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The goal of these studies was to determine the effects of different passivation pa-
rameters on the surface oxide, corrosion, and biological properties of clinically relevant
titanium and titanium alloys (commercially pure Ti, Ti-6Al-4V, and Ti-15Mo). The main
focus was on nitric acid passivaﬁon and the parameters of passivation time and nitric acid
concentration and temperature, as well as the effect of ultrasonication and the addition of
titanium ions to the nitric acid solution. The surface topography, oxide characteristics,
corrosion properties, chemistry, and biological responses were systematically examined
for variously passivated titanium and titanium alloys.

Nitric-acid-passivated and heat-treated samples exhibited similar corrosion prop-
erties, which were significantly better than those of non passivated samples were. The
heat-treated samples had significantly thicker oxides (8.8-16.8 nm) than the nitric-acid-
passivated groups did (3.0-5.4 nm).

The effect of passivation time was dependent on nitric acid concentration. Higher
concentrations and temperatures improved the protective properties of the oxides. Alloy
elements were found throughout the oxides with varying compositional gradients due to-
the different passivation treatments. Observed gradients were associated with Electro-

chemical Impedance Spectroscopy parameters oxide homogeneity and oxide resistance.
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Biological responses were similar for all groups. The rougher Ti-15Mo surfaces resulted
in higher cell numbers at the initial time period.

Ultrasonication and addition of titanium ions did not alter the corrosion properties
of the treated materials. Surface chemistry analyses showed ultrasonication to reduce the
percentages of aluminum and molybdenum at the outer surfaces of Ti-6A1-4V and Ti-
15Mo, respectively. Electrochemical Impedance Spectroscopy spectra for the ultrasonic
and titanium ion groups exhibited two phase angle maximums, which indicated the pres-
ence of a dual-layer oxide with a porous outer oxide on top of a dense barrier layer. Bio-
logical responses were similar for all groups.

Thus, passivation was shown to improve the corrosion resistance of titanium and
titanium alloys. Passivation parameters were shown to affect the protective properties,
and these effects were linked to changes in the chemistry and uniformity of the oxide. All
materials and surface treatments exhibited excellent corrosion properties and cellular at-

tachment and proliferation.
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INTRODUCTION

In 1738, M. V. Lomonosov first reported the phenomenon of passivation.l In the
course of conducting corrosion experiments on iron in nitric acid, Lomonosov found that
the rate of iron dissolution did not increase uniformly with increasing nitric acid concen-
tration, but instead dropped drastically and remained low with further concentration in-
creases.! In Lomonosov’s “Dissertation on the Action of Chemical Solvents in General,”
he states, “when using strong spirits of niter for the dissolution of metals, dissolution
soon stops because the solvent ceases to act™.” Since then, the effects of passivation have
been the topic of many studies in the scientific community.

Metals that exhibit the type of behavior described by Lomonosov are known as
passive metals. Titanium is one such metal. The passive property of titanium stems from
the fact that it is a reactive metal and on exposure to oxygen instantaneously oxidizes and
forms a thin oxide layer. The oxide layer, in turn, isolates the metal from the environment
and thus prevents further oxidation. The oxide film that forms instantly is often referred
to as a natural or native oxide. For titanium, the native oxides are typically 3-5 nm thick
and have an amorphous structure.”* Although thin, the native oxides provide excellent
corrosion resistance.””’

However, titanium can be further passivated (i.e., made more corrosion resistant)
by subjecting it to other surface treatments. Heat treating, boiling in water, and treating
with acid are methods that have been used to enhance the passivity of titanium. The im-

proved corrosion resistance of the heat-treated and boiling-water-treated materials is at-
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tributed in the literature to thicker and more crystalline oxides.*!! Trepanier'? showed
nitric acid passivation to improve the corrosion resistance of a titanium-nickel alloy. The
authors attributed the improvement to the acid’s removing the native oxide, which was
said to be highly defective, and growing in its place a more uniform oxide.'? Wallinder"
and Noh' showed improved corrosion properties for stainless steel passivated in nitric
acid. These studies showed the effects of nitric acid to be a function of time of immer-
sion, acid concentration, and temperature. The main reason given for the improvement
was an increase in the chromium content in the surface oxide." '*

However, Callen'’and Lowenberg'® have shown nitric acid passivation of the al-
loy Ti-6Al-4V to increase the dissolution of titanium, aluminum, and vanadium ions
compared with non passivated Ti-6Al-4V. The same effect was not exhibited by com-
mercially pure titanium (cpTi) samples. The authors attributed the increase to thinner ox-
ides and the presence of aluminum in the surface oxide of the alloy. On the basis of the
results of their studies, the authors questioned the efficacy of nitric acid treatment as a
passivation method for titanium alloys.'* *°

The importance of the Callen'® and Lowenberg'® studies lies in the fact that medi-
cal device manufacturers currently use nitric acid treatments to clean and passivate tita-
nium and titanium alloy implants as part of the manufacturing process. In fact, an Ameri-
can Society for Testing and Materials (ASTM) standard exists for the nitric acid passiva-
tion of metallic surgical implants, ASTM F86.'” The standard was originally developed

for stainless steels and cobalt-chromium alloy but was later expanded to include titanium

and titanium alloys.
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It is important to note that ASTM F86 specifies ranges of values for the different
passivation parameters. The specified concentration range is 20-40 percent by volume
(vol%), and specified for at least 30 min at room temperature and at least 20 min at 49-
60°C. Thus, in light of the results of Wallinder'® and Noh'*, which showed oxide and cor-
rosion properties to vary over a range of passivation parameters, one may wonder what
happens to titanium and titanium alloys over a range of parameter values.

Comparisons of studies on the use of nitric acid for treating titanium are difficult
because of the variety of passivation parameters used. Ong'® reported immersing cpTi in
40 vol% nitric acid for 30 min, while Kilpadi'® immersed cpTi in 30 vol% for 20 min.
Callen" and Lowenberg16 reported using 34 vol% nitric acid for 1 h under ultrasonication
to passivate botl; cpTi and Ti-6Al-4V specimens.

The use of ultrasonication by Callen'’ and Lowenberg'® raises yet another pa-
rameter to consider when assessing the effects of passivation. Whillock? showed that
cavitation, the formation and collapse of voids that is caused by the propagation of an ul-
trasonic wave through a liquid, results in very high pressures and temperatures in the vi-
cinity of the collapsing void. The locally high temperatures and pressures can affect the
chemical reactions during passivation; in addition, high-velocity liquid jets that result
from the collapse of the void can be directed at the surface and can mechanically damage
the surface (i.e., cause cavitation erosion).*’

Another parameter that may be relevant, especially for the passivation of medical
implants, is the presence of titanium ions in the nitric acid solution. Robin*" 22 found that
the corrosion rate of titanium was diminished in nitric acid when there were additional

titanium ions in the solution. Further investigations showed that there existed a threshold
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titanium concentration necessary to inhibit corrosion and that the threshold was sensitive
to the concentration of nitric acid and the titanium material being passivated.** This find-
ing is relevant to the medical device industry in that, typically, large nitric acid baths are
used to passivate batches of implants and multiple batches are processed with the same
nitric acid bath. Consequently, one would expect an increase in the amount of titanium
ions in the nitric acid bath over the course of the processing, which may result in differ-
ently passivated surfaces for the implants of different batches.

Thus, the overall goal of the research for this dissertation was to determine the ef-
fects of various passivation techniques and of changes in the parameters within specific
passivation treatments. In the first study, titanium and titanium alloys passivated with ni-
tric acid and with heat treatment were compared with non passivated titanium and tita-
nium alloys. In the second and third studies, the focus was on the nitric acid passivation
process. The second study investigated the effects of time of passivation and the concen-
tration and temperature of the nitric acid. The third study examined the effects of ultra-
sonication and the presence of additional titanium ions in the nitric acid solution on the
passivated samples.

The effects of the various passivation treatments were determined by characteriz-
ing the surface oxide properties, corrosion properties, and biological responses of the
treated titanium and titanium alloys. Scanning electron microscopy (SEM) was used to
document the surface morphology. Corrosion and oxide properties were determined with
electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization tests.
The surface oxide chemistry was determined with X-ray photoelectron spectroscopy

(XPS). Last, the biological response of SaOS-2 osteoblast-like cells to the materials pas-
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sivated in various ways was measured using hexosaminidase assay to determine cell at-

tachment and proliferation.

Clinical Relevance

Titanium derivés its biocompatibility properties from the presence of a tenacious
passive oxide layer on the surface™’. To improve the mechanical and wear properties of
the relatively weak and soft unalloyed cpTi, titanium alloys, such as Ti-6Al-4V have
been used for implant applications. In addition, more recently, beta-titanium alloys have
been investigated for biomaterial applications because of their greater strength and their
lower elastic modulus, which more closely matches that of bone and thus helps reduce
stress shielding in bone implant applications.”

However, the presence of alloying elements in the surface oxide is of a concern
from a biological perspective because some of the constituent ions have been reported to
have toxic effects on cells.?**” In addition, for bone implant applications, aluminum and
vanadium ions have been reported to hinder apatite formation, which could result in an
unsuccessful outcome.*® This concern is exacerbated by reports from Callen'® and oth-

s 1% that nitric acid passivation, a standard process used in implant manufacturing, ac-

er
tually increases the release of constituent ions. Thus, the focus of this research was to in-
vestigate the parameters used in the passivation of titanium and titanium alloys to attempt

to gain a better understanding of the passivation effects and to use that understanding to

help improve the protective properties of the implant surface.
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Dissertation Organization

The dissertation, “Effects of Passivation on Surface Properties of Titanium and
Titanium Alloys”, is organized in preprint style. The main body of the dissertation con-
sists of three manuscripts. The first manuscript has been published, and the last two
manuscripts are in preparation for submission. The preliminary pages of the dissertation
consist of the table of contents, lists of tables and figures found in the manuscripts, the
overall abstract for the manuscripts, and this general introduction. Included in the general
introduction are the hypotheses for the dissertation. A summary discussion covering all
the manuscripts follows the three manuscripts and includes a discussion of each hypothe-
sis. After the summary discussion, recommendations are made for future studies. Finally,

references for the dissertation introduction and summary discussion are listed.

Hypotheses
Hypothesis 1:

Heat treatment (350°C for 1 h in air) and nitric acid passivation (40 vol% nitric
acid at room temperature for 30 min) will improve the corrosion properties of cpTi, Ti-
6AI1-4V, and beta-titanium, Ti-15Mo-2.8Nb-0.2Si (Timetal® 21SRx).

Hypothesis 2:
Heat treatment (350°C for 1 h in air) and nitric acid passivation (40 vol% nitric

acid at room temperature for 30 min) will increase the oxide thickness of cpTi, Ti-6Al-

4V, and beta-titanium, Ti-15Mo-2.8Nb-0.2Si (Timetal® 21SRx).
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Hypothesis 3:

The surface oxides of cpTi, Ti-6Al-4V, and Ti-15Mo-2.8Nb-0.2S1 (Timetal®
21SRx) materials undergoing similar surface treatments will have similar thicknesses but
different chemistries.

Hypothesis 4:

Increasing the time of passivation used in the nitric acid passivation process will
improve the protective properties of the surface oxides and the corrosion resistance of
cpTi, Ti-6Al-4V, and Ti-15Mo.

Hypothesis 5:

Increasing the nitric acid concentration used in the nitric acid passivation process
will improve the protective properties of the surface oxides and the corrosion resistance
of ¢pTi, Ti-6Al-4V, and Ti-15Mo.

Hypothesis 6:

Increasing the nitric acid temperature used in the nitric acid passivation process
will improve the protective properties of the surface oxides and the corrosion resistance
of cpTi, Ti-6Al-4V, and Ti-15Mo.

Hypothesis 7:

Nitric acid passivation using ultrasonication will decrease the protective proper-

ties of the surface oxides of ¢pTi, Ti-6A1-4V, and Ti-15Mo and decrease corrosion resis-

tance.
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Hypothesis 8:

Nitric acid passivation with the addition of titanium ions will improve the protec-
tive properties of the surface oxides of cpTi, Ti-6Al-4V, and Ti-15Mo and increase cor-
rosion resistance.

Hypothesis 9:
The nitric acid treatments for cpTi, Ti-6Al-4V, and Ti-15Mo will not reduce cell

attachment and proliferation compared to those properties of non passivated materials.
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ABSTRACT

Commercially pure titanium (cpTi), Ti-6A1-4V (Ti64), and Ti-15Mo-2.8Nb-0.251
(21SRx), with three unique atomic, alpha, alpha-beta, and beta grain structures, respec-
tively, were subjected to three different surface treatments: cleaning, nitric acid passiva-
tion, and heat treatment. Experiments were conducted to determine the effects of the type
of material and surface modifications on the substrate microstructure, surface oxide
composition and thickness, and resultant corrosion behavior.

Metallography showed the cpTi groups were an equiaxed single alpha phase ma-
terial, the Ti64 groups a dual-phase alpha-beta material, and the 21SRx groups an equi-
axed beta material. The different surface treatments did not alter the substrate microstruc-
tures of any groups.

Spectroscopic (AES) results showed typical titanium and titanium alloy spectra
with dominant Ti and O peaks for all sample groups, indicative of titanium dioxide. In
addition, small Al and Mo peaks were detected throughout the surface oxides of the Ti64
and 21SRx specimens, respectively. AES depth profiling showed no significant differ-
ence in the oxide thickness between all the Cleaned and Passivated groups regardless of
metal or alloy group. However, all the Heat Treated groups had significantly thicker
oxides.

In general, corrosion results showed Passivated and Heat Treated groups to have
similar corrosion properties and significantly improved corroston resistances compared to
the Cleaned groups. All impedance spectra fit into the Randles equivalent circuit model,
and all sample groups exhibited near ideal capacitive behavior (¢ = 90°) expected for

titanium and its alloys.
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INTRODUCTION

Titanium and titanium alloys, such as Ti-6A1-4V, are the most commonly used
metallic implant biomaterials. Biocompatibility has often been attributed to excellent
corrosion properties.'™ In addition, titanium and its alloys have relatively high strength
and low elastic modulus. A lower implant elastic modulus has been proposed to more
evenly disperse mechanical loading throughout the implant interface, which in turn
minimizes “stress shielding” of the host bone, resulting in less bone atrophy.*>

The exce;llent corrosion and biocompatibility properties of titanium and its alloys
are attributed to the formation of a stable, protective oxide film on their surfaces.® The
composition and thickness of surface oxides are known to depend on the substrate and the
environment in which the oxide is formed.”” Oxides that form on mechanically polished
or machined specimens are generally classified as native oxides. These oxides form
quickly on freshly polished or machined specimens on exposure to air or other environ-
ments that contain oxygen (e.g., water or tissue fluids). Native oxides are thin (less than
10 nm thick), amorphous in structure, and composed primarily of titanium and oxygen.”
' However, in the case of alloys, alloy elements such as Al and V have been found
within the oxide coating.'"?

Materials that are exposed to stronger oxidizing solutions than air or water are
said to have undergone passivation. In the case of titanium and its alloys, a commonly
used method for passivation is by using a nitric acid solution in accordance to the proto-
col specified in Standard Practice for Surface Preparation and Marking of Metallic

Surgical Implants (ASTM F 86-01). Titanium and titanium alloy specimens that have

been passivated using this protocol form thin oxides, much like the native oxides, with
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thicknesses of less than 10 nm'"'*"7. The details of the effect of passivation on corrosion
properties remain as a topic of research. Generally, improved corrosion properties are
believed to result from this process; however, conflicting results have been reported.l 18

Heat treatment at elevated temperatures in air can also further oxidize titanium
and its alloys. Heat treatments have been shown to increase the thickness and crystallinity
of the oxide, with the extent of such increases depending on the temperature and duration
of the heat treatment.'® % It is generally thought that thicker oxides, which result from
oxidation at elevated temperatures, may improve corrosion properties.”' ™

In a number of different implant systems used in medicine and dentistry, surface
treatments have included cleaning, acid passivation, and heat treatment at elevated
temperatures. Therefore, on a relative basis one could question what specific treatment
offers the optimum biocompatibility characteristics.

It is the goal of this study to compare the effects of nitric acid solution passivation
and heat treatment on the resultant surface oxide and corrosion properties of titanium and
titanium alloys with different chemical compositions and microstructures. In this study,
three materials were included: one with a single-phase alpha (hcp) microstructure, cpTi;
one with a mixed alpha-beta (hcp and bee) microstructure, Ti64; and one with a single-
phase beta (bcc) microstructure, 21SRx. The microstructure of each material was docu-
mented using standard metallographic techniques. The chemistry and thickness of the
surface oxides for each material in three different conditions were determined using

Auger electron spectroscopy (AES), and the corrosion properties were determined using

DC polarization tests and AC electrochemical impedance spectroscopy (EIS).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13

Materials and Methods
Materials

Discs, 15 mm in diameter and 3 mm thick, were cut from bar stock from the tita-
nium metals and alloys listed in Table 1 using a diamond saw. The discs were subse-
quently mounted in polymethylmethacrylate and wet ground with silicon carbide paper to

a 600-grit finish, and then polished using alumina powder slurry to a 0.3 pm finish.

TABLE 1
List of Titanium and Titanium Alloys Used in This Study
Metal or alloy ASTM specification Abbreviation
cp Titanium F 67 grade 4 CpTi
Ti-6Al1-4V F 136 Ti64
Ti-15Mo-2.8Nb-0.2Si 21SRx

Surface treatments

The discs from each of the three metal groups were then divided into three ex-
perimental sample groups, which are listed in Table 2.

Cleaned discs (C) were obtained by ultrasonically cleaning the discs for 10 min in
each of the following solutions: distilled water, benzene, acetone, and ethanol. The discs
were thoroughly rinsed with distilled water between solvents. Passivated discs (P) were
obtained by cleaning discs as above (C) and then passivating the discs for 30 min in 40 %
nitric acid (ASTM F 86-01). Finally, the Heat Treated discs (HT) were obtained by taking
discs that had been cleaned and passivated (C + P) and heat treating them at 350°C for 1

h in air, followed by air cooling.
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TABLE 2
Surface Treatments Used in This Study
Surface treatment Description

Cleaned © Cleaned ultrasonically in a series of sol-

vents
Passivated  (P) C + passivated in 40 % nitric acid for

30 min
Heat Treated (HT) C + P + heat treated at 350°C in air for 1 h
Microstructure

Polished samples were etched using Kroll Etchant (2%HF-4%HNO3) to reveal
microstructures, and optical microscopy, and imaging camera equipment was used to

examine and document the microstructures.

Auger electron spectroscopy (AES)

An AES system (JOEL, JAMP-30 Auger Microprobe) was used to evaluate the
chemical composition of the prepared surfaces. Parameters used in the analysis included
a 30-degree take-off angle, 10 keV accelerating electron beam, and 3.0 x 10”7 A probe
current. Derivative spectra were used to analyze the elemental composition, with spectra
being taken both before (pre-sputter) and after (post-sputter) Argon (Ar) ion sputtering.
Continuous depth profiling was performed using Ar ions with a potential of 3 keV and
emission current of 30 mA. The sputter rate of 0.2 nm/s was determined by sputtering
through a standard 100 nm thick Ta,Os film. The oxide thickness was determined by
multiplying the sputter rate of 0.2 nm/s by the time it fook the oxygen Auger signal to

reach one-half its maximum intensity.
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Potentiodynamic polarization corrosion tests

Electrochemical potentiodynamic polarization testing was conducted using
equipment (Model 273 Potentiostat/Galvanostat, EG&G PAR) and a corrosion cell
standardized to ASTM G5. The polarization scan was conducted from 150 mV more
active than open circuit potential to 1000 mV using a scan rate of 0.17 mV/s. A platinum
counter electrode and standard calomel reference electrode were used in this study. The
electrolyte solution was isotonic saline solution adjusted to pH 7.4 + 0.1. Tafel extrapola-
tion and Stern-Geary fits (SoftCorr III, EG&G PAR) were used to obtain the corrosion
potential (Ecorr) and the corrosion rate (Icorr) at the maximum corrosion potential. The
passive current density (Ipass) was obtained by using a straight-line extrapolation to

intersect the current density axis.

Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopic analyses were conducted using equip-
ment (Model 6310 Impedance Analyzer, EG&G PAR) and a corrosion cell standardized
to ASTM G 106. A platinum counter electrode and standard calomel reference electrode
were used in this study. A sinusoidal waveform with a frequency sweep from an initial
value of 100 kHz to a final value of 10 MHz, with a magnitude of 10 mV, was used. The
electrolyte solution was isotonic saline solution adjusted to a pH of 7.4 + 0.1. A Randles
equivalent circuit was fit to the impedance spectra (Model 398 Impedance Software
EG&G PAR) and its circuit element values calculated. A linear relationship between the
oxide film and the calculated capacitance is of the form:

C=¢coerA/d ¢))
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where

C = calculated double layer capacitance

A =nominal surface area of the specimen

d = thickness of the oxide film

€0 = permittivity of free space

er = specific permittivity of the oxide film (~100)

This formula was used to obtain relative differences in the oxide film thickness
between the various sample groups. A certain magnitude of error is to be expected for
this fit and analysis because the high corrosion resistance of titanium and its alloys in the
test electrolyte precludes obtaining a Nyquist semicircle. Thus, the results obtained

provide only qualitative information, not quantitative information.

Statistics
Duncan’s Multiple Range Test (o = 0.05) was used to test for significant statisti-
cal differences, if any, in mean oxide thickness values and the corrosion parameters,

Ecorr, [corr, and Ipass.

RESULTS
Microstructures
Representative photomicrographs show the microstructures of cpTi, Ti64, and
21SRx (Figs. 1-3). The cpTi grain structure was an equiaxed alpha phase, Figure 1. The
Cleaned, Passivated, and Heat Treated conditions showed similar microstructures. The

Ti64, Figure 2, was an alpha-beta microstructure with grains of alpha (light) and inter-
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granular beta phase (mottled or outlined). No differences in microstructure morphology
or grain size were found for the Cleaned, Passivated, and Heat Treated Ti64 groups. The
microstructure of the 21SRx showed large equiaxed beta grains on a relative basis, Figure
3. The larger beta phase for the 21SRx indicates that the bar stock from which the sam-
ples were made had been annealed. As with cpTi and Ti64, the Cleaned, Passivated, and

Heat Treated 21SRx groups showed no differences in microstructure.

AES—Surface oxide elemental composition

Pre-sputter AES spectra for all sample groups showed dominant Ti and O peaks
and smaller C, Ca, P, and Si peaks. Minor Al and Mo peaks were detected throughout the
surface oxides of the ’fi64 and 21SRx specimens, respectively. Post-sputter spectra
obtained after depth profiling showed dominant Ti peaks with much smaller O peaks and
the disappearance of the C, Ca, and Si peaks that were observed in the pre-sputter spectra.
In the case of the alloys, Ti64 and 21SRx, post-sputter spectra showed larger and more
defined Al and Mo peaks, respectively. Figure 4 shows a representative post-sputter

spectra for a Passivated 21SRx sample.

AES—Surface oxide thickness

The average oxide thicknesses as determined by AES continuous depth profiling
are shown in Table 3.

All Cleaned and Passivated groups showed no significant differences (Duncan’s

Multiple Range Test, a = 0.05) in oxide thickness. The Heat Treated group oxides were
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significantly thicker than the Cleaned and Passivated groups, and within the Heat Treated

groups, cpTi and Ti64 specimens had significantly thicker oxides than 21SRx specimens.

TABLE 3
Average Oxide Thickness (nm), n =2
Surface Treatment CpTi Ti64 21SRx
Cleaned 3.0+03% 50+03° 43+06°
Passivated 44+0.6° 54+03° 50+£0.3°
Heat Treated 16.8 +2.8° 14.8+£0.3° 8.8+0.0"

Results with different alphabetical superscripts denote statistically significant differ-
ences (Duncan’s Multiple Range Test, a = 0.05).

DC corrosion tests

The polarization corrosion curves were typical for titanium and titanium alloys,
showing active and passive regions. Polarization curves for cpTi, Ti64, and 21SRx
exhibited minimal differences in the locations or shapes of the curves within each spe-
cific surface treatment. However, differences were seen between surface treatment
groups. Figures 5-7 show representative curves for the three surface treatments for each
metal or alloy group. These figures illustrate graphically the effect of the surface treat-
ments on each metal and alloy group. For all of the material groups, the Passivated and
Heat Treated curves are shifted up and to the left relative to the Cleaned curves. This is
indicative of increased corrosion resistance, with a shift up indicating an increase in Ecorr
values (becoming more noble) and the shift to the left indicating smaller Icorr values
(decreased corrosion current density). The curves for the Cleaned specimen groups
showed passive regions in which the current densities were voltage-independent, whereas

the Passivated and Heat Treated groups showed voltage-dependent passive regions.
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Like the polarization curves, the Ecorr curve results were similar for all three ma-
terial groﬁps within the same treatment group but different between the treatment groups.
The Cleaned and Heat Treated Ecorr curves showed gradual increases in potential over
time, while the Passivated curves were relatively stable, as there was little to no change in
the open circuit potential over the 1-h period.

The average Ecorr, Icorr, and Ipass values for tested specimens are shown in Ta-

bles 4-6, respectively.

TABLE 4
Average Ecorr Results (mV) n =3
cpTi Ti64 21SRx
Surface Treatment Ecorr (mV) Ecorr (mV) Ecorr (mV)
Cleaned -259+24° -235+14° 250+ 16°
Passivated -89+ 14° 89 +40° 154 +49°
Heat Treated -123+50° 9+34° -115+£71°

Results with different alphabetical superscripts denote statistically significant differ-
ences (Duncan’s Multiple Range Test, a = 0.05).

TABLE 5
Average Icorr Results mA/cm®) n=3
cpTi Ti64 21SRx
Surface Treatment Icorr (nA/cm?) Icorr (nA/cmz) Icorr (nA/cm?)
Cleaned 47+2% 45+ 14° 61+18°
Passivated 6+1° 11£3° 13+5°
Heat Treated 5+3° 2+1° 12+11°

Results with different alphabetical superscripts denote statistically significant differ-
ences (Duncan’s Multiple Range Test, o = 0.05).

The Ecorr and Icorr results from the polarization tests showed no significant differences

between the metallic groups within any of the surface treatments, except for
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TABLE 6
Average Ipass Results mA/em®) n =3
cpTi Ti64 21SRx
Surface Treatment Ipass (nA/cm’) Ipass (nA/cm?) Ipass (nA/cm?)
Cleaned 863+ 119 1101 £275° 927 +63%
Passivated 541 +35° 685+ 94 * 859 + 56 %
Heat Treated 286 + 251 ¢ 9+5° 4249°

Results with different alphabetical superscripts denote statistically significant differ-
ences (Duncan’s Multiple Range Test, a = 0.05).

Cleaned Ti64, which had a significantly lower Icorr than Cleaned 21SRx alloy, and Heat
Treated Ti64, which had a significantly lower Ecorr than Heat Treated cpTi and 21SRx.
The surface treatment groups, however, showed significant differences in Ecorr and Icorr.
The Cleaned specimens had significantly higher Icorr and less noble Ecorr values than
the Passivated and Heat Treated groups. There was no significant difference in Ecorr and
Icorr for the Passivated and Heat Treated groups, except for the previously mentioned
Ecorr results for Heat Treated Ti64. The same general trends were shown for the Ipass
results. The Cleaned specimen groups had the higher passive current densities, followed
by the Passivated and then the Heat Treated groups. Significant differences were found
only for the Heat Treated groups, with lower passive current densities than the Cleaned

and Passivated groups.

Electrochemical impedance spectroscopy (EIS)

All impedance spectra fit into the Randles equivalent circuit model. All sample
groups exhibited ideal capacitive behavior (¢ = 90°) expected for titanium and its alloys.
The oxide thicknesses obtained for the various sample groups using EIS followed the

same rank and file order as that obtained using AES.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

DISCUSSION

Microstructure

The microstructural analyses showed the three titanium materials to have three
distinct grain structures, equiaxed alpha for all the cpTi groups, duplex alpha-beta for all
the Ti64 groups, and equiaxed beta for all the 21SRx groups (Figs. 1-3). The analyses
also showed that the substrate microstructure of each of the materials in the cleaned
condition was not altered by the surface treatments used in this study, namely, nitric acid
passivation and elevated temperature heat treatment (350°C for 1 h). The fact that the
treatments did not alter the microstructures of the substrate materials was expected since
nitric acid passivation is simply a chemical treatment of the surface, and the 350°C
temperature used for the heat treatment is not sufficient to alter the grain structure of the

titanium materials used in this study.

