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ABSTRACT

Alloys that oxidize easily such as those containing titanium or chromium present a
challenge to electropolishing because the polarization that dissolves the metal spe-
cies produces positive ions, these oxidize and form stable surface layers of metallic
oxides that prevent further dissolution. This is usually overcome with the use of
acid solutions that dissolve the metallic oxide. This thesis aims to shift the primary
control of the electropolishing e�ect from electrolyte variables to a combination of
potential variation and hydrodynamic interference. Traditionally this is achieved
with one continuous mass removal process that operates after a steady state of dis-
solution is established, generally requiring hydro�uoric or phosphoric acid to achieve
titanium dioxide breakdown. The resulting concentration gradient is heavily a�ected
by electrolyte variables such as viscosity and electrical resistance, while the electrical
polarization is constrained by the metallic oxide reaction rate which creates a com-
plex net of interdependent variables that can be di�cult to tune. A rapidly changing
electric �eld was applied to modulate the alloying element dissolution rates. In tan-
dem with the electropolishing development, stages prior to the electropolishing step
were selectively removed to simplify the process.

Utilizing a three electrode system and an external potentiostat controller to per-
mit greater �exibility, a variety of alternating current pulsatile waveforms were in-
vestigated and the resulting e�ect on surface topology was observed using SEM and
AFM microscopes. Di�erential pulse voltammogram yielded a feedback parameter
on surface composition, and various pulse parameters were adjusted to optimize for
surface smoothness, and identify the primary control variable.

An electropolishing method is presented which achieves a :50% reduction in the
Sa surface roughness value to an area average of 45 nm on a laser cut tubular stent
geometry. It is shown that this method can be adapted to eliminate the need for
chemical etching or mechanical polishing prior to electropolishing. The resulting
polished surface displays corrosion resistance equivalent or better than other electro-
polished Nitinol surfaces from literature with a breakdown potential >1V vs SCE,
and a similarly high repassivation potential.

Balancing the charge in the anodic and cathodic pulses was the key to minimizing
the resulting surface roughness, and eliminating micropits. Nitinol is a nearly binary
alloy of NiTi and a charge transfer ratio of 1 yielded the smoothest surfaces at current
densities around :1 A/cm2. The initial surface condition was found to be irrelevant
to electropolishing control with respect to oxide composition, provided enough mass
was removed to fully dissolve the initial layers of mixed composition.
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Chapter 1

Literature Review

1.1 Introduction

1.1.1 Project Rationale

The three commonly used medical implant materials based on titanium, and chrome
alloys share a common feature in their processing requirements. Especially when
used to create permanent implants, materials such as Nitinol, Cobalt-chromium and
Stainless Steel must be exposed to some form of surface treatment that removes
the toxic elements in the alloys from the surface layer. In addition, when used for
vascular implants, it is usually desirable to create an extremely smooth surface that
will not form nucleation points for cells to gather and create anomalous growth
or accretion patterns. It is known that cyclic polarization between positive and
negative potentials at high currents can yield an electropolishing e�ect. This was
developed to deal with alloys and metals composed of components that have discrete
non overlapping potential-pH regions in which their oxidized (passivated) species
are stable. Generally such highly passivating materials have stable oxidized species
at positive potentials in aqueous systems, thus it is di�cult to maintain anodic
dissolution.

Strait Access Technologies (SAT) is currently making use of Nitinol and Cobalt
chromium in the above applications and requires an electropolishing solution to sup-
port medical device development and eventually mass market manufacture. Nitinol
electropolishing was chosen for further development because of its demanding pro-
cessing requirements which could potentially be eliminated by electropolishing.

1.1.2 Background on Nitinol

Developed in the 1960's, Nitinol was initially valuable for its high elasticity and hard-
ness, which made it useful for engineering applications such as earthquake dampen-
ers.[1] In recent decades it has become useful in biomedical applications due to ad-
vances in processing technology which permit it to be manufactured in increasingly
complex and small geometries[2]. A signi�cant hurdle to utilizing Nitinol as an im-
plant material is the nickel content. Nickel cannot be allowed to enter the body in
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signi�cant quantities, and so the Nitinol surface must be made free of nickel and res-
istance to corrosion in its intended environment[3]. Nitinol stents are used to treat
a variety of complications in tubular structures and organs, from the gastric to the
coronary system. This variety of physiological conditions requires surface treatments
which can withstand corrosion in this wide range of environments and even promote
a favourable cellular response. Surface treatments and coatings can be di�cult to
apply to irregular or dissimilar surface compositions. Thus, chemical etching or elec-
tropolishing is usually required prior to further surface modi�cations, if not the �nal
processing stage[4][5][6].

1.2 Overview of Surface Treatments

Hassel provides a handy diagram (1.1) outlining the various surface treatment options
that have been applied to Nitinol (NiTi).

