, and Al 6082
[80]. An SEM investigation aftethe corrosion of Al 2024ound pitting corrosion
surrounding cathodic and anodic inclusioasjmilar resultto other researche(88,

76, 77, 79] Al 5083 on the other hand was found to have a substantially different
corrosion mechanism. Al 508®rrodedwith a filiform-like channelling mechanism,

an SEM image of theiresults is shown in figur8.2 [80]. Instead of corroding via
pitting corrosion, Al 5083 is expressing crystallographic corrosion. Doeaissaid

that the orrosion initiated at the grain boundaries which are rich #vigs inclusions

[80]. These AtMg:inclusionswill preferentially dissolve enabling corrositminitiate

at thegrain boundaries Several researchers have fouadidence thain Al 5086
corrosion will propagate along the <10€rystalline directiorwhile bounded by {100}
planeqd81, 82] If the channels propagate in any other direction the active surface area
would increase withime. This would decrease the current density until the channel

repassivatef82].
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~ Corrosion front patl;ways
(filiform-like)

Figure3.2: An SEM image of a corroded Al 508&fe from the research of Donatus
et al.[80].

3.2.3Effect of Flow onCorrosion

Evgenyet al.testedthe effects of laminar and turbulent flow on the corrosion
of low carbon steel in a 4M HCI solution at 80°C. They useotating cylinder
electrode (RCEJo create laminar, 5 rpm, and turbulent flow, 6000 rpm, conditions.
The researchers found that turbulent flow ketmda larger current density and more
severe corrosion of rough samples, 120 grit, B different flow regimebad little
effect on thecorrosion rates when smooth, 1200 grit, samples were tagtescstudy
did not test sampléas still solutions[83]. P.V. Scheers studied the effect of the flow

velocity onthe corrosion rate of mild steel in synthetimeral water. He used botih a
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RCE electrode and a pipe system to determine the corrosion rates of the material.
Scheers found that the corrosion ratearly increases with th#ow ratefor both the

RCE and pipe testthe flow rate was varied between 0.25 m/s and 3.5This.linear
increase held in neutral and basic solution; in acidic solutions the corrosion rate
increasedlogarithmically with the flow rate[84]. Researchers have shown that,
depending on the materia,stagnant solution can lead to severe corrosion. In SS 316
the average pit depth was measured after exposure to seawater for 13 months. Samples
in seawater moving at 1.5 m/s hawl average pidepth of0.10 mm while samples in
stagnantseawatemwere found to haveits 189 mm deepon averageThere was a
substantial increase in the number of piteen the sample was left in stagnant seawater
[85]. A study byWightand Godard@onfirmed the same trendAd 1100that was found

in SS316 They varied the flow rate between .005 m/s and .05 m/s and measured the
density and depth of the resulting corrosion pits. The samples were immarsed f
week at room temperaturehey found that the density of corrosion pits and the average
depth decreased as you increased the flow rate until no corrosion was detected at a flow
speed 00.05 m/s[86]. The United States Navy commissioned a study to irgegst

the effect of highly turbulent flows on the corrosion of alumintitre study foundhat

the corrosion rate increased exponentially as the velocity of the seawater was increased
from 3 m/s to 30 m/s in both Al 1100 and Al 54B@]. The literature on the effect of

flow rate on corrosion suggest general trend of an increasing corrosion rate with
increasing flow velocity. But, several reports suggest that flow rates with a low velocity

caninhibit corrosion instead of inducing it.
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3.3. Materials and Methods

3.3.1 Wire Flow Experiment

The corrosioncell to testwires under flowwas buit out of a 2ft long PVC
pipe 1.27cm inner diameterThepipe had threaded ends allowing the attachment of
stainless steeB16 barbed pip-tube connectors Three 2 mmdiameterholes were
drilled in the top of the tube for the electrodes. hbke for the working electrode was
placed 1 cm towards the inflow end of the tube. This was to prevent the reference and
counter electrodes from disrupting the flow prior to hitting the working electrode.
These two electrodes were placed 1 cm behind the working electrode towards the
flow end. A miniature Ag/AgCI electrodéeDAQ, model ET073) and a @ long
platinum wirewasused as the reference and counter electrodes respechivé00
wires (McMaster Carr) were used for this experinanthe working electrod@he tip
of the wire was coated with epoxypoevent corrosion at the rought end.In totala
1 cmlong aluminum wire was exposed to the electrolyte. Above the exposed section
of the wire heat shrink tubing was shrunk onto the wire andohenend epoxied to
prevent crevice corrosion at the tebvee interface After sample preparation the wires
were sorgated in acetone and then ethanol for 15 minutes and dried with a heat gun.