AES — Surface oxide chemistry

The AES results on the surface oxide chemistry from this study agree with results
found in the literature for similar materials and surface treatments. For example, small
peaks for carbon (C), calcium (Ca), phosphorus (P), and silicon (Si) were found for all
the pre-sputter spectra, but disappeared after the Ar sputter, which suggests that these
elements were part of a carboneous surface environment-dependent layer, which is
routinely found on surfaces analyzed by AES . The carboneous layer present on the
surfaces was most likely due to adsorption of hydrocarbons from the cleaning solvents or

air’. The other elements, Ca, P, and Si, were most likely the result of the grinding and
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polishing procedures'’. As expected, both pre-sputter and post-sputter spectra showed
large Ti and O peaks for all materials and surface treatments analyzed in this study. The
Ti (LMV) peak at ~420 ¢V demonstrated a shape that corresponds closely to that of
"Ti0,.*

Spectra for the Ti64 alloy samples in the Cleaned, Passivated, and Heat Treated
conditions were similar and showed peaks for Al but not V. Others have shown the
presence of aluminum within the surface oxide. Vanadium, the other alloying element in
Ti64, was not detected in any of the Ti64 alloy surfaces in this study. Other researchers
have found vanadium within the surface oxide of Ti64 alloys for anodically prepared
specimens1 % or when using X-ray photo spectroscopy (XPS)" 13 One reason for not
detecting vanadium in this study may be that the detection of vanadium in titanium alloys
is difficult with AES since the vanadium AES peaks overlap those of titanium and
oxygen.”®

The AES spectra for the Passivated 21SRx is shown in Figure 4. Like the spectra
for cpTi and Ti64, the 21SRx spectra show large, dominant titanium and oxygen peaks.
All the 21SRx spectra also show small Mo peaks but no Nb. The presence of Mo in
surface oxides of various Ti-Mo alloys has been reported using AES by other research-
ers.">*" Although no Nb peaks are shown in any of the Ti-15Mo-2.8Nb-0.2S1 alloy
samples, the presence of Nb cannot be completely ruled out since Nb peaks overlap Mo
peaks.

Analysis of the AES spectra for nitrogen was not possible in this study because

the only available nitrogen AES peak overlaps one of the Ti peaks.?® Thus, any differ-

ences in nitrogen content of the material surfaces in this study could not be determined.
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AES-Oxide thickness

Oxide thicknesses for the different samples in this study were measured directly
using AES depth profiling techniques. In addition, EIS analysis was used to measure the
oxide thicknesses indirectly. AES and EIS analysis results were in basic agreement.
Cleaned and Passivated groups for each of the materials in this study had similar oxide
thicknesses ranging from 3.0-5.4 nm, with no significant differences between any of
these groups. These results are in agreement with results from many other studies for
similar materials and treatments.5 '% ' 1 These results, however, contradict Callen et al.,
who reported that the oxide thickness for nitric acid passivated Ti64 material was less
than that of the non-passivated Ti64.'! Possible explanations include differences in
sample preparation and analytical techniques used to measure oxide thickness. Another
possibility is the concentration and nature of the nitric acid passivation used to treat the
samples. Callen ultrasonicated the samples in a 34 % nitric acid solution, while in this
study the samples were passivated statically in a 40 % nitric acid solution. During ultra-
sonication, high pressures and temperatures due to cavitations can occur near a metal
surface. This, in turn, can affect chemical reactions and introduce a number of micro-
structural changes in the surface layers of the metal oxide.”® Hence, nitric acid passiva-
tion done in conjunction with ultrasonication could alter the oxidation process during
passivation and thus explain the thinner oxide results of the ultrasonically passivated
samples found by Callen.

The heat treat regime used in this study was chosen so as to obtain relatively thin
oxides, but ones that were significantly thicker than the native and passivated oxides. The

350°C-1 h regime was successful in doing this as Auger and EIS analysis showed that the
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1-h, 350°C heat treatment significantly increased the thickness of the surface oxides of all
three materials, compared to all the Cleaned and Passi§ated materials. Heat Treated cpTi
and Ti64 had oxide thicknesses of 16.8 nm and 14.8 nm, respectively, which were not
significantly different, while Heat Treated 21SRx had an average oxide thickness of 8.8
nm, which was significantly thinner than those of the Heat Treated cpTi and Ti64. The
increased oxide thickness for the heat treatment regime used in this study agrees well
with results reported in the literature.'> 2> *° In addition, all the Heat Treated materials
were golden iﬁ coloration after the heat treatment, which has been reported in the litera-
ture to signify an oxide thickness of 10-25 nm,” which agrees with the thickness results
in this study.

The thinner oxide of the 21SRx Heat Treated group was attributed to the larger
grain sizes of the alloy due to annealing (Fig. 3). Oxide growth in thermal treatments is
controlled in large part by mass diffusion through the grain boundaries.”’ Thus, mass
transport is greater in the fine-grained structures of the cpTi and Ti64 materials than in
the larger-grained 21SRx, which leads to the thicker oxides for the fine-grained struc-

tured materials, cpTi and Ti64, compared to the larger-grained 21SRx.

DC corrosion

In general, the corrosion results showed no significant differences between cpTi,
T64 and 21SRx within specific treatment groups of this study. There were, however,
significant differences between the treatment groups, with the Cleaned groups showing
significantly less corrosion resistance than the Passivated and Heat Treated groups; the

latter two, in general, did not show any significant differences.
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However, the differences or lack of differences in corrosion resistance cannot be
attributed simply to the thickness of the oxide layers. No significant differences in oxide
thicknesses were found for the Cleaned and Passivated groups, yet the Passivated groups
were significantly more corrosion resistant. On the other hand, the Heat Treated groups
had significantly thicker oxides than the Passivated groups and yet, in general, showed no
significant differences in corrosion resistance. These results suggest that other character-
istics or properties of the oxide layers besides oxide thickness determine the corrosion
properties of these materials.

One possible oxide property that may affect the corrosion properties is the pres-
ence and amount of sub-oxides in the oxides. Titanium sub-oxides such as TiO and Ti,03
have been reported to be present in addition to stoichiometric TiO, on titanium sur-
faces.'% 1 2%-26:32 1 ausmaa®® and Ong' reported the presence of sub-oxides in the oxide
film for cpTi. Ask' reported sub-oxides of Ti,O3 and TiO for Ti64, while Milosev **
reported oxide percentages of 40 % for TiO,, 30 % for Ti,O3, and 4 % for TiO on Ti64.
In addition, in a more recent study, Lee” quantitated the amount of titanium sub-oxides
on Ti64 that had been surface treated in similar fashions as was done in this study. The
XPS results showed the weight% of sub-oxides for “cleaned” Ti64 to be 19.5 wt%, while
Ti64 that had been passivated in a 34 % nitric acid solution had 14.8 wt% of sub-oxides,
and Ti64 that had been heat treated at 400°C for 1 h had 8.6 wt% of sub-oxides. Thus,
these results show that nitric acid passivation and heat treatment decreased the amount of
sub-oxides compared to the cleaned condition. This could explain the improved corrosion

resistance for the Passivated and Heat Treated groups compared to the Cleaned groups in
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our study. However, more in-depth studies of the role(s) of oxide atomic structure are
needed to draw conclusions about these relationships.

Another possible reason for the improved corrosion resistance of the Passivated
groups compared to the Cleaned groups, despite the result that they had similar oxide
thicknesses, might be the structure of the oxides. Nitric acid passivated specimens may
remove the plastically deformed native oxide of the Cleaned specimens and grow in its
place a more uniform oxide.** Since the nitric acid passivation process involves the
simultaneous dissolution and formation of the existing oxide, preferential dissolution of
surface defects would be expected, with concurrent formation of a less defective (i.e.,
more uniform) oxide.

Still another reason for the improvement in corrosion properties for the Passivated
and Heat Treated groups may be enrichment of nitrogen in the near-surface region of the
surface oxide due to the passivation in nitric acid. Schmidt® reported that ion-implanted
nitrogen acts as a diffusion barrier by reducing the number of interstitial sites for migra-
tion of oxygen. Unfortunately, as discussed earlier, because the AES peak for titanium
overlaps the nitrogen peak, changes in nitrogen content could not be determined.

Although the Heat Treated groups had increased oxide thicknesses, the Ecorr and
Icorr results for these groups were not significantly different from those for the nitric acid
Passivated groups. One possible explanation again may be the relative structure of the
oxide. Blackwood® and others®” have shown that the oxide layer on titanium and tita-
nium alloys typically consists of three layers: an outer TiO, layer, an intermediate Ti,03
layer, and an inner TiO layer that is in contact with the titanium or alloy substrate. In

addition, Pouilleau®® showed that a heat treatment similar to that done in this study
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resulted in a thin outer TiO, layer and a thicker intermediate Ti,O5 layer. Thus, the short
and relatively low heat treatment temperature did not allow the formation of a thicker,
more stable stoichiometric TiO; layer. The effect of the thinner TiO; layer on corrosion
properties was shown after Pouilleau’s oxide stabilization procedure of boiling in water
for 15 min, which did not increase the overall thickness of the oxide layer but did in-
crease the thickness of the outer TiO, layer, while decreasing the thickness of the inter-
mediate Ti,03 region. The stabilized specimens showed improved corrosion resistance,
thus pointing to the importance of the different oxide structures. Hence, the result that the
Heat Treated groups had a thicker oxide but not improved Ecorr and Icorr results com-
pared to the Passivated groups may be due to the circumstance that the heat treatment
used in this study was not of sufficient duration and temperature for a thick outer TiO,
layer to form.

However, it should be noted that the Ipass results for the Heat Treated groups
were significantly lower than those for the Passivated groups. Ipass, by definition, is the
current density of the sample when it is in the passive region of the polarization curve.
The lower Ipass results for the Heat Treated groups may be due to the possible transfor-
mation of the intermediate Ti,O3 sub-oxide layer into the more stable TiO, due to the
application of the voltage during the polarization experiment. An increase in the amount
of the more stable TiO, would result in a decrease in current density compared to the
thinner Passivated groups.

Another result from the corrosion studies that provides information on the state of
the oxides present on the samples is the shape of the Ecorr curves. Ecorr curves measure

the open circuit potential over time. According to Abd El Kader,* shifts in the open
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circuit potential to more positive values over time denote oxide thickening and repair,
shifts to more negative values indicate oxide breakdown or dissolution, and a constant
voltage over time indicates that the oxides were stable. In this study, all the Ecorr curves
for the Cleaned and Heat Treated groups had voltages becoming slightly more positive
with time, indicating that the oxide films were thickening and becoming repaired. On the
other hand, all the Passivated groups had Ecorr curves exhibiting relatively constant
voltages over time, indicating stable oxide films. Thus, nitric acid passivation appears to
have stabilized the oxide in terms of its behavior in the saline solution, while Cleaned and
Heat Treated materials had oxides that continued to passivate in the saline solutions, as

indicated by the increasing open circuit potential.

CONCLUSIONS

The results of this study showed similar excellent corrosion properties for cpTi,
Ti-6A1-4V (Ti64), and Ti-15Mo-2.8Nb-0.2Si (21SRx) materials despite differences in the
chemistry of the surface oxides of these materials. Thus, surface oxide composition did
not affect the corrosion properties of cpTi, Ti64 and 21 SRx.

Surface treatments, such as passivation in nitric acid solution and heat treatment,
did affect the corrosion properties by increasing the corrosion resistance of these surface-
treated materials. However, these differences in corrosion properties cannot be attributed
simply to changes in oxide thickness. Other oxide properties must play a role in the
corrosion properties of these materials. Additional studies on the role(s) of atomic

structure versus surface properties are indicated.
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Figure 1. Representative microstructure for cpTi showing equiaxed alpha grains
(original magnification x200).
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Figure 2. Representative microstructure for Ti64 showing dual phase alpha-beta grains.
Alpha regions are light and intergranular beta regions are dark (original magnification
x200)
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Figure 3. Representative microstructure for 21SRx showing equiaxed beta grains.
Grains are substantially larger than cpTi and Ti64 grains (original magnification x200).
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Figure 4. Representative AES spectra of Passivated 21SRx sample after Ar ion sputter.
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Figure 5. Representative polarization curves for cpTi in the Cleaned, Passivated, and
Heat Treated conditions. The upward and leftward shift of the Passivated and Heat
Treated curves relative to the Cleaned curve graphically illustrates their increased
corrosion resistance. The upward shift indicates a nobler Ecorr and the leftward shift a
decrease in current density (Icorr).
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Figure 6. Representative polarization curves for Ti64 in the Cleaned, Passivated, and
Heat Treated conditions. As with Figure 5 for cpTi, the upward and leftward shift of the
Passivated and Heat Treated curves relative to the Cleaned curve graphically illustrates
their increased corrosion resistance. The upward shift indicates a nobler Ecorr and the
leftward shift a decrease in current density (Icorr).
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Figure 7. Representative polarization curves for 21SRx in the Cleaned, Passivated, and
Heat Treated conditions. Although similar Cleaned and Passivated curves are shown, the
quantitative data show the Passivated and Heat Treated groups to be significantly more
corrosion resistant than the Cleaned group.
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ABSTRACT

Improving functionality and longevity of surgical implants has long been the goal
of material scientists. One theoretical way to obtain improvement is by enhancing the
surface oxide layer on the implant with passivation in a nitric acid solution. Varying the
parameters of nitric acid concentration, temperature, and immersion time can affect the
properties of the oxide coating.

Commercially pure titanium (cpTi) and two titanium alloys (Ti-6Al-4V and Ti-
15Mo) were used in the study. Corrosion properties of the resultant surfaces were deter-
mined by using electrochemical impedance spectroscopy (EIS) and potentiodynamic
polarization tests. EIS and X-ray photoelectron spectroscopy (XPS) were used to study
surface oxide characteristics and chemistry, respectively. Cell culture tests with os-
teoblast-like cells (SaOS-2) were used to test any effects on biocompatibility.

Test results showed the three titanium material groups to be affected to varying
degrees by the different passivation parameters. In general, improved corrosion properties

- resulted when higher concentrations and temperatures were used; however, the improve-
ment was time sensitive. Overall, cpTi was the most corrosion resistant, followed by Ti-
6Al-4V and then Ti-15Mo. The Ti-15Mo groups were less sensitive to the variations in
passivation parameters. Cell culture results showed improvements in cellular responses
that tended to follow the corrosion results. Differences in corrosion and biocompatibility

properties were related to oxide chemistry and other oxide properties.
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INTRODUCTION

A worthy goal for material scientists would be to improve the functionality and
longevity of surgical implants by optimizing the surface properties of the implant metals.
Modifying the surface chemistry of implant metals is a recognized method of improving
their corrosion resistance and longevity.""* A prominent method of altering the surface
chemistry of metals is nitric acid passivation. Commercial metallic implant devices, for
example, routinely undergo a nitric acid passivation treatment as part of an American
Society for Testing of Materials (ASTM) standard. The ASTM F86 protocol, which
specifies cleaning and surface treatment processes for metal implants, was initially
established for stainless steels and chrome-cobalt alloys but was later expanded to include
titanjum and titanium alloys.?

Passivation is the process of exposing metallic materials to an oxidative environ-
ment to improve their corrosion properties. The primary effect of the passivation treat-
ment is to form a more effective surface oxide film by changing its composition,* struc-
ture,” or thickness® and/or by removing non metallic inclusions.® ” In addition to nitric
acid passivation, other passivation treatments used to achieve these goals include other
acid treatments, heat treatments, and boiling in water.®*°

In the case of nitric acid passivation, the effectiveness of the passivation treatment
has been shown to depend on the concentration and temperature of the nitric acid, as well
as on the time of immersion. Wallinder’, in his paper on passivation of stainless steel,
showed increased corrosion resistance with higher nitric acid concentrations and tempera-

tures, as well as with longer passivation times. The improvements in corrosion resistance

were attributed to increased chromium content in the surface oxide and increased thick-
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ness of the surface oxide’. In another study, Noh® found that increasing nitric acid con-
centrations up to 25 % improved the pitting potentials of stainless steel, whereas concen-
trations greater than 25 % produced less favorable pitting potentials. Like Wallender,
Noh attributed the improved corrosion properties to the increased chromium content of
the oxide, which peaked in the 25 % nitric acid treatment samples.®

The effect of nitric acid passivation also has been studied for titanium and tita-
nium alloys. Work in the authors’ laboratory has shown improved corrosion resistance
for commercially pure titanium (cpTi), Ti-6A1-4V, and Ti-15Mo-2.8Nb-0.2Si that had
been passivated with nitric acid ''. Trepanier also showed improvement in corrosion
resistance for nitric-acid-passivated NiTi alloys.'? Ong showed no differences in corro-
sion properties for non passivated and nitric-acid-passivated cpTi.! However, some
studies have shown nitric acid passivation to be detrimental to corrosion properties.
Callen" and Lowenberg'* have shown nitric-acid-passivated Ti-6Al1-4V to have an
increased release of the alloy constituent ions compared with non passivated Ti-6Al-4V.

The differences in corrosion properties shown in these studies for nitric-acid-
passivated titanium and some of its alloys can be attributed to changes in various surface
oxide properties. Trepanier'? attributed the improved corrosion resistance of NiTi alloy to
a more uniform surface oxide, which results when the nitric acid removes the air-formed
oxide, which they described as a deformed plastic oxide, and replaces it with a more
uniform oxide. Kilpadi'® and others'® have attributed the corrosion improvement in
passivated titanium to the removal of contaminants from the surface oxide.

The presence of alloy constituent ions in the surface oxide of titanium alloys has

been documented in numerous studies.'® '*'° Furthermore, it has been shown that nitric
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acid passivation of the alloys increases the concentration of the alloy constituents, such as
Al and V ions, within the surface oxide.” '*!7 Variations in alloy constituent concentra-
tions have been cited as reasons for observed differences in corrosion and biological
propeﬂiesg’ B,

The release of the toxic Al and V ions into the host circulation has major clinical
implications. High levels of metal ions have been documented in the serum of humans
with implants.20 Aluminum ions also tend to accumulate in the brain, causing dementia
and Alzheimer’s disease.”’ In general, all these toxic ions cause DNA damage to blood
cells, mesenchymal bone marrow cells, fibroblasts, osteoblasts, and 1ymphocytes.22'24 In
addition, Ti, Al, and V ions have been shown to inhibit apatite formation in vitro®, which
is of importance in bone implants.

The types of alloy constituent ions have been shown to affect how the alloy re-
sponds to nitric acid passivation and the resultant oxide and corrosion properties.“'13 26
Thus, different titanium materials respond differently to similar nitric acid passivation
treatments.

In addition to Ti-6A1-4V, other titanium alloys are of interest as implant materials.
More recently, beta titanium alloys have been investigated.”” ** The advantages of beta
titanium alloys cited in the literature include lower elastic modulus and improved corro-
sion resistance.”® ** One such beta alloy is Ti-15Mo. This alloy, compared with Ti-6Al-
4V, has been shown to improve corrosion resistance and have a lower modulus of elastic-
ity.”” However, because of the relative novelty of the beta titanium alloys as an implant

material, few studies on the effects of nitric acid passivation on these alloys have been

done.
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The effects of the various parameters of nitric acid passivation on cpTi, Ti-6Al-
4V, and Ti-15Mo were documented in this work by using various analytical techniques.
Corrosion properties were determined with electrochemical impedance spectroscopy
(EIS) and potentiodynamic polarization tests. EIS is a powerful technique that can yield
information on the corrosion resistance of the material, as well as on properties of the
surface oxide. Modeling of EIS spectra with an equivalent electrical circuit (EEC) was
used to obtain EIS parameters, which were related to specific circuit elements and could
be quantified for statistical comparisons. Potentiodynamic polarization testing was used
to obtain the corrosion potential (Ecorr), corrosion current density (Icorr), and passive
current density (Ipass). The surface oxide chemistry was determined with X-ray photo-
electron spectroscopy (XPS). In addition to the elemental composition of the surface
oxide, XPS results also included depth profiling and high-resolution scans, which yielded
information on the stoichiometry of the oxide. Last, the biological response of SaOS-2
osteoblast-like cells.to the materials passivated in various ways was measured using
hexosaminidase assay to determine cell attachment and proliferation.

Although many studies on the effects of nitric acid passivation on titanium and ti-
tanium alloys have been done, these studies used a range of values for the different
passivation parameters. The nitric acid passivation protocols used in the studies show
variations in the acid concentration, time of immersion, and acid temperature. These
differences may account for much of the inconsistency and contradiction in the results
reported by these studies and thereby make it difficult to draw useful conclusions from
the existing literature. Thus, the purpose of this paper is to gain a better understanding of

nitric acid passivation as it relates to titanium and titanium alloys, specifically to deter-
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mine the effects of passivation parameters such as nitric acid concentration, temperature,
and time of immersion on the corrosion properties, surface oxide, and biological response

of the materials.

MATERIALS AND METHODS

Materials

Three groups of titanium metal and alloys were used for this study. Metallic discs
were machined from bar stock of cpTi (ASTM F67), Ti-6Al-4V (ASTM F136), and Ti-
15Mo. The disks were 12.7 mm and 6 mm in diameter and 2-3 mm thick. All disks were
ground with a series of SiC grit papers to a final 600-grit finish. The disks were cleaned
by rinsing with distilled water, followed by 15-min ultrasonic baths in acetone, distilled
water, reagent alcohol, and, finally, distilled water. Samples were then air dried and
stored in a desiccator until further surface treatments were performed. Disk samples in

this condition were designated as clean samples.

Nitric acid passivation treatments

Titanium and titanium alloy disk samples were passivated in nitric acid using
various combinations of passivation parameters. In this study, the effects of nitric acid
concentration, temperature, and time of immersion were studied. Table 1 shows the
different values used for these three passivation parameters. Two nitric acid concentra-
tions (10% and 40 percent by volume), two temperatures (20°C and 50°C), and three
immersion times (15 min, 1 h, and 2 h) were used. All groups were immersed statically

(i.e., without ultrasonication). A complete study group matrix using all possible combina-
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tions of these parameters was prepared. Thus, the first test series consisted of 12 test
groups for each material.

All nitric acid solutions were made with ACS grade nitric acid and distilled water.
All nitric acid concentrations reported here are volume percentages. Temperature-
controlled water baths were used for passivation treatments done at 50°C. After passiva-
tion treatments, all samples were rinsed with distilled water, ultrasonicated for 5 min in

distilled water, air dried, and then stored in a desiccator until testing.

TABLE 1
Passivation Parameters Used for Nitric Acid Passivation Treatments
Nitric Acid Nitric Acid . Nitric Acid
Concentration Temperature Immersion Time
10 vol% 20°C 15 min
40 vol% 50°C . l1h

2h

Electrochemical impedance spectroscopy

EIS testing was conducted by using a three-electrode electrochemical cell with
graphite rod counter electrodes and a saturated calomel electrode as reference. All
potentials reported in this study are relative to standard calomel electrode. The equipment
included an impedance response detector (Model 5210 Lock-In Amplifier, EG&G
Princeton Applied Research) in combination with a potentiostat/galvanostat system
(Model 263 A Potentiostat/Galvanostat, EG&G Princeton Applied Research). EIS spectra
were obtained at the open-circuit potential. The electrolyte solution was Hanks’ Balanced

Salt Solution (HBSS) adjusted to pH 7.4 £ 0.1. Nitrogen gas was used to deaerate the

HBSS for 30 min prior to testing and during all testing. All tests were conducted at 37°C.
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The magnitude of the applied sinusoidal waveform was 10 mV, and the frequency range
was 100 kHz to 10 mHz. Computer software was used to collect (PowerSUITE, Prince-
ton Applied Research) and analyze (ZSimpWin, Princeton Applied Research) the EIS
data. The impedance behavior of the samples was expressed in Nyquist and Bode plots.
All impedance data were fitted to appropriate equivalent circuits using computer software

(ZSimpWin). Triplicate tests were done for all study groups.

Potentiodynamic polarization testing

Direct-current potentiodynamic polarization testing was performed immediately
after EIS testing. After EIS testing, the entire corrosion cell was transferred and con-
nected to another potentiostat/galvanostat system (Model 273 Potentiostat/Galvanostat,
EG&G Princeton Applied Research), which was used to conduct electrochemical poten-
tiodynamic polarization testing. The polarization scan was from 150 mV more active than
open-circuit potential to 1200 mV using a scan rate of 1.0 mV/s. As with the EIS tests,
nitrogen gas was used to deaerate the HBSS and tests were conducted at 37°C. Tafel
extrapolation and Stern-Geary fits (SoftCorr III, EG&G Princeton Applied Research)
were used to obtain the Ecorr and the Icorr at the maximum corrosion potential. The Ipass
was recorded at a potential of 800 mV. This potential was chosen because it was located
within the passive region for all the samples tested. Triplicate tests were done for all

study groups.
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X-ray photoelectron spectroscopy (XPS)

Chemical analysis of the surface oxide was done with XPS. A Kratos Axis 165
electron spectrometer using a 165-mm mean radius concentric hemispherical analyzer
operating in fixed analyzer transmission mode at pass energy of 160 eV was used for the
XPS analysis. Typical sampling depth of analysis was about 3 nm from the surface. The
analyzed area was approximately 0.8 mm x 0.2 mm, and the chamber pressure during
XPS was 1 x 10” torr. Low-energy electrons from an integral charge neutralizer system
in the Axis 165 compensated for sample charging during XPS. The binding energy scale
was referenced to the adventitious carbon C 1s at 285.0 eV. For all samples, initial survey
spectra were obtained, followed by high-resolution spectra for C 1s, O 1s, N 1s, and Ti
2p. Additional high-resolution spectra obtained were Al 2p and V 2p for the Ti-6Al-4V
samples and Mo 3d for the Ti-15Mo samples. In addition, depth profile analysis of the
oxide was done with argon ion etching for specified times. Relative atomic concentra-
tions for all identified elements were quantified from the high-resolution spectra data
using system software. Finally, a curve-fitting program was used to differentiate and

quantitate the different titanium oxide states, as well as metallic titanium.

Cell culture

The following cell culture methods were used to evaluate the biological compati-
bility of the titanium materials with different nitric acid passivation treatments. Biological
response to the different sample groups was determined by using SaOS-2 osteosarcoma
cells. Sa0S-2 cells were cultured in complete media consisting of McCoy’s modified

medium, 10% fetal bovine serum (FBS), amphotericin B (500 pg/500 ml), and gen-
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tamicin sulfate (5 mg/500 mL). The cells were incubated in humidified 5% CO, air
atmosphere at 37°C, nurtured every 2-3 days until confluence, and then split at a ratio of
1:4. The cells were detached in the media flasks by incubating with trypsin-EDTA at

37°C, and the reaction was stopped by adding complete media to the flask.

Cell attachment and proliferation assays

For the experiments, sample disks were placed tightly into the wells of 96-well
tissue culture plates. Disk samples were sterilized prior to testing by soaking in 100%
ethanol for 1 h, followed by repeated washing (3x) with sterile filtered phosphate-
buffered saline (PBS; 0.2 pm filtered) and overnight incubation with sterile PBS (37°C,
5% CO,). Cell suspensions were prepared and cells were seeded onto disks at a density
of 2 x 10* cells per well. After seeding of the wells, the culture plates were incubated for
1 h, 4 h, and 24 h in complete media for attachment assays and for 1 day, 3 days, and
7 days for proliferation assays. After incubation, the disks were washed with PBS two
times to remove non adherent cells. Adherent cells were quantified by using the hexosa-
minidase assay.”® Blank wells were used as controls. Three samples from each group

were used in quadruplicate experiments.

RESULTS
EIS results
EIS Nyquist and Bode plots
EIS spectra in the form of Nyquist and Bode plots were analyzed to qualitatively

determine differences in the impedance and capacitive behavior of the samples due to the
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different passivation parameters. Nyquist plots plot the imaginary impedance component
versus the real impedance component; for thin passive oxides, these plots will display
incomplete semicircles, which are indicative of capacitive behavior. The diameter of the
semicircles gives the impedance of the system, with larger diameters indicating higher
impedance. Bode plots express the impedance behavior of the samples by plotting both
the log of the impedance (log|Z|) and the phase angle (0) against the log of the frequency
(log /). For Bode plots, capacitive behavior is denoted by a phase angle that closely
approaches -90° and a linear variation of the impedance (log|Z|) and frequency (log /)
with a slope close to -1. Thus, changes in capacitive behavior can be determined with
Nyquist plots by comparing the magnitude of the diameter of the semicircles and with
Bode plots by comparing the magnitude of the maximum phase angle and the width of
the frequency range for which the sample maintains the maximum phase angle. In terms
of the corrosion properties of a material, the higher the impedance and the more capaci-
tive the behavior of the sample are, the better the corrosion resistance.

In general, the spectra for all the samples showed features characteristic of a thin
passive oxide film on titanium or titanium alloy. The Nyquist plots displayed incomplete
capacitive semicircles, while the spectra in the Bode plots exhibited a capacitive behavior
over wide frequency ranges. The phase angle plots exhibited only a single maximum
value, which indicated that there was only one time constant. This result is consistent
with a single-layer oxide. Figures 1-6 show a series of representative Nyquist and Bode
plots for cpTi, Ti-6Al-4V, and Ti-15Mo. Plots for each material group contain spectra for
the non passivated group (Clean Only) and samples that had been passivated in 40%

nitric acid at 20°C for 15 min, 1 h, and 2 h.
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Table 2 has a summary of the impedance and capacitive behavior of the samples

in relation to the time of passivation, as determined by analyzing the spectra in Nyquist

and Bode plots.

