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SUMMARY

Various surface modification techniques are used widely to modify medical implant surfaces

for specific needs. Deposition techniques such as atomic layer deposition and chemical vapor

deposition, thermal oxidation, anodization, sandblasting/acid-etching, and polishing are used

to improve various properties such as wettability, mechanical strength, and bio-functionality.

Since being discovered in 1790, titanium has been used for various purposes including orthope-

dic and dental implants. Titanium has been widely used for this purpose due to its mechanical

strength, chemical inertness, osseointegration properties, and corrosion resistance. However,

further improvements can be made to meet the needs of an aging population and patients who

are receiving implants at younger ages. This thesis focuses on atomic layer deposition, thermal

oxidation, and anodization to improve osseointegration and tribocorrosion properties.

Long-term wettability and storage of atomic layer deposited 10 nm TiO2 on CP-Ti and Ti6Al4V

samples was investigated. X-ray photoelectron spectroscopy of TiO2 films indicated presence

of trace impurities and Fourier transform infrared spectra and grazing incidence X-ray diffrac-

tion suggest the TiO2 film obtained at 250 ◦C may contain anatase TiO2. In this study, it is

established that i) wettability of TiO2 deposited on CP-Ti and Ti6Al4V is improved (6 ± 2◦

and 8 ± 2◦, respectively), ii) after short-term ambient air storage DI-water rinse or methanol

sonication are able to recover wettability, however, not to initial wettability (after cleaning,

12 ± 4◦ and 15 ± 3◦, respectively), iii) DI-water wash or methanol sonication after long-term

ambient air storage is less effective (22 ± 5◦ and 24 ± 8◦, respectively), iv) UV-treatment
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SUMMARY (Continued)

completely recovers wettability after long-term storage, and v) samples stored in methanol,

DI-water, or multi-purpose solution immediately after TiO2 deposition can be used to maintain

super-hydrophilicity without the need of UV-treatment.

Anodization of thermally treated (200-700 ◦C) Ti6Al4V alloy surfaces may improve properties

of titanium nanotubes (TNTs). Prior to anodization, titanium alloy surfaces were thermally

oxidzed at various temperatures for 3 h. Energy dispersive x-ray spectra showed that oxygen

diffusion depth increased in the form of TiO2 as a function of higher temperature thermal

treatment and that aluminum diffused towards the surface during thermal treatment at 700

◦C. It was discovered that, anodization of a thin anatase surface oxide produced the longest

nanotubes. A thick anatase and/or rutile surface oxide (thermally treated at 400 ◦C or higher)

was found to retard the anodization mechanism while no nanotubes were observed in the case

of 700 ◦C-treated/anodized samples. Interestingly, no significant differences were observed

between the anodized samples for the nanotube inner or outer diameters. Wettability anal-

ysis showed that thermal and thermal-anodization treatments produced hydrophilic surfaces

which over time became hydrophobic; delayed hydrophobic behavior over time was observed

for thermally-treated/anodized samples. Separately, ALD-deposited samples were annealed in

N2 at temperatures of 300, 450, and 600 ◦C and then finally anodized. It was discovered that

the previous observations in regards to enhanced anodization were amplified on these surfaces,

namely on 450 ◦C treated surface. It was observed that longer and thicker-walled nanotubes

were produced which may improve nanotube-interface integrity, and therefore improve tribo-

corrosion resistance. This work proposes an enhanced anodization mechanism on thermally
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treated Ti6Al4V alloy for possible dental and orthopaedic applications.

Lastly, a compact and cost-effective tribocorrosion apparatus was developed for the investiga-

tion of fretting and wear of Ti6Al4V disks in artificial saliva of pH 3.0 and 6.5. Titanium and

its type-V alloy are excellent corrosion resistant materials due to their passive surface oxide

film. However, the combination of a hard surface oxide and soft substrate results in poor wear

resistance. In biological environments, orthopaedic and dental implants experience the syner-

gistic effect of wear and corrosion, i.e., tribocorrosion, which can lead to premature implant

failure. This work focuses on thermally oxidized titanium alloy for the investigation of wear in

artificial saliva of pH 3.0 and 6.5. Electrochemical impedance spectroscopy, potentiodynamic,

free-potential, and potentiostatic analyses were used for electrochemical characterization of

thermally oxidized titanium alloy. White light interferometry and Fourier transform infrared

spectroscopy were used to analyze wear scars and surface oxides, respectively, on the thermally

treated samples. Elechtrochemical and surface characterizations show that titanium alloy sam-

ples treated at 700 ◦C for 1 and 6 h were observed to have best tribocorrosion resistance in

both pH environments with total mass loss calculated to have been decreased by up to 95 %

as compared to control samples. The improved tribocorrosion resistance is credited to a thick

multi-layered oxide film able to withstand both corrosion and wear.
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CHAPTER 1