Theelectrode junction with the pipe was made watertight with silicone glue.

To propel the electrolyteNacTsing 920 gallon per hour submersible pump was
used.This pump was placed in a beaker filled with 2.5 L.154 M NaCl, 0.9%,
solution (ACP 99% ACS reagentl’he pump in the reservoir beaker was at
approximately the same height as the sample to eliminate any effeltfferent
gravitational potential energg on the flow speedhe pumpwasrun until a steady

statetemperature was reache86°C, before an experiment wasitiated Before and
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afteranexperiment the pump was rinsed with distilled water and then run in a reservoir
of distilled water to elimint any contaminants from previous experimetse to the
pumps plastic construction and since it has internal parts it could not be dried with a
heat gun. Insteadt waswiped off and therallowed toair dry. The flow rateat the
working electroddor this specificcell and pumpwas calculated to be 8.4 m/Bhe

experimental set up is shown in figl88.

Figure3.3: The wire flow cell set up. The three electrodes atmd in the center of
the tube: red wireonnects to thevorking electrodehlue wireconnects to theeference
electrode, and black wilnnects to theounter electrode.

The breakdown potential of the wire when the pump was both on and off was
tested usingr@aAutolab PGSTAT 2014 potentiostdathe open circuit potential was

allowed to stabilize for 30 minuteafter the steady state temperature was reaphed
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to the experiment. The idle solution tests were carried out in the same cell but with
pump only turned on long enough to fill the tube. Elyelic voltammetryscanwas
started with a potential 100 mV below the open circuit poterfkia. potential was
increased at a rate 6f1 mV/s until a currendensityof .03 A/cn? was reached. The

potential was thereverseduntil theinitial potential was reachexbain

3.3.2 Plate Flow Experiment

The corrosion of polished Al 5052 plates was also tested using potentiodynamic
scans. Plates allowed imaging of the sample surface during corresitng.The
samples were polished to create a smoother surface which enableéss\te small
structures on the surfacéhe plates were mounted onto aluminum pucks with crystal
bond adhesive prior to polishinirst the native oxide layer was removed with a 1500
grit silicon carbide pad (Buehler) at 100 rpm. Following 8tep,the samples were
cleaned and polished with 9 um, 3 um, and 1 um diamond suspensions respectively.
Between each step the samples were washed with distilled water to prevent any cross
contamination of the TexMet cloth polishing pads (Buehl&éhe samples were
sonicated in acetone and then ethanol for 15 minutes after polishing and then dried with
a heat gunTo create an electrical contact with the sample a copper wire was soldered
onto a piece of copper conductive tape. This was stuck onto the backpaofitted
sample The copper wire was covered with heat shrink tubing to prevent the corrosion
of nonaluminum areas.The samples were then coated with a lacquer to prevent
corrosion of noimaged areas of the materi@his exposed surface area was on the

orderof .002 cn? but varied due to human error.
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A special electrochemical cell was designed and produced for this experiment
allowing both electrolyte flow and in situ imagirfggure3.4 shows the cebchematic
the flat piece of glasg4 mm lowy, at the front of theuvetteallowed the imaging of
the sample using the optical microscopke glass was bent in a trapezoidal shape to
allow another imaging set up, ellipsomicroscopy for surface imaging (EMSI), to be
used. A laser beam perpendicular to the 63 mm angled, 124°, piece of glass would hit
the sample surface at the Brewster anglé, AGeflon sample, 1x1x.5 cm, holder was
placed in the center of the cuvette. A line was cut through the center of the sample to
hold the metal samples in place. The samples were glued into the sample holder with
silicone glue. A PVC cover had a hole mib it which allowed the electrode connected
to the sample to pass through it. In an experiment this cover was glued into place and
the electrode glued to the cover to make a water tightBsakover is showim figure
3.5. The reference electrode atite counter electrode, a platinum plate attached to a
platinum wie, as seen in figur&5 are glued into placen theleft and the righhand
sideof the cover. A tube was also attached to the top of the cuvette; this allowed air
bubbles to escape fromeltuvette when the pump wanstially turned on. After the