TABLE 2

Summary of Effect of Time of Nitric Acid Passivation on Impedance and Capacitive
Behavior as Determined by Using Spectra From Nyquist and Bode Plots

Group

Time Responses of Impedance and Capacitive Behavior

10%-20°C

10%-50°C

40%-20°C

40%-50°C

¢cpTi, Ti-6Al-4V, and Ti-15Mo had similar time response patterns.
Initial decrease in impedance and capacitive behavior at 15 min and
1 h compared with time zero, followed by an increase at 2 h.
Difference between times was less pronounced for alloys, especially
Ti-15Mo.

cpTi, Ti-6Al-4V, and Ti-15Mo had similar time response patterns.
Unlike 10%-20°C, all groups had slight to moderate increases in
impedance and capacitive behavior at 15 min and 1 h, followed by a
larger increase at 2 h.

cpTi, Ti-6A1-4V, and Ti-15Mo showed dissimilar time response
patterns.

cpTi had relatively large increase in impedance and capacitive
behavior at 15 min, followed by no change at 1 h and then a large
decrease at 2 h.

Ti64 had a more moderate increase at 15 min, followed by a rela-
tively large increase at 1 h and then a decrease at 2 h.

Ti-15Mo had relatively smaller increases at 15 min and 1 h but,
unlike cpTi and Ti64, no decrease at 2 h.

cpTi, Ti-6Al1-4V, and Ti-15Mo had similar time response patterns.
Groups showed large increase in impedance and capacitive behavior
at 15 min, followed by a more moderate increase at 1 h and then a
decrease at 2 h.

In general, the effects of concentration on the spectra were greater than those of

temperature were found to be. Increasing nitric acid concentrations from 10% to 40%

typically increased the impedance and capacitance behavior of the 20°C samples substan-
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tially while resulting in more moderate increases for the 50°C groups. The temperature
effects were less consistent, as well as less pronounced, compared with the concentration
effects. The alloys, in general, showed less sensitivity than the cpTi groups did to the
concentration and temperature of passivation.

Comparisons of Nyquist and Bode plots for the three material groups within the
same treatment showed similar plots. An exception was the 40%-20°C-1h groups, which
showed the cpTi and Ti64 spectra to have greater impedance and capacitive behavior

than the Ti-15Mo group did.

EIS parameters

The electrochemical reactions at the surface interface are analogous to an elec-
tronic circuit consisting of a specific combination of resistors and capacitors; thus, the
electrochemical system can be described in terms of an EEC. In the EEC, circuit elements
such as resistors and capacitors are used to represent electrochemical properties of the
metal and the oxide film. In this study, the phase angle plots exhibited a single time
constant; thus, the surface oxide was assumed to be a simple one-layer oxide. To model
the single-layer oxide, a simple EEC consisting of a resistor (Rs) in series with a resistor
(Rp)-capacitor (C) parallel circuit was used. The Rs resistor consists essentially of the
experimental-system resistance and models resistance due to the electrolyte, the reference
electrode, and the electrical leads present in the system. The Rp resistor in parallel with
the capacitor component is used to model the resistance of the surface oxide, while the

capacitor models the capacitance of the surface oxide. However, to account for the non
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ideal capacitive response of the interface, a constant-phase element (CPE) was used

instead of a pure capacitor. The impedance of a constant-phase element is defined as
Z(CPE) = [Q(jw)"]! with-1 <n <1,

where Q is a constant, w is the angular frequency, j is V-1, and n is the CPE power. A

value of n = 1 represents an ideal capacitor, and the constant parameter Q represents a

pure capacitance. The parameter n is related to the non homogeneity of the surface, such

as roughness and structure of the oxide.

Experimental spectra were fitted to the theoretical EEC to obtain quantitative re-
sults for the EEC circuit parameters, Q, n, and Rp. The experimental data exhibited good
fits to the theoretical EEC; all chi-square values were less than 4 x 10”. The EEC circuit
parameters, Q, n, and Rp, are given in Tables 3-5 for cpTi, Ti64, and Ti-15Mo, respec-
tively. In addition, the results are shown graphically in Figures 7-9. These graphs plot the
means of Q, n, and Rp at the three passivation times (15 min, 1 h, and 2 h), for the four
passivation groups (10%-20°C, 10%-50°C, 40%-20°C, and 40%-50°C). In addition, the
cleaned groups for cpTi, Ti64, and Ti-15Mo were included in the appropriate plots and
represent time zero. These graphs provide a good illustration of the effects of time,

concentration, and temperature on the measured EIS parameters.

Effect of time of passivation on EIS parameters Q, n, and Rp
Figures 7-9 show changes in Q, n, and Rp values as a function of passivation
time. In general, the cpTi passivated groups showed less change in EIS parameters over

time when compared with the two alloy groups. The majority of groups showed Q values
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TABLE 3
EIS Parameters Q, n, and Rp Results for cpTi
Treatment Q Rp
Group (pF/cm?) n (KQ-ecm?)
Clean Only 27.6+0.7 2 0.927 + 0.002 ? 517 + 101 *
10%-20°C-15min =~ 29.3+1.9 % 0.922 +0.004 € 200422 TC2
10%-20°C-1h 27.6+1.8 0.915+0.012 € 560 + 268
10%-20°C-2h 33.3+1.0 ®€ 0.927 +0.002 ¢ 494+ 99 €
10%-50°C-15min ~ 28.7+3.1 0.922 + 0.019 423+37
10%-50°C-1h 30.6+13 % 0.932+£0.002 ¢ 407 £ 60 °C
10%-50°C-2h 32.7+£19 * 0.949 + 0.003 T 606+ 38
40%-20°C-15min 252 +12 & 0.938 + 0.002 T¢? 1276 + 509 ©2
40%-20°C-1h 242+1.0 T 0.946 + 0.007 846 + 465
40%-20°C-2h 268+19 € 0.937 +0.005 © 726 +20 ©
40%-50°C-15min ~ 28.9+2.1 0.950 + 0.005 *T2 747 + 185
40%-50°C-1h 294+06 2 0.944 + 0.003 © 1233 + 157 ©*
40%-50°C-2h 28.9+3.8 0.938 + 0.005 *€ 916 + 264 *

The values are mean =+ standard deviation (n = 3).

Statistically significant differences are denoted with superscripts, which correspond to
specific comparisons.

Results with the same superscripts are significantly different (p < 0.05).

z superscript denotes differences between Clean Only result and passivated groups
(t-test, p <0.05). :

abc superscripts denote differences due to time of passivation only (one-way ANOVA,
p <0.05).

T superscripts denote differences due to temperature of passivation only (t-test, p <
0.05).

C superscripts denote differences due to nitric acid concentration only (t-test, p < 0.05).

increasing with time of passivation, while n and Rp results showed increases and de-

creases over time. The magnitude of the changes in the Q results over time was greater
for the two alloy materials, with Ti-15Mo showing the greatest sensitivity to time. One
notable decrease in Q occurred for the Ti-15M0-40%-50°C-2h group. The Q results for

cpTi showed one group to have significant differences, while two of the Ti64 groups and
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TABLE 4
EIS Parameters Q, n, and Rp Results for Ti-6Al-4V

Treatment Q Rp
Group (pF/em?) n (KQ-cm?)
Clean Only 28.6+2.1 "% 0.900 + 0.010 2 604+ 210 =
10%-20°C-15min ~ 28.5+2.4 0.913 +£0.002 ? 563 + 225
10%-20°C-1h 303+17 7T 0.917 + 0.005 ° 316+33 T
10%-20°C-2h 304+07 ¢ 0.926 £ 0.004 €2 567 + 90
10%-50°C-15min ~ 33.8+1.7 * 0.917 + 0.003 ¢ 373+£13 *
10%-50°C-1h 362+ 1.4 2 0.926 + 0.004 * 466 + 35 PTC¢
10%-50°C-2h 39.4+1.1 ®T 0.925+0.002 ° 749 + 144
40%-20°C-15min =~ 303 +£22 T 0.920 + 0.003 T 508+ 11

" 40%-20°C-1h 31.1+£22 0.918 £0.001 ° 1020 + 537
40%-20°C-2h 332+12 T 0.902 £ 0.006 € 673 + 143
40%-50°C-15min =~ 37.2+2.0 T 0.926 + 0.002 T 754 + 154 *€
40%-50°C-1h 414+13* 0.938 + 0.011 1351 + 536 ¢~
40%-50°C-2h 523+17 7 0.923 + 0.005 516+55 ©

The values are mean + standard deviation (n = 3).
Statistically significant differences are denoted with superscripts, which correspond to

specific comparisons.

Results with the same superscripts are significantly different (p < 0.05).
z superscript denotes differences between Clean Only result and passivated groups

(t-test, p <0.05).

abc superscripts denote differences due to time of passivation only (one-way ANOVA,

p <0.05).

T superscripts denote differences due to temperature of passivation only (t-test, p <

0.05).

C superscripts denote differences due to nitric acid concentration only (t-test, p < 0.05).

all four Ti-15Mo groups had significant differences among the different passivation

times.

The results for the n coefficient, unlike the Q results, showed both increases and

decreases over time. For the two cpTi groups passivated in 10% nitric acid, n decreased

initially and then increased over time; for the two 40% nitric acid groups, n initially
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TABLE 5
EIS Parameters Q, n, and Rp Results for Ti-15Mo

Treatment Rp
Group (uF/cm?) n (KQrem?)
Clean Only 437+3.0 7 0.904 + 0.008 * 377+£39 ?
10%-20°C-15min  43.0+ 1.6 ™€ 0.912 + 0.002 368 + 69
10%-20°C-1h 52.6+ 4.1 27¢? 0.896 + 0.005 T 323 + 43
10%-20°C-2h 52.1+1.5 °T¢ 0.907 + 0.006 368+28 T
10%-50°C-15min  55.4+ 5.1 T 0.906 + 0.023 396 + 65
10%-50°C-1h 75.5+ 3.0 ¥ 0.923 £ 0.008 ™ 510+ 126
10%-50°C-2h 86.7 + 4.8 °TC 0.915+ 0.004 * 606 + 118 T¢
40%-20°C-15min  48.8 +2.1 € 0.909 + 0.001 ? 431+ 88
40%-20°C-1h 43.1+24 5 0.902 + 0.007 ® 409 + 79
40%-20°C-2h 78.7 + 1.8 °T¢ 0.924 + 0.010 5744202
40%-50°C-15min  67.2 + 4.4 *1¢2 0.901 + 0.008 518 + 136
40%-50°C-1h 76.1 + 1.6 T2 0.916 + 0.011 480 + 239
40%-50°C-2h 50.7 £ 4.0 °T¢ 0.902 + 0.010 370+ 37 ©

The values are mean + standard deviation (n = 3).

Statistically significant differences are denoted with superscripts, which correspond to
specific comparisons.

Results with the same superscripts are significantly different (p < 0.05).

z superscript denotes differences between Clean Only result and passivated groups
(t-test, p <0.05).

abc superscripts denote differences due to time of passivation only (one-way ANOVA,
p <0.05).

T superscripts denote differences due to temperature of passivation only (t-test, p <
0.05).

C superscripts denote differences due to nitric acid concentration only (t-test, p < 0.05).

increased and then remained relatively constant. For Ti64, the n values increased up to
1 h, and then the values for the 40% groups decreased at 2 h. The Ti-15Mo groups had

little change in the n value at the initial 15-min passivation time; however, then the values

for the groups passivated at 50°C increased and decreased at 1 h and 2 h, respectively,
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while the 20°C groups did the opposite. Differences in n values were statistically signifi-
cant in one cpTi group, three Ti64 groups, and one Ti-15Mo group.

The Rp results, like the n results, both increased and decreased over time. In gen-
eral, all the groups that were passivated in 10% nitric acid and all four Ti-15Mo groups
had minimal changes in Rp values over time. The Rp values for the cpTi and Ti64
samples passivated in 40% nitric acid were more sensitive to changes in time. Statisti-
cally significant differences were shown for one cpTi group, two Ti64 groups, and one

Ti-15Mo group.

Effect of temperature of passivation

Figure 10 shows percentage change of Q, n, and Rp due to increased nitric acid
temperature. The positive percentages indicate higher Q, n, and Rp values for the samples
passivated at 50°C compared with 20°C. Passivation at the higher temperature resulted in
increased Q values in all but a few instances and increased the n and Rp values in the
majority of cases. The Q graph shows that temperature effects were more pronounced
with Ti-15Mo groups, followed by Ti64 groups, with cpTi showing the smallest effects.
In addition, the temperature effects on Q results were greater for the samples passivated
in 40% nitric acid and for those with longer passivation times. The n values also tended
to increase with temperature increases; however, the pattern for changes was not consis-
tent with regard to material group, concentration, or time. The n values for cpTi groups
showed increasing temperature effects with time for the samples passivated in 10% nitric
acid but were less sensitive for samples passivated in 40% nitric acid. The temperature

effects for Ti64 groups tended to increase with time and with concentration, while the Ti-
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15Mo groups showed negative changes at the initial 15-min passivation times and again
at 2 h for the samples passivated in 40% nitric acid. The Rp values, like those for Q and
n, showed mostly positive changes with increased temperature; however, the magnitude
of these changes did not show a consistent pattern among material groups and over time.

Samples passivated in 40% nitric acid tended to show smaller temperature effects.

Effect of nitric acid concentration

Figure 11 shows the effects of nitric acid concentration on the values of Q, n, and
Rp. The general trend for concentration, like that for temperature, was that an increase in
concentration tended to increase the values of the EIS parameters; however, this trend
was not as consistent as it was for temperature. Indeed, the concentration effects on the Q
results for the cpTi groups showed negative changes for all but one group and were more
pronounced for the 10% nitric acid groups and over time, whereas the Ti64 groups all
increased and the Ti-15Mo groups showed increases and decreases. The Q values for the
Ti64 groups passivated at 50°C nitric acid were more sensitive to concentration, while
the Q values for the Ti-15Mo groups tended to show larger concentration effects at the
longer passivation times, especially at 2 h. The change in n values tended to increase with
increasing nitric acid concentration. The cpTi groups had positive concentration effects
for all but the 50°C-2h group, and the Ti64 groups had such effects for all but the 20°C-
2h and 50°C-2h groups. The Ti-15Mo groups, however, had negative changes with
increases in concentration for all the 50°C groups and the 20°C-15min groups. The
changes in Rp values due to nitric acid concentration also trended toward positive per-

centages, with large increases in Rp with increased concentrations. The changes in the
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few groups that did show negative percentages were relatively small in magnitude, and

all occurred for the 50°C groups.

Potentiodynamic polarization corrosion testing

The potentiodynamic polarization curves for all groups were characteristic of
highly passive systems. The Ipass were of the order of 2.0 to 7.5 pA/cm?. The low
passive currents, typical of a passive system, persisted throughout the experiment; all
curves exhibited negative hysteresis, indicating no localized corrosion. The Ecorr, Icorr,
and Ipass corrosion results for the potentiodynamic polarization tests are given in Tables
6-8.

In general, compared with non passivated sample groups, samples that had been
passivated showed improved corrosion resistance properties in terms of more noble Ecorr
values and lower Icorr and Ipass results. Time of passivation tended to exhibit a gradual
improvement of the measured corrosion properties over time for the groups passivated in
10% nitric acid, while the 40% nitric acid groups generally showed improved properties
up to 1 h and then a deterioration of corrosion properties at 2 h. The 40% nitric acid
groups typically had nobler Ecorr and smaller Icorr and Ipass than similar groups did that
had been passivated with 10% nitric acid. The higher passivation temperature had an
effect similar to that of the higher concentration in that the 50°C groups typically had
improved corrosion properties when compared with similar 20°C groups.

Comparisons between the similarly treated material groups showed the cpTi

groups to have the best corrosion properties, followed by Ti64 and then Ti-15Mo.
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TABLE 6

Ecorr, Icorr, and Ipass Results for cpTi
Treatment Ecorr Icorr Ipass
Group (mV) (nA/cm?) (pA/em®)
Clean Only 223432 % 56+8 2 4.60 + 0.22 *
10%-20°C-15min -159 + 49 87+16 € 491+041 €
10%-20°C-1h -66 £ 152 83+22 € 4.15+0.46
10%-20°C-2h 286+27 T 43+ 11 432 +0.21
10%-50°C-15min 63+0 2 44+ 9 4.13+0.34
10%-50°C-1h 42 £70 % 63 + 39 424+024 €
10%-50°C-2h 74+ 9 T 47+ 8 3.93+027 ¢
40%-20°C-15min -110+14 ™ 42421 € 3.99 +0.25 ¢
40%-20°C-1h -83+40 * 26+9 & 3.81+£0.24 2
40%-20°C-2h 86+9 T 56+ 23 3.78+027 2
40%-50°C-15min 3+45 T 45+ 10 3.27+0.56 **
40%-50°C-1h 42407 33+9 7 2.00 + 0.21 **
40%-50°C-2h 18+30 T 28+ 15 2.33 + (.24 YT

The values are mean + standard deviation (n = 3).

Statistically significant differences are denoted with superscripts, which correspond to
specific comparisons.

Results with the same superscripts are significantly different (p < 0.05).

z superscript denotes differences between Clean Only result and passivated groups
(t-test, p <0.05).

abc superscripts denote differences due to time of passivation only (one-way ANOVA,
p <0.05).

T superscripts denote differences due to temperature of passivation only (t-test, p <
0.05).

C superscripts denote differences due to nitric acid concentration only (t-test, p < 0.05).

XPS results

Surface chemistry

XPS analysis included initial survey spectra followed by high-resolution spectra for Ti
2p, O 1s, C 1s, and N 1s for all three material groups. In addition, the Al 2p and V 2p

spectra were obtained for the Ti-6A1-4V groups, and the Mo 3d spectra were obtained for
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TABLE 7
Ecorr, Icorr, and Ipass Results for Ti-6Al-4V
Treatment Ecorr Icorr Ipass
Group (mV) (nA/cm?) (nA/em?)
Clean Only 216+57 2 46+ 11 2 477+041 °
10%-20°C-15min ~ -191 + 60 63 + 44 4.52 +0.07
10%-20°C-1h -160 + 59 80 + 54 483+028 %
10%-20°C-2h -181£70 51+18 402+ 026 ¥
10%-50°C-15min ~ -143 + 89 42+9 4.45+0.51
10%-50°C-1h 63+23 7 77 + 84 434+025 €
10%-50°C-2h -80+ 20 164 + 130 3.81+0.31
40%-20°C-15min =~ -165+18 T 31+4 422 +0.07 ®
40%-20°C-1h -102+8 7 27+ 24 3.96 + 0.92 €
40%-20°C-2h 78+ 6 155+ 64 2 3.99+ 033 ?
40%-50°C-15min -18+39 ™ 84 + 84 3.90+0.24 ®
40%-50°C-1h 40+34 T2 13+8° 2.91 + 0.14 ®T¢
40%-50°C-2h 26+48 7 42+47T 3.55+021 ¥

The values are mean + standard deviation (n = 3).

Statistically significant differences are denoted with superscripts, which correspond to
specific comparisons.

Results with the same superscripts are significantly different (p < 0.05).

z superscript denotes differences between Clean Only result and passivated groups
(t-test, p <0.05).

abc superscripts denote differences due to time of passivation only (one-way ANOVA,
p <0.05).

T superscripts denote differences due to temperature of passivation only (t-test, p <
0.05).

C superscripts denote differences due to nitric acid concentration only (t-test, p < 0.05).

the Ti-15Mo groups. Argon ion sputtering was used to obtain depth profiles for the
elemental composition. Analysis of high-resolution spectra yielded elemental composi-
tion (atomic %).

Survey spectra confirmed the presence of the constituent elements for each mate-

rial, as well as carbon and nitrogen, which are ubiquitous surface contaminants.
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TABLE 8
Ecorr, Icorr, and Ipass Results for Ti-15Mo
Treatment Ecorr Icorr Ipass
Group (mV) (nA/cm?) (uA/cm?)
Clean Only 253+23 2 70 + 33 7.26 + 0.50
10%-20°C-15min 291+14 T 44+ 12 6.58 + 0.73
10%-20°C-1h 257+41 1€ 62+ 16 7.68 + 0.88
10%-20°C-2h 219+67 € 54 + 31 7.05+0.66 €
10%-50°C-15min -150+17 ™ 47 £ 20 6.62 + 0.65
10%-50°C-1h -152+32 T2 33+7 6.36 + 0.94
10%-50°C-2h -167+42 2 39+ 6 6.74 + 0.74
40%-20°C-15min 205+1 T 3745 751+061 2
40%-20°C-1h -124 £ 14 T2 51+24 6.83+0.63°
40%-20°C-2h 27+3 ¢z 32+6 4.48 + 0.44 ®TC
40%-50°C-15min -130 + 26 Tz 45+ 16 6.67 + 0.46
40%-50°C-1h -42 +7 32 71 + 47 5.58+2.13
40%-50°C-2h 093+26 T 48 + 14 6.96+0.90 T

The values are mean + standard deviation (n = 3).

Statistically significant differences are denoted with superscripts, which correspond to
specific comparisons.

Results with the same superscripts are significantly different (p < 0.05).

z superscript denotes differences between Clean Only result and passivated groups
(t-test, p < 0.05).

abc superscripts denote differences due to time of passivation only (one-way ANOVA,
p <0.05).

T superscripts denote differences due to temperature of passivation only (t-test, p <
0.05).

C superscripts denote differences due to nitric acid concentration only (t-test, p < 0.05).

All of the survey spectra had dominant titanium and oxygen peaks with a relatively large

- carbon peak. Smaller peaks for the alloy constituents, Al and V for the Ti64 groups and

Mo for the Ti-15Mo groups, were also present.
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The surface chemistry throughout the oxide layer was quantified by analyzing the

high-resolution spectra taken after argon etching for specific time intervals. Tables 9-11

give the surface composition of the cpTi, Ti64, and Ti-15Mo groups, respectively.

TABLE 9

Surface Composition (at%) by XPS Analysis of Various Passivation Treatment
Groups of cpTi After Different Etch Times

CpTi CpTi CpTi CpTi CpTi CpTi

Group Clean 15min 1h 2h 10% 50C

Ti Os 148+1.7 105+04 17+0.1 15.7+05 163+04 20.1+03
Ti 15s -- 37.1+43 - 344+£0.5 366+00 351+0.0
Ti 30s 450+57 46.1+10 41.2+21 387+44 409+18 40.6+1.1
Ti 60s - 63.5+15 -- 51.8+1.7 550+04 52.1+0.1
Ti 120s 69.4 78.0+£7.2 - 706+48 747+31 773+13
Ti 180s - 82447 - 80.3+58 82.6+2.1 825+1.2
O 0s 33613 363£.05 408+73 43.7+44 43.0+0.1 488+£0.1
O 15s -- 57.6+2.3 - 60.6+1.5 59.0+0.8 61.5+03
O 30s 525+22 475+10 559+1.8 57.1+£21 558+22 57.6+2.0
O 60s - 36.6 £ 15 - 482+1.7 450+04 479+0.1
O 120s 30.6 22.0+7.2 - 294+48 253+£3.1 227+13
O 180s - 17.6 4.7 - 197£58 174+£2.1 17.5+1.2
C 0s 464+39 48.0+03 402+55 370+6.8 37.0+03 29.0+02
C 15s - 46+2.2 - 46+17 43+£06 33+£03
C 30s 13£+19 52+04 24+03 39+21 32+04 1.8+0.9
N Os 52£09 52+£02 2019 36+£01 37+£05 22£00
N 15s -- 0.7+£0.2 - 05+02 02+03 0+0.0
N 30s 1.2+1.7 13+£04 05+07 04+03 0+0.0 0+0.0

The values are mean + standard deviation (at%; n = 2 specimens per group, except
n =1 where result has no standard deviation).

Results from Tables 9-11 show some similar trends in all treatment groups for all three

material groups. All groups show the titanium concentration to gradually increase,

starting from the outermost region (0-s etch time) and going toward the substrate (180-s

etch time), while the amount of oxygen initially increases after the first argon etch (15-s

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE 10

65

Surface Composition (at%) by XPS Analysis of Various Passivation Treatment
Groups of Ti-6A1-4V After Different Etch Times

Ti64 Ti64 Ti64 Ti64 Ti64 Ti64
Group Clean 15min 1h 2h 10% 50C

Ti—0s 16.8+£00 16.1+03 150+14 132+1.2 154+34 155+£2.1
Ti—-15s  328+1.1 303+0.7 309+00 29.7+0.6 31.7+£02 300+1.2
Ti-30s 356+0.8 33.1+04 347+00 334+03 356+12 329+13
Ti—-60s 49.6+0.9 483+0.9 45123 442+3.6 486+06 419+14
Ti—-120s 735+1.6 714+7.0 62.1+43 622+11.0 655+22 659+06
Ti—180s 77.1+08 76.7+3.7 71.7+£23 695+82 71.1+21 758+04
O-0s 482+09 465+£0.1 432+21 426+39 43.1+£26 442+27
O-15s 587+1.0 592+04 565+1.3 593%+19 567+£08 62.1+1.1
0 -30s 543+23 56.1+1.6 539+1.8 56.6+0.2 550+£21 58719
O —-60s 419+02 424+06 448+1.8 485+27 414%+15 509+2.7
O0-120s 153+04 17.5+28 243+38 248+100 187+1.8 238+1.2
O0-180s 84+0.7 12.1+44 126+12 16.1+96 142104 12.7+25
Al-0s 28+01 29+13 34407 2807 27x05 28+13
Al-15s 45+09 43+04 57+£07 49%09 57+0.0 47+03
Al-30s 49+14 53+01 55+1.1 52+£08 4305 48=+05
Al-60s 60+12 75+03 72416 52%08 8008 5408
Al-120s 7.7+09 79+38 103+02 90+1.0 12.0+05 7.8+04
Al-180s 106+1.2 8.0+£02 11.6+0.1 104+1.2 104+04 81+£2.6
V -0s 01+01 02«01 06+01 05+00 02x00 04£00
V-135s 05+0.3 1.0£02 1.1+£1.0 0.6£0.2 08+03 05+02
V —30s 1.1+0.5 14+£01 16+06 14£02 14+13 09+03
V - 60s 26+0.1 19+06 2911 21+£00 20x13 1.9+0.5
V-120s 35+03 3.1+04 33+07 4.0+00 3.8+09 25+02
V-180s 4.0+1.0 32+09 41+09 40+£03 43112 34£02
C—-0s 283+1.5 321+15 356+45 393+£50 35651 36459
C—15s 33+14 51405 5015 52+06 4719 23+19
C-30s 33+06 3.7+£15 42+£22 30106 39+£03  2.7+£3.0
N-0s 38£0.8 2.1+01 23+04 1.7+06 3014 0.8%£02
N-15s 0.2+0.2 0+£0.0 09+04 03%03 04+05 0.5+07
N -30s 0705 04+£06 01+£01 04%0.6 0.4+0.2 0+£0.0

The values are mean + standard deviation (at%; n = 2 specimens per group).
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Surface Composition (at%) by XPS Analysis of Various Passivation Treatment
Groups of Ti-15Mo after Different Etch Times

Ti-15 Mo  Ti-15Mo  Ti-15Mo  Ti-15Mo  Ti-15Mo  Ti-15Mo
Group Clean 15min 1h 2h 10% 50C
Ti—0s 146+£05 17006 143+04 138+20 17.2+04 18.8+0.5
Ti—15s 31.8+£0.5 289+34 303+0.7 31.2+05 347+07 303+12
Ti—30s 352+13 345+62 358+14 353+£1.5 40.6+£04 32.8+1.0
Ti—- 60s 450+£25 46.1+7.1 42.8+1.0 472425 555+23 42.0£0.6
Ti—-120s  53.1+£03 632+7.1 562+04 650+3.0 69.6+3.6 589+13
Ti—180s 59.5+7.1 73.0+92 646+0.0 750+3.8 73.7+2.0 64.4+£6.6
O-0s 433+25 487133 454+£08 463+13 484+0.6 522+0.1
O-15  546+13 599+1.1 596+14 594+00 555+15 62.0+0.1
O -30s 51.8+0.2 529+06 545+£33 569+0.1 492+21 592+23
O —60s 49.1+£28 48.6+8.8 51.4+03 463+33 374+22 524+05
O0-120s 38.1+13 271+8.0 349+08 249+31 19.6+35 31.9+13
O-180s 299+74 169+96 246+02 14422 143+14 232+46
Mo —0s 1.0+01 15+£00 1.6+02 15+02 14+00 1900
Mo-15s 25+0.1 28+03 3.0+01 33+03 34+£01 32+04
Mo-30s  32+0.1 3704 37+02 38+04 44+04 3.6+£00
Mo-60s 59+03 52+1.7 57+07 65+07 7.1+01 56+£0.1
Mo-120s 88+09 9.6+1.0 89+04 10.1+0.1 109+0.1 9.2+0.1
Mo—180s 10.6+0.3 10.1+03 108+0.3 10.6+1.6 12.0+0.6 124+2.0
C—-0s 36.8+3.5 27.0+x1.7 351+£03 353+0.7 294+0.7 26.7%0.9
C—-15s 10615 48+02 71+0.7 59+06 63+21 43+14
C-30s 92+03 42+£06 59+19 39+19 57+13 43+13
N-0s 43+04 58%x56 37«12 32+£16 3.7+05 03+03
N-15s 04+£0.6 3.6%46 0+0.0 0.1£0.2 0+0.1 02+00
N -30s 0.6+09 47+6.7 01+02 0+0.0 0+£0.0 0+0.0

The values are mean + standard deviation (at%; n = 2 specimens per group).

groups) and then gradually declines for all remaining etch times. The initial increase in

oxygen is due to the removal of the contaminant carbon. The results show the carbon

levels decreasing substantially with the initial etch. These results are consistent for

titanium materials. In addition, for the alloy groups, the alloy constituent elements are
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also shown to vary with etch time. In general, the aluminum in the Ti64 groups decreases
and then increases with etch time, while vanadium gradually increases. The molybdenum
in the Ti-15Mo groups generally increases with etch time. The increase of the metallic
elements and corresponding decrease of oxygen with etch time indicate the approach of
the metal substrate.