Figure 1.1: NiTi Surface Treatment Options [7]

The primary technique is considered removal, which covers grinding, etching and
electropolishing. Grinding NiTi has some challenges due to the super-elastic nature
of the alloy which leads to local deformation under mechanical loads damping the
grinding result depending on the part geometry. Mechanical deformation of the crys-
talline structure in the surface layer can carry over into the polishing and coating
processes (although this can be mitigated somewhat by the application of extremely
�ne polishing slurries). Thus, mechanical polishing must be used with caution on
Nitinol.[7] An alternative to grinding is chemical etching which can be achieved
with acid or alkaline solutions. The etchant must have its pH tuned to the metal
being etched by referring to the relevant Pourbaix diagrams that outline the mater-
ial's electrochemical stability versus pH for its various redox states[8]. The etching
process is strongly in�uenced by metallurgic properties such as grain structure and
crystallographic phase of Nitinol, which can result in anisotropic etching along grain
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boundaries.[7]
Electropolishing is based on the principle of creating a dense metallic ion con-

centration gradient in the immediate vicinity of the metal surface that tapers o�
into the bulk solution. Asperities protrude through the concentration gradient into
areas of lower concentration and are thus preferentially removed. Polarizing the
system pushes the reaction towards the ionic side of equation 1.1 resulting in con-
tinuous dissolution of the metal surface. When the charge density is high enough, the
concentration gradient forms a saturated layer directly on the surface of the anode
several micrometers thick. Once again, in the special case of shape memory alloys
like Nitinol, the phase of the crystal lattice must be taken into consideration. In the
martensitic phase surface patterns will form during electropolishing.

M →M+n + ne− (1.1)

Passivation of Nitinol surfaces is critical for medical applications to prevent nickel
release and enhance corrosion resistance. The primary method is the formation of a
titanium oxide layer on the surface. This layer can be formed in several ways, but
the most e�ective method includes a preliminary step of selective nickel dissolution
prior to titanium oxide formation to ensure a low nickel content in the passivation
�lm.[7]

A calcium phosphate coating can be applied to increase the adsorbance of human
cells. This e�ect is dependant on high porosity of the crystalline structure of the cal-
cium phosphate. Saturation of the coating solution is necessary to ensure continuous
nucleation. Choi et al. [9] report on a supersaturated solution of 1.8 mM K+ , 3.0
mM Ca2+, 1.8 mM H2PO4

-, 6.0 mM NO3
- which achieved a 10µm coating after 24h

at 20 °C.[9]
Electrochemical etching is one of the most suitable methods for micro-machining

shape memory alloys. It is a very important technique for the manufacture of mi-
cro actuators.[10] Electrochemical etching for the formation of Nitinol stents has a
massive advantage over conventional laser-based process �ows because it incorporates
several manufacturing steps into one. It can be considered electropolishing tuned to
obtain a high material removal rate. Inman et al. demonstrated the e�ectiveness
of pulse reverse waveforms for the electrochemical etching of Nitinol coupons with
a pattern intended to simulate a stent that had 50-100 µm strut widths with slots
38-400 µm between them. Their target for a �feasible� process was an etching rate
of 25 µm/min. Their application of pulse reverse process control allows them to use
an aqueous electrolyte of 30 wt% sulfuric acid.[11] Mineta et al. were able to suc-
cessfully manufacture Nitinol actuators from sheets and small diameter tubes with
60 µm struts spaced 20 µm apart in a wiggly pattern on a 30 µm thick substrate.
They tested a variety of unconventional electrolytes utilizing conventional DC pro-
cess control. Due to their need to limit the etching rate because of the low thickness
and strut widths, their most successful solution was 1.0 mol/l LiCl in ethanol. How-
ever, they obtained etch rates of 10 µm/min when the ethanol was substituted for
methanol. It was noted that lower LiCl concentration of 0.1mol/l in ethanol resulted
in a rougher surface post etching as well as lower etch rates. One of the issues faced
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in etching through a material to form micro actuators is the change that occurs as
the etching breaks through in some areas and becomes severely non uniform due
to the altered current density distribution. To combat this, Mineta et al. applied
a backing layer of copper to the Nitinol by plating the inside of the tube and the
back of a sheet. This was e�ective due to the lower etching rate of Cu which was
easily removed in concentrated nitric acid post-process without damaging the SMA
actuator. In 1.0 mol/l H2SO4 in methanol, etching rates of 16 µm/min could be
depressed to 2.7 µm/min by switching to ethanol.[10]

Some chemical solutions reviewed in other literature are summarized in Appendix
A.

1.3 The Nitinol Alloy

There are three common fabrication methods for Nitinol: vacuum induction melting,
vacuum arc melting and electron beam melting. After ingot production by one of
these three methods, the material is further processed by conventional methods into
tubes, plates, rods, wires, etc. Often, laser based processing is used to convert these
basic forms into more complex geometries with high precision. Alternatively, Nitinol
can be sintered from a powder in furnace or with a laser in a 3D printer. Although,
applying one of the three methods above and then converting the ingot into a powder
produces a more homogeneous result than starting with Ni and Ti powders[12, 13].
The mechanical behaviour and chemical properties of a Nitinol part are dependant
on the crystallographic and granular structure. Thus, the behaviour of the �nal part
is dependant on the entire processing history.[14]

1.3.1 Titanium Dioxide Passive Layers

Titanium dioxide exhibits extreme polymorphism. There are four commonly found
crystal structures which exhibit di�erent band gap energies. This is important to
note in electropolishing as it directly a�ects the charge transfer. The presence of
impurities and multi-phase crystals makes it impossible to use standard values for
this band gap. However, studies have produced accurate Raman Spectra and X-ray
di�raction spectra. Monai [15] report a consensus on the band gap values of rutile
(3.02eV) and anatase (3.2eV) TiO2 [15]. Thus, it may be possible to determine the
dominant polymorph in the TiO2 surface layer of Nitinol. If this can be controlled
by electrical parameters it may yield an avenue to modify the passivity of the surface
during electropolishing.