trapped air was released the tube was sealed with a clamp.
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Figure3.4 The schematic of the corrosion cell. The top image shows the side view of
the cuvette. The bottom image shows the cuvetm fthe top down with the top
removed.

Figure3.5: An image of an aluminum sample mounted in the cuvette. Note the PVC
cover, grey glued into a cut out in the cuvette lid.

101



These samples were teste@if L 0f0.154 M 0.9%,NaCl solution (ACP 99%
ACS reagent)The electrolyte was pumped through the sample by a VicTsing 400
gallon per hour submersible pumBimilarly, to the wire experiment the pump and
reservoir were held at the same height as the aluminum safgepump did not
changethe temperature of the reservoir by more thardegree.The samples were
tested with both the pump turned on and turnedWfien the pump was turneuh
there was dlow rate of0.2 m/sat the sample surfacA.miniature Ag/AgCl electrode
(eDAQ, model HO73)was used as the reference and a platinum plate suspended by a
platinum wire was used as the coun&ectrode The same cyclic voltammetry
experiment was performed #% experiment witlthe aluminumwire sampls. The
image of the sample surface wasorded during each of these experimethiis same
imaging set up was used as the one described in sé&8dn As well, in another
experiment light was shone on the CCD camera and theWlas/subsequenttyrned
on and off. During this a video waaken, the flashing light allowed the determination

of when the flow was turned off and on.

3.4 Results

3.4.1 ElectrochemicdResults

The results for the electrochemical data are tabulated in3adbl&here was a
significant differene (t-test with 895% confidence intervabetween thé& pm Al 5052
sampleswith the pump turned on and offhe samples tested when the pump was
turned on had a more positive breakdown potential. There was no significant difference
between thé\l 1100 wires tested with a@without electrolyte flow. It is important to

keep in mind that the temperature was increased by approximately 15 °C when the flow
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rate was turned orthe corrosion potentiakas significantly lower forthe 1 um Al

5052 samples in comparison to the Al 11fes.A plot of typical cyclic voltammetry
experiments for the Al 5052 and Al 118@mples are shown in figur8% and3.7.

When comparing the current density between each sample the samples tested with
electrolyte flow appear to have a higher currermdrgo breakdown. This was observed
across both the Al 5052 and Al 1100 samples. Other than this fact the shape of the

curveswasvery similar between both trexperiments with the flow on and off

Table3.1: The summary of the data for the flow expemnidhe flow rate, breakdown
potential, repassivation potential and the corrosion potential is liBbede potentials
are reported against the RCE reference electrode.

Material ~ Flow Rate Eb (mV) Ep (mV) Ecorr (mV) No. Samples

(m/s)
Al 5052, 1um‘ 0.2 -635(12) -716(8) -700(34) 9
Al 5052, 1um‘ 0.0 -727(8) -689(10)  -750(10) 6
Al 1100, wire (35°C)‘ 8.4 -735(5) -765(4) -944(24) 8
Al 1100, Wire‘ 0 -730(5) -761(5) -993(27) 7
-550
0 m's
0.2 m/s
—600/|
S —650
2 —700}
—750}
—800 ' ‘ '
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Figure3.6: A cyclic voltammetry plobf two 1 um Al 5052 samplasnder the no flow
and 0.2 m/s conditions
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Figure3.7: A cyclic voltammetry plobf two 1 um Al1100samples under the no flow
and8.4 m/s conditions