The surface composition was affected to various degrees by the different nitric
acid passivation parameters: time, concentration, and temperature. Figure 12 shows a
graph of the ratio of the atomic percentage of titanium to that of oxygen (Ti/O ratio) for
the cpTi groups. In theory, a Ti/O ratio of 50% corresponds to TiO; (i.e., one titanium
atom to two oxygen atoms), and deviations from 50% indicate the presence of other
titanium states (i.e., suboxides Ti,O3 and TiO and/or metallic titanium). The figure shows
each of the groups to have initial Ti/O ratios below 50%, followed by just over 50% for
15-s etch times and then gradual increases for subsequent etch times. The 15 min group
(40% nitric acid at 20°C for 15 min) exhibits the largest differences between the different
treatment groups, with the other treatment groups being fairly equal.

To ascertain the effect of nitric acid passivation on the surface chemistry of the al-
loy groups, the atomic percentages of the metallic elements were converted to weight
percentages (wt%s), which were normalized to Ti + Al + V = 100% and Ti + Mo = 100%
for Ti64 and Ti-15Mo, respectively. The results for the Al and V wt% for the Ti64 groups
are given in Figure 13, and those for the Mo wt% for the Ti-15Mo groups are given in
Figure 14.

The graph in Figure 13 for Al wt% shows the groups to exhibit a maximum Al

wt% at the outermost region (0-s etch time), followed by varying rates of decrease going
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toward the substrate. The Al wt% tended to increase with time of passivation (Clean vs.
15 min vs. 1 h vs. 2 h) and with nitric acid concentration (10% vs. 1 h [=40%]); however,
the samples passivated at a higher temperature (1 h [=20°C] vs. 50°C) had lower Al wt%
throughout the oxide layer. Comparison of the Al gradients throughout the surface oxide
for the different groups showed the 1h and 50°C groups to have the most consistent
gradients; that is, the Al wt% for the 1h group initially declined and then remained
relatively constant for the subsequent etch times, while the 50°C group had a constant
decrease with each subsequent etch time. The other graph in Figure 13 is for V wt%. In
general, the groups had increasing V wt% from the outermost surface (0-s etch time)
toward the substrate (180-s etch time). Time of passivation tended to increase the vana-
dium, as did an increase in the concentration of the nitric acid (10% vs. 1 h [=40%]).
Higher passivation temperature groups had lower amounts of vanadium at all etch times.
Figure 14 shows the results for the normalized Mo wt%. All groups exhibited
similar trends, which consisted of a gradual increase in Mo wt% going from the outer-
most oxide (0-s etch time) into the oxide toward the substrate (180-s etch time). Nitric
acid passivation increased the Mo wt% in the outermost regions of oxide, and this effect
was sensitive to the time of passivation (Clean vs. 15 min vs. 1 h vs. 2 h) and concentra-

tion of nitric acid (10% vs. 1 h [=40%]) but not to temperature.

Surface oxide stoichiometry
Analysis of the Ti 2p spectra allowed for the quantification of the different oxida-
tion states present in the oxide, specifically, Ti’* (metallic Ti), Ti*" (Ti0y), Ti** (Ti,03),

and Ti** (Ti0). Figure 15 shows a series of high-resolution Ti 2p spectra for cpTi, Ti-
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6A1-4V, and Ti-15Mo samples in the passivated condition (40% nitric acid at 20°C for 1
h). The spectra are consistent with titanium oxide. Common features for all the spectra
included the presence of a dominant Ti 2ps;, peak at a binding energy 0f 459.0 eV and a
smaller and broader Ti 2p;,, peak at a binding energy of 464.6 eV. These peaks both
correspond to Ti** (Ti0O;). All the spectra also usually had a small Ti 2p;/, peak at a
binding energy of 453.9 eV, which corresponds to Ti™ (metallic Ti). In addition, the
peaks in these spectra exhibit shoulders to various extents. These shoulders represent
titanium suboxide states (i.e., Ti** [Ti203jand Ti** [TiO]). Subtle differences can be seen
for the spectra of the different groups, indicating varying effects of the different passiva-
tion treatments.

A curve-fitting program was used on the high-resolution Ti 2p spectra to quantify
the four oxidization states present in the surface oxide. These states included Ti"" (metal-
lic Ti), Ti** (TiO), Ti** (Ti,0;), and Ti*" (TiO,). The percentages of the different oxides
are shown in Table 12. The results show subtle differences in the percentages of oxide
states for the different groups. Passivation time was shown to exhibit similar effects for
all three materials, with the increases and decreases in the percentages of the different
oxidation states alternating over time. Initially, the results going from the cleaned condi-
tion to 15 min of passivation showed that the percentage of TiO; increased, while the
percentages of suboxides TiO3 and TiO and metallic Ti decreased. Over the subsequent
time period, 15 min to 1 h, the results were opposite, with the percentage of TiO,
decreasing and the suboxides and metallic Ti increasing. The final passivation period, 1 h
to 2 h, saw a reversed pattern again, as TiO, increased and the suboxides and metallic Ti

decreased.
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TABLE 12
Percentage of Oxidation States for cpTi, Ti-6Al-4V, and Ti-15Mo After Different

Nitric Acid Passivation Treatments

Group TiO, Ti,05 TiO Ti
cpTi-Clean 84 3.1 3.2 9.5
¢cpTi-15min 89.1+2.3 3.0+2.8 6.2+0.6 6.2+0.6
cpTi-1h 80.3+ 0.8 69+1.1 9.2 +0.7 9.2+0.7
cpTi-2h 88.5+4.9 3.1+3.6 73403 73403
cpTi-50°C 81.9+1.6 6.4+0.8 8.3+0.7 97+12
cpTi-10% 83.5+ 0.4 4.8+0.1 9.7+1.2 83+0.7
Ti64-Clean 79.1+1.1 62+0.4 29+0.2 12.0£ 0.5
Ti64-15min 820+ 7.7 63+5.7 2.1 9.4+1.6
Ti64-1h 78.9+ 1.4 7106 1.6+0.8 11.0£0.1
Ti64-2h 81.3 6.0 2.0+ 0.6 9.4
Ti64-50°C 83.3+3.5 52+4.2 0.6+ 0.6 12.9
Ti64-10% 83.5+0.4 10.0 3.7+0.5 8.
Ti-15Mo-Clean 81.0+2.9 65+1.6 4.6+0.5 8.1+0.9
Ti-15Mo-15min 93.6 2.1 2.1 2.3
Ti-15Mo-1h 92.3+3.7 1.4+1.1 1.6+ 0.8 4.6+1.7
Ti-15Mo-2h 90.5+0.7 41+04 2.0+0.6 35+1.8
Ti-15Mo-50°C 91.6+2.3 59+1.1 0.6+ 0.6 2.0+ 0.6
Ti-15Mo-10% 78.1+ 0.6 8.4+0.1 3.7+0.5 9.9+0.1

The values are mean + standard deviation (at%; n = 2 specimens, except n = 1 where no
standard deviation is shown).

The effects of passivation temperature are seen by comparing the 1h (=20°C) and
50°C groups for each material. The results for the cpTi and Ti64 materials show the 50°C
groups to have a slightly greater percentage of TiO; and Ti and smaller percentages of
suboxides, T1,03 and TiO. The Ti-15Mo groups showed the 50°C group to have slightly
less TiO,, Ti, and TiO but relatively more Ti,03.

Last, the effect of the passivation concentration is shown by comparing the 10%
nitric acid groups and the 1h (40 % nitric acid) groups for each material. For cpTi, the
40% nitric acid groups had higher percentages of TiO; and metallic Ti and lower overall

suboxide percentages when compared with the 10 % nitric acid groups. The Ti64 and Ti-
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15Mo groups showed similar concentration effects, with the 40 % nitric acid groups
having higher percentages of TiO, and smaller percentages of suboxides and metallic Ti
when compared with 10 % nitric acid treatments. The Ti-15Mo groups showed the largest

differences.

Cell culture results

Hexosaminidase activity of the SaOS-2 cells was determined after 1 h, 4 h, 24 h,
3 days, and 7 days of incubation with the experimental samples. Quantification of the
hexosaminidase activity was used to characterize the cell numbers at the different time
periods to assess cellular attachment and proliferation. Proliferation is taken in this study
as the percentage difference between the most recent result and the former result and is
calculated as the most recent result less the former result, divided by the former result; an
example is (100*[4 h — 1 h]/1 h)%. All the cell culture results are presented in bar graph
form with standard deviation bars and are given as percentage of control, where the
control was blank tissue culture wells.

The results for cells attached at 1, 4, and 24 h are shown in Figure 16. In general,
comparisons of the passivation treatment groups within each material group showed
increases in cell numbers with longer passivation times (15 min < 1 h <2 h), higher
temperatures (1 h [20°C] < 50°C), and lower concentration (1 h [40 %] < 10 %). For the
1-h attachment time, all the nitric-acid-passivated Ti-15Mo groups had statistically
significantly higher cell numbers than the non passivated Ti-15Mo group (Clean) did. In
addition, comparisons of the material groups within the passivation treatment groups

showed all the passivated Ti-15Mo groups to have significantly higher cell numbers than
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similarly treated cpTi groups didand higher numbers than the 15min, 1h, and 10% Ti-
6Al-4V treatment groups did.

The graph with the 4-h attachment results shows trends similar to those seen in
the 1-h attachment graph. Greater cell numbers are shown for groups with longer passiva-
tion times, higher temperature, and lower concentration, and some of the differences were
statistically significant. As with the 1-h attachment results, material comparisons within
treatment groups showed the Ti-15Mo groups to have higher cell numbers than the cpTi
and Ti-6Al1-4V groups. These differences were statistically significant for the 15min and
10% passivation treatment groups had. The final graph in Figure 16 shows the cell
numbers at 24 h, which shows trends similar to those seen for the 1-h and 4-h attachment
time points, with a few of the differences being statistically significant.

The results for the cell numbers at the longer time periods of 3 and 7 days are
shown in Figure 17. In contrast to the results at the earlier time points, the 3- and 7-day
graphs show cpTi to have slightly greater numbers for the different treatment groups
when compared with Ti64 and Ti-15Mo. The time, concentration, and temperature effects
of passivation are less pronounced at the longer times. However, both alloy groups that
were passivated at 50°C did show significantly lower cell numbers than the cpTi-50C
group did at day 7.

The proliferation results for the cells are shown in Figures 18 and 19. Figure 18
shows cell proliferation for the first two time intervals, 1 to 4 h and 4 to 24 h. Compari-
son of the different passivation treatment groups showed no statistically significant
differences within each material group. However, each of the cpTi treatment groups did

have greater proliferation than both similarly treated alloys had, with the difference being
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statistically significant in all but one case (cpTi-15min compared with Ti-6A1-4V-15min)
for the 1- to 4-h time interval.

The graphs in Figure 19 show proliferation results at the 1- to 3-day and 3- to 7-
day intervals. In general, comparisons between passivation treatment groups and material
groups showed similar proliferation results for both time intervals. The only differences
that were statistically significant were for the cpTi-2h and cpTi-10% groups compared

with the Ti-15Mo-2h and Ti-15Mo-10% groups during the 1- to 3-day interval.

DISCUSSION

The ASTM F86 protocol specifies the use of nitric acid to clean and passivate me-
tallic implants, including titanium and titanium alloys. Passivation is the phenomenon by
which an active metallic surface is made less active, or more corrosion resistant. During
nitric acid passivation, simultaneous oxidation and dissolution chemical reactions are
taking place at the oxide surface. However, since nitric acid is an oxidizing acid, the
favored reaction is the oxidation reaction; thus, oxide formation occurs.

Improvements in corrosion properties due to nitric acid passivation have been at-
tributed to an enhanced surface oxide layer.'" ' However, some studies have shown
passivation to increase the dissolution of the constituent ions from the Ti-6A1-4V alloy
and to thin the oxide layer."> '* Other investigators have shown that varying the parame-
ters of passivation affects other oxide properties.6’ 7 The goal of this study was to deter-
mine the effects of different nitric acid passivation parameters—namely, time, concentra-
tion, and temperature—on the corrosion and surface oxide properties of cpTi, Ti-6Al-4V,

and Ti-15Mo.
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In general, all the parameters, separately and in key combinations, as well as the
type of material group, affected the surface properties of the materials studied. Thus, the
discussion will focus on the effects of each of the individual parameters, as well as the
effect of the titanium or titanium alloy, on the corrosion resistance, surface chemistry,

and biological response of the materials.

Effect of time of passivation

Changes in the surface properties after the various passivation times were docu-
mented in an effort to gain insights into how the passive oxide layer changes over time.
Previous studies by Wallinder’ and Noh® have shown longer passivation times to improve
the corrosion properties of stainless steels; however, such studies for titanium or titanium
alloys are limited.

In the present study, the time response was shown to be dependent on the nitric
acid concentration, temperature, and material type. The 10 % and 40 % nitric-acid-
passivated groups showed dissimilar time response patterns. For the most part, the 10 %
groups showed results consistent with oxide degradation and/or dissolution at the initial
15-min and 1-h time periods, followed by the formation of a more protective oxide at the
2-h times; the 40% groups showed initial improvements in oxide layers up to the 1-h time
point, followed by degradation of the oxide properties after 2-h of passivation.

Dissolving or degrading oxides were characterized by EIS spectra that showed
lower impedance and more capacitive behavior, while the presence of a more protective

oxide was indicated by spectra with higher impedance and less capacitive behavior.
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In addition, the EIS parameters, Q, n, and Rp, were used to characterize the prop-
erties of the surface oxide. From the CPE or near-ideal capacitance Value,‘ Q, the thick-
ness of the surface oxide can be estimated using the parallel-plate capacitor formula:

Q = egoA/dox 1)
where € is the dielectric constant of the oxide, €, is the permittivity of vacuum (8.85 x
10’8 pF/cm), A is the effective surface area, and do is the thickness of the surface oxide.
Therefore, since Q varies inversely with d, an increase in Q indicates a decrease in the
thickness of the surface oxide or dissolution of the oxide, while a decrease in Q suggests
an increase in the surface oxide or net oxide formation. However, care must be taken in
making conclusions about oxide thickness based solely on the inverse relationship with
Q, since equation (1) also shows that the dielectric constant and effective surface area are
directly related to the oxide thickness. This issue will be discussed in more detail later in
the paper.

As mentioned previously, the physical meaning of the n value has been related to
the surface roughness®', the presence of a porous corrosion product layer®, or the homo-
geneity of the surface oxide®, with higher n values indicating a smoother, more uniform
surface oxide and less presence of a porous overlayer of oxide. Finally, the Rp value
represents the resistance of the oxide, with higher values of Rp implying improved
corrosion resistance.

For both the 10 % and 40 % groups, slightly larger Q values were shown after
each subsequent passivation time, suggesting that the surface oxides were continually
thinning over time. However, the n and Rp values did not show a consistent trend for the

three materials or concentrations. The 10 % groups tended to have n and Rp values that
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decreased up to 1 h, which is consistent with oxide degradation, followed by increases
after 2-h; the 40 % groups had initial improvements up to 1 h, followed by decreases.
Higher temperatures (50°C) tended to exaggerate the time response trends.

The degradation or improvements in the oxide properties shown over time by the
EIS results were generally reflected in the corrosion results. The 10 % groups tended to
show increased corrosion at 15-min and 1-h, followed by decreased corrosion at 2-h;
while the 40 % groups tended show improved corrosion properties up to 1-h, followed by
less corrosion resistance at 2-h.

Changes in the surface oxide properties due to time of passivation might be ex-
plained by changes in the surface chemistry. The XPS results showed the 10 %-20°C-1h
groups to have increases in the atomic percentages of the suboxides Ti,O3 and TiO and in
metallic Ti when compared with the non passivated (Clean) groups. Increases in suboxide
amounts have been linked in the literature with decreased corrosion resistance,>* while
increases in metallic Ti have been interpreted as indicative of a thinner oxide.!> " XpPS
results for the 40 %-20°C groups, for the most part, did not show consistent trends in
changes in suboxide amounts or metallic Ti over the experimental passivation times.

The depth profile XPS results, specifically the amount and distribution of alloying
elements within the oxide, might also help explain the differences shown over time.
Alloying elements within the oxide have been reported in the literature for Ti-6Al-4V"
17,34.35 and Ti-15Mo." For Ti-6Al-4V, many of these studies have reported enrichment of

13,1734 A Juminum enrichment in the oxides can be attributed to

Al within the oxide layer.
the fact that aluminum oxide has a highly negative free energy of formation (higher than

that of titanium oxide) so there is a greater driving force for the formation of aluminum
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oxide.” The results for V are more mixed, with some studies reporting the presence of
V!3:16:36 and others showing no V.'”>*** In the present study, Al and V were shown in
the surface oxide of all Ti-6Al-4V groups, and Mo was present in all the Ti-15Mo oxides.
The normalized Al concentrations, in fact, were greater than the substrate concentrations
were, indicating that the oxides were enriched with Al. In contrast to the Al concentra-
tions, the normalized V and Mo concentrations in the oxides were typically less than the
substrate concentrations were. As will be explained later, the presence of alloy elements
can introduce point defects in the oxide because of size mismatches between the ionic
radii of incorporated alloy elements.

It seems apparent that these alloy elements within the oxide layer diminish the ox-
ide protective properties. However, the distribution of alloy elements within the oxide
may be more important, in terms of protective properties, than their simple presence is.
Sharper and more irregular gradients of alloying elements would be expected to result in
an oxidethat is less protective than an oxide with a more constant and regular gradient
would be. For example, Figures 13 and 14 show that both 10 %-20°C-1h groups, which
the EIS and corrosion results showed to have a less protective oxide, had more irregular
distributions of the alloy elements as a function of etch time when compared with the non
passivated (Clean) groups.

The changes in alloy gradients for the 40 % groups over time also reflected the
EIS and corrosion results for those groups. The V and, especially, the Al gradients
became less sharp and more constant at the 15-min and 1-h passivation times but then
became more irregular at 2-h. Again, this pattern is consistent with the EIS and corrosion

results, which showed improved oxide properties up to 1-h of passivation, followed by
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degradation in oxide properties and increase in corrosion after 2-h of passivation. In
contrast, the Ti-15Mo groups all showed fairly consistent Mo gradients at all time peri-
ods; however, this, too, was consistent with the EIS and corrosion results, since the 40 %-
20°C-Ti-15Mo groups did not show the degradation at 2-h that was seen for Ti-6Al-4V.
The resuits for the EIS parameters n and Rp, with the corresponding alloy gradi-
ents, indicate that the groups with the highest n and Rp values also had the more consis-
tent alloy distribution throughout the surface oxide and had the more protective oxide.
The reasons for the changes in alloy gradients for the different passivation times
are not clear. The fact that the Al is concentrated in the oxide with nitric acid passivation
would suggest that either the Ti is being preferentially dissolved or Al is being preferen-
tially oxidized. Studies have shown that dilute nitric acid concentrations are less oxidiz-
ing than higher concentrations are.”’ Thus, one might hypothesize that, at the shorter
times, the chemical reactions at the oxide surface for the 10 % groups are less uniform,
leading to a more irregular alloy gradient. For the groups passivated in the higher (40 %)
concentration, the oxidation reactions are more prevalent and stronger, leading initially to
uniform dissolution and oxidation over the surface and thus a more constant alloy gradi-
ent within the oxide. However, after a certain time (i.e., 1-h) an irregular gradient may

result because of the formation of a thin, porous oxide overlayer.

Effect of nitric acid concentration
Two concentrations of nitric acid, 10 % and 40 %, were used in the passivation
treatments in this study. Wallinder’ and Noh®, in addition to showing the time effects,

have shown that the concentration of nitric acid has a major effect on the corrosion
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resistance of stainless steel. Wallinder showed greater concentration effects at shorter
passivation times, and Noh demonstrated the existence of an optimum concentration—
exceeding it resulted in poorer corrosion properties of the stainless steel.

In the present study, nitric acid concentration was shown to have a significant ef-
fect on the surface properties of the titanium and titanium alloys studied. The effect
depended on the material being passivated. In general, the samples passivated with 40%
nitric acid showed higher Rp values and improved corrosion resistance when compared
with similar groups treated with 10 % nitric acid. Similarly, the effects were more pro-
nounced at the shorter passivation times of 15-min and 1-h than at 2-h. However, the
nitric acid concentration effects on the Q and n values did not follow a consistent pattern
for the different material groups.

For cpTi, the higher nitric acid concentration resulted in significantly lower Q
values and higher n values. This indicates a thicker and more homogeneous surfaée
oxide. In contrast, all the 40 %-Ti-6A1-4V groups tended to have slightly higher Q
values, with n values also slightly higher, except for the 2-h groups. The Ti-6A1-4V
results indicate that the higher concentration of nitric acid tended to thin the oxide but
also initially to improve the homogeneity of the oxide. At longer time periods, the higher
concentration had an adverse affect, most likely introduced by the formation of a porous
oxide layer.

The concentration effects on the Ti-15Mo groups were interesting in that the Q
values were shown to be quite sensitive, while the n and Rp values were relatively

insensitive to differences in concentration. Changes in these parameters did not show any
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consistent trends. The Ti-15Mo results suggest that the oxide thickness but not the oxide
homogeneity or resistance varied with concentration.

The concentration differences had minor effects on the Ti and O elemental com-
position of cpTi and Ti-6A1-4V. However, the Ti-15Mo groups did show concentration
effects on the Ti/O ratios. Table 13 shows the Ti/O ratios for the different materials,
which had been péssivated with 10 % and 40 % nitric acid. As mentioned earlier, a Ti/O
ratio of 0.50 indicates TiO,, while ratios farther away from 0.50 imply the presence of
less TiO,. Higher ratios imply more suboxides or metallic titanium. As Table 13 shows,
the 40 %-Ti-15Mo group had a Ti/O ratio closer to the theoretical 0.50, compared with
the 10 %-Ti-15Mo group, at each etch time (except at 0-s), thus indicating a greater
percentage of TiO; for the 40 %-Ti-15Mo groups after each etch time.

The stoichiometry results for Ti-15Mo groups support the Ti/O ratio results, as
the 40% groups had less sub-oxides (3.0 % vs. 11.1 %) than the 10 % groups did. The Ti-
6A1-4V groups also showed more sub-oxides for the 10 % groups (14.4 %) than for the
40 % groups (10.2 %). |

However, as with the effect of time, the most important surface chemistry differ-
ences due to concentration may have been the relative amounts and distribution of the
alloying elements throughout the oxide layer. Figure 13 shows that the 40%-Ti-6Al-4V
groups had a higher percentage of Al and V at each etch time and displayed more con
stant gradients for both elements throughout the oxide layer when compared with the
10%-Ti-6A1-4V groups. Figure 14 shows similar results for the percentages of Mo
throughout the Ti-15Mo groups. These results are consistent with the EIS and corrosion

results, which how the 40 % groups to have more protective oxides and less corrosion
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than the 10 % groups do.

TABLE 13
Ti/O Ratios for cpTi, Ti-6A1-4V, and Ti-15Mo at Different Etch Times:
Effect of 10% and 40% Nitric Acid Concentration

cepTi cepTi Ti-64 Ti-64 Ti-15 Ti-15
Etch 10% 40% 10% 40% 10% 40%
Time HNO;3; HNO; HNO;3 HNO; HNO; HNO;3
Os 0.38 0.42 0.36 0.35 0.36 0.31
15s 0.62 -- 0.56 0.55 0.63 0.51
30s 0.73 0.74 0.65 0.64 0.83 0.66
60 s 1.12 - 1.17 1.01 1.48 0.83
120 s 2.95 -- 3.56 2.55 3.55 1.61
180 s 4.75 -- 5.01 5.68 5.15 2.63

Effect of nitric acid temperature

The increases in the passivation temperature tended to result in higher Q, n, and
Rp values. The increases in Q values showed material sensitivity, with the alloy materials
having larger increases and the Ti-15Mo groups showing the greatest percentage changes
due to temperature. Corrosion results showed that samples passivated in the higher-
temperature nitric acid solutions typically exhibited more noble Ecorr and lower Ipass but
mixed Icorr results. One notable exception was the 50°C-Ti-15Mo-40 % group that had
been passivated for 2-h. When compared with the 20°C-Ti-15Mo-40 % group, this group
showed smaller Q, n, and Rp values, with increased corrosion.

The stoichiometry for the three metal groups had similar changes due to the
higher passivation temperature. All the changes were slight and showed the 50°C groups

to have slightly more TiO, slightly less total suboxides, and slightly less metallic Ti than
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the 20°C-cpTi group had. These results were consistent with those of other studies found
in the literature, which have been attributed to increased oxidation reactions due to the
higher temperatures. As a result of the increased oxidation, thicker oxides are formed

with more TiO; and less sub-oxides.'> ¢

As with the time and concentration effects, the passivation temperature was
shown to affect the distribution of alloy elements in the oxides of the two alloys. Figure
13 shows that the 50°C-Ti-6A1-4V groups had smaller percentages of Al and V elements
throughout the surface oxide layer when compared with the 20°C-Ti-6Al-4V groups.
Another difference between these groups was the distribution of Al elements. The 50°C
group showed consistently diminishing Al percentages going from the outermost surface
toward the substrate, while the 20°C group had a larger decrease at the outermost region
and then a constant percentage throughout the remainder of the analyzed region. The
lower concentrations of alloying elements agree with the consistently higher n and Rp
results for the 50°C-Ti-6Al-4V groups, which indicate greater oxide homogeneity and
less corrosion.

The Ti-15Mo XPS results, like the Ti-6Al1-4V results, showed a slightly smaller
percentage of Mo at the outermost surface (0-s etch time) for 50°C-Ti-15Mo than for

20°C-Ti-15Mo. The distributions of Mo ions were similar.

Material groups comparison
The results of this study showed different effects within the various passivation
parameters for the three materials tested. The EIS results showed all of the Ti-15Mo

groups had to have significantly higher Q values than similarly treated cpTi and Ti-6Al-
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4V groups and showed the cpTi groups typically to have significantly smaller Q values
than the Ti-6Al1-4V groups had.

As was mentioned earlier in the Discussion, the Q value can be related to the oxide
thickness (dox) with the parallel-plate capacitor formula, Q = £g,A/dox. In the literature,
this equation is commonly used to estimate the oxide thickness, with values for the
effective area, A, and dielectric constant, €, being assumed.’’ As one can see from the
formula, the Q value depends not only on the oxide thickness but also on the effective
area and the dielectric constant. Examination of the surfaces showed that the 600-grit
polishing procedure resulted in markedly different surface morphologies for the three
materials, with the Ti-15Mo surfaces shown to be substantially rougher than those of
cpTi and Ti-6Al1-4V were. Figure 20 shows SEM micrographs for the different materials.
The rougher Ti-15Mo surface morphologies would have greater effective areas and thus
higher Q values.

Consequently, the higher Q values do not necessarily imply a thinner surface ox-
ide. The XPS analysis of the oxidation states of the surfaces showed the surfaces of the
Ti-15Mo groups to have lower percentages of metallic Ti than the similarly treated cpTi
and Ti-6A1-4V groups had. A lower percentage of metallic Ti on the surfaces is usually
associated with thicker oxide layers.**

In contrast to the Ti-15Mo groups, the cpTi and Ti-6Al-4V groups exhibited rela-
tively smoother surfaces, which were similar to each other. The fact that cpTi and Ti-6Al-
4V had similar surface roughness would indicate similar effective areas. Consequently,

the significantly higher Q values for Ti-6Al-4V groups than for cpTi groups, are not the
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effect of a rougher surface but rather probably reflect thinner oxide layers for the Ti-6Al-
4V groups.

In addition to the effective area, the dielectric constant of the oxide also helps de-
termine the Q value. Typically, for simplicity, a single dielectric constant value is as-
sumed for all groups being compared. However, one must not overlook the possibility
that the dielectric constant could be different for the materials because of variations in the
chemistries of the oxides or in the effects of different treatments. In fact, the dielectric
constant is known to be strongly dependent on the conditions in which the surface oxide
is formed.*” Ohtsuka showed that faster film growth rates resulted in higher dielectric
constants, an effect that was attributed to greater hydration levels for the oxides.*® Higher
hydration levels for faster-forming oxides may also be responsible for the higher Q
values seen for the 40 % nitric acid and 50°C treatment groups since higher concentra-
tions and temperéturés would be expected to have increased oxide growth rates.

Comparisons of the n values for the similarly treated material groups showed the
cpTi groups typically to have higher n values than the Ti-6Al-4V and Ti-15Mo groups
did. However, rougher surfaces lower the n values, unlike the Q values, which they
increase. Consequently, the lower n values for the Ti-15Mo groups are due in part to the
rougher surface.