Titanium alloys form titanium oxide surface layers that can be catalysed by an-
nealing at temperatures above 300 °C. Zhu et al. studied the oxide layer thickness,
composition and response to a cyclic potential scan, after various exposure times
to di�erent temperatures. They used Focused Ion Beam microscopy (FIB) to look
at a cross section of heat treated Nitinol wire, which provided enough contrast to
visually identify the di�erent species of titanium oxides and nickel alloys. A layered
microstructure of TiO2 and NixTi was found to form after longer heat treatments.
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In Figure 1.2, referring to other publications, Zhu et al. were able to identify the
composition of the nickel alloys as layers of Ni3Ti and Ni4Ti, while identifying re-
gions of pure nickel as white areas using backscattered electron imaging. Black spots
in the TiO2 layers were labelled as voids which were �lled with nickel at greater
depths below the surface layer.[16] Unfortunately, only general conclusions can be
drawn from this work because there is no reference to the raw material phase trans-
ition temperatures, and Nitinol is known to exhibit drastically di�erent behaviour
depending on its crystal format. The lamellar structure of the alternating TiO2 and
Ni3Ti alloys is noted, as it may lead to short-duration electrodynamic observations
of the initial potentiostat scans on the surface layers that do not hold for further
�bulk� material redox reactions.

(a)

(b)

Figure 1.2: (a) Focused ion beam microscope image of NiTi at 100,000x magni�cation
after heat treatment at 700 °C for 10 minutes (b) BEI image of Nitinol wire cross
section after electropolishing and heat treatment at 1000 °C for 300 minutes [16]

Jerkiewicz [17]discovered that the titanium oxide layer formed at the surface of
a titanium electrode could be reversibly modi�ed. A sine wave alternating current
operating at a frequency of 60 Hz and voltages between 0-80 Vac was able to adjust
the colour of the titanium oxide layer. The colour is a result of optical absorption
and re�ection that is dependent on the layer thickness. The reversibility of this phe-
nomenon was attributed to the presence of �uorine ions in the NH4BF4 solution (7.5
wt%). According to these authors literature review, �uorine ions are instrumental
in controlling the titanium dioxide dissolution rate.
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1.3.2 Solid-Solid Phase Transition

The solid-solid phase transition shown in �gure 1.3 that occurs during heating or
cooling of Nitinol can be analysed using Di�erential Scanning Calorimetry (DSC).
Nitinol displays two distinct cubic and monoclinic solid crystal phases with drastic-
ally di�erent physical properties. The transition displays hysteresis and is independ-
ent of temperature change rate. The hysteresis (which usually falls between 25-50
°C) can be used to determine the nickel and titanium percentages in the material.
A third rhombohedral phase can also be found when it is exposed to thermal stress
through thermal cycling. The rhombohedral or �R� phase is only stable during cool-
ing, and manifests as a distinct dip in the peak of the heat �ow DSC graph during
the transition from cubic to monoclinic phases. [18]

The di�erent lattice microstructures will lead to surface patterns during anodic
stripping applied while electropolishing. Therefore, the selection of temperature is
critical and the thermal history is of paramount importance in this selection. If
thermal processing is applied, one must take care to account for the large hysteresis
value to ensure a complete phase transition occurs.

The temperature dependence of the Nitinol's phase is interwoven with its de-
pendence on strain, and due to the large hysteresis, the transition zones actually
represent an area after which one of the three phases is eliminated. Until the hyster-
esis has been overcome and the phase transition is complete, the alloy will present a
combination of its three polymorphs (austenite, martensite and rhombic).

Feeney [19] reported that large errors in transition temperature measurements
by DSC are a result of residual stresses from processing. Annealing the material can
allow DSC to provide accurate measurements.[19]

AFM

Figure 1.3: Nitinol Solid-Solid Phase transition (without R phase) [18]

6



1.3.3 Alternative Surfaces Topologies

Reduction in surface roughness is not the only objective of electropolishing. De-
pending on the process parameters, a variety of e�ects can be observed a�ecting the
surface �nish. The main body of literature on electropolishing is concerned with the
mitigation of these e�ects to gain the smoothest possible surface free from defects
and thoroughly passivated for corrosion resistance. Apolinario et al.[20] have found
the �waviness� pro�le produced by speci�c polishing parameters a useful pre treat-
ment for the formation of titanium dioxide nano tubules (NTs). The theory here
is that the peaks of the polished sample provide initiation points for the formation
of TiO2 NTs, thus controlling the peak spacing. Uniformity and root mean square
roughness average (Rq) value has signi�cant e�ect on the resultant NTs formed after
anodization.

It was found that speci�c parameters used to polish high purity titanium foils
yielded a particularly uniform surface pro�le that did not correspond to the lowest
surface roughness of the samples tested. Apolinario et al. observed that a greater
reduction in surface roughness required higher EP voltage which resulted in a higher
incidence of surface defects. These create focal points in the electric �eld when
depositing NTs. Optimizing for the spacial period (SP) of the peaks and valleys on
the surface yielded the best SP for the nucleation of NTs.[20]

While this may not be of immediate interest for the polishing of medical stents, it
is worth noting that the surface reaction is not purely dependent on absolute surface
roughness and passivity. Depending on the local environment of the polished sample,
the spacial period of the surface pro�le may be of interest.