3.4.2 ImagingResults

To further test the effects of the flow rate on corrosiontwmeed the pump on
and off while a video was takethis was conducted at the open circuit potentiaé
results from onérial of a 1 umAI 5052 samplés shownin figure3.8. Prior to corrosion
testing, the potentiavasallowed tostabilize for thirty minutes during which corrosion
did occur albeitvery slowly, on the sample. This is the origin of the corrosion that
seen at the beginning of the experiment. When the pump was turned off hydrogen
bubbles formed very quickly on tesample surface. The size and number of the bubbles
grew the longer the pump was turned off. But, when the pump was turned on all bubbles
were either dislodged from the surface or shrunk until they could not be resolved by

the video. No more corrosion westected on the sample surface while the flow was
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turned on.When thepump was turned back on again the bubbles slowly started to

reappear and to grow in size indicating a resumption of corrosion.

200 pum

L

|

Figure3.8: Images of a 1 um Al 5052 sample taken atedént times with the pump

on and off. The top images show the sample surface when the pump is on and then 3
seconds later turned on. Similarly, the middle and bottom pictures show the sample
with the pump on and off araff and then on respectivelyhe stamps time are given

in units of minutes:seconds.

Unlike nitinol, aluminum readily corrodes at the open circuit poteimtial0.9%
NacCl solution Corrosion did not originate at the epemetal interfacendicating the
corrosion in the videos wa®ndue to crevice corrosipprecursorsites of orrosion

are shown in figur@.8. Images taken during corrosion triage shown in figure8.9,
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3.10, 3.11, and3.12. Figure 3.9 shows corrosion when the pump is turoed The
bubbles on the surface remain small unlike when the pump i€affosion initiates
simultaneously in two separate regions and spreads relatively radially out from there,
the initial site to the right initiated near but not at the lacquer interfdeey similar
features can be seen in figulB40 where the pump was also activated. We observed
no preferential corrosion in the direction of the flawhich wastowardsthe right, in

any of these samples. The pump was shut off for the trial shown nmedigd2. The

bubble formation is more rapid in this case and the bubbles grow to a larger diameter.

Aluminum corrosion propagates by thin lines of corrosion that braficdreas
already corroding. Further branches break off from the branch propagating away from
the initial region this can be clearly seen in figuB11l A similar branching
propagation method can be seen in figid8sand3.12 when look at the furthest ezlg
of the corrosion frontsCorrosion eventually fills in the area around the heanches.
While corrosion propaaes with these thin branches the overall propagation extends
out relatively radially from the initiation siteshis can be seen in figu@9. The
presence of moving electrolyte does atier the corrosion mechanism. Instead the
only significant differencebservedvasa larger rate of hydrogen bubble formation
and the larger size of the bubblgken the pump was shut dowFhe larger rate of
bubble formation indicates a higher corrosiomrabwer breakdown potentials under
still conditions further supports this claim. moving electrolytewill impede the
formation of larger hydrogen bubbjekisshould explain the absence of large bubbles

when flow is inactivated.
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Figure3.9 Images othe corrosion of a 1m Al 5052samplewith flow activated.The
stamps time argiven in units ofminutes:seconds
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Figure3.10Images of the corrosion of a Al 5052samplewith flow activated.The
arrow indicates the original location of corrosion propagafidre stamps time are
given in units oiminutes:seconds
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Figure3.11 Images of the corrosion of apim Al 5052 sample with flowactivated.
This sample is the same as the one shown in figdfe The arrows indicate the next
stage in corrosion propagatiorhe stamps time aggven in units oiminutes:seconds
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Figure3.12 Images of the corrosion of a 1 um Al 5052mple with flondisactivated
The stamps time aiggven in units oiminutes:seconds