INTRODUCTION

1.1 Background

Discovered in 1790 and produced in commercial quantities since 1936, titanium has been

used for a variety of purposes, including aviation and biomedical implants.(4) While commer-

cially pure titanium consists of α-phase (hexagonal closed packed) and can be converted to β-

phase (body centered cubic) at higher temperatures, the most commonly used titanium alloy, Ti-

6Al-4V alloy (Ti-V), consists of α-β-phase due to its alloying metals aluminum and vanadium.(4)

Due to its superior biocompatibility, mechanical resistance, corrosion resistance, and osseointe-

gration, Ti-V is an excellent orthopedic and dental implant material.(5; 6; 7; 8; 9; 10; 11; 12)

Titanium and its alloys are well known for their corrosion resistance due to the rapid oxidation

of surface Ti(13; 14; 15), as a result, a protective layer of titanium dioxide (TiO2) forms on

its surface (≤ 10 nm thick)(16). In contrast, titanium and its alloys behave poorly against

tribocorrosion, defined as the synergistic combination of oxidation reactions and wear(17). The

surface native oxide also has been shown to promote osseointegration as a result of the TiO2

induced dissociation of water in biological environments and the resultant surface bound hy-

droxyl groups promote up-regulation of markers such as bone morphogenetic protein (BMP)

and TGF-β1.(18; 19; 20; 21; 22; 23; 24; 25; 26; 27; 28; 29; 30) However, due to the increase in
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life-expectancy and swelling elderly population, there is an urgent need for an implant surface

which can withstand tribocorrosion and rapidly integrates with the host bone.

1.2 Tribocorrosion

Tribocorrosion has become a major concern in recent years(31; 32; 33; 34) for all implant

materials. In 2010, 719,000 knee replacements(35), 500,000 total hip replacements(36) and

700,000 dental implants(6) were conducted, the majority of which will be for patients as young

as 45 years of age.(37) While knee and hip implants may last up to 12 years on average,

the life-expectancy of the U.S. population continues to rise.(38) Consequently, replacement

surgeries for dental, hip, and knee implants have seen an increase of about 100 % over the past

decade(37; 39), especially for the 45-64 years of age group(37). Recently, several medical implant

manufacturers issued recalls of their hip implants with complications due to tribocorrosion.(40;

41) In one case, implant failure was projected to affect 40 % of implant recipients.(12) While

such extreme failures may be rare, weight bearing knee and hip implants, for example, have

experienced long term revision rates of 12 %(34) and 17 %(35), respectively, mainly caused by

aseptic loosening due to the chronic inflammatory response to tribocorrosion debris.(42) Aseptic

loosening is thought to be the result of chronic inflammatory response to implant surface debris

and metal ions released as a result of tribocorrosion at the implant-bone interface.(42) For

titanium implants, removal of the passive layer as a result of wear allows for the release of

metallic debris which are converted to metal ions due to simultaneous corrosion of the exposed

bulk metal and debri.(43) Depending on the pH of the environment, passivation and corrosion of

exposed titanium is affected. In general, smoking, medication, chronic and systemic diseases can
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alter the acidity of saliva and bodily fluids which adversely affects tribocorrosion of implants.

(13; 14; 44) For Ti-V alloy, the debris is in the form of Ti, V, and Al particles that act as third-

body wear particles and increase material loss during wear.(45; 46) In addition, Ti, Al, and V

ions are known to negatively affect osseointegration(45; 46; 47; 48), cause bone diseases(10),

and be cytotoxic, respectively, if present at excessive levels (45; 46; 47; 48).

1.3 Wettability and Storage

While titanium and its alloys are well known for bone-implant integration, further improve-

ments may help with joint or dental replacement surgeries with elderly patients, who may have

compromised or insufficient host bone. The surface native oxide of Ti and its alloys has been

shown to promote osseointegration as indicated by up-regulation of markers such as bone mor-

phogenetic protein (BMP) and TGF-β1.(18; 19; 20; 21; 22; 23; 24; 25; 26) Specifically, the surface

oxide (TiO2) dissociates water in biological environments and the resultant hydroxyl groups in-

crease the surface energy and promote the process of cellular adhesion.(25; 27; 28; 29; 30)

Proper cell growth on dental and orthopedic implant metal ensures proper integration.(49; 50)

Thermal oxidation (TO), low pressure chemical vapor deposition (LPCVD), oxinitridation,

sandblasting and acid-etching (SLA), atomic layer deposition (ALD) and physical vapor depo-

sition (PVD) can be used to improve these surface properties.(9; 51; 52; 53; 54; 55; 56; 57; 58)