Huan et al. discovered a way to generate numerous uniform micropits across the
surface of Nitinol, shown in the SEM images in Figure 1.4. The objective in this case
was to create a hybrid structure of micropits �lled with nanotubes that could poten-
tially enhance the osseointegration abilities of Nitinol bone implants. The method
used to generate the micropits was electrochemical etching (EE) in a solution of 65%
nitric acid in methanol. SEM and surface roughness analysis showed an increase in
average surface roughness (Ra) values with increasing etching time. The diameter of
the pits rises to approach 1 µm after 30 minutes of EE. The resulting microstrucure
has a uniform porous appearance. This initial etching result is poorly attached to
the substrate with black material coming o� in ultrasonic cleaning. Exposure to a
solution of 20% nitric acid at 80 °C for 20 minutes removed the residual material to
expose the underlying micropits. Etching titanium in this way to increase surface
roughness, and consequent bio-actitivity of implants, is common practice. However,
the technique is seldom applied to Nitinol, most likely due to the di�culty con-
trolling nickel distribution in the surface with the high dissolution potential of nickel
in this process. In this study, the uniform micropits were subsequently anodized in
a solution containing �uoride ions to form nanotubes in the depths of the micropits.
Huan et al. found that the applied voltage reached an equilibrium potential between
electrochemical formation of titanium and the chemical dissolution of nickel at 30V.
At higher applied potentials the nanotubes were less dense. At lower applied poten-
tials, chemical dissolution dominated the titanium ion movement and nanotubes did
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not form while the edges and peaks of the micropits were more strongly attacked,
resulting in cracks forming from those areas under stress.[21]

Figure 1.4: NiTi surface after electrochemical etching and nitric acid passivation
with 65% HNO3: methanol electrolyte with a volume ratio of 33:67. and 20% HNO3
acid at 80 °C for 20 min. [21]

1.3.4 Bioactivity of Nitinol

While the objective of polishing processes is usually increasing smoothness, several
studies have shown links between surface microstructures, and cell proliferation and
spread. Nitinol samples mechanically polished at room temperature (in the austenitic
phase), which are subsequently electropolished in their martensitic phase develop a
stepped surface pro�le shown in the SEM image in �gure 1.6. This is attributed to
the uniformity of shifting in crystalline planes within the alloy. The proliferation and
adhesion of endothelial cells to grooved microstructures is reviewed by Shabalovskaya
et al. Reportedly, the grooved microstructures can enhance migration of endothelial
cells by up to 64.6% when compared to smooth control surfaces. The grooves cause
the cells to elongate and align with the grooves. However, the growth rate of the
cells was not investigated in this study[3].
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Figure 1.5: Surface microstructures
tested by Lutter et al for endothelial
cell adhesion and growth [22]

Figure 1.6: NiTi Sample electropol-
ished in the martensite phase, carbide
and oxide inclusions are visible [3]

Lutter et al. [22] performed a study of the e�ects of various microstructures on
metallic surfaces. It was found that a pattern of 5x5 µm pillows spaced 5 µm apart
and 1 µm high showed signi�cantly higher endothelialization than the other two
patterns tested and more than double the cell attachment and spread compared to
that of smooth surfaces. The resulting platelet adhesion varied depending on static
or �ow conditions. Most notably, the platelet adhesion to the �peaks� microstruc-
ture shown in Figure 1.5 was higher than the others in static conditions but the
lowest under �ow conditions. The conclusion is that surface microstructures have
the potential to increase the rate of endothelial cell attachment and growth. With
the objective of reducing thrombogenicity to decrease the time after vascular stent
implantation until the patients can be taken o� dual-antiplatelet therapy[22]. The
micro-strucures tested are pictured in �gure 1.5.

1.4 Theory of Electropolishing

1.4.1 Fick's Law

The behaviour of particles that is commonly observed when a concentration gradient
is present was �rst quanti�ed by Adolf Fick in 1856 while working on problems in
biophysics. He developed two simple laws by analogy with the �ow of heat.[23]

V̇ =
∆PAD

x
(1.2)
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Where V̇ is the rate the particles di�use, ∆P is the pressure di�erence or the
concentration di�erence at the source and the destination, A is the surface area, D
is the di�usion constant, and x is the distance from the source. [24]

Rearranging this equation yields an expression for di�usion �ux known as Fick's
�rst law:

J (x) = D
∂C (x)

∂ (x)
(1.3)

Here J(x) represents the �ux of electroactive species in mol s-1cm-2 at the distance
x, the fraction ∂C(x)/∂(x) is analogous to ∆P/x in equation 1.2 and it represents the
concentration gradient at distance x, C (x) is concentration at x.[25]

Fick's laws in simple English:

1. �The molar �ux due to the di�usion is proportional to the concentration gradi-
ent�.

2. �The rate of change of concentration at a point in space is proportional to the
second derivative of concentration with space�.[26]

These principles governing di�usion indicate the relationship between concentration
gradient and mass transport by di�usion, with respect to the distance from the
source of the di�using particles. The general principle holds true for a remarkably
large portion of observable particle interactions. Although, reality imposes a variety
of additional factors on the di�usion that makes these formulae of limited use for
practical applications. However, non-Fickian di�usion interactions appear when the
di�using particle's density is a�ected during di�usion by external factors.

1.4.2 Electric Double Layer

When an electrode in ionic solution is polarized, a layer of ions with opposite charge
forms at its surface . These ions balance the charge of the electrode, and their density
tapers o� into the bulk solution. Helmholtz's original theory, which pertained only
to the layers of ions closest to the electrode surface, describes that, on a positively
charged plate, a layer of negatively charged ions would form at the surface. A second
layer of positively charged ions would form beyond that to counteract the charge of
the �rst layer of ions. The distance between the planes illustrated in Figure 1.7 as
the inner and outer Helmholtz planes is in the order of a few tenths of a nanometer,
while the electric �eld acting over this space is very high, in the range of 107V/cm-1 .
[27] This e�ectively acts as the dielectric seperator found in conventional capacitors,
forming a parallel plate capacitor made up of the electrode surface and charged
particles in the electrolyte.[28] Helmholtz's model is an ideal model that considers
the ion layers as static charges forming tightly packed layers. Several modi�cations
have been proposed to more accurately describe reality.