3.5 Discussion
3.5.1 Corrosion of Aluminum

Differential concentrations of oxygen give rise to localized corrogioa
constrained spaaoshere oxygen is consumed and cannot be replenisise@nough
As well, a limited supply of oxygen inhibits the repassivation of the oxide layer in a

corrosion pit. Electrolyte movement will augment oxygen diffusion into crevices and
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pits thereby makinghose corrosion hotspotsss anodic and allowepassivation.
Furthermore, the flow of electrolytill tend to make conditions more uniform on the
surface of the material. Corrosion pits and crevices have an aggressive internal
electrolyteand thereforeléw will increase diffusion out of the pit and dilute the
internal electrolyte reducing the current density inside of the corrosiorhstallows

easier repassivation of corrosion hotspotsese velocity dependent effects can all lead

to a reduction ithe severity of corrosiof85]. At higher flow velocities turbulence can
promote noruniform conditions such as differential chlorine and oxygen
concentrations on the sample surface. In simulations by @tgarthey looked at the
effect of stirring on the distribution of corrosion pits. The simulation predicted that the

corrosion pits are distributed close together in the region of highest turb{88hce

Interestingly the Al 5052 lptes and Al 1100 wires both had the same
breakdown potential in the stagnant case. You would expect Al 1100 to have a larger
breakdown potential since it is generally held to be more corrosion resistant. But, since
Al 1100 wires and Al 5052 plates hadfdient surface finisheso conclusiongan be
taken fromthe indistinguishable breakdown potentidh the case of Al 5052 plates
there was a significant increase in the breakdown pateviten the pump was turned
on, while in the case of thal 1100 wiresthere waso significant differace when the
pump was turned on.UB the pump increased the temperature of the electrolyte from
room temperature t85°C. A lower breakdown potenti#s correlatedvith apoorlong-
term corrosion resistance. Therefore, Al 5052 kept in a stagnant solution will
experience more severe corrosion than a sample in a slowly moving solution. This
finding is consistent with theesearch done by Copsf8b] and by Wight and Godard
[86]. These researchers found that the density and depth of corrosion pits decreased

when the samples were held in a moving solution of electroljfteseexperimental
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resultshave been augmented bur ownresults where the breakdown potential was
found to depend on the flow rafEhe temperature increase due to the pump obscures
the effect of the faster flow rate on the corrosion of Al 1200increasing temperature
decreases the breakdown potdnbiapassive metals; corrosion is more severe when
exposed to higher temperatuf8$. If only the temperature were increased we would
expect he breakdown potential to decreaBee effect of the flow rate must have been

to increase the breakdown potential to counteract the effect of the decreasing
temperatureWe cannot say quantitively what the effect of the faster flow rate is but
gualitatively itmustbe reducing the severity aforrosionrelative to still conditions

This seems to contradithe results of both Schef#4] and Gehrind87]; they found

that thecorrosion rate increases with the flow ratest it is important to note that we

did not directly measure the corrosion rdmet insteadmeasured the breakdown
potential as a stand in. Gehring did not measure the corrosion rate for stagnant samples.
We are comparing the stagnant to the-stagnant case while Gehring is comparing
between different velocities. It is unclear from our results if the 8.4 m/s case is more
severethanthe 0.2m/scake. t est Gehr i ng’ s useaumhumns we
samples with the same surface finish and expose them to increasing flow r@ates at
constanttemperature. We can currently say that relative to the stagnant case salt water
flowing with a velocity upto 8.4 m/s will decrease the severity of corrosion in

aluminum

3.5.2 Imaginghe Corrosion oAluminum

The video resultsorroboratehefindings that aluminum in stagnant salt water

suffersfrom more severe corrosion compared to flowing waténen the pumpvas
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shut off hydrogen bubbleapidly start forming on the surface of the samplgdrogen

gas forns due to corrosion ang presentwhenevercorrosion is ongoing. Similarly,
when the pump is turned on the bubbles immediately decrease in size and digappear.
reduction in the numbeaf hydrogen bubbles should be an indicator of a reduction in
the severity of corrosion. You could argue that thiterenceis due dislodgment of

the bubbles from the sample surface #ad inhibiting bubbleaggregationBut, the
increased breakdown potaitcorresponds to a reduced severity of corrosibithis

corroboratedvith the production of fewer hydrogen bubbles.