Lower n values have also been linked to the heterogeneity and defectiveness of
the oxide.”® As the results of the present study showed, alloy elements were found
throughout the oxides of the alloy materials. The presence of alloy elements can intro-

duce point defects in the oxide because of size mismatches between the ionic radii of
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incorporated alloy elements (i.e., Al, V, and Mo) and the “host” element (i.e., Ti).** Table

14 shows the ionic radii of titanium, aluminum, vanadium, and molybdenum.41

, TABLE 14
Ionic Radii of Titanium, Aluminum, Vanadium, and Molybdenum
Element (oxidation state) Coordination Number Tonic Radius (A)
Ti (4+) 6 0.61
Al (3+) 4 0.39
Al (3+) 6 0.54
V (2+) 6 0.79
V (5+) 6 0.54
Mo (3+) 6 0.69
Mo (4+) 6 0.65
Mo (5+) 6 0.61
Mo (6+) 6 0.59

The mismatches between the aluminum and vanadium ionic radii and the titanium
ionic radius would be expected to introduce point defects in the oxide. This effect could
explain the smaller n values for Ti-6A1-4V. On the other hand, the difference between the
molybdenum and titanium ionic radii is not as great, which should lead to fewer point
defects in the oxides containing molybdenum. Thus, the increased roughness of the Ti-
15Mo groups would appear to be the main reason for the lower n values for Ti-15Mo.

Typically, the oxide resistance (Rp) of cpTi was greater than that of Ti-6Al-4V,
which, in turn, was greater than that of Ti-15Mo. The reasons for the differences are most
likely similar to those given for differences in the Q and n parameters.

Increases in oxide resistance have been attributed to greater oxide thickness, im-
provement of the insulating properties through the oxidation of Ti,O; to TiO; (i.e.,
reduction of sub-oxides), smoother surfaces, and the elimination of point defects.*? Thus,

higher resistance in oxides was typically associated with lower Q values (thicker oxides)
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and higher n values (smoother, more homogeneous, and less defective oxides), which can
be expected to reduce the corrosion of the material.

In general, the potentiodynamic polarization results showed all the material
groups to exhibit excellent corrosion resistance, with cpTi showing the highest corrosion
resistance, followed by Ti-6Al-4V and then Ti-15Mo. However, because the corrosion
properties are related to the surface area of the sample, the rougher Ti-15Mo surfaces
would be expected to have higher corrosion rates due to the larger surface area. The
corrosion results did closely follow the EIS results, confirming the complementary nature
of these two types of analysis.

Comparisons between the surface chemistries with XPS showed the presence of
alloying elements in the surface oxide layers of the alloys. The reduced corrosion resis-
tance of the alloys in comparison with that of the unalloyed cpTi is most likely the result
of the presence of alloy elements in the oxide of the alloys. The relative mismatch of the
ionic radii of the elements in the alloy oxides leads to increased point defects and lower
oxide resistance. A more irregular distribution of the alloy elements, found in some of the
alloy groups, also results in a less protective oxide. Thus, the oxide chemistry is shown to

be a factor in determining the corrosion properties of the material groups in this study.

Cell culture

Sa0S-2 osteoblast-like cells were used to determine the cellular response to the
different treatment groups. Hexosaminidase assay was used to quantify the cell numbers
at various time points. This assay measures the amount of hexosaminidase enzyme,

which has been shown to be directly proportional to the number of attached cells.*® In
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addition to cell numbers, cell proliferation between successive time points was quanti-
fied.

The largest differences in the cell numbers among the tested groups occurred at
the initial time point, 1-h. The passivated Ti-15Mo groups had significantly higher cell
numbers than the cpTi and Ti-6Al1-4V groups did. The most likely explanation is that the
Ti-15Mo samples had a rougher surface than the cpTi and Ti-6Al-4V samples had.
Numerous studies have shown that increased surface roughness increases cell attach-
ment.4345.

A similar trend was shown at 4-h, but the differences were not as pronounced; in
addition, the trend was reversed at 24-h, when cpTi groups tended to have the higher cell
numbers. At the later time periods, 3- and 7-days, the cell numbers for the groups tended
to converge; however, two cpTi groups had significantly higher cell numbers than the Ti-
6Al1-4V and Ti-15Mo groups did.

Comparisons among passivation treatment groups did not show as many statisti-
cally significant differences as the comparisons among material groups did. However, all
the passivated Ti-15Mo groups had significantly higher cell numbers than the non-
passivated group did at 1-h, indicating that the nitric acid passivation improved the ability
of the cells to attach at the initial 1-h time point. The reason for this finding is not clear.
The EIS, corrosion, and XPS results for these groups did not show a consistent change in
a single variable or a set of variables that would explain this difference. However, al-

though SEM analysis did not show any obvious differences in surface morphology

between the passivated and non passivated Ti-15Mo groups, perhaps the nitric acid
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treatments hindered cell attachment by removing or altering some irregular surface
features.

General trends in comparisons of the treatment groups showed that the cell at-
tachment numbers increased with increased time of passivation and were higher for the
10 % and 50°C treatment groups. Although these differences, for the most part, were not
statistically significant, the general trend seemed to follow the Q value, with groups
having higher Q values showing increased cell numbers, especially at the initial time
periods. As discussed in the previous Materials section, higher Q values could be the
result of increased roughness, which helps the initial cellular attachment.*> **

The proliferation results typically showed the cpTi groups to have higher prolif-
eration rates than similarly treated Ti-6Al-4V had; in turn, the latter groups had higher
rates than Ti-15Mo had. The differences were more pronounced at the earlier time
intervals. These differences could well be dﬁe to the presence of Al, V, and Mo ions,
which are known to be toxic, in the surface oxide of the alloys.zz’ 2 However, studies in
the literature show conflicting results for the effects of the presence of these alloy ele-
ments on the cellular response.2* **%

In general, all the materials and treatment groups showed good cellular attach-

ment and cell proliferation over the time frame of this study. However, variation in the

long-term effects of the different passivation treatments for the materials is still possible.
CONCLUSIONS

The ASTM standard for passivation of titantum allows for ranges in the nitric acid

concentration and in passivation time and temperature. This study showed that the
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protective properties of the surface oxide would change significantly when these parame-

ters are varied. The following conclusions were drawn from the results of this study:

1.

The protective properties of the oxides of the materials varied as a function of
time, and the optimal passivation times were dependent on the nitric acid concen-
tration.

The less oxidizing environments with the lower experimental nitric acid concen-
tration (10%) tended to reduce the protective properties of the oxide up to 1-h of
passivation time and then resulted in improved protective properties at 2-h.

The more oxidizing environments with the higher experimental nitric acid
concentration (40 %) immediately resulted in more protective properties lasting
up to 1-h but then showed degraded protective properties at 2-h.

Increasing the oxidizing environments by passivating the samples at higher nitric
acid temperature and/or concentration for 1h resulted in more protective oxides.
EIS results were predictive of corrosion properties, and the presence and irregular
distribution of alloy elements such as Al, V, and Mo generally resulted in de-
creased corrosion resistance.

All material and treatment groups displayed excellent corrosion properties, with
the unalloyed cpTi having the best corrosion properties, followed by Ti-6A1-4V
and then Ti-15Mo. The lower corrosion resistance of Ti-15Mo was attributed to
an increase in the effective surface area due to a rougher surface topography.
Conflicting oxide thickness results, as determined by using EIS and XPS, were
explained by differences in the surface roughness of the metals and in the dielec-

tric constant of the oxides.
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Materials undergoing nitric acid passivation had similar biological responses that
were comparable to those of non passivated materials and tissue culture controls.
The rougher Ti-15Mo surfaces resulted in higher cell numbers at the initial time

period.

The overall results indicated that the optimal combination of parameters for nitric

acid passivation of titanium and titanium alloys tested in this study was 40% nitric acid

for 1 h at 50°C.

Part II of this study will look at the effects of ultrasonication, surface morpholo-

gies, and the presence of titanium ions in the nitric acid solution on passivation.
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Nyquist Plot for cpTi Treatment Grouﬁ)s
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Figure 1. Nyquist plot for cpTi treatment groups. Treatment groups included non-
passivated (Clean) and 40%-20°C-15min, -1h, and -2h. Semicircle order from smallest
diameter to largest is C <1 h<2h <15 min.
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Bode Plot Phase Angle for cpTi Treatment Grodps
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Figure 2. Bode phase angle plot for cpTi treatment groups. Treatment groups included
non passivated (Clean) and 40%-20°C-15min, -1h, and -2h. Spectra order from least
capacitive to greatest capacitive response is C <1 h<2h <15 min.
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Figure 3. Nyquist plot for Ti-6Al-4V treatment groups. Treatment groups included non-
passivated (Clean) and 40%-20°C-15min, -1h, and -2h. Semicircle order from smallest

diameter to largestis C< 15min<2h<1h.
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Bode Plot Phase Angle for Ti-6Al-4V Treatment Groups
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Figure 4. Bode phase angle plot for Ti-6Al-4V treatment groups. Treatment groups
included non passivated (Clean) and 40%-20°C-15min, -1h, and -2h. Spectra order from
least capacitive to greatest capacitive response is C<15min<2h<1h.
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Nyquist Plot for Ti-15Mo Treatment Groups
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Figure 5. Nyquist plot for Ti-15Mo treatment groups. Treatment groups included non-
passivated (Clean) and 40%-20°C-15min, -1h, and -2h. Semicircle order from smallest
diameter to largest is C<15min<1h<2h.
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Bode Plot Phase Angle for Ti-15Mo Treatment Gré)ups
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Figure 6. Bode phase angle plot for Ti-15Mo treatment groups. Treatment groups
included non passivated (Clean) and 40%-20°C-15min, -1h, and -2h. Spectra order from
least capacitive to greatest capacitive response isC < 15min<1h<2h.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