The Gouy-Chapman-Stern theory, shown in Figure 1.7 separates the ionic inter-
face between electric phases into a compact layer (which is approximately equivalent
to the Helmholtz layers) and di�use layer. In the compact layer, the electric potential
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is a linear function of distance from the electrode, and in the di�use layer potential
change is exponential. The di�usion layer is orders of magnitude thicker than the
di�use layer and tapers o� into the bulk solution, where the concentration of electro-
active species at a distance is related to their di�usion coe�cients. When varying the
applied signal in electrochemistry, the di�use layer forms concentration waves that
propagate outward into the solution through the di�usion layer.[25] Stern joined the
Helmholtz and Gouy-Chapman models into two regions of electric potential gradi-
ent. The Helmholtz (or compact layer) over which the potential drops linearly, and
the di�use layer, which consists of an exponential drop in potential with respect to
distance from the electrode.[27]

The Fermi energy is the maximum energy level of any electron in a material
at absolute zero. The Pauli exclusion principle means that no two electrons in
an atom can occupy identical energy states, and they subsequently pack into the
lowest available energy states. Therefore, all electrons in a solid are below a Fermi
level with a statistically governed number of exceptions at temperatures above 0°K.
Electrons that are in energy states below the Fermi level cannot take part in electrical
conduction, because they cannot raise their energy levels due to the �lling of all
energy bands above them. Thus, their interactions are limited to the creation of
ripples on the surface of the �Fermi sea�.[29]An electrochemical reaction can be driven
to favour reduction or oxidation by applying a voltage which represents the energy
required to move a certain number of electrons. The application of a voltage or
�electrochemical pressure� raises the Fermi energy by moving electrons from the
valence band into the conduction band. The valence electrons are those which act to
bind the atoms in a metallic lattice together thus raising their energy and removing
them from the electrode favours oxidation of the metal releasing positively charged
metallic ions.[25]
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Figure 1.7: Ionic layers at electrode interface [25]

12



1.4.3 Surface Dissolution Simulation

Tailor [30] performed a numerical study modelling the formation of passive layers
around a metallic anode during the electropolishing process, with the objective of
revealing the e�ect of mass and momentum transport on the formation of the pass-
ive layer. The variables considered are electrolyte inlet �ow velocity, co-e�cient of
di�usion of an electrolyte, the electrode spacing, and the initial surface roughness of
the anode. Temperature is considered constant. Their study utilizes 2 dimensional
electrodes 60mm×1mm inside a 150mm ×150mm electrolyte enclosure. This is not
a practical system in reality, due to the anode and cathode being the same size.
However, the authors neglected hydrogen bubble evolution and the e�ect of electron
charge transfer limits, which minimizes the impact of an undersized cathode. A
laminar �ow of electrolyte is considered and combined with a convection-di�usion
model. The primary and secondary processes being modeled here are represented
by:

M →Mn+ + ne− (1.4)

nH2O + ne− → n

2
H2 + nOH− (1.5)

M+n + nOH− →M (OH)n (1.6)

M + nH2O →M(OH)n +
n

2
H2 (1.7)

Equation 1.4 represents the anode surface metal dissolution, 1.5 is the tool surface
(cathode), 1.6 is metal hydroxide di�usion from the work piece surface into the bulk
electrolyte, 1.7 is the net process reaction. M represents the the metal and n is the
valency of the metal.

The target of the variable manipulation is the speedy formation of a uniform pass-
ive layer, which can be said to promote polishing due to the preferential dissolution
of peaks mechanism. The study concludes that electrolyte �ow, di�usion coe�cients
and electrode spacing are the primary variables that a�ect the formation time of a
stable passive layer. The time to obtain the passive layer was found to increase with
short electrode spacing, but stabilized with greater gaps. Thus, the combination of
higher inlet velocity, a medium di�usion coe�cient and relatively larger electrode
spacing yields the fastest formation of a stable passive layer.[30]

Several authors have suggested that there are three forms of di�usion layer that
occur during anodic dissolution. The �rst occurs when a potential is applied to a
cell at equilibrium and a di�usion layer starts to form. At this stage the di�usion
layer is very thin and conforms to the surface features, providing uniform material
removal rate. As the dissolution continues, the di�usion layer gets thicker and a larger
concentration di�erence is found between protrusions and valleys on the surface, as
seen in Figure 1.8 (a). The higher concentration di�erence results in the protrusions
experiencing a higher rate of dissolution. If a di�usion or reaction rate limit is not
imposed at this stage, the di�usion layer continues to thicken, eventually leading to
a situation shown in Figure 1.8 (b). The concentration gradient near the surface is
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not great enough to produce a signi�cant di�erence in the dissolution rate of the
peaks and valleys. Taylor et al. ignore the initial, very short duration, phase of
thin di�usion layer and classi�ed the e�ect as a macropro�le and a micropro�le.[31]
Teixeira performed the simulations shown in Figure 1.8 using a spherical di�usion
model in Comsol Multiphysics.[32]

(a) (b)

Figure 1.8: 2D Simulation of concentration gradients at two time intervals. [32]