Specifically, the above mentioned techniques significantly improve surface wettability of treated

samples as compared to the native TiO2 of titanium (Ti) and its alloys.(9; 51; 52; 53; 54; 55;

56; 57; 58) As reported in literature, however, this surface wettability decreases over time when

stored in ambient environment conditions.(59; 60; 61) To improve long-term wettability, Fumi-
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nori Iwasa et al. performed a study where the effect of UV illumination on surface wettability

of micro-rough surfaces with and without deposited TiO2 was investigated over a period of 7

days.(62) From their findings, it was observed that while water contact angle (WCA) dropped

to 0 ◦ after 48 hours of UV-illumination, the samples needed to be exposed to the UV-light

uninterrupted to maintain long-term hydrophilicity. It is, therefore, necessary to study cleaning

and storage methods that may maintain long-term wettability of implant surfaces.

1.4 Surface Modification Techniques

Atomic Layer Deposition (ALD), thermal oxidation (TO), and anodization are promising

surface modification techniques for the improvement of ossoeintegration and tribocorrosion.

Both ALD and TO-treatment have shown to improve surface wettability due to the higher

temperatures involved. For ALD, Tetrakis DiEthyl Amino Titanium (TDEAT) was used as

the Ti precursor and DI-water was used as the oxidant for the TiO2 deposition. The reactor

temperature was maintained at 250 ◦C and the operating pressure at 0.17 Torr. A growth

rate of 1.1 Ȧ/cycle was calculated such that deposition a 10 nm film would require 100 cycles.

While deposition techniques can be used for tribocorrosion purposes, thick films easily delam-

inate.(63; 64) TO-treatment, specifically is time and temperature dependent and variance in

treatment parameters produces oxide of various thickness and crystalline structures.(65; 66)

TO-treatment was conducted in a furnace using air only. The effect of crystalline structure and

oxide thickness increases roughness and surface energy(67) which promote surface chemical and

biological processes that improve adhesion and may accelerates the formation of fibrin mesh
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over the implant surface, resulting in proper implant-biological integration.(67) Tribocorrosion

resistance due to TO-treatment has not been explored satisfactorily and even discounted due

to the scaling of TiO2 due to high temperature treatment.(65; 68)

Specifically, anodization forms TiO2 nanotubes (TNTs) which have significantly greater surface

area than as is titanium surfaces. The increased surface area enhances human mesenchymal

stem cell (hMSC) adhesion.(10; 69; 70) TNTs are created by an anodic oxidation process using

an electrochemical cell and an electrolyte.(10; 71; 72; 73; 74; 75; 76; 77) For a fluorine (F)

containing electrolyte, the oxidation and dissolution kinetics of TiO2(10; 76; 77) consists of i)

H+ ion induced F− ion migration leading to formation of a fluoride rich layer at the oxide-

metal interface, ii) a flow mechanism results in displacement of the fluoride rich layer towards

the cell boundaries, iii) dissolution of the fluoride rich cell boundaries, and iv) dehydration

leading to formation of separated TNTs.(10; 77) Changing the applied voltage, fluorine wt.

% electrolyte composition, or duration of anodization can affect TNT aspect ratio (diame-

ter/length).(10; 78; 79) Finally, thermally treated TNTs have shown to further improve cellular

response.(27; 73; 80; 81) While traditional anodization studies investigate TNTs formed on as-is

Ti-V consisting of an amorphous native TiO2 surface, TNT formation on thicker and crystalline

TiO2 affects the formation of TNTs and may improve their properties.

1.5 Thesis Overview

The thesis is divided into two sections. The first section describes the surface modification

and storage techniques used for research and the second section describes the use of the tech-

niques to improve tribocorrosion and osseointegration of titanium alloy. Chapter 2.1 discusses
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the investigation of ALD and wettability and Chapter 2.2 discusses long-term storage of ALD

treated surfaces. In addition the results are compared to wettability obtained from thermal

oxidation. Chapter 2.3 discusses the effects of anodization of thermally oxidized titanium alloy

and a surface which has a deposited and thermally treated TiO2 film. Finally, Chapter 2.4

discusses the process and benefits of a custom-in-house built tribocorrosion system and the

effects of thermal oxidation on tribocorrosion resistance of titanium and its alloys.