101

% \
® opli -QVdues vs Tine
% ,_{.-.g..w%mc — - OHEC  —-p-—A%AC  — g — A%EC |
| ="
g S
55 _- AT
s B a
c T A w
T~ A
% S s
Dm T
2 = =A
2 T T T
Qen 15rin 1h 2h
098
cpli -nVdues vs Time
097
L3 10%2AC  ~-W--ALC  —-A-—40%AC  — k- — A0%SC 1
0% -
n 0% //'k\‘~~>§§§ _:.
094 == SREL S b S S
/// - A _-" -A
P -
0B 1 WEE o B
E—— JPeE ..o
o® i PO
~~~~~ i
09t : . -
Qeen 15min 1h 2h
1800
o0 cpli - RpVdues vs Time
F--n--m%mc — B WEC - - —A%AC  — —a— A%SC
1400
T 120 _ A - A
= . - P ~ -
O e ~ -7 S~
£ 100 - PP =~
S ’/ /// ~ \A§ *
X an < v = = T
= P __,_-—i —=A
&0 S - DS B IR _.;_,,4_—,:_'”_5
40 . B ST  Elhat
\_D_-'
m T T T
Qean 1min 1h 2h

Figure 7. The Q, n, and Rp results for cpTi as a function of passivation time. The groups
represent the four concentration and temperature passivation treatments tested in this
study. The Clean group was used as the time zero group.
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Figure 10. Percentage change between Q, n, and Rp values of groups passivated in 20°C
nitric acid and those values of groups passivated in 50°C nitric acid (n = 3).
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The Ti/O Ratio for cpTi Treatment Groups
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Figure 12. Ti/O ratio results for the different cpTi treatment groups. The graph shows the
results for different etch times for each particular treatment group. The Ti/O ratio
increases with etch time for all groups. The 15-min group exhibits the largest differences
between etch times. C = clean (non passivated), 15-min = 40 % nitric acid at 20°C for 15-
min, 1-h =40 % nitric acid at 20°C for 1-h, 2h = 40 % nitric acid at 20°C for 2-h, 10 % =
10 % nitric acid at 20°C for 1-h, and 50°C = 40% nitric acid at 50°C for 1-h.
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Normalized Aluminum Wt% in Ti-6Al4V Surface Oxides
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Figure 13. Normalized Al wt% and V wt% results for the different Ti-6Al-4V treatment
groups. The graph shows the results for different etch times for each particular treatment
group. C = clean (non passivated); 15-min =40 % nitric acid at 20°C for 15 min, 1-h =
40% nitric acid at 20°C for 1-h, 2-h = 40 % nitric acid at 20°C for 2-h, 10 % =10 %
nitric acid at 20°C for 1-h; and 50°C = 40 % nitric acid at 50°C for 1-h.
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Normalized Molybdenum Wt% in Ti-15Mo Surface Oxides
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Figure 14. Normalized Mo wt% results for the different Ti-15Mo treatment groups. The
graph shows the results for different etch times for each particular treatment group. C =
clean (non passivated), 15-min = 40 % nitric acid at 20°C for 15-min, 1-h =40 % nitric
acid at 20°C for 1-h, 2-h = 40 % nitric acid at 20°C for 2-h; 10 % = 10 % nitric acid at
20°C for 1-h, and 50°C = 40 % nitric acid at 50°C for 1-h.
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Figure 15. XPS high-resolution Ti 2p spectra for passivated cpTi (top), Ti-6Al-4V
(middle), and Ti-15Mo (bottom) samples (40% nitric acid at 20°C for 1 h).
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Attachment after 1 h
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Figure 16. Attachment results after 1, 4, and 24 h of incubation. Results are shown as
percentage of control, with the control being results from cells seeded onto blank wells
(tissue culture plastic). Passivation treatment groups are as follows: Clean = non-
passivated; 15 min, 1 hr, and 2 hr = 40% nitric acid at 20°C for 15 min, 1 h, and 2 h,
respectively; S0C = 40% nitric acid at 50°C for 1 h; and 10% = 10% nitric acid at 20°C
for 1 h. Bars and error bars represent mean and standard deviation, respectively (n = 4).
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Attachment after 3 days
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Figure 17. Attachment results after 3 and 7 days of incubation. Results are shown as
percentage of control, with the control being results from cells seeded onto blank wells
(tissue culture plastic). Passivation treatment groups are as follows: Clean = non-
passivated; 15 min, 1 hr, and 2 hr = 40% nitric acid at 20°C for 15 min, 1 h, and 2 h,
respectively; 50C = 40% nitric acid at 50°C for 1 h; and 10% = 10% nitric acid at 20°C
for 1 h. Bars and error bars represent mean and standard deviation, respectively (n = 4).
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Proliferation after 1to4 h
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Figure 18. Proliferation results for 1 to 4 h and 4 to 24 h of incubation. Results are shown
as percentage of control, with the control being results from cells seeded onto blank wells
(tissue culture plastic). Passivation treatment groups are as follows: Clean = non-
passivated; 15 min, 1 hr, and 2 hr = 40% nitric acid at 20°C for 15 min, 1 h, and 2 h,
respectively; 5S0C = 40% nitric acid at 50°C for 1 h; and 10% = 10% nitric acid at 20°C
for 1 h. Bars and error bars represent mean and standard deviation, respectively (n =
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Proliferation after 1 to 3 days
40

130 T 7
T-15Mo -

120

k3 i

ol Tl L. 1 w1

B0

70 1

&0

Cisan 45 min Thr Z2hr &0C W%

Proliferation after 3 to 7 days
140

130 -

120

110 ] = F

B R I 1 S s e |
L [ i i1

80

70

&0 - -
Clean 15 min 1 hr Zhr &0C 1%

Figure 19. Proliferation results for 1 to 3 days and 3 to 7 days of incubation. Results are
shown as percentage of control, with the control being results from cells seeded onto
blank wells (tissue culture plastic). Passivation treatment groups are as follows: Clean =
non-passivated; 15 min, 1 hr, and 2 hr = 40% nitric acid at 20°C for 15 min, 1 h, and 2 h,
respectively; 50C = 40% nitric acid at 50°C for 1 h; and 10% = 10% nitric acid at 20°C
for 1 h. Bars and error bars represent mean and standard deviation, respectively (n = 4).
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Figure 20. Representative SEM micrographs of ¢pTi (top), Ti-6Al-4V (middle), and
Ti-15Mo (bottom) material with 600-grit finish in the Clean condition (original
magnification x1000).
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ABSTRACT

Part I of this two-part study found the optimal passivation parameters for titanium
and titanium alloys to be 40% nitric acid for 1 h at 50°C. Part Il deals with the variables
of ultrasonic nitric acid passivation, rougher surface morphologies, and addition of tita-
nium ions to the nitric acid bath.

To facilitate the penetration of nitric acid into small crevices, such as those of
beaded implants, some manufacturers use ultrasonic passivation. Adding titanium ions to
the nitric acid bath has been shown to affect the surface oxide. This study evaluates these
additional parameters’ effects on the surface oxide coating.

Commercially pure titanium (cpTi) and two titanium alloys (Ti-6A1-4V and Ti-
15Mo) were used in the study. Corrosion properties of the resultant surfaces were deter-
mined by using electrochemical impedance spectroscopy (EIS) and potentiodynamic po-
larization tests. EIS and X-ray photoelectron spectroscopy (XPS) were used to study sur-
face oxide characteristics and chemistry, respectively. Cell culture tests with osteoblast-
like cells (SaOS-2) were used to test effects on biocompatibility.

The results showed that, in comparison with static passivation ultrasonic nitric
acid passivation resulted in increased capacitance (Q) values and lower Al atomic per-
centages at the outermost surface of the oxide.

For rougher surfaces, with greater surface areas, electrochemical impedance spec-
troscopy parameters had higher capacitance values, lower oxide homogeniety values, and
lower oxide resistance values, thus accounting for changes seen in corrosion properties.

The addition of titanium ions to the nitric acid passivation solutions resulted in minimal
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effects on the analyzed surface and corrosion properties, but it did increase the appear-
ance of pit-like features on the surface.

Cell attachment and proliferation results for the different treatment groups were
similar and comparable to those of the tissue culture plastic control, indicating good bio-
compatibility of all the materials regardless of surface treatments.

The presence of molybdenum in Ti-15Mo made it less sensitive to nitric acid pas-

sivation in comparison with commercially pure Ti and Ti-6A1-4V.

INTRODUCTION

Nitric acid passivation is a process used to clean metallic implants and improve
their corrosion plroperties.1 Improvements in the corrosion properties are attributed to an
enhanced surface oxide that results from the passivation process.>> ASTM F 86 is the

_ standard process used today for preparing and cleaning metallic implants.”

Nitric acid passivation has been shown to improve the corrosion resistance of tita-
nium and titanium alloys in numerous studies.” However, some studies have shown nitric
acid passivation of Ti-6Al-4V to increase the release of titanium, aluminum, and vana-
dium into culture media.*® The authors of these studies attributed the increased release of
trace elements to a decrease in oxide thickness and an increase in concentration of alumi-
num ions in the oxide.**

The corrosion and dissolution properties of titanium and its alloys can be associ-
ated with the composition, thickness, and structure of the surface oxide. The effects of

nitric acid passivation on these parameters have been reported previously.7’m
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The ASTM F86 standard specifies immersion in nitric acid, but many of the nitric
acid passivation studies have also used ultrasonication during the passivation process.
Ultrasonication is used in the passivation of porously coated implants to eliminate air
bubbles and to create a more uniform interaction of the nitric acid with the metal sur-
faces.* In addition, ultrasonication is known to result in locally high temperatures and
pressures on sample surfaces, which can affect chemical reactions. Whillock'! showed
that ultrasonication of 304L stainless steel in nitric acid caused earlier passivation in non
passive metal and promoted the breakdown of passivity and accelerated corrosion in pas-
sive metal. Thus, it is seems reasonable to believe that differences in the resultant surface
oxide could occur between samples passivated by simple immersion in nitric acid and
those treated with ultrasonication in nitric acid.

Another parameter that may affect the nitric acid passivation process is the con-
centration of titanium ions present in the nitric acid. Studies have shown that an increased
concentration of titanium ions in the nitric acid solution reduces the corrosion rate of tita-
nium and titanium alloy samples in nitric acid. The decreased corrosion was attributed to
faster growth of the passive oxide and enhanced stability of the passivity of the oxide due
to the formation of titanium ions in the nitric acid solutions.'? However, it is not clear
whether the change in the passivation process that led to an improvement in corrosion
properties for the material tested in nitric acid will result in a similar improvement when
the material is used in an implant application. Furthermore, the effect of increased tita-
nium ions on the passivation process is important when one considers that multiple
batches of implants may be treated in a single nitric acid bath. One would expect multiple

passivation treatments to increase the amount of titanium ions over time; as a result, the
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environment for the first and last batches may be significantly different in terms of the
level of titanium ions.

In addition to passivation, the roughness of implant material influences many of

13-16 17-21

the relevant biomaterial properties, including corrosion = and biological response.
In a previous study by our laboratory”?, we found that a similar grinding and polishing
procedure (600-grit silicon carbide polish) resulted in markedly different surface mor-
phologies for different materials. Ti-15Mo, a beta titanium alloy, was found to have a
much rougher surface after the 600-grit polishing procedure than commercially pure Ti
(cpTi) and Ti-6Al-4V had. Results from the study also showed that corrosion, surface
oxide, and biological properties were affected by both passivation and roughness, making
conclusions about the effects of passivation on the materials more difficult. Thus, in the
present study, 60-grit and 600-grit finishes were used to determine how the roughness of
the material interacts with the effects of nitric acid passivation on the surface properties.
As in our previous studies?, cpTi and two titanium alloys were used to determine
" how the presence of the alloying elements might influence the effects of different pas-
sivation processes or environments. Alloy elements at the surface of the alloys might be
expected to affect how those materials respond to aggressive ultrasonic or concentrated
titanium ion environments.
The primary goal of the present study was to determine the effects of ultrasonica-
tion and the presence of titanium ions on nitric acid passivation of clinically relevant tita-

nium and titanium alloys, cpTi, Ti-6A1-4V, and Ti-15Mo. An additional goal was to de-

termine how passivation results are affected by the surface roughness of the material.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



120

Surface morphology analysis, corrosion tests, surface chemistry analysis, and in
vitro cell culture testing were done to achieve the goals of this study. Scanning electron
microscopy (SEM) was used to document the surface morphology. Corrosion and oxide
properties were determined with electrochemical impedance spectroscopy (EIS) and po-
tentiodynamic polarization tests. The surface oxide chemistry was determined with X-ray
photoelectron spectroscopy (XPS). Last, the biological response of SaOS-2 osteoblast-
like cells to the materials passivated in various ways was measured using hexosaminidase

assay to determine cell attachment and proliferation.

MATERIALS AND METHODS

Materials

The material groups were the same as those used in the Part I paper. These con-
sisted of three groups of titanium metél and alloys, cpTi (ASTM F67), Ti-6Al-4V
(ASTM F136), and Ti-15Mo. Metallic disc samples were machined from bar stock of
these materials. The disks were 12.7 mm and 6 mm in diameter and 2-3 mm thick. All
disks were ground with a series of SiC grit papers to a final grit finish of either 60 grit or
600 grit. The disks were cleaned by rinsing with distilled water, followed by 15-min ul-
trasonic baths in acetone, distilled water, reagent alcohol, and, finally, distilled water.
Samples were then air dried and stored in a desiccator until further surface treatments

were performed. Disk samples in this condition were designated as Clean samples.
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Nitric acid passivation treatments

In the first test series (reported in Part I), the effects of nitric acid concentration,
temperature, and time of immersion were studied. In this second test series, the effects of
ultrasonication, the presence of titanium ions, and surface roughness were studied. Ta-
ble 1 shows the passivating parameters used for this second series. Briefly, two nitric acid
concentrations (10 % and 40 % by volume) were again used, but only one immersion
time (1-h) and one temperature (20°C) were used. These parameters were used in con-
junction with static immersion (Static), ultrasonic immersion (Ultrasonic), or the addition
of titanium ions, 160 mg of titanium per liter of solution (160T1i). The nitric acid solutions
with 160 mg/L Ti were obtained by preparing a stock titanium solution (10 mg/mL Ti) by
dissolving 200 mg of titanium powder in 20 mL of 20% sulfuric acid (H,SO4) and subse-
quently adding 1.6 mL of the stock solution for every 100 mL of nitric acid solution to
yield a final nitric acid solution with 160 mg/L Ti.

All nitric acid solutions were made with ACS grade nitric acid and distilled water.
All nitric acid concentrations reported here are volume percentages. After passivation
treatments, all samples were rinsed with distilled water, ultrasonicated for 5 min in dis-

tilled water, air dried, and then stored in a desiccator until testing.

TABLE 1
Passivation Methods and Parameters Used
Group Nitric Acid Solution (vol%) Method Time Temp.
Static 10% and 40% Static 1h 20°C
Ultrasonic 10% and 40% Ultrasonic l1h 20°C
160Ti 10% and 40% + 160 mg/L Ti Static l1h 20°C
60 grit 40% Static lh 20°C
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In the remainder of the paper, the group designations in Table 1 combined with
the nitric acid concentrations will be used identify the study groups (e.g., Static-10 % =
passivation via static immersion in 10 % nitric acid at 20°C for 1-h). Samples in the Clean

condition were used as controls.

Scanning electron microscopy (SEM)

Surface morphology was determined by using SEM analysis. A Philips XL30
scanning electron microscope was used to obtain images at primary beam energies of 15
kV. The SEM images obtained were used to make qualitative surface roughness evalua-

tions.

Electrochemical impedance spectroscopy (EIS)

EIS testing was conducted by using a three-electrode electrochemical cell with
graphite rod counter electrodes and a saturated calomel electrode (SCE) as reference. All
potentials reported in this study are relative to SCE. The equipment included an imped-
ance response detector (Model 5210 Lock-In Amplifier, EG&G Princeton Applied Re-
search) in combination with a potentiostat/galvanostat system (Model 263A Potentio-
stat/Galvanostat, EG&G Princeton Applied Research). EIS spectra were obtained at the
open-circuit potential. The electrolyte solution was Hanks’ Balanced Salt Solution
(HBSS) adjusted to pH 7.4 £ 0.1. Nitrogen gas was used to deaerate the HBSS for 30 min
prior to testing and during all testing. All tests were conducted at 37°C. The magnitude of
the applied sinusoidal waveform was 10 mV, and the frequency range was 100 kHz to

10 mHz. Computer software was used to collect (PowerSUITE, Princeton Applied Re-
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search) and analyze (ZSimpWin, Princeton Applied Research) the EIS data. The imped-
ance behavior of the samples was expressed in Nyquist and Bode plots. All impedance
data were fit to appropriate equivalent circuits using computer software (ZSimpWin).

Triplicate tests were done for all study groups.

Potentiodynamic polarization testing

Direct-current potentiodynamic polarization testing was performed immediately
after EIS testing. After EIS testing, the corrosion cell was transferred and connected to
another potentiostat/galvanostat system (Model 273 Potentiostat/Galvanostat, EG&G
Princeton Applied Research), which was used to conduct electrochemical potentiody-
ﬁamic polarization testing. The polarization scan was from 150 mV more active than
open-circuit potential to 1200 mV using a scan rate of 1.0 mV/s. As with the EIS tests,
nitrogen gas was used to deaerate the HBSS and tests were conducted at 37°C. Tafel ex-
trapolation and Stern-Geary fits (SoftCorr ITl, EG&G Princeton Applied Research) were
used to obtain the corrosion potential (Ecorr) and the corrosion rate (Icorr) at the maxi-
mum corrosion potential. The passive current density (Ipass) was recorded at a potential
of 800 mV. This potential was chosen because it was located within the passive region

for all the samples tested. Triplicate tests were done for all study groups.

Activation corrosion testing
Activation corrosion tests were conducted with the same corrosion cell that was
used for EIS and potentiodynamic tests: a three-electrode electrochemical cell with

graphite rod counter electrodes and a SCE as reference. To achieve sample activation
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(i.e., an actively corroding sample) a 3-M sulfuric acid (H,SOy4) solution at 37°C was
used. The corrosion potential was recorded over time with a potentiostat/galvanostat sys-
tem (Model 273 Potentiostat/Galvanostat, EG&G Princeton Applied Research) until the
specimen began to actively corrode. The activation time was taken to be the time at
which the corrosion potential had reached the activation potential. Tests were done in

triplicate.

X-ray photoelectron spectroscopy (XPS)

Chemical analysis of the surface oxide was done with XPS. A Kratos Axis 165
electron spectrometer using a 165-mm mean radius concentric hemispherical analyzer
operating in fixed analyzer transmission mode at pass energy of 160 eV was used for the
XPS analysis. Typical sampling depth of analysis was about 3 nm from the surface. The
analyzed area was approximately 0.8 mm x 0.2 mm, and the chamber pressure during
XPS was 1 x 107 torr. Low-energy electrons from an integral charge neutralizer system
in the Axis 165 compensated for sample charging during XPS. The binding energy scale
was referenced to the adventitious carbon C 1s at 285.0 eV. For all samples, initial survey
spectra were obtained, followed by high-resolution spectra for C 1s, O 1s, N 1s, and Ti
2p. Additional high-resolution spectra obtained were Al 2p and V 2p for the Ti-6Al-4V
samples and Mo 3d for the Ti-15Mo samples. In addition, depth profile analysis of the
oxide was done with argon ion etching for specified times. Relative atomic concentra-
tions for all identified elements were quantified from the high-resolution spectra data us-
ing system software. Finally, a curve-fitting program was used to differentiate and quanti-

tate the different titanium oxide states, as well as metallic titanium.
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Cell culture

The following cell culture methods were used to evaluate the biological compati-
bility of the titanium materials with differen't nitric acid passivation treatments. Biological
response to the different sample groups was determined by using SaOS-2 osteosarcoma
cells. Sa0S-2 cells were cultured in complete media consisting of McCoy’s modified
medium, 10% fetal bovine serum (FBS), amphotericin B (500 pg/500 mL), and gen-
tamicin sulfate (5 mg/500 mL). The cells were incubated in humidified 5% CO, air at-
mosphere at 37°C, nurtured every 2-3 days until confluence, and then split at a ratio of
1:4. The cells were detached in the media flasks by incubating with trypsin-EDTA at

37°C and the reaction stopped by adding complete media to the flask.

Cell attachment and proliferation assays

For the experiments, sample disks were placed tightly into the wells of 96-well
tissue culture plates. Disk samples were sterilized prior to testing by soaking in 100%
ethanol for 1 h, followed by repeated washing (3x) with sterile filtered phosphate-
buffered saline (PBS; 0.2 pm filtered) and overnight incubation with sterile PBS (37°C,
5% CO,). Cell suspensions were prepared and cells were seeded onto disks at a density of
2 x 10* cells per well. After seeding of the wells, the culture plates were incubated for
1 h, 4 h, and 24 h in complete media for attachment assays and for 1 day, 3 days, and
7 days for proliferation assays. After incubation, the disks were washed with PBS two
times to remove non adherent cells. Adherent cells were quantified by using the hexosa-
minidase assay.”> Blank wells were used as controls. Three samples from each group

were used in quadruplicate experiments.
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RESULTS
Scanning electron microscopy (SEM)

SEM images were taken to compare the surface morphologies of the different
study groups. Figures 1 to 3 contain representative SEM micrographs of cpTi, Ti-6Al-4V,
and Ti-15Mo samples, respectively. Each figure has micrographs of samples with 60- and
600-grit finishes in the Clean condition. Gross qualitative analysis of the surfaces indi-
cates a significant difference in surface morphologies between the 60- and 600-grit fin-
ishes for all three material groups. Figures 1 and 2 show the 600-grit surfaces of the cpTi
and Ti-6Al-4V materials to be notably smoother and more uniform than the 60-grit sur-
faces are. Conversely, Figure 3 shows the 600-grit surface of the Ti-15Mo sample to be
covered with numerous small, island-like surface features; however the 60-grit surface is
shown to have larger but less numerous island-like features. |

Comparisons between material groups showed all the 60-grit finishes to be simi-
lar, although the grooves for the Ti-6Al-4V material appeared more distinct with fewer
“smeared metal” features when compared with the grooves of the cpTi and Ti-15Mo ma-
terials.

Comparisons between the treatment groups within each material group showed
the groups passivated in the presence of 160 mg Ti/L to exhibit pit-like features. Figure 4
shows SEM micrographs for cpTi and Ti-15Mo materials passivated with the addition of
160 mg Ti/L. SEM analysis of the other treatment groups, including non passivated sur-
faces, also showed pit-like features; however, the pit-like features were more prevalent

and tended to be larger on the 160Ti surfaces. This difference appeared to be more preva-
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lent for the cpTi material than for the Ti-6A1-4V and Ti-15Mo materials. Differences be-

tween the other treatment groups, excluding the 160Ti groups, were minimal.

EIS results
EIS Nyquist and Bode plots

EIS spectra in the form of Nyquist and Bode plots were analyzed to qualitatively
determine differences in the impedance and capacitive behavior of the samples due to the
different passivation methodologies. All of the Nyquist plots exhibited incomplete semi-
circles, consistent with a highly capacitive surface. The Bode plots also displayed spectra
consistent with capacitive behavior. The Bode plots typically had maximum phase angles
near -90°, which occurred over a range of frequencies; the impedance plots (log imped-
ance vs. log frequency) showed a linear variation with a slope near -1 over much of the
frequency range.

However, differences between some of the spectra were evident. The spectra of
some of the Ultrasonic and 160Ti groups exhibited two maximum phase angles, unlike
the Static groups, which all showed a single maximum phase angle. Spectra containing
two maximum phase angles are indicative of a dual-layer oxide, typically a dense inner
oxide covered by a porous outer oxide. Figure 5 shows examples of spectra exhibiting
two-phase maximums Ti-6A1-4V groups.

Comparisons of the different treatment groups (Static, Ultrasonic, and 160T1)
within a particular material group showed cpTi and Ti-15Mo treatment groups to have
similar trends, with the highest capacitive behavior shown by the 160Ti groups, followed

by the Ultrasonic and then the Static groups. The Ti-6Al-4V treatment groups showed a
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slightly different ranking, with the Static and Ultrasonic groups having slightly better ca-
pacitive behavior than the 160Ti groups had. Comparison by nitric acid concentration
showed better capacitive behavior for all the 40 % nitric acid groups than for the 10 %
groups. Comparisons of the different material groups within particular treatments gener-
ally showed cpTi to have the best capacitive behavior, followed by Ti-6Al-4V and then
Ti-15Mo.

Comparisons between the EIS spectra for 60- and 600-grit samples showed the
60-grit spectra for cpTi and Ti-6A1-4V samples to have Nyquist plots with smaller semi-
circles and Bode plots with difninished capacitive behavior than were found for the spec-
tra of similarly treated 600-grit samples. In contrast, the 60-grit samples for the Ti-15Mo
material had larger Nyquist semicircles and Bode plots with extended capacitive regions
when compared with the 600-grit samples. All 60-grit spectra showed only one maximum
phase angle, indicating a single time constant, except the 60-grit samples for Ti-15Mo,
which had some spectra with two maximum phasé angles. Passivated 60-grit samples for
each material group exhibited spectra consistent with increased impedance and capacitive

behavior.

EIS parameters

The electrochemical reactions at the surface interface are analogous to the behav-
ior of an electronic circuit consisting of a specific combination of resistors and capaci-
tors; thus, the electrochemical system can be described in terms of an equivalent electri-
cal circuit (EEC). In the EEC, circuit elements such as resistors and capacitors are used to

represent electrochemical properties of the metal and the oxide film. In this study, the
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phase angle plots exhibited both one and two time constants; therefore, the surface oxide
was assumed to consist of either a single layer or a dual layer. To model the single-layer
oxide, a simple EEC consisting of a resistor (Rs) in series with a resistor (Rp)-capacitor
(C) parallel circuit was used. The EEC for the dual-layer oxide was the same as for the
single-layer oxide but with another resistor (Rpor)-capacitor (Cpor) parallel circuit placed
in series with the original RC parallel circuit. The Rs resistor models experimental-
system resistance (i.e., resistance due to the electrolyte, reference electrode, and electrical
leads of the system). The Rp resistor models the resistance of the single-layer oxide and
the inner oxide of the dual-layer model. The Rpor resistor represents the resistance of the
outer oxide in the dual-layer model. The capacitors, Cp and Cpor, model the capacitance
of the inner and outer surface oxides, respectively. However, to account for the non ideal
capacitive response of the interface, a constant-phase element (CPE) was used instead of
a pure capacitor. The impedance of a CPE is defined as
Z (CPE)=""with-1<n<1,

where Q is a constant, w is the angular frequency, j = V-1, and n is the CPE power. A
value of n =1 represents an ideal capacitor, and the constant parameter Q represents a
pure capacitance. The parameter n is related to the non homogeneity of the surface, such
as roughness and homogeneity of the oxide. In this paper, Qp, np, and Rp are used to rep-
resent the single-layer oxide and the inner layer of the dual-layer oxide. Qpor, npor, and
Rpor are used to represent the outer layer of the dual-layer oxide.

Comparison of the experimental data with the theoretical EEC data showed that
the curves were comparable, with all chi-square values less than 4 x 10~. The results for

Qp, np, and Rp are given in Table 2; those for Qpor, npor, and Rpor are given in Table 3.
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The “na” results in Table 3 refer to the fact that those groups were fitted by using a sin-
gle-layer model, so that there were no results for an outer oxide.

In general, the Ultrasonic groups had higher Qp and np results than the Static and
160Ti groups did, with some of the differences being statistically significant. The Rp re-
sults showed some of the groups to be sensitive to the concentration, with the 40% nitric
acid groups having statistically significant higher Rp results. The results in Table 3 for
the outer oxide parameters were indicative of a very thin, porous oxide layer with little to
no resistance.

The Q, n, and Rp results for the 60-grit samples are given in Table 4. In addition,
the results for the 600-grit samples are included for comparison purposes.

In general, the results for the cpTi and Ti-6A1-4V groups showed higher Q values
and lower n and Rp values for the 60-grit samples than for the 600-grit samples. The Ti-
15Mo groups showed the 60-grit groups to have lower Q values and higher n values than
the 600-grit samples did in both the Clean and passivated conditions. The Ti-15Mo Rp
results were mixed. Differences between the 60- and 600-grit groups were statistically
significant for the both the Q and n values for the passivated cpTi groups, the Q values

for the passivated Ti-6A1-4V groups, and the Rp values for the passivated Ti-15Mo

groups.
Potentiodynamic polarization corrosion testing

The potentiodynamic polarization curves for all groups were characteristic of

highly passive systems. The Ipass results were of the order of 3.3 to 9.1 pA/cm?.
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TABLE 2
Qp, np, and Rp Values for cpTi, Ti-6Al-4V, and Ti-15Mo
Treatment Q Rp
Group (uF/cm?) n (KQ-cm?)
cpTi Clean Only 276407 ¥ 0930+0.002 9* 579+ 109
cpTi-Static-10% 276+18 9 0915+0.012 560 + 268
cpTi-Ultra-10% 35059 9 0916+0.007 © 455+52 ©
cpTi-160Ti-10% 308+39 9 0.920+0.008 « 739 + 317
cpTi-Static-40% 242+1.0 ¥ 0.946+0.007 = 846 + 465
cpTi-Ultra-40% 289+3.0 1 0.936+0002 °° 1008 41 ©
cpTi-160Ti-40% 262+21 9 0.914+0.007 ™ 598 + 261
Ti64 Clean Only 28.1+34 ™ 0.910+0.005 1 443+ 97
Ti64-Static-10% 303+£1.7 ° 0.917 +£0.005 * 316 + 33
Ti64-Ultra-10% 358+01 ®  0.918+0.003 ° 423+126 ©
Ti64-160Ti-10% 327424 9 0.896 + 0.002 € 837 £ 419
Ti64-Static-40% 31.1£22 @ 0.918 +0.001 1020 + 537
Ti64-Ultra-40% 383+13 ™ 0.92]1+0.014 973 +316 ©
Ti64-160Ti-40% 31514 " 0912+0.002 © 1120 + 646
Til5 Clean Only 436+2.1 * 0.902 £ 0.007 * 356+ 46
Ti15-Static-10% 52641 T (0.896+0.005 & 323+ 43
Ti15-Ultra-10% 61.2+53 9 0.907+0.002 384+ 78
Til5-160Ti-10% 575+11.0 ¥  0.905+0.010 * 350442 ©
Til5-Static-40% 431424 * 0.902+0.007 9 409 + 79
Til5-Ultra-40% 68.1+34 ™ (0.915+0.056 561 + 255
Ti15-160Ti-40% 455+45 " 0.904 +0.007 692+ 80 ©*

The values are the mean + standard deviation (n = 3).

Statistically significant differences are denoted with superscripts, which correspond to
specific comparisons.

Results with the same superscripts are significantly different (p < 0.05).

z superscript denotes differences between Clean Only result and passivated groups
(t-test, p < 0.05).

ab superscripts denote differences due to passivation treatment only (one-way ANOVA,
p< 0.05).

gr superscripts denote differences due to materials within same passivation treatment
(one-way ANOVA, p <0.05).

C superscripts denote differences due to concentration of passivation only (t-test, p <
0.05).
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Qpor, npor, and Rpor Values for cpTi, Ti-6Al-4V, and Ti-15Mo

Treatment Qpor Rpor
Group ' (uF/cmz) npor (Q-em?)
cpTi Clean Only na na na
cpTi-Static-10% na na na
cpTi-Ultra-10% na na na
cpTi-160Ti-10% 1671 + 2268 0.545 4 0.173 0+0
cpTi-Static-40% na na na
cpTi-Ultra-40% 2851 + 1589 0.310+0.140 0+0
cpTi-160Ti-40% 458 + 328 0.588 £ 0.052 0+0
Ti64 Clean Only na na na
Ti64-Static-10% na na na
Ti64-Ultra-10% 1216 + 1875 0.408 £ 0.124 3+£6
Ti64-160Ti-10% 645 + 961 0.579+0.114 0+0
Ti64-Static-40% na na na
Ti64-Ultra-40% 670+ 734 0.610+0.040 0+0
Ti64-160Ti-40% 3074+ 1114 0.522 +0.057 0+0
Til5 Clean Only na na na
Ti15-Static-10% na na na
Til5-Ultra-10% 1022 + 1164 0478 +0.214 0+0
Ti15-160Ti-10% 2880 + 2458 0.542+0.116 2+2
Til5-Static-40% na na na
Ti15-Ultra-40% 54+ 13 0.683 +0.275 4+8
Ti15-160Ti-40% 1996 + 341 0.565 +0.013 0£0

Values are mean + standard deviation (n = 3).

“na” indicates that the group was fitted by using a single-layer model.

No statistical analysis was performed because not all groups were modeled as dual-
layer oxide.
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TABLE 4
Q, n, and Rp Results for 60- and 600-Grit Groups

Treatment Rp
Group (uF/cm?) n (KQ-cm?)
cpTi-60-Clean 31.2+2.7 0.917+0.011 389420
cpTi-600-Clean 27.6+0.7 0.927 + 0.002 517 +101
cpTi-60-Pass 30.2£0.5* 0.929 £ 0.008* 648 + 423
cpTi-600-Pass 24.2 £ 1.0* 0.946 + 0.007* 846 + 465
Ti164-60-Clean 33.6+4.9 0.892 £ 0.015 328 +£432
Ti64-600-Clean 28.6+2.1 0.918 £ 0.001 1020 + 537
Ti64-60-Pass 39.6 + 1.8* 0.905+0.010 682 + 251
Ti64-600-Pass 31.1£2.2% 0.918 £ 0.001 1020 + 537
Ti-15Mo-60-Clean 40.5+ 8.5 0.890 + 0.029 331+ 75
Ti-15Mo-600-Clean 43.7+3.0 0.904 £ 0.008 377+ 39
Ti-15Mo-60-Pass 41.3+3.9 0.898 & 0.004 953 + 109*
Ti-15Mo0-600-Pass 43.1+24 0.902 + 0.007 409 & 79*

Results are mean + standard deviation (n = 3).

Pass = 40% nitric acid at 20°C for 1 h.

* indicates statistically different between different grits within the same material and
treatment group (one-way ANOVA, p <0.05).

The low passive currents, typical of a passive system, persisted throughout the experi-
ment; all curves exhibited negative hysteresis, indicating no localized corrosion. The
Ecorr, Icorr, and Ipass corrosion results for the potentiodynamic polarization tests are
given in Table 5.

In general, compared with non passivated sample groups, samples that had been
passivated showed better corrosion resistance properties in terms of more noble Ecorr
values and lower Icorr and Ipass results. Treatment group comparisons within each mate-
rial group showed no obvious trends. The Ultrasonic groups for both Ti-6A1-4V-40 %

and Ti-15Mo-40 % did have statistically significantly more noble Ecorr results than the
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160Ti groups had, and the 160Ti group for cpTi-10% had significantly lower Icorr than
the Static and Ultrasonic groups did.

Comparisons between the similarly treated material groups showed all three mate-
rial groups to exhibit excellent corrosion resistance, with cpTi and Ti-6Al-4V groups
having relatively similar corrosion properties, which were slightly better than those of the
Ti-15Mo group.

The Ecorr, Icorr, and Ipass results for the 60-grit samples are given in Table 6. As
with the EIS results, the results for the 600-grit samples are included for comparison pur-
poses.

The Ecorr results showed no consistent trend as the 60-grit groups were both
more and less noble than similarly treated 600-grit groups were. Trends were shown,
however, for the Icorr and Ipass results for cpTi and Ti-6Al-4V groups, with the 60-grit
groups having slightly higher Icorr and Ipass results than similarly treated 600-grit groups
did. For the Ti-15Mo groups, the opposite was shown: the 60-grit groups had lower Icorr
and Ipass results than the 600-grit groups had. However, none of the differences due to

grit size were statistically significant (p < 0.05).

Activation test

The activation test involved placing samples in 3-M sulfuric acid and recording
the open-circuit corrosion potential of the sample until an active corrosion potential was
obtained. The time it takes the sample to reach the active corrosion potential is taken to

be the activation time or breakdown period. The active corrosion potential occurs when

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