1.5 Electropolishing Techniques

1.5.1 Alternating Pulses

With conventional electropolishing processes, when electropolishing metals that pas-
sivate easily, it is necessary to make use of powerful acids to break through the
passivated �lm that forms on the anode. There is an alternative, however. The
passivated layer can be re-activated by brie�y reversing the electric potential on the
electrodes. Combining these reverse pulses with carefully tuned forward pulses has
been shown to work on niobium and Nitinol using an aqueous electrolyte composed
of 30 wt% sulfuric acid. When careful process control is implemented, in conjunc-
tion with strategic o� times to facilitate cooling and electrolyte �ow, it is possible to
obtain surface roughness characteristics comparable and even smoother than those
produced by more acidic electrolytes and a direct current (DC). Inman and Taylor
provide guidelines for tuning the pulse widths in the form of mathematical relation-
ships between di�usion layer thickness and pulse times [11]

δp = 2((D • tp)/π)1/2 (1.8)

In equation 1.8, δp is the thickness of the di�usion layer formed by each pulse, D
is the di�usion co-e�cient and tp is the duration of the anodic (forward) pulse.

The limiting current density above which the polishing e�ect breaks down is also
higher in this pulse polishing paradigm. The ratio between the steady state (DC)

14



mass transport limited current (ilim) and the limiting current during short anodic
pulses (ip) is:

iP
ilim

= [δP/δ (1− γa) + γa]
−1 (1.9)

Here γais the anodic duty cycle and δ is the di�usion layer thickness for a given
DC limiting current ilim that corresponds to the same system being pulsed at anodic
pulse maximum current iP . [33] A typical pulsed waveform including forward and
reverse pulses with strategic o� times is shown in Figure 1.9. The polarization
potential of the cathodic reverse pulses given in Figure 1.9 by Vc, is hypothesized
to be dependant on the free energy of the material that requires depassivation by
Taylor et al. They admit that the mechanism of depassivation is not fully understood.
Others have shown the e�ectiveness of pulsatile DC current on reducing the grain
size during electrodeposition of copper, gold and nickel.[34]

Figure 1.9: Pulsed Electropolishing Waveform [33]

Another study using pulsed control and an aqueous electrolyte on a stainless steel
workpiece was performed by Kim and Park. Their electrolyte was composed of 2.4
mol/L H2SO4 and 5.9 mol/L H3PO4in distilled water. An electrolyte that was itself
drawn from a study by Chen et al.[35] Kim et al. found that while pulse polishing
produced good surface roughness improvement and oxide layer formation, there was
still a profusion of micro-pits which acted as corrosion initiation points during a
test in 0.05989 mol/L NaCl (synthetic seawater). This study was performed using
anodic pulses only and an optimum pulse width of 0.8 ms was selected, with shorter
pulse widths of 0.1 ms creating more micro-pits and longer pulse widths, up to
2.2 ms, producing higher surface roughness.[36] While the aqueous nature of this
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electrolyte is advantageous from a cost and maintenance perspective, they still make
use of phosphoric acid to assist with passive layer breakdown in order for polishing
to proceed.

1.5.2 Plasma Electrolytic Polishing

Taking the general principle of electropolishing one step further, and using a higher
voltage to perform the anodic dissolution by the formation of a layer of plasma
around the part, provides several advantages. Plasma electrolytic polishing (PeP)
can achieve surface roughness smoothing down to less than 0.02 µm. However, it
cannot be used as a stand-alone process for smoothing very rough surfaces with
large burrs, because it will result in extreme rounding of edges and reduction in
part accuracy over long periods. A typical PeP process is set up with a cathode
to anode surface area ratio greater than 10:1. Usually the cathode will form a ring
around the part. The cell is polarized to between 180-300V with a current density of
0.2 A/cm2. The aqueous electrolyte conductivity should be adjusted to be between
4 and 30 S/m through the use of less than 12% addition of salts. The electrode
surface area ratio is necessary to create the current density required for plasma
formation at the anode. The applied potential and current density must be tuned
to induce the formation of an electro-hydrodynamic plasma skin that envelops the
part. Under these conditions, several processes take place that result in polishing;
ionization of the steam layer, dissolution of the metal peaks that protrude through
the plasma layer into the water, anodic oxidation and hydrogen evolution[37]. One
theory on the mechanism of preferential dissolution is known as the streamer theory,
which postulates that plasma discharges bridge the steam ion layer to the asperities
resulting in preferential dissolution.[38]

1.5.3 Direct Current

By far the most commonly applied electropolishing technique applies a direct current
anodic potential to the workpiece. The widely accepted theory for the mechanism
through which electropolishing is achieved is a viscous salt �lm model. First de-
scribed by Jacquet et al. in relation to copper electropolishing, they presented the
voltage-current relationship in Figure 1.10. The graph indicates a current plateau in
which a stable, uniform thickness salt �lm adheres to the metal surface and promotes
preferential dissolution of asperities that project further through the layer towards
the solution bulk.[39] In the plateau region with a stable metallic salt �lm present,
mass transport is limited by the electrolyte interaction with the metallic and ionic
species and the associated reaction and di�usion rates.[40]
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Figure 1.10: DC current plateou