The corrosion of aluminum is substantially different from both the corrosion of
nitinol and stainless steel. As described in chapter 1, nitinol corrosion propagates via
small corrosion pits that follow in front of a larger corrosion front. Stainless ateel
the other hand, doewmtillustrate corrosion via a large front. Instead, single pits form
acrosghe surface. While pits will be preferentially distributed axbthre initial site of
corrosionthey do not form a continuous, nitinol, or serontinuous,aluminum,
corrosion fron{63]. The corrosion of our Al 5052 plates clearly does not have the same
corrosionmechanisnmas Al 2024[80]. We do not see any single pits dispersed across
the sample forrmg around inclusions. Instead the corrosion we captured closely
resembleghe channel corrosion found by Donattsal. for Al 5086 [80]. This is
unsurprising since we are testing a very amdlloy of aluminum, Al 5052Donatus
et al. performedpotentiodynamicestsin still solutionsto corrode theiAl samples but
they did not providehe potentialrangeat which the testvas conducted Different
sweep rate and potential rangewould account for the much greater degree of
corrosion found on our samgleDuring corrosionaggressive electrolytediffuses
away fromthe corroding regionsBut, when flow is applied the electrolyte will not

uniformly diffuse around the pit. Wbelievel because of thithere would have been
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preferential corrosion along the direction of flow. Bhgre was no differencéhat we
could optically resolvein the direction of corrosion propagation between the samples
tested in the still and flowing solutis. The difference may be to small to be resolved
with our microscope in this cask both cases, corrosion expanded out relatively
radially from the sites of corrosion initiatiomhis may be due to the relatively low
flow velocity; but, we did registesignificantdifferences in the breakdown potential
even with a low velocitylt could be that after passing the breakdown potential the
critical current density can be reached in region surrounding the corrosion initiation

site even with a less aggressamalyte, due to diffusion facilitated by flow.

This phenomenorshould be investigated further using potentiostédts,
instead of potentiodynamicso meaningful corrosion propagation speeds can be
calculatedn the direction with and against the flods well, it would be interestingp
test if at higher flow velocities corrosion propaggiesferentially, in oneglirection in
Al 5083 samples. If there are indeed changes ipriferreddirection of propagatian
then the experiment could be expandedntlude other atlys such ashe Al series
2XXX where pitting corrosion usually dominaisthe main mode of corrosiorhis
could provide more information on the evolution of corrosion under flow like
conditions that Al 5XXX seriesf alloys operate inAnother interesting future project
could be to scan a similar sized surface of an aluminum alloy with energy dispersive
x-ray spectroscopy (EDS) to create an elemental map of the surface before and after
corrosion. Combined with surface imagijygpu coutl determine what role inclusions

playin the propagation of corrosion away from the initial sites.
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3.6 Conclusion

We have found thatorrosion is more severe in stagnant solutiand is
reduced when 8.2 m/s flowis turned onWhen a much larger flow rate, 8.4 mis,
activated we found that corrosion did not become more severe relative to the stagnant
case.Our findings are consistent with the results of both Cop86hand by Wight
and Godard86]. But, our study was the firatithin our knowledge thaleterminedhe
effects oftheflow rate on the breakdown potenti@hese results werroboratd by
our videos of the surface when the pump was turned on anéiydiogen bubbles
which are indicative of corrosiancrease rapidlyn number wheithe pump is shut off
and decreasrapidly when it is turned offror the time whercathodic potentiafails
aluminum parts should not be kaptsolutions of stagnant watenébe designetb
reduce regionsvherethe solution would remain stagnaiwe foundthe mechanism
for Al 5083 corrosion isnot via pitting corrosion buinsteadthrough channelling

corrosion
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Chapterd: Conclusion

In chapter 2, we found that A8tinol wires has worse corrosion resistance in
comparison to G600 wires. AS+E2 and G600+WT wires were found to have a very
high breakdown potential in comparison to the AS+WT wires which corroded at the
same potential as the AS wirdhe AS+HO: wireswere found to perform the best in

the mass loss tests but also had a relatively high surface nickel concentration.

In chapter 3we found thathecorrosionof aluminumis more severe in stagnant
solutions compared to solutions with electrolyte fl&nomthis study we recommend
thataluminum parts are designed to minimize regions where stagnant solutions may be
found. We did not find that the corrosion mechanism changes when the flow is shut on

and off but this warrants further investigation with lardewfrates.
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