135

TABLE 5
Ecorr, Icorr, and Ipass Results for cpTi, Ti-6Al-4V, and Ti-15Mo
Treatment Ecorr Icorr Ipass
Group (mV) (nA/cm?) (pA/cm?)
cpTi Clean Only 223+52 * 56+ 8 460+022 ¢
cpTi-Static-10% -66 % 152 83+22 *C 4.15+0.46 ¢
cpTi-Ultra-10% 256+20 © 4512 * 440+0.16 ¢
cpTi-160Ti-10% 243 + 73 33+£19 ° 4.67 +0.63
cpTi-Static-40% 83+40 *° 26+9 * 381+024 ¥
cpTi-Ultra-40% 38+ 63 9 17+3 © 333+043 ¢
cpTi-160Ti-40% 127+ 64 7 29 + 31 9.19+9.32
Ti64 Clean Only 216+ 57 46 + 11 477+041 F
Ti64-Static-10% -160 + 59 80 + 54 483+028 °
Ti64-Ultra-10% 2374 € 62 + 23 5.02+035 °
Ti64-160Ti-10% 264 + 98 25+17 4.63+£059 °
Ti64-Static-40% -102+8 °® 27424 3.96+0.92 '
Ti64-Ultra-40% 20427 26+ 19 372+ 036 ™
Ti64-160Ti-40% 97+38 29 £21 4.19+0.55
Til5 Clean Only -253+£23 ¢ 70+ 33 7.26+0.50 ¥
Til5-Static-10% 257+41 *© 62+ 16 7.68+088 &
Til5-Ultra-10% 238+3 € 43+ 10 820+053 ¥
Til15-160Ti-10% 332404 2 55+£20 855+1.07 ¥
Til5-Static-40% ‘124414 % 51+24 6.83+£063 ¥
Ti15-Ultra-40% -135+38 %= 35+9 6.63+061 ¥
Ti15-160Ti-40% -154+23 € 39+ 11 736+ 0.42

The values are mean + standard deviation (n = 3).

Statistically significant differences are denoted with superscripts, which correspond to
specific comparisons.

Results with the same superscripts are significantly different (p<0.05).

z superscript denotes differences between Clean Only result and passivated groups
(t-test, p <0.05).

ab superscripts denote differences due to passivation treatment only (one-way ANOVA,
p <0.05).

qr superscripts denote differences due to materials within same passivation treatment
(one-way ANOVA, p <0.05).

C superscripts denote differences due to concentration of passivation only (t-test, p <
0.05).
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TABLE 6
Ecorr, Icorr, and Ipass Results for 60- and 600-Grit Groups

Treatment Ecorr Icorr Ipass
Group (mV) (nA/cm?) (nA/cm?)
cpTi-60-Clean -256 £ 10 58+8 5.16 £ 0.67
¢pTi-600-Clean =223+ 52 56 +23 4.60 £ 0.69
cpTi-60-Pass -81 £38 55+43 4.59 + 0.60
cpTi-600-Pass -83+40 26+ 8 3.81+0.24
Ti64-60-Clean -54 267 9.33
Ti64-600-Clean -216 + 57 46 £ 11 4.77 £ 0.41
Ti64-60-Pass o -62+22 40+ 20 4.29 +£0.62
Ti64-600-Pass 719+ 8 28 +24 2.59+0.92
Ti-15Mo-60-Clean 275+ 4 48 +11 7.20 £ 1.05
Ti-15Mo-600-Clean -253+23 70+33 7.26 +£0.50
Ti-15Mo-60-Pass -139 £ 29 25+ 18 5.55+0.39
Ti-15Mo-600-Pass -124 + 14 51+24 6.83 £ 0.63

Results are mean + standard deviation (1 = 3, except Ti64-60-Clean group, where
n=1). Pass = 40% nitric acid at 20°C for 1 h.

the surface oxide has been completely dissolved from the specimen and the specimen is
in a state of active dissolution. The activation test is a simple method for assessing the
protectiveness of the surface oxide. Figure 6 shows representative activation curves for
each of the cpTi and Ti-6Al-4V treatment groups. (The Ti-15Mo groups all had activa-
tion times of over 24 h, at which time the experiment was stopped. Thus, Ti-15Mo curves
are not included in Figure 6 and are not included in any of the statistical analyses.) The
results for the activation times are given in Table 7. For both cpTi and Ti-6Al-4V, the
Ultrasonic group had the longest activation time, followed by the Static and 160Ti groups
and then the Clean group, which had the shortest times. Comparisons between cpTi and

Ti-6A1-4V within the same treatment group showed all the cpTi groups to have longer
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activation times than the corresponding Ti-6A1-4V groups had. All these differences were

statistically significant, except for the Ultrasonic group.

TABLE 7
Activation Times for cpTi, Ti-6A1-4V, and Ti-15Mo Passivation Treatment Groups
Clean Static Ultrasonic 160Ti
Material (h) (h) (h) (h)
cpTi 2.00+0.24%™*  472+0.92™*  6.79+1.04°  4.010.08
Ti-6A1-4V 1.19 + 0.03% 2.14 + 0.32° 5.06 + 0.68% 2.18+0.03°
Ti-15Mo >24 >4 >24 >24

The values are the mean + standard deviation (n = 3).

Statistically significant differences are denoted with superscripts, which correspond to
specific comparisons.

Results with the same superscripts are significantly different (p < 0.05).

ab superscripts denote differences due to passivation treatment only within each mate-
rial group (one-way ANOVA, p < 0.05).

* denotes differences due to material group within each treatment group

(t-test, p < 0.05).

XPS results
Surface chemistry

XPS analysis was used to determine the surface chemistry of the samples. It in-
cluded initial survey spectra followed by high-resolution spectra for Ti 2p, O 1s, C 1s,
and N 1s for all three material groups. In addition, the Al 2p and V 2p spectra were ob-
tained for the Ti-6Al-4V groups, and the Mo 3d spectra were obtained for the Ti-15Mo
groups. Argon ion sputtering was used to obtain depth profiles for the elemental composi-
tion. Analysis of high-resolution spectra yielded elemental composition (atomic %) of the
surface region.

Survey spectra confirmed the presence of the constituent elements for each mate-

rial, as well as carbon and nitrogen, which are ubiquitous surface contaminants. All the
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survey spectra had dominant titanium and oxygen peaks with a relatively large carbon
peak. There were also present smaller peaks for the alloy constituents, Al and V for the
Ti64 groups and Mo for the Ti-15Mo groups.

The surface chemistry throughout the oxide layer was quantified by analyzing the
high-resolution spectra taken after argon etching for specific time intervals. Tables 8-10
give the elemental compositions (atoinic %) after the various etch times for the cpTi,

Ti64, and Ti-15Mo groups, respectively.

TABLE 8
Surface Composition (at%) by XPS Analysis of Various Passivation Treatment
Groups of cpTi After Different Etch Times

Element cpTi cpTi cpTi cpTi
Clean Static Ultrasonic 160Ti
Ti Os 148+ 1.7 17.0+0.1 188+1.6 159+ 1.6
Ti 30s 450+ 5.7 412 +2.1 404 +09 35.6+1.5
Ti 60s -- -- 48.7+0.4 55.6+79
Ti 90s -- 64.6 £4.8 -- --
Ti 120s 69.4 -- 63.0+ 1.6 67.3+6.7
Ti 150s - 72.6+42 -- --
Ti 180s 66.2 -- 723+1.5 77.1+£2.7
O 0s 33.6%+1.3 40.8+7.3 48.1+5.2 452+ 1.8
0 30s 52.5+22 559+1.8 58.8+1.2 59.6 £ 0.8
0 60s -- - 51.3+04 444+79
0 90s -- 354+4.8 -- -
0 120s 30.6 -- 320+ 1.6 32.7+6.7
0 150s -- 27.4+42 -- -
0O 180s 33.8 -- 27.7+1.5 229427
CO0s 46.4+39 40.2+5.5 31.7+64 36.8+2.7
C30s 1.3+1.9 24+£03 0.1+0.2 44+0.1
NOs 52+09 20+1.9 1.4+04 2.1+£0.7
N 30s 1.2+1.7 0.5+0.7 0.6+0.1 04+06

The values are mean + standard deviation (at%; n = 2 specimens per group, except
= 1 where result has no standard deviation).
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Surface Composition (at%) by XPS Analysis of Various Passivation Treatment

Groups of Ti-6A1-4V After Different Etch Times

Element Ti64 Ti64 Ti64 Ti64
Clean Static Ultrasonic 160Ti1
Ti Os 16.8 £0.0 150+ 14 17.3+1.0 179+ 04
Ti 15s 32.8+1.1 30.9+0.0 32.0+2.0 29.6+£2.2
Ti 30s 35.6+0.8 34.7+0.0 355+ 0.0 339+09
Ti 60s 49.6+0.9 45123 454+1.0 432+ 0.0
Ti 120s 73.5+1.6 62.1+43 659+ 10.5 555+13
Ti 180s 77.1+£0.8 71.7+£23 67.6+2.7 71.6 £0.1
O 0s 48.2+09 432+2.1 50.0+£2.9 499+ 0.8
O 15s 58.7+1.0 56.5+13 65.0+1.3 61.9+03
0O 30s 543+23 53.9+1.8 60.1+24 604 +2.6
O 60s 419+02 448+ 1.8 48.8+1.7 50.2+0.9
0 120s 15.3+04 243 +£3.8 229+ 14 303+44
O 180s 8.4+0.7 126 +1.2 147+1.5 180+24
Al Os 2.8+0.1 34+0.7 2.8+0.5 34+0.8
Al 15s 45+0.9 57+0.7 2.7+3.8 47+0.0
Al 30s 49+14 55+1.1 40+£2.5 3.8+£2.0
Al 60s 6.0+1.2 72+1.6 47+29 49+ 1.1
Al 120s 7.7+£09 10.3£0.2 8.1 +£10.5 11.0+5.5
Al 180s 10.6 £1.2 11.6 £ 0.1 13.0£1.0 59+13
V 0s 0.1+0.1 0.6 0.1 0.2+0.3 0.5+0.5
V 15s 0.5+£0.3 1.1+1.0 0.3+£0.4 1.7+0.1
V 30s 1.1+0.5 1.6+ 0.6 0.1+£0.2 0.1+0.1
V 60s 2.6+0.1 29+1.1 1.1+£0.3 1.7+£0.2
V 120s 3.5+0.3 33+0.7 32+1.3 32+0.2
V 180s 40+1.0 41+0.9 46+3.2 46+1.0
CO0s 283+1.5 35.6+4.5 282 +3.2 274+3.0
C 15s 33+1.4 50+1.5 0.0+0.0 22+20
C 30s 3.3+0.6 42+22 0.0+£0.0 0.5+0.6
N 0s 3.8+0.8 23+04 1.5+0.0 0913
N 15s 0.2+0.2 09+04 0.1+0.1 0.0+0.0
N 30s 0.7+0.5 0.1+£0.1 0.2+0.3 1.5+£2.0

The values are mean + standard deviation (at%; n = 2 specimens per group).
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Surface Composition (at%) by XPS Analysis of Various Passivation Treatment

Groups of Ti-15Mo After Different Etch Times

Element Ti-15Mo Ti-15Mo Ti-15Mo Ti-15Mo
Clean: Static Ultrasonic 160Ti

Ti Os 14.6 £0.5 14.3+04 164+1.5 149+ 1.2
Ti 15s 31.8+0.5 30.3+0.7 29.7+0.2 30.0+0.8
Ti 30s 352+13 358+ 1.4 33.9+£0.7 33.6+0.1
Ti 60s 45.0+2.5 428+1.0 39.3+0.1 42.0+0.2
Ti 120s 53.1+03 56.2+0.4 542 £2.6 54.9+09
Ti 180s 59.5+7.1 64.6 £ 0.0 65.1+45 62.1+£0.7
OXIN 433+25 454+ 0.8 463+2.4 43.8+3.0
O 15s 54.6+1.3 59.6+14 62.3+0.5 58.7+£0.6
O 30s 51.8+0.2 545+33 59.0+0.7 55.8+0.5
O 60s 49.1+£2.8 514+£03 55.5+0.1 52.7+£03
0 120s 38.1+1.3 349+ 0.8 37.3+2.8 36.7+ 1.1
O 180s 209+74 24.6+0.2 25.1+3.2 273+1.1
Mo Os 1.0+ 0.1 1.6+0.2 1.9+0.1 1.4+0.1

Mo 15s 25+0.1 3.0£0.1 32+0.1 2.8+04
Mo 30s 32+0.1 37+£02 4.1+£0.0 33+0.0
Mo 60s 59+03 5.7+0.7 5.2 +0.1 5.2+0.1

Mo 120s 8.8+0.9 8.9+04 8.5+03 83+0.3

Mo 180s 10.6 £ 0.3 10.8+0.3 99+1.3 10.5£ 0.4
C 0s 36.8+3.5 35.1+03 32.0+03 36.5+2.8
C 15s 106+ 1.5 7.1+0.7 45+02 84+2.1

C 30s 9.2+03 59+19 2.9+0.0 73+04
N Os 43+04 3.7+1.2 34+43 35+14
N 15s 04+£0.6 0.0+ 0.0 0.2+0.3 02+03
N 30s 0.6+09 0.1+0.2 0.0+ 0.0 0.0+ 0.0

The values are mean + standard deviation (at%; n = 2 specimens per group).

The results from Tables 8-10 show all groups to follow the same basic trends in
changes of chemical composition as a function of etch time. To illustrate this pattern
graphically, representative depth profiles for the three material groups that had undergone
ultrasonic passivation are shown in Figure 7. These profiles show the titanium atomic

percentage to increase with longer etch times, while the oxygen atomic percentage in-
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creases for the first 15-s etch time and then gradually decreases. The alloy constituents
for Ti-6Al-4V and Ti-15Mo groups are seen to increase gradually with longer etch times.

The normalized atomic percentages of the different alloy constituents in the sur-
face region are shown in Figures 8-10. Figures 8 and 9 show normalized atomic percent-
ages of aluminum and vanadium for the Ti-6A1-4V groups. Figure 10 shows the normal-
ized atomic percentage of molybdenum for the Ti-15Mo groups. The normalized atomic
percentages were calculated by taking the atomic percentage of one of the alloy constitu-
ents and dividing by the sum of the atomic percentages of all metallic elements in the al-
loy; for example, the normalized atomic percentage of aluminum for Ti-6Al1-4V is equal
to 100 * [Al] / ([Ti] + [Al] + [V]), where [ ] indicates atomic percentage.

In general, Figure 8 shows higher percentages of aluminum for all the nitric-acid-
passivated groups than for the non passivated group (Clean). In addition, the highest per-
centages are shown to be at the outermost surfaces (0-s etch time), with subsequent de-
creases (15-s and 30-s etch times), which are then followed by relatively constant per-
centages of aluminum. The vanadium percentages shown in Figure 9, unlike those for
aluminum, have the lowest percentages at the outermost surface and tend to increase with
subsequent etch times. As for aluminum, however, the nitric-acid-passivated groups show
higher percentages of vanadium than the non passivated group (Clean) does.

Figure 10 shows the normalized atomic percentage of molybdenum to be higher
for all the passivated groups in the outer regions (0-s to 30-s etch times) compared to the
non passivated group, with the Ultrasonic group having the highest molybdenum percent-

age in this region. All groups show the molybdenum percentages gradually increasing in
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the outer regions (0-s to 30-s etch time) and then having larger increases from the 30 s to

180-s etch times, with all groups exhibiting similar percentages at each etch time.

Surface oxide stoichiometry

Analysis of the pre-etched (0-s etch time) Ti 2p spectra enabled the quantification
of the different oxidation states present at the outermost surface of the oxide, specifically,
Ti®* (metallic Ti), Ti*" (TiOy), Ti** (Ti,03) and Ti*" (TiO). Common features for all the
spectra included the presence of a dominant Ti 2ps, peak at a binding energy of 459.0 eV
and a smaller and broader Ti 2p,/; peak at a binding energy of 464.6 eV. These peaks
both correspond to Ti** (Ti0,). The spectra also usually had a small Ti 2p3/, peak at a
binding energy of 453.9 eV, which corresponds to Ti’" (metallic Ti). In addition, the
peaks in these spectra exhibited shoulders to various extents. These shoulders represent
the titanium suboxide states Ti** (Ti,03) and Ti*" (TiO). Subtle differences can be seen
for the spectra of the different groups, indicating varying effects of the different passiva-
tion treatments.

A curve-fitting program was used on the high-resolution Ti 2p spectra to quantify
the four oxidation states present in the surface oxide. Figure 11 shows representative
high-resolution Ti 2p spectra for Ti-15Mo Clean and Ultrasonic samples. The figure
shows the fitted curves for Ti’* (metallic Ti), Ti** (TiO), Ti*" (Ti,0s), and Ti*" (TiO,).
The spectra show a higher Ti®* peak for the Clean sample than for the Ultrasonic sample.
The percentages of the different oxides are given in Table 11. The results in Table 11
show subtle differences in the percentages of oxide states for the different groups. The

biggest differences between treatment groups within the material groups were between
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the non passivated Ti-15Mo group (Clean) and the three nitric-acid-passivated Ti-15Mo
groups, Static, Ultrasonic, and 160Ti. The passivated groups had higher TiO, percentages
and lower percentages of suboxides Ti,O3 and TiO, as well as metallic Ti, than the non-

passivated group did.

TABLE 11
Percentage of Oxidation States for cpTi, Ti-6A1-4V, and Ti-15Mo After Different
Nitric Acid Passivation Treatments

Group Ti0, Ti,0; TiO Ti

cpTi-Clean 84.0 3.1 3.2 9.5

cpTi-Static 80.3+0.8 6.9+1.1 3.7+1.1 9.2+0.7
cpTi-Ultrasonic 78.0+3.3 88+1.8 4.0+16 9.4+0.1
cpTi-160Ti 80.1 7.4 5.6 7.0

Ti64-Clean 79.1+1.1 6.2+04 29+0.2 12.0+ 0.5
Ti64-Static 789+1.4 7.1+0.6 3.1+0.8 11.0£0.1
Ti64-Ultrasonic 804+64 6.7+4.7 36+£2.5 10.3+£0.5
Ti64-160Ti 81.4+0.8 63+1.2 31+1.3 92+10
Ti-15Mo-Clean 81.0+29 6.5+1.6 4.6+0.5 8.1+0.9
Ti-15Mo-Static 923+3.7 1.4+1.1 1.6 +0.8 4.6+1.7
Ti-15Mo-Ultrasonic 9220+12 37+£25 1.2+£0.2 32+1.5
Ti-15Mo-160Ti 90.5+3.3 44+12 14+12 3.8+1.0

The values are mean + standard deviation (at%; n = 2 specimens, except » = 1 where no
standard deviation is shown).

Cell culture

As in the Part I paper, hexosaminidase activity of the SaOS-2 cells was deter-
mined after 1 h, 4 h, 24 h, 3 days, and 7 days of incubation with the experimental sam-
ples. Quantification of the hexosaminidase activity was used to characterize the cell
numbers at the different time periods to assess cellular attachment and proliferation. Pro-
liferation is taken in this study as the percentage difference between the most recent result

and the former result and is calculated as the most recent result less the former result, di-
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vided by the former result; an example is (100*[4 h — 1 h]/1 h)%. The cell culture results
are given in Tables 12 and 13. All results here are reported as percentage of control,
where the control was blank tissue culture wells. The test groups for the cell culture tests
included Clean, Static-40%, Ultrasonic-40%, and 160Ti-40% but did not include any

10% groups or 60-grit groups.

TABLE 12
Cell Number Results for the Different Treatment Groups at Different Time Points
Percent of Control (Tissue Culture Plastic)

lh 4h 24h 3 Days 7 Days
cp-Clean 91+16 80+ 13 73+ 14 89+ 11 917
cp-Static-40% 100+13 83+ 15 81+7 96+ 8 936
cp-Ultrasonic-40% 95+ 10™ 86+9 82+ 8 97+9 9% +5
cp-160Ti-40% 94+ 11 93 +11 81£5 94+9 90+ 10
64-Clean 100 24 82+13 78 & 14 92 +10 95+9
64-Static-40% 101 +15 83+ 10 84+ 12 91+7 92+6
64-Ultrasonic-40% 89+ 19" 83+16 79+ 10 94+ 8 95+9
64-160Ti-40% 105+20 81+12 79+ 10 91+6 90+9
15-Clean 102+12 88+12 81+9 95+ 15 92+ 14
15-Static-40% 106 + 20 88+ 11 82+9 94+ 11 93+13
15-Ultrasonic-40% 112 +27 ™ 89+7 84+7 93+ 10 94+ 12
15-160Ti-40% 104 £ 15 84+ 13 78+ 6 95+ 14 93+ 12

Results are mean + standard deviation (n = 4).

Statistical comparisons were made between specific groups.

Results with the same superscript denote statistically significant differences.

mn superscripts denote statistically significant difference between material groups
within a specific treatment group and time point (one-way ANOVA, p < 0.05).

abc superscripts denote statistically significant difference between treatment groups
within a specific material group and time point (one-way ANOVA, p < 0.05).

Comparisons of the cell number results for each of the experimental time periods

showed no statistical differences between any of the treatment groups within each mate-

rial group and only one statistical difference between any of the material groups within a
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TABLE 13
Proliferation Results for the Different Treatment Groups at Different Time Periods:
Percentage of Control (Tissue Culture Plastic)

Group 1-4h 4-24 h 1-3 Days 3-7 Days
cp-Clean 91+ 18 89 + 18 116 + 10 ™ 96+9
cp-Static-40% 90+ 18 100+ 12 97+7? 98+ 6
cp-Ultrasonic-40% 9449 95+8 98+ 8° 100+ 6
cp-160Ti-40% 101+10™ 88 + 7 97+8° 89+ 21
64-Clean 84+ 19 95+ 18 108+ 15 94+ 8
64-Static-40% 83+ 12 101 + 20 107+ 8 101 +£6
64-Ultrasonic-40% 95 + 24 96 + 15 1017 103+9
64-160Ti-40% 78+ 10™ 98 + 18 98 + 7 9949
15-Clean 91+ 16 93 + 12 105+ 17 98+ 17
15-Static-40% 90 + 23 93+ 11 100 + 15 99 + 14
15-Ultrasonic-40% 89 + 27 95+ 11 98+ 11 102+ 13
15-160Ti-40% 87 + 24 94 + 12 103+ 19 98 + 14

Results are mean + standard deviation (n = 4).

Statistical comparisons were made between specific groups.

Results with the same superscript denote statistically significant differences.

mn superscripts denote statistically significant difference between material groups
within a specific treatment group and time point (one-way ANOVA, p<0.05).

abc superscripts denote statistically significant difference between treatment groups
within a specific material group and time point (one-way ANOVA, p<0.05).

specific treatment group. The 1-h results for 15-Ultrasonic-40% were significantly
greater than those for similarly treated cpTi and Ti-6A1-4V were. Trends were evident,
however. Typically, the highest percentages of control results were shown at 1 h, and the
Ti-15Mo groups had greater numbers at 1 h and 4 h. Results showed small differences
between the different treatment groups within a material group and showed no obvious
trends.

The proliferation results, like the cell number results, showed small differences
between the groups, with only two differences being statistically significant. The cpTi-

Clean group at the 1- to 3-day period had a significantly higher proliferation rate than the
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other cpTi groups did in the same interval. The other difference was between material
groups over the 1- to 4-h interval, where the cpTi-160Ti group had a significantly higher

proliferation rate than the Ti-6A1-4V-160Ti group did.

DISCUSSION

Surface morphology

Samples were prepared with 60-grit and 600-grit finishes to better understand the
effect of the surface roughness on the surface oxide properties and corrosion properties.
Part I of this study** showed that the 600-grit finish for Ti-15Mo was much rougher than
the 600-grit cpTi and Ti-6Al-4V finishes were and that the rougher surface affected the
surface oxide properties and corrosion.

The fact that the 600-grit Ti-15Mo was rougher is attributed to the fact that Ti-
15Mo is a relatively soft material that tends to smear when polished. Ahmad* reported a
smearing effect for softer cpTi Grade 1 that was not found for cpTi Grade 4 despite the
use of identical surface preparation techniques (600-grit SiC). Figure 3 shows the smear
effect for the 600-grit Ti-15Mo. It was also interesting that the 600-grit Ti-15Mo surface
appeared rougher than the 60-grit Ti-15Mo surface did despite the fact that 60-grit is a
coarser polishing paper. The 60-grit Ti-15Mo had relatively larger groove tracks but not
as many of the secondary surface characteristics (i.e., small, island-like smear features
and non groove indentations) that were seen on the 600-grit Ti-15Mo surface. The 60-grit
versus 600-grit comparisons for cpTi and Ti-6Al-4V showed the 60-grit finishes being

rougher, as expected.
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Comparisons of the 60-grit surfaces for the three materials showed cpTi and Ti-
15Mo to have a slightly rougher appearance than Ti-6Al-4V had. The cpTi and Ti-15Mo
samples tended to have smear-like features on the groove edges, while the Ti-6Al1-4V
samples had sharper edges. As with the 600-grit Ti-15-Mo, the 60-grit differences can be
attributed to the softer nature of the cpTi and Ti-15Mo materials when compared with Ti-
6Al-4V.

Another interesting finding was the increased prevalence of relatively larger pit-
like features on the surfaces of the materials that had been passivated in nitric acid and
that contained additional titanium ions (160 mg Ti/L). This effect appeared on all the ma-
terial groups but was more pronounced on the cpTi groups. It is not clear why this effect
would occur. Robin stated that the addition of titanium ions in nitric acid decreased the
corrosion of titanium and attributed the effect to faster formation of the surface oxide.'
One explanation may be that a faster oxidation rate with the increased titanium ions was
not uniform across the surface and thus resulted in pit-like features. This issue will be dis-

cussed further later in the paper.

Ultrasonic passivation effects

An ultrasonic wave passing through a solution can cause cavitations, the forma-
tion and collapse of voids, which can result in the generation of very high temperatures
and pressures.'' The presence of a solid surface near a collapsing void is predicted to re-
sult in asymmetric collapse with the formation of a high-velocity liquid jet directed to-

ward the surface. This, in turn, can lead to cavitation damage to the metal surface, and
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microstructural changes can occur.'! Thus, it is reasonable to expect passivation proc-
esses to be affected by ultrasonication.

Whillock'!, in his work with 304L stainless steel in nitric acid, showed that, on
initiation of ultrasonication, the alloy, which was in a passive state (i.e., exhibited a high
or more noble corrosion potential), would immediately become more active (i.e., the cor-
rosion potential would drop or become less noble) and remain in the more active state
during ultrasonication. However, once the ultrasonication was stopped, the corrosion po-
tential of the alloy would immediately increase to the previous passive level and remain
until ultrasonication was started again, whereupon the cycle would be repeated as before.
This phenomenon was attributed to shock waves from the collapsing cavities breaking the
passive layer and increasing corrosion potential. In addition, Whillock showed that ultra-
sonication resulted in a three- to sixfold increase in corrosion rate, which implies that ul-
trasonication increased the rate of active metal dissolution. The depassivating effect of
ultrasonication has also been reported for titanium."!

In the present study, EIS and corrosion tests were conducted to determine the ef-
fects that ultrasonic passivation may have on the surface oxide. Unlike Whillock,'" this
study looked at the surface reactions in a physiological solution, HBSS, and not during
the nitric acid passivation process. For the most part, the EIS and potentiodynamic po-
larization tests showed similar results for materials passivated statically or ultrasonically.
One exception was the capacitance (Q) values, which showed higher values for the ultra-
sonicated groups. As mentioned in Part I of this study®%, when the parallel-plate capacitor

relation, Q = €€,A/d,, is used, the oxide thickness, d, is seen to be inversely related to

the capacitance, Q , and directly proportional to the dielectric constant, €, and effective
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surface area, A. Thus, if one assumes a constant dielectric constant and effective surface
area, the higher Q value indicates a thinner oxide due to ultrasonic passivation. Callen
reported a thinning of Ti-6A1-4V material that was ultrasonicated in nitric acid.®

However, in the present study, the XPS results showed no real changes in oxide
thickness between statically and ultrasonically passivated materials. Thus, the increased
Q values for the ultrasonicated materials appear to be due to a change in the dielectric
constant or effective surface area rather than to a decrease in the surface oxide.

SEM analysis did not show any real differences between static and ultrasonic sur-
face morphologies. It should be noted, however, that the SEM analysis was limited to one
specimen per group, and others in the literature have shown rougher surfaces as a result
of ultrasonication. "

Hence, the most likely reason for the higher Q values for the ultrasonicated
groups is an increase in the dielectric constant. Ohtsuka reported increases in the dielec-
tric constant for surface oxides with a higher degree of hydration, which resulted from
higher oxide formation rates.” Thus, an explanation for the higher Q values for the Ultra-
sonic groups may be that the oxides had a higher degree of hydration because of higher
formation rates due to the ultrasonication process. The higher temperatures and pressures
due to cavitation would be expected to increase the formation rate. Another reason for a
higher oxide formation rate may be related to what Whillock'' reported about the sam-
ple’s becoming active upon ultrasonication and then immediately becoming more passive
when the ultrasonication was stopped. This finding implies that the passive oxide grew
almost instantaneously, which would result in a surface oxide with a higher degree of hy-

dration.
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In addition to EIS and potentiodynamic polarization tests, activation corrosion
tests in 3-M sulfuric acid were conducted to help determine the protective properties of
the surface oxides. Blackwood used activation corrosion tests to study the stability of the
protective oxide films on porous titanium.?® In general, the activation curves obtained in
the present study exhibited the same characteristic regions as those reported by Black-
wood.?®

The activation corrosion results from this study showed that, for cpTi and Ti-6Al-
4V, the ultrasonically passivated groups had the longest breakdown times and thus the
most protective oxide, followed by the statically passivated groups and then the non-
passivated groups. None of the Ti-15Mo groups showed any breakdown up to 24 h. The
improved protection seen for the statically and ultrasonically passivated cpTi and Ti-6Al-
4V is consistent with the idea that nitric acid passivation dissolves the native air-formed
oxide, which has been reported to be more defective,’ and grows in its place a less defec-
tive oxide. Furthermore, the increased protection for the ultrasonicated versus statically
passivated samples suggests that the aggressive ultrasonication passivation may be more
efficient in removing the original native oxide, which is then replaced with a less defec-
tive oxide. This suggestion is consistent with the results of Blackwood,?® who found that
a more protective oxide resulted when the native air-formed oxide had been removed
prior to an anodic oxide was grown. It also agrees with the conclusions of Trepanier,’
who attributed improvements in corrosion properties of nitric-acid-passivated titanium

and titanium alloys to the replacement of a native “deformed plastic” oxide with a more

uniform oxide.
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Another reason for the improved protection shown in the activation studies for the
ultrasonicated groups is the oxide chemistry. The ultrasonicated Ti-6Al-4V had less alu-
minum at the outermost surface than the statically passivated Ti-6Al-4V did and then had
similar amounts throughout. The presence of comparatively less aluminum at the outer-
most surface suggests a less defective oxide at the outermost regions and hence more pro-
tection.

The imperviousness of all the Ti-15Mo materials to sulfuric acid is explained by
the presence of molybdenum in the surface oxide. The addition of molybdenum to tita-
nium has been shown to increase the corrosion resistance 2000 to 4000 times in sulfuric
acid.”” However, there is some disagreement as to how molybdenum provides the protec-
tion. One theory credits the formation of a corrosion product overlayer that is insoluble in
sulfuric acid.”® Another explanation is that molybdenum covalently bonds with titanium,
which increases the stability of the oxide.*

The fact that the EIS Bode plots for some of the Ultrasonic groups exhibited two-
phase maximums is indicative of two time constants and thus a dual-layered oxide.’ 0.31
The EIS results also showed that the outer oxide layer was extremely thin and porous.

This finding may explain why some studies found increased titanium and aluminum ion

release in serum solutions.*

Titanium ion passivation effects
Corrosion studies in the literature have shown that the addition of titanium ions in
nitric acid decreased the corrosion rate of titanium and titanium alloys in nitric acid solu-

. 12 .12 .. . . . . .
tions. “ Robin “ showed that a critical concentration of titanium ions was necessary in or-
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der to decrease the corrosion rates and that this effect was dependent on the concentration
of the nitric acid and the material being corroded. For corrosion inhibition of Ti-4A1-4V
alloy and cpTi, Robin found that 160 mg Ti/L and 45 mg Ti/L, respectively, were neces-
sary for 40% and 50% nitric acid solutions.'? Accordingly, 160 mg Ti/L used in the
present study.

Robin also showed the corrosion potential to increase more quickly and to more
noble levels when tested in nitric acid solutions containing added titanium ions and lower
passive current densities.'? Robin attributed the quicker and greater increase of the corro-
sion potential to a faster-growing passive film and attributed the lower passive current
densities to a more stable surface oxide.'? The increased oxide film formation was attrib-
uted to the presence of the additional titanium ions.

In the present study, the authors were interested in determining whether the pres-
ence of additional titanium ions in the nitric acid used to passivate the samples would al-
ter the resultant oxide layer. Comparisons of the EIS and corrosion results for the groups
that were passivated with additional titanium ions (160Ti) and for those passivated with-
out additional titanium ions (Static) showed the two groups to be similar. Only a few of
the differences between the groups were shown to be statistically significant. However,
some trends were shown. The Q values were higher for the groups passivated with tita-
nium ions, which could be the result of higher oxide formation rates due to the presence
of additional titanium ions.'* The corrosion results showed consistent trends for the indi-
vidual parameters, showing, for the most part, lower (more active) Ecorr values, lower

Icorr results, and higher Ipass results for the 160Ti groups than for the Static groups. Un-
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fortunately, these results conflict with respect to indicating better or worse corrosion
properties.

A more consistent variation between the groups, however, was the appearance of
two phase angle maximums in the EIS Bode plots. The two maximums indicate the pres-
ence of a dual oxide layer, typically a dense compact barrier layer covered with a porous
oxide. The fit of the experimental EIS spectra with an appropriate dual-layer oxide model
indicated that the outer layer was extremely thin and porous. The XPS results also tended
to support the presence of a porous overlayer. Analysis of the oxidation states showed a
smaller percentage of metallic titanium for the 160Ti group than for the Static groups,
which suggests a thicker oxide. The thicker oxide is consistent with a barrier layer cov-
ered by a porous oxide layer. In addition, the Ti-6A1-4V and Ti-15Mo 160Ti groups
showed lower percentages of aluminum and molybdenum, respectively, at the outermost
surface region. This result is consistent with the formation of a porous titanium oxide
layer on top of the barrier layer as a result of the higher concentration of titanium ions 2.

The porous overlayer may be one reason for the appearance of pit-like features shown in

the SEM analysis.

Roughness effects

Samples with rougher surfaces have increased effective surface area, which leads
to increased corrosion. This effect was seen in this study in that the rougher 60-grit fin-
ishes of cpTi and Ti-6Al-4V samples showed more corrosion than the 600-grit samples

did. The fact that the 60-grit Ti-15Mo samples had lower corrosion than the 600-grit fin-
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ishes did agrees with the surface area concept since the 60-grit Ti-15Mo samples ap-
peared to be somewhat smoother than the 600-grit Ti-15Mo samples did.

What was of interest in this study, however, was how the roughness affected the
EIS parameters. In this study, the groups with the rougher surfaces (i.e., the 60-grit cpTi
and Ti-6Al-4V and the 600-grit Ti-15Mo) tended to have higher Q values, lower n val-
ues, and lower Rp values, a result that agreed with those of other studies ****. Mustafa
showed that rougher grit-blasted cpTi disks had higher Q values and lower Rp values
than smoother cpTi* disks had. The author attributed the differences entirely to the
change in effective surface area since he assumed equal oxide thicknesses and dielectric
constants for the oxides. One reason for the lower Rp values is that the Rp value is equal
to the total resistance of the oxide film per geometric area of the specimen and not per
effective surface area. As the effective area increases, the active anodic areas in the sur-
face increase’ 4; as a result, the total resistance of the oxide layer decreases.>

Comparisons between the passivated and non passivated rougher specimens
showed higher Q, n, and Rp values for the passivated specimens; these values were simi-
lar to the results found for the groups with the smoother surfaces. This result indicates

that the passivation treatment had similar effects on samples with different roughness.

Cell culture
The effect of nitric-acid-passivated titanium and titanium alloys on cellular re-
sponse has been reported in the literature. Faria® showed no differences in cell attach-

ment and proliferation of cells on non passivated and passivated cpTi and Ti-6Al-4V.
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Ku*® also showed negligible effects when comparing passivated and non passivated Ti-
6Al1-4V. On the other hand, Mante®” showed increased cellular attachment for nitric-acid-
passivated cpTi specimens. In Part I of the present study, the results showed differences
due to passivation parameters and roughness.”” Passivated samples tended to have higher
cell numbers than non passivated samples did, and the rougher Ti-15Mo samples showed
significantly higher cell attachment at the early time periods.

In the present study, the cellular attachment and proliferation results for all the
groups demonstrated good compatibility. Because similar results were shown for all the
treatment groups, it was not possible to discriminate among the effects of the different
treatments. This uniformity indicates that ultrasonic passivation and passivation with ad-
ditional titanium ions did not affect the biological response more than static passivation
did. However, these tests were conducted over a 1-week time period; thus, long-term ef-

fects cannot be excluded.

Material effects

Studies by Callen* and others® found that Ti-6Al-4V sémples that had been ultra-
sonically passivated released more titanium, aluminum, and vanadium ions than non-
passivated samples did. In contrast, cpTi samples did not show any effect on the release
of ions. They attributed the increased ion release for the Ti-6Al-4V to a thinner oxide and
the presence of aluminum in the oxide.*

As in Callen and as in Part I of this study,* *

the effects of the passivation treat-
ments differed according to which material was being treated. Furthermore, passivating

samples ultrasonically or with the addition of titanium ions demonstrated similar mate-
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rial-specific effects, as was reported in Part I of this study. One interesting apparent dif-
ference among the materials was the appearance of pit-like features on the surfaces. This
effect seemed to be more prevalent and pronounced on samples that had been passivated
with additional titanium ions and still more prevalent and pronounced for the cpTi sam-
ple. It is unclear why the cpTi sample would be more affected; an explanation may in-
volve the lack of alloy elements within its oxide.

Another interesting difference was that the Ti-15Mo samples exhibited fewer
variations between treatment groups and generally had better repeatability (i.e., smaller
standard deviations) within each study group. The most likely explanation is that the mo-
lybdenum interacted with the titanium to form a more stable passive layer® and that mo-

lybdenum oxide is relatively insoluble.?®

CONCLUSIONS
The following conclusions were drawn from the results of this study:

1. A rougher surface morphology resulted from identical polishing procedures for the
softer Ti-15Mo materials because of a smearing effect than resulted for cpTi and Ti-
6Al-4V.

2. Rougher surfaces affected EIS parameters, resulting in higher capacitance (Q) values,
lower n values, and lower oxide resistance (Rp) values than were found for similar
smoother materials.

3. Ultrasonic nitric acid passivation resulted in higher capacitance (Q) values and lower
atomic percentages of aluminum at the outermost surface than were found for static

passivation.