1.5.4 Electrolyte Agitation

A study on Stainless Steel electropolishing was performed utilizing DC and pulsed
DC (no reverse pulse) at a low frequency (50Hz). The authors found it di�cult to
eliminate pitting, which they attributed to gas bubble formation. To mitigate the
bubble formation, they attempted mechanical and ultrasonic agitation of the electro-
lyte, which resulted in reduced pitting. Using DC pulses and varying the frequency
led to an observation that surface roughness increased at higher frequencies. Since
DC electropolishing is dependant on the formation of a viscous salt layer above which
peaks are removed, it was hypothesized that shorter pulses did not provide su�cient
time for the salt layer to form and thicken enough to promote electropolishing. Agit-
ation resulted in greater material removal rate. Above a certain limit, the electrolyte
motion disrupts the salt layer after which the surface roughness increases again. It
was found that the local minima shown in �gure 1.11 exist at certain magnetic stirrer
speeds which resulted in the best surface �nish. These tests were performed with
current density between 310-320 mA/cm2and temperature of 65-70 °C.[41] [42]These
results illuminate the dynamic between electrolyte motion and the salt �lm model
of electropolishing. It is possible that a similar trend exists utilizing high frequency
pulse and reverse waveforms at higher current densities in place of a viscous salt �lm
(this has not been studied in literature).
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Figure 1.11: Local minima in surface roughness of Stainless Steel at varying stirrer
speed [41]

1.5.5 Control Algorithms

There are a large number of parameters that control the electropolishing process.
Some of them are di�cult to measure and others vary as the process proceeds.
This makes it di�cult to make a general-purpose control algorithm without hu-
man intervention. To compensate for the uncertainty of the system, Surmann et
al. constructed a fuzzy logic controller which considers all of the input parameters
simultaneously, before deciding what to modify. Their work is focussed on polishing
Cobalt chromium dental casts, and they identi�ed several parameter dependencies
which are programmed into their fuzzy logic controller.[43]

� Relative motion of the anode and the electrolyte assists with heat removal and
electrolyte reactive species replenishment.

� Electrolyte deterioration as polishing cycles increase. More metal ions are dis-
solved in the electrolyte which results in an increase in electrolyte resistance
which a�ects current density and polishing time requirements. Di�erent tem-
perature settings can also e�ect a positive change to counteract electrolyte
age.

� The number of anode pieces to be polished has a non linear e�ect on the
current density requirements. Thus, the electrode spacing must be modi�ed to
compensate.
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Figure 1.12: Electrolytic cell equivalent circuit [43]

Surman et al. created an equivalent electrical circuit of a typical polishing cell
shown in �gure 1.12. Here the impedance of the cell Zw is comprised of the polariza-
tion resistance of the cathode and anode ZPK and ZPA respectively (ZPA is split into
parallel elements to simulate multiple anodes often found in industrial processes). Rel

represents the electrolyte resistance. G is a current source with its internal complex
impedance Zi and ZLis the wire and electrode contact resistance.

1.6 Measurement Techniques

1.6.1 Atomic Force Microscopy

AFM imaging utilizes a tip on the end of a cantilever which scans across the sample.
Depending on the interaction mode of the tip, di�erent information can be gathered.
It is thus suitable for a variety of applications and sample types. Because the de-
�ection of the tip can be measured in the z-axis, it is suitable for surface roughness
analysis. Another operation mode is to measure the lateral force which yields inform-
ation about the friction co-e�cient of the materials being scanned. Equipping the
scanning tip with a magnetic module allows mapping of the magnetic phase of the
material.[44] AFM has the highest resolution of existing imaging techniques, with
Angstrom level resolution. The performance of an AFM system is limited by the
quality of the cantilever tip. The de�ection of the tip is typically measured optically
through re�ected light phase di�erence measurement. Thus, calibration is dependent
entirely on the cantilever and tip performing as expected.[45]

1.6.2 Confocal Microscopy

A confocal microscope combines two mechanisms to create a 3D scan by rejecting out
of focus light, and only accepting light from a single point or pixel, which corresponds
to the focal point of the lenses that make up the microscope. Scanning this point
across the surface and adjusting the focal point in the vertical direction yields slices of
data that can be built into a 3D model. The resolution is limited by optical scattering,
which results in a minimum resolution on most commercial confocal microscopes
around 200 nm in the XY plane and 500 nm in the Z direction.[46] Some modern
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confocal optical microscopes can achieve resolutions as low as 20-50 nm in XY and
50 nm in Z.[47] The issue of resolution is somewhat convoluted, because the accuracy
of the laser-sample interaction position can be higher than the resolution dictated
by total spot size, and the intensity data can be gathered in a continuous manner
rather than as discrete points.[48]

1.6.3 Scanning Electron Microscope Surface Analysis

Bannerjee et al. used the standard deviation of Pixel intensity to measure the sur-
face roughness of paper.[49] The rationale for using standard deviation in this case
was based on the observation that a plot of the pixel counts was in the form of a
symmetrical bell curve.

Scanning Electron Microscope analysis of 3D topography is an active area of re-
search. Recent advances enabled by leaps in computation power and machine learn-
ing, have resulted in commercial software packages which can use images captured
at various eucentric tilt angles to reconstruct a 3D model of the sample. However,
most software reconstruction methods require signi�cant surface features that can
be identi�ed and subsequently correlated to align the images taken at di�erent tilt
angles. [50]

One group investigated the relationship between pixel brightness or grey-scale
level in SEM images of paper. The number of electrons that escape from recesses is
lower than the amount produced by peaks or �at areas, because some electrons are
reabsorbed by the material above the recess. This means that �atter surfaces pro-
duce SEM images with a more uniform brightness level. They acquired images with
the beam positioned perpendicular to the surface of interest. The paper samples
were sputter coated with gold and the Hitachi S800 SEM was operated with an
acceleration voltage of 12 kV. They found that a histogram displaying pixel bright-
ness versus pixel count produced a generally symmetric bell curve shape. Thus the
standard deviation was identi�ed as an e�ective index of surface uniformity. The
correlation was con�rmed by visual identi�cation of the same micrographs and the
SEM roughness index obtained from the standard deviation of pixel brightness.[49]

1.6.4 Potentiostat

Potentiostats perform complex electronic control and measurement on electrochem-
ical cells, making use of multiple electrodes immersed in the electrolyte to accurately
measure the reaction at an electrode surface. A potentiostat is indispensable for
any electrochemical research. Unfortunately their high cost makes them relatively
inaccessible and non-viable on industrial scales, with high current versions (20A)
costing over R300k. (source: con�dential quotations obtained from industry leading
potentiostat manufacturers). Some progress has been made in open source designs
such as Dstat and CheapStat that can be made for a few thousand rand. However,
they cannot yet rival the capabilities of commercial solutions.[51, 52]
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Reference Electrodes

Reference electrodes for electrochemical measurements commonly use nanoporous
glass frit to maintain a salt bridge between the electrode �lling solution and the
electrolyte under test. Mousavi et al. concluded that larger pore size resulted in
lower electrode drift at the cost of high leakage of reference electrode �lling solution,
which can result in contamination of the sample. This e�ect is ascribed to the
in�uence of the Debye length on ion screening as the pore size varies. Therefore,
they recommend using pore nanoporous frits with pore size that matches the ionic
strength of the solution under test (smaller pores can be used for higher ionic strength
solutions, but larger pores must be used for weakly ionic solutions, otherwise there
can be a drift in electrode potential as high as 100mV). The ideal porous frit should
be made of a material without ionic surface groups. However such a material has
not yet been fabricated in a nanoporous format with su�cient hydrophilicity. [53]

Luggin Capillaries

Luggin capillaries are used to bring the reference electrode closer to the surface
by creating a capillary connecting the reference electrode's porous junction to the
electrolyte, close to the working electrode surface. A small diameter luggin capillary
can negatively impact the reference electrode's response time due to the resistance
of the electrolyte in the capillary. Using a larger diameter capillary can mitigate
this e�ect. [54] However, care must be taken to ensure the tip is maintained at
a distance of at least 2x the tip diameter to avoid ionic screening of the working
electrode surface.
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Chapter 2

Research Proposal

2.1 Research Objectives

� Describe the process of cyclic bi-directional polarization.

� Identify the transition stages between dominant electrochemical equilibrium
states of Nitinol, in an aqueous electrolyte on very short time scales (<10 ms).

� Find the ratio between chemical reactions that need to be balanced to achieve
a minimum energy (�at) surface.

2.2 Experimental Objectives

� A rapidly alternating control signal will be used to control the surface envir-
onment around a metal during electrolytic dissolution.

� The waveform parameters need to be optimized to produce a minimum surface
area.

� A method for identifying the parameter set that will yield surface roughness
reduction on a complex stent geometry will be determined.

� Surface characteristics will be examined using atomic force and electron beam
microscopy. The imaging and processing parameters that provide a good rep-
resentation of the surface roughness will be identi�ed.

� Often the passivation or smoothing is assisted by additional chemical steps that
are not part of the electrochemical dissolution process (e.g. thermal oxidation
or diamond slurry polishing). One of the aims of this research is to combine
them into one step with a sequence of electrical control parameters.
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2.3 Process Flow Diagram

The raw material is received in the form of a tube with a ground outer surface and
an oxidic inner surface. The tube is then exposed to the processing steps outlined
in Figure 2.1, and described below.

1. Laser cutting is done on a Ro�n Starcut �bre laser cutter that is used for stent
cutting.

2. Mechanical cleaning is done on the inner faces of the tube after laser cutting
to remove molten material and cutting swarf which is blown inwards by pres-
surized argon gas during the cutting process. This process involves heat shrink
applied to the outside and an abrasive rod or wire brush passed through the
inside.

3. De-scaling is achieved with immersion in tetra butyl ammonium hydroxide
which is intended to aid in removal of organometallic compounds.

4. The Nitinol is heat-treated in a Techne SBL-2D �uidised bath at a temperature
of 500 °C. The thermal treatment was used to shape-set the stent to a larger,
5mm inner diameter (originally 3.886 mm). This process also raises the upper
phase transition temperature by a rate around 1 °C / minute. The raw material
is supplied with a wide tolerance on the upper phase transition temperature
usually as 0-10 °C. Therefore it is necessary to determine this limit after the
thermal shape and phase setting step.

5. An industry standard process documented in ASTM B600-11 was used for re-
moving surface impurites and dissolving oxide layers in titanium alloy surfaces.
This is necessary to remove the thick oxide and non-binary nickel-titanium lay-
ers formed during laser cutting and thermal treatment.

6. Finally, electropolishing was applied immediately, to smooth the surface and
create a stable uniform passive layer of titanium oxides.
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Figure 2.1: Nitinol stent processing �ow diagram
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Chapter 3

Materials and Methods

It is di�cult to convert an interconnected web of information (the real world) into
a serial format. The reader, must de-convolute this result and attempt to recreate
the original. To aid you with this process Figure 3.1 was created to help piece
together the puzzle by providing an overview of the thesis in a non-linear layout
which displays the linkages between sequentially separate methods and conclusions
which were previously connected in time and space.
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Figure D.5: Peristaltic Pump
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Figure D.6: tungsten plate counter electrode (plates arranged in a pentagon)
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