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4. The addition of titanium ions to the nitric acid passivation solutions resulted in mini-

mal effects on the analyzed surface and corrosion properties, but it did increase the
appearance of pit-like features on the surface.

Cell attachment and proliferation results for the different treatment groups were simi-
lar and comparable to the tissue culture plastic control regardless of surface treat-
ments. However, because of the relatively short time period (1 week) used in this
study, no assessments of long-term cellular response could be made.

The presence of molybdenum in Ti-15Mo made it less sensitive to nitric acid passiva-

tion than cpTi and Ti-6Al-4V were found to be.
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cpTi- 600 grit
+ Clean Only -

Figure 1. Representative SEM micrographs of cpTi material with 60-grit and 600-grit
finish in the Clean condition (original magnifications of top and bottom micrographs
x1000).
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Ti-6AI-4V - 600 grit
Clean Only -

Figure 2. Representative SEM micrographs of Ti-6Al-4V material with 60-grit and 600-
grit finish in the Clean condition (original magnifications of top and bottom micrographs
x1000).
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~Clean Only .

“Ti-15Mo - 600
- Clean Only .

Figure 3. Representative SEM micrographs of Ti-15Mo material with 60-grit and 600-
grit finish in the Clean condition (original magnifications of top and bottom micrographs
x1000).
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J'C;}T; 600 grit -
40% HNO3 +160mg T;}’h’t@f 20C -1h
16011 &

Figure 4. SEM micrographs of cpTi and Ti-15Mo materials with 600-grit finish that had
been passivated with 40% nitric acid with the addition of 160 mg Ti/L. Micrographs
show pit-like features that were more prevalent and larger on the surfaces of the 160Ti
groups (original magnifications of top and bottom micrographs x1000).
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Bode Plot for Phase Angle - Ti-6Al-4V - 40% - Ultrasonic
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Figure 5. Phase angle Bode plot for two Ti-6A1-4V-40%-Ultrasonic samples. The
samples show two distinct spectra, one having two maximum phase angles indicative of a
dual-layer oxide. Similar variations in spectra were shown for the other Ultrasonic and
160Ti groups.
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Representative Activation Curves
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" Figure 6. Representative activation curves for cpTi (cp) and Ti-6A1-4V (64) samples
from all the treatment groups. Samples were immersed in 3M H,SOy4 at 37°C. Activation
time is the time taken to reach active dissolution of the metal, which is the point at the
end of the extreme drop in potential and where it begins to level off at the activation
potential (~650-750 mV). Treatments: C = Clean Only, S = Static, U = Ultrasonic, and
160Ti = 160Ti.
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Depth Profile for Ultrasonically Passivated
cpTi, Ti-6Al-4V, and Ti-15Mo

Atomic Percentage (at%)

0 30 60 90 120 150 180 210
Etch Time (s)

~O—cpTi-O
i TiBA-Ti
—peTi64-0
e Ti64-A
—A— Ti64-V
~8— Ti15-Ti
~{3-Ti15-0

—8— Ti15-Mo

Figure 7. Depth profiles of elemental composition in the surface region for ultrasonically

passivated cpTi, Ti~-6Al-4V, and Ti-15Mo.
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Normalized Percentage of Aluminum on Ti-6Al-4V Surface
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Figure 8. Normalized percentage of aluminum in the surface region for the different
treatment groups of Ti-6Al-4V as a function of etch time. Graph illustrates the
enrichment of aluminum throughout the surface for the nitric-acid-passivated groups
compared with the non passivated group (Clean). Graph also shows highest aluminum
percentages at the outermost regions of the surface (etch time = 0-s), except for the
Ultrasonic group.
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Normalized Percentage of Vanadium on Ti-6Al-4V Surface
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Figure 9. Normalized percentage of vanadium in the surface region for the different
treatment groups of Ti-6Al-4V as a function of etch time. Graph illustrates the
enrichment of vanadium at the outer regions of the surface (0-s and 15-s etch times) for
the nitric-acid-passivated groups compared with the non passivated group (Clean). Graph
also shows lower vanadium percentages at the outermost regions of the surfaces and peak
percentages at 60 s, except for the 160Ti group.
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Normalized Percentage of Molybdenum on Ti-15Mo Surface
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Figure 10. Normalized percentage of molybdenum in the surface region for the different
treatment groups of Ti-15Mo as a function of etch time. Graph illustrates the enrichment
of molybdenum at the outer regions of the surface (0-s and 15-s etch times) for the nitric-
acid-passivated groups compared with the non passivated group (Clean). Graph also
shows lower molybdenum percentages at the outermost regions of the surfaces, followed
by a gradual increase with subsequent etch times.
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Figure 11. Representative Ti 2p high-resolution spectra for cpTi (top), Ti-6Al-4V
(middle), and Ti-15Mo (bottom) samples that had been passivated ultrasonically (40%
nitric acid at 20°C for 1 h).
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SUMMARY DISCUSSION
Hypothesis 1

This hypothesis stated that heat treatment (350°C for 1 h in air) and nitric acid
passivation (40 vol% nitric acid at room temperature for 30 min) will improve the corro-
sion properties of cpTi, Ti-6Al-4V, and beta-titanium, Ti-15Mo-2.8Nb-0.2Si (Timetal®
21SRx).

Corrosion results for this part of the study showed nitric-acid-passivated and heat-
treated samples to have significantly better corrosion properties than non passivated sam-
ples had in terms of more noble corrosion potentials (Ecorr) values and lower corrosion
current (Icorr) values (p < 0.05). The passive current density (Ipass) results showed the
heat-treated groups and nitric-acid-passivated groups to be lower; however, only the heat-
treated groups were significantly lower (p < 0.05).

Thus, Hypothesis 1 was proven.

Ong'® showed nitric acid passivation of cpTi to increase corrosion resistance, but
the differences were not statistically significant. Kilpadi® showed similar corrosion prop-
erties for nitric-acid-passivated and heat-treated cpTi samples. Trepanier'” showed
greater corrosion resistance for passivated Ti-Ni alloys than for non passivated Ti-Ni.
Thus, most studies show similar to improving corrosion properties for nitric-acid-
passivated samples. In this study, the improvements in corrosion properties were statisti-

cally significant. However, it should be noted that all materials studied showed excellent
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corrosion properties, with Icorr results of 2-61 nA/cm? and Ipass results typically less
than 1 pA/cm’.

Heat treatment of titanium and titanium alloys has been shown in the literature to
improve the corrosion properties of the materials.'> %! Heat treatments also have been
shown to increase the thickness and crystallinity of the oxide, with the extent of such in-
creases depending on the temperature and duration of the heat treatment.® ® It is generally
thought that the thicker oxides that result from oxidation at higher temperatures improve

. . -31
COITOS1ON resistance. 12,293

Hypothesis 2

Hypothesis 2 stated that heat treatment (350°C for 1 h in air) and nitric acid pas-
sivation (40 vol% nitric acid at room temperature for 30 min) will increase the oxide
thickness of ¢pTi, Ti-6Al-4V, and beta-titanium, Ti-15Mo-2.8Nb-0.2S1 (Timefal®
21SRx).

The method used to determine the oxide thickness of the samples has been used
by others in the literature. The thicknesses of the surface oxides were determined by us-
ing Auger electron spectroscopy (AES) in conjunction with continuous argon ion etching
to obtain a depth profile for the titanium and oxygen elements. A sputter rate of 0.2 nm/s
was determined by sputtering through a 100-nm-thick tantalum oxide film. The oxide
thickness was calculated by multiplying the sputter rate of 0.2 nm/s by the time it took
the oxygen Auger signal to reach one-half its maximum intensity. Comparisons of the
AES results for oxide thickness showed the heat-treated samples to be significantly

thicker than both the non passivated and nitric-acid-passivated groups were but showed
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no statistically significant differences between the non passivated and nitric-acid-
passivated groups (p < 0.05).

Thus, Hypothesis 2 was not proven.

The oxide thickness values obtained by AES for the heat-treated samples are con-
sistent with a logarithmic growth rate, which has been reported to govern titanium and its
alloys at the temperature (350°C) used in this study.** In addition, the AES oxide thick-
ness results are in agreement with the golden interference coloration shown by the heat-
treated samples. A golden interference color has been reported to correspond to a thermal
oxide thickness of 10-25 nm*?, which agrees with the values of 8.8-16.8 nm found iﬁ this
study.

However, contrary to Hypothesis 2, the oxide thicknesses of the nitric-acid-
passivated samples did not show any significant differences when compared with those of
the non-passivated samples. This result is not entirely surprising since conflicting reports
exist in the literature on the oxide thicknesses of nitric acid passivated titanium and tita-
nium alloys. Smith®*** reported an increase in oxide thickness for Ti-6Al-4V with pas-
sivation, while Callen'® showed a thinner oxide to result for passivated Ti-6Al-4V and no
change for cpTi.

One interesting aspect of this result is the fact that the passivated samples exhib-
ited improved corrosion resistance but not an increase in oxide thickness when compared
with the non passivated samples. This finding suggests that surface oxide properties be-
sides thickness can significantly influence the corrosion properties of the materials. The
oxide property responsible for the improvement is unclear. Trepanier'> found improved

corrosion properties for nitric-acid-passivated Ti-Ni alloy and attributed the improvement
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to the dissolution of a “deformed plastic” native oxide and its replacement by a more uni-

form oxide. This topic will be discussed in more detail in the sections on Hypotheses 4-6.

Hypothesis 3

Hypothesis 3 stated that the surface oxides of cpTi, Ti-6Al-4V, and Ti-15Mo-
2.8Nb-0.2Si (Timetal® 21SRx) materials undergoing similar surface treatments will have
similar thicknesses but different chemistries.

Results from AES analysis showed similar oxide thickness results for non-
passivated and nitric-acid-passivated materials, with oxide thicknesses of 3.0-5.4 nm,
which are consistent with the values reported in the literature® '* '**° The heat-treated
cpTi and Ti-6Al-4V also exhibited similar oxide thicknesses of 16.8 nm and 14.8 nm;
however, the heat-treated 21SRx had a significantly thinner oxide of 8.8 nm.

Thus, Hypothesis 3 was not proven.

The thinner oxide for the 21SRx was attributed to the material’s larger grain sizes
(Fig. 3 of first paper). Oxide growth in thermal treatments is controlled in large part by
mass diffusion through the grain boundaries.*® Thus, mass transport is greater in the fine-
grained structures of the cpTi and Ti-6Al-4V materials than in the larger-grained 21SRx,
which leads to thicker oxides for the fine-grained structured materials, cpTi and Ti-6Al-
4V, than for the larger-grained 21SRx.

The surface chemistries for the different material groups exhibited similarities but
ultimately were distinct because of the inclusion of alloy elements on the surfaces of the
alloys. Similarities in surface chemistries for all the material groups included a ubiquitous

carboneous layer, which is routinely found on surfaces analyzed by AES’, and the pres-
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ence of titanium dioxide, TiO,, which was attributed to all the surfaces’ having AES
spectra with large Ti and O peaks, with the Ti (LMV) peak at ~420 eV demonstrating a
shape that corresponded closely to that of Ti0,.*’

However, the alloy materials also showed the presence of alloying elements in the
surface oxide. Aluminum peaks were found for all Ti-6A1-4V surfaces, but no vanadium
peaks were found. These results are consistent with the literature * *>°, although the
presence of vanadium has been reported by others using XPS.* 3% One reason for not
detecting vanadium with AES in this study is that the vanadium AES peaks overlap those
of titanium and oxygen.”’

The AES spectra for the 21SRx showed molybdenum throughout the oxides. The
presence of molybdenum on surfaces of various Ti-Mo alloys has been reported by other
researchers using AES*"#!. Although no niobium peaks were shown in any of the 21SRx
spectra, the presence of niobium cannot be ruled out since niobium peaks overlap molyb-

denum peaks.

Hypothesis 4

This hypothesis stated that increasing the time of passivation used in the nitric
acid passivation process will improve the protective properties of the surface oxides and
the corrosion resistance of cpTi, Ti-6Al-4V, and Ti-15Mo.

The results of this study showed the protective properties of the material groups to
change with time of passivation. The time effect was sensitive to concentration; the sam-
ples passivated in 10% nitric acid exhibited less protective oxides initially at 15 min and

1 h but then improvements at 2 h. This pattern was in contrast to the samples passivated
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in 40% nitric acid, which showed immediate improvement at 15 min and more improve-
ment at 1 h but then a decrease in protective properties at 2 h.

Thus, Hypothesis 4 was not proven.

Previous studies by Wallinder'® and Noh'* have shown longer passivation times
to improve the corrosion properties of stainless steels; however, such studies for titanium
or titanium alloys are limited. The time response shown in this study indicates that pas-
sivation in 10% nitric acid initially dissolves and/or degrades the surface oxide at 15 min
and 1 h but then improves the oxide at 2 h. This conclusion is based on the EIS and cor-
rosion results, which showed the oxide resistance (Rp) and corrosion resistance to de-
crease at the first two time periods and then improve at 2 h.

The surface chemistry results also support this conclusion. The XPS results
showed the samples passivated in 10% nitric acid at 20°C for 1 h to have increases in the
atomic percentages for the suboxides Ti,O3 and TiO and in the metallic Ti when com-
pared with the non passivated groups (Clean). Increases in suboxide amounts have been
associated in the literature with decreased corrosion resistance’, while increases in metal-
lic Ti have been interpreted as indicative of a thinner oxide.” '**? Another surface chem-
istry result that supports this conclusion is the more irregular distribution of alloy ele-
ments within the oxide of the alloys passivated with 10% nitric acid for 1 h than within
the non passivated (Clean) groups (Figs. 13 and 14 in paper 2). A more irregular compo-
sitional gradient indicates a more defective oxide due to point defects introduced by mis-
matches in ionic radii of the different elements.*

The samples passivated in 40% nitric acid showed a different time response than

those passivated in 10% nitric acid did. Initially, the 40% groups showed improved oxide
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properties, with increased oxide resistance and improved corrosion resistance culminating
in maximum protection at 1 h. However, after 2 h, the oxides were shown to become less
protective, with lower Rp values and lower oxide n values and corrosion resistance. The
physical meaning of the n EIS parameter has been associated with surface roughness*,
the presence of a porous corrosion product layer*’, and/or the homogeneous nature of the
surface oxide.*® Thus, a decrease in the n value at 2 h indicates a rougher, less uniform
oxide with the additional presence of a porous corrosion product layer, which could play
arole in the observed increased corrosion. As with the 10%-1h groups, the 40%-2h
groups exhibited irregular compositional gradients for the alloying elements within the
oxide, which also could explain the less protective oxide properties at 2 h. However, it
should be noted that the variation in time response was less pronounced for the Ti-15Mo
alloy.

The mechanisms for the different time responses are unclear. The time response
for the 10% nitric acid groups may be due to the fact that more dilute acid solutions are
less oxidizing than higher acid concentrations are."> ' Thus, one might hypothesize that,
at the shorter times, the chemical reactions at the oxide surface for the 10% nitric acid
groups are less uniform, leading to a less uniform oxide (i.e., increased percentages of
suboxides) and a more irregular compositional gradient. For groups passivated at the
higher concentration (40%), the oxidation reactions are more prevalent and stronger,
leading initially to uniform dissolution and oxidation over the surface and thus to a more
uniform oxide. However, after a certain time (i.e., 1 h), a less uniform oxide may result

because of the formation of an outer porous corrosion product layer.
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Hypothesis 5

This hypothesis stated that increasing the nitric acid concentration used in the ni-
tric-acid-passivation process will improve the protective properties of the surface oxides
and the corrosion resistance of cpTi, Ti-6Al-4V, and Ti-15Mo.

In the present study, nitric acid concentration was shown to have a significant ef-
fect on the surface properties of the titanium and titanium alloys studied. In general, the
samples passivated with 40% nitric acid showed higher oxide resistance and improved
corrosion resistance than with similar groups treated with 10% nitric acid showed. The
only exceptions were the Ti-15Mo groups passivated for 1 h and 2 h at 50°C.

Thus, Hypothesis 5 is not proven.

Wallinder'> and Noh", in addition to showing the time effects, have shown that
the concentration of nitric acid has a major effect on the corrosion resistance of stainless
steel. Wallinder showed greater concentration effects at shorter passivation times, and
Noh demonstrated the existence of an optimum concentration, which if exceeded would
result in poorer corrosion properties of the stainless steel. In the present study, concentra-
tion effects were more pronounced at the shorter passivation times of 15 min and 1 h than
at 2 h, much as Wallinder showed. Because only two concentrations were tested in the
present study, a conclusion as to “peak” concentration was not possible.

Surface chemistry results supported the conclusion of improved protective proper-
ties for the 40% groups when compared with those properties of the 10% groups. The
stoichiometry results from the XPS showed that the 40% groups had lower percentages of
suboxides and metallic Ti than the 10% groups did, which, as mentioned earlier, suggests

9,15,42

improved corrosion properties’ and thicker oxides , respectively. However, as with
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the effect of time, the most important surface chemistry differences due to concentration
for the alloys may have been the compositional gradient within the oxide. Figure 13 in
the second paper shows that, in comparison with the 10%-Ti-6A1-4V groups, the 40%-Ti-
6A1-4V groups had a higher percentage of Al and V at each etch time, and, more impor-
tant, displayed more constant gradients for both elements throughout the oxide layer.
Figure 14 in the second paper shows similar results for the percentages of Mo throughout
the Ti-15Mo groups. These results were consistent with the EIS and corrosion results,
which showed in general that the 40% groups had more protective oxides and less corro-
sion than the 10% groups did.

As described in the Hypothesis 4 discussion on the effects of time, the most likely
mechanism for the production of more protective oxides by higher acid concentrations is
their increased oxidizing power. A more oxidizing environment would result in more
pronounced and uniform surface reactions, which would lead to a more uniform oxide, as
well as a thicker oxide.

The only exception to the general trend was the Ti-15Mo groups passivated for
1 h and 2 h at 50°C. The reason for this result is unclear. The probable explanation is that

the Ti-15Mo groups were not as sensitive to nitric acid treatments.

Hypothesis 6 -
Hypothesis 6 stated that increasing the nitric acid temperature used in the nitric
acid passivation process will improve the protective properties of the surface oxides and

the corrosion resistance of cpTi, Ti-6Al-4V, and Ti-15Mo.
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The increases in passivation temperature tended to result in improved protective
oxide properties and lower corrosion. In all but a couple of instances, the EIS parameters,
Q, n, and Rp, increased, the Ecorr results became more noble, and the Ipass results de-
creased with the higher temperature.

Thus, Hypothesis 6 is proven.

The stoichiometry for all three material groups had similar changes due to the
higher passivation temperature. All the changes were slight and showed the 50°C groups
to have slightly more TiO,, slightly less total suboxides, and slightly less metallic Ti than
the groups passivated at 20°C had. These results are consistent with those found in other
studies in the literature, which have attributed increased oxidation reactions to the higher
temperatures. As a result of the increased oxidation, thicker oxides are formed with more
TiO, and less suboxides.'> !¢

As with the time and concentration effects, the passivation temperature was
shown to affect the distribution of alloy elements in the oxides of the two alloys. Figure
13 in the second paper shows that the 50°C-Ti-6A1-4V groups had smaller percentages of
Al and V elements throughout the surface oxide layer than the 20°C-Ti-6Al-4V groups
did. The lower concentrations of alloying elements agree with the consistently higher n

and Rp results for the 50°C-Ti-6Al1-4V groups, which indicate greater oxide homogeneity

and hence a more protective oxide and lower corrosion.
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Hypothesis 7

Hypothesis 7 stated that nitric acid passivation using ultrasonication will decrease
the protective properties of the surface oxides of cpTi, Ti-6Al-4V, and Ti-15Mo and in-
crease corrosion.

The study showed samples passivated with ultrasonication to have EIS and poten-
tiodynamic polarization corrosion results similar to those of statically passivated samples.
In the activation corrosion tests, the ultrasonicated passivated cpTi and Ti-6Al-4V groups
had significantly lbnger breakdown times than non passivated and statically passivated
groups had.

Thus, Hypothesis 7 is not proven.

The propagation of an ultrasonic wave through a liquid generates voids and the
collapse of voids, which are called cavitations. The collapse of the void can generate
higher temperatures and pressures. Additionally, when the void comes in contact with a
solid surface, the collapse of the void results in a high-velocity fluid stream directed to-
ward the surface. These events can lead to cavitation damage to the surface, and micro-
structural changes can occur.? In fact, Whillock® showed that, during ulrasonication in
nitric acid, stainless steel had three- to sixfold increases in corrosion. On the basis of
these facts, Hypothesis 7 was developed.

However, contrary to Hypothesis 7, the surface oxides and corrosion properties
were not adversely affected by the ultrasonic process and even showed increased protec-
tion in the activation corrosion studies. Examining the results revealed that, most were
similar; however, a few differences were shown. One difference was the compositional
gradient in the Ti-6Al-4V groups. The ultrasonicated group had less aluminum at the

outermost region than the statically passivated group did and then had similar amounts
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ermost region than the statically passivated group did and then had similar amounts
throughout the rest of the surface. Comparatively less aluminum at the outermost surface
suggests a less defective oxide at the outermost regions and hence more protection.®’

Another interesting result for the ultrasonic groups was their consistently higher
capacitance (Q) values. As discussed in the third paper, on the basis of the parallel-plate
capacitor equation, Q = eg,A/dox (Where €, is permittivity of vacuum, € is the dielectric
constant of the oxide, A is the effective area, and d,y is the thickness of the oxide), the Q
value is inversely related to oxide thickness, d,x, and directly related to the effective area
and dielectric constant. In the literature, many authors assume a constant dielectric con-
stant and effective area in order to calculate an oxide thickness. If those assumptions
were made for the results from the present study, the higher Q values for the ultrasonic
groups would suggest a thinner oxide. However, the XPS results indicate that the oxide
thicknesses were similar. Thus, the change in Q values must result from changes in effec-
tive area or dielectric constant. SEM analysis showed similar surface topographies for
ultrasonic and static groups, which would lead one to assume similar effective areas.
Thus, it would appear that the change in Q values must be related to changes in the di-
electric constant of the oxides.

Ohtsuka reported increases in the dielectric constant for surface oxides with a
higher degree of hydration, which resulted from higher oxide formation rates.*’ Thus, the
higher Q values may indicate that ultrasonication results in more hydrated oxides. The

higher temperature and pressures due to cavitation might be expected to increase the ox-

ide formation rate.
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Another possible reason for a higher oxide formation rate is related to what
Whillock reported in his study on ultrasonication of stainless steel in nitric acid.”® Whil-
lock® reported that, upon the initiation of ultrasonication, the stainless steel went from a
passive state (i.e., a more positive corrosion potential) to a more active corrosion state
(i.e., a lower corrosion potential) and remained there until ultrasonication was stopped,
whereupon the sample immediately became more passive (i.e., the corrosion potential
returned to passive levels). The fact that the sample became passive immediately upon
the stopping of ultrasonication implies an instantaneous growth of the oxide, which, as
Ohtsuka*’ reported, would result in an oxide with a higher degree of hydration and hence

increased dielectric constant and higher Q values.

Hypothesis 8

This hypothesis stated that nitric acid passivation with the addition of titanium
ions will improve the protective properties of the surface oxides of cpTi, Ti-6Al-4V, and
Ti-15Mo and decrease corrosion.

Comparisons of the EIS and corrosion results for the groups that had been pas-
sivated with additional titanium ions (160Ti) with those results for the groups passivated
without additional titanium ions (Static) showed the two groups to be similar. Only a few
of the differences between the groups were shown to be statistically significant.

Thus, Hypothesis 8 is not proven.

Corrosion studies in the literature have shown that the addition of titanium ions in
nitric acid decreased the corrosion rate of titanium and titanium alloys in nitric acid solu-

. 2 . . . . . . .
tions.?? Robin™ showed that a critical concentration of titanium ions was necessary in or-
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der to decrease the corrosion rates. For Ti-6A1-4V, Robin®* found the critical concentra-
tion to be 160 mg Ti/L for 40% nitric acid; accordingly, that concentration was used in
the present study.

In nitric acid solutions containing additional titanium ions, Robin found that the
corrosion potential increased more quickly and to more noble levels and that the samples
had lower passive current densities. Robin attributed the quicker and greater increase in
corrosion potential to a faster-growing passive film and attributed the lower passive cur-
rent densities to a more stable surface oxide. The increased oxide formation rate was at-
tributed to the presence of additional titanium ions.”

In the present study, the Q values for the 160Ti groups were only slightly higher
than those of the Static groups were, which indicates similar oxide hydration levels and,
by extension as outlined in the Hypothesis 7 discussion, similar oxide formation rates.

An interesting result for the 160Ti groups was the more prevalent and pronounced
appearance of pit-like features on the surfaces. This result may be due to the formation of
a porous outer oxide layer since the EIS spectra exhibited two phase angle maximums,
which are indicative of a dual oxide layer.*® The dual oxide layer is assumed to consist of
a dense barrier layer on the substrate and a porous layer on top of the barrier layer. XPS
analysis of the groups tended to support the presence of a porous outer oxide, with the
160Ti groups demonstrating smaller percentages for metallic Ti and alloy elements at the
outermost surface, which would be consistent with a thicker oxide layer resulting from

the presence of a porous outer oxide.
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Hypothesis 9

Hypothesis 9 stated that the nitric acid treatments for cpTi, Ti-6Al-4V, and Ti-
15Mo will not reduce cell attachment and proliferation compared to thos properties of
non passivated materials.

In both investigations in which cell culture studies were performed, comparisons
between the non passivated and passivated groups did not show the passivated groups to
exhibit a diminished cellular response.

Thus, Hypothesis 9 is proven.

Sa0S-2 osteoblast-like cells were used to determine the cellular response to the
different treatment groups. Hexosaminidase assay was used to quantify the cell numbers
at various time points. This assay measures the amount of hexosaminidase enzyme,
which has been shown to be directly proportional to the number of attached cells.* In
addition to cell numbers, cell proliferation between successive time points was quanti-
fied.

The effect of nitric-acid-passivated titanium and titanium alloys on cellular re-
sponse has been reported in the literature. Faria’ % showed no differences in cell attach-
ment and proliferation of cells on non passivated and passivated cpTi and Ti-6Al-4V.
Ku’! also shoWed negligible effects when comparing passivated and non passivated Ti-
6Al-4V. On the other hand, Mante’? showed increased cellular attachment for nitric-acid-
passivated cpTi specimens. The studies in this dissertation showed similar results. Pas-
sivated samples had results as good as if not better than those of non passivated samples.

In the second paper, a report on studying the effects of time, concentration, and

temperature of nitric acid passivation, the initial attachment results showed the Ti-15Mo
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to have significantly higher cell numbers. However, these increases could be attributed to
the rougher surface of the Ti-15Mo samples since rougher surfaces have been linked to
increased cellular attachment in the literature.”*™

In the same paper, the Ti-15Mo groups also showed significant differences within
the treatment groups for the 1-h cell attachment results. All the passivated Ti-15Mo
groups were significantly higher than the non passivated group (Clean) was. The reason
for this result is not clear. The EIS, corrosion, and XPS results for these groups did not
show a consistent change in a single variable or a set of variables that would explain this
difference. However, although the SEM analysis did not show any obvious differences in
surface morphology between the passivated and non passivated Ti-15Mo groups, perhaps
the nitric acid passivation treatments enhanced cell attachment by removing or altering
some irregular surface features that may not have been noticeable with the SEM analysis.

Another interesting result in the studies was that the cell numbers seemed to fol-
low the Q values of the treatment groups, with more cells shown for groups with higher
Q values. As has been discussed previously, the Q value is a function of not only the ox-
ide thickness but also the effective area (i.e., roughness) and dielectric constant of the
surface oxide. In these studies, the changes in Q values seem to be associated more with
differences in roughness and dielectric constant than with oxide thickness since large
changes in Q values were shown with no significant changes in oxide thickness. Thus, the
trend of increased cell numbers with higher Q values would seem to reflect changes in
roughness or dielectric constant.

However, large changes in Q values were documented for similar material groups,

which had comparable surface roughness. Hence, this finding suggests that the observed
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higher Q values were related to a higher dielectric constant and thus that changes in the
dielectric constant were affecting the cellular trends. This interpretation agrees with stud-
ies from the literature, which show increased surface bioactivity for specimens with ox-
ides that have a higher degree of hydration.56’ 7 As was mentioned earlier, Ohtsuka®’

showed that more highly hydrated oxides have higher dielectric constant.

Future Research

The results of these studies demonstrated that passivation parameters do affect the
surface oxide and corrosion properties of titanium and titanium alloys. However, like all
research, answering one question raised many more in the process. The following sub-
jects are suggested future research areas that would further improve the understanding of
the passivation process and resultant oxides for titanium and titanium alloys.

First, a better understanding is needed of the processes that are occurring during
the nitric acid passivation itself. Corrosion analysis during the process would help iden-
tify the passivation mechanisms occurring when different passivation parameters are
used. Performing simple corrosion potential tests and EIS testing while passivating the
samples would help determine how the oxide is responding to the various nitric acid envi-
ronments.

Second, roughness effects were shown to confound some of the comparisons be-
tween material groups; thus, the surface topographies should be normalized, perhaps by
using a more highly polished surface. Also, quantifiable analysis of the surface topogra-

phy should be done in addition to the qualitative SEM analysis.
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Third, the capacitance, or Q value, obtained from the fitted Equivalent Electrical
Circuit (EEC) models was shown to be sensitive to the various passivation treatments
with good reproducibility. However, it was unclear whether the changes in Q value were
due to oxide thickness, effective area, or dielectric constant. Controlled studies isolating
each of these three parameters would help future analysis using EIS.

Fourth, the potentiodynamic polarization corrosion tests and EIS tests do not pro-
vide direct information as to the dissolution properties of the materials and dissolution
products. Thus, dissolution tests would provide a more complete picture of how the pas-
sivation parameters are affecting the surfaces of the titanium and titanium alloys. In addi-
tion, dissolution studies would help clinicians‘ make a better correlation between the sur-
face treatments and biological outcomes.

Finally, more extensive and sensitive cell culture tests would help differentiate
cellular responses to the various passivation treatments. Also, longer-term experiments

would help identify possible passivation effects that are more time sensitive.
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CONCLUSIONS
The following conclusions were drawn from the results of these studies:

1. The titanium and titanium alloy materials that were tested all exhibited excellent
corrosion properties regardless of surface treatments.

2. Heat treatment and nitric acid passivation treatments significantly improved or re-
sulted in similar corrosion properties compared with non-passivated titanium and ti-
tanium alloys.

3. Titanium and titanium alloys with similar oxide thicknesses could have signifi-
cantly different corrosion properties.

4. Time of passivation and nitric acid concentration and temperature affected the sur-
face oxide properties and corrosion resistance of titanium and titanium alloys.

5. Effects of passivation time were dissimilar for different nitric acid concentrations.

6. More highly oxidizing nitric acid environments (i.e., higher concentrations and
temperatures) resulted in more uniform surface oxides that were more corrosion re-
sistant for most treatment groups.

7. Nitric acid passivation with ultrasonication did not adversely affect the surface ox-
ide or corrosion properties of titanium and titanium alloys.

8. Addition of titanium ions to the nitric acid solution did not improve the surface
properties or corrosion properties of titanium and titanium alloys.

9. Titanium and titanium alloys undergoing nitric acid passivation treatments had

similar biological responses that were comparable to those of non passivated mate-
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-rials and tissue culture controls. The rougher Ti-15Mo surfaces resulted in higher
cell numbers at the initial time period.

10. The overall results indicated that the optimal combination of parameters for nitric
acid passivation of titanium and titanium alloys tested in this study was 40% nitric

acid for 1 h at 50°C.
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