CHAPTER 2

RESULTS AND DISCUSSION

2.1 Titanium Surface Functionalization Using Atomic Layer Deposition

2.1.1 Introduction

Due to their biocompatibility, high chemical inertia, corrosionresistance, mechanical resis-

tance, high strength to density ratio,and atoxicity, Ti-II and Ti-V are commonly used in dental

andorthopaedic implants. (82; 6; 83; 84) Titanium is known to readily react with oxygen in

ambient environment to form amorphous native TiO2 up to a few nm-thick.(85; 86) The native

oxide is reported to act as a passive layer, protecting the bulk material from corrosion.(85; 86)

However, wear on moving parts abrades the passive layer and exposes the bulk material to the

synergistic effects of redox reactions and wear. Redox reactions result in the formation of Ti,

vanadium (V) and aluminum (Al) ions, while wear generates Ti, V, and Al particles.(6) Ti ions

bring about tissue discoloration in the area adjacent to the implant site and are detrimental

to osseointegration because they prevent bone-implant interaction.(48; 87) Al ions can cause

bone diseases and neurological disorders; V ions can be cytotoxic if present at excessive levels.

(48; 87) Therefore, in order to prevent the synergistic effect of redox reactions and wear on

Ti-II/Ti-V, the native oxide needs to be supplemented with a TiO2 film using methods such as

atomic layer deposition(ALD), chemical vapor deposition, physical layer deposition, and ther-

mal oxidation. (51; 52; 88; 54; 55; 56; 57; 58; 9) Advantages of the ALD, for example, include

7
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nano-scale accuracy, high thickness uniformity, high conformality, low processing temperature,

and formation of defect and impurity-free films.(55; 89; 90; 91; 92; 93; 94)

Growth and structure control of deposited TiO2 can improve corrosion and wear resistance

properties of biomedical implant surfaces, while positive cellular response is maintained.(84;

95; 96; 97; 98; 99) TiO2 can increase surface energy and wettability, which enhance osseointe-

gration(100; 101), and it improves implant wear resistance that minimizes particulate formation

from the surface and bulk.(98; 99; 102; 103; 104)

ALD of TiO2 has previously been studied for a variety of applications such as semiconductors,

insulation layers for electronic devices, self-cleaning optoelectronic devices, chemical sensors,

and passive layers in biomedical applications.(105; 106; 107; 108; 109; 110; 111) However, com-

prehensive studies on Ti-based implants and related systems are scarce. For example, Huang et

al. investigated low temperature ALD TiO2 for micro-electro-mechanical systems and reported

that ultraviolet (UV) exposure of samples in vacuum had no effect on TiO2 samples (112); how-

ever, in atmospheric air, UV illumination resulted in rapid super-hydrophilicity (112). They

concluded that additional compounds, organic or water, even in small amounts are needed for

UV-induced hydrophilicity.(112)

Another study, which investigated plasma source ion implantation on Ti-II samples post-treated

with annealing and UV-A exposure for 24 h determined that after 4 weeks, there were no sta-

tistical differences in the bone implant contact and bone are avalues between the control and

experimental groups.(58) A report on osteoblastic cell behavior on different titanium implant

surfaces indicated that surface impurities resulting from substrate polishing or titanium ion re-
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lease into the culture media may also affect these systems (113); more importantly, all surfaces

studied were reported to be hydrophobic (113).

Kawakami et al. investigated 50-200 nm-thick ALD TiO2 films(114); however, no hydrophilicity

or hydrophobicity trends could be identified. Elias et al. reported on the relationships between

surface properties of titanium and dental implant removal torque (18); the droplets used were

very large (on the order of milliliters), but contact angles with water and a hydrophobic liquid

showed conflicting and difficult to explain trends.(115)

MacDonald et al. investigated thermal and chemical modifications of Ti-Al-V implant materi-

als.(9) Organic surface contamination was found on all surfaces, regardless of treatment. Also,

heat treatment in atmospheric conditions was found to resultin higher Al/Ti atom ratios than

that with heating in oxygen.(9)

In sum, there is a need for a systematic study of Ti-based oral and other biomedical implant

systems. The effect of each treatment step needs to be investigated. In this study, ALD is

used to deposit 10 nm-thick TiO2 layers on Ti-II and Ti-V substrates. Water contact angle

(WCA) measurements are performed on samples after each treatment step, i.e., before cleaning,

after de-ionized (DI) waterwash, MeOH sonication, ALD treatment, and post-ALD DI-water

wash to obtain an understanding of optimal cleaning and preparation treatments of dental

and other implant surfaces for improved hydrophilicity. Barring any cytotoxicity, it has been

reported that increased surface hydrophilicity increases the likelihood of cell adhesion to the sur-

face.(100; 101) X-ray photoelectron spectroscopy(XPS) and grazing incidence X-ray diffraction

(GIXRD) results areused to probe surface cleanliness and thin film structure, respectively.
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2.1.2 Methods and Materials

2.1.2.1 Sample preparation using sandblasting and acid-etching

etching Ti-II (99.99 % purity) and Ti-V discs (15 mm in diameter and 1 mm-thick) were

obtained from McMaster-Carr. The Ti-II and Ti-V discs were blasted with 50 µm alumina

grit particles (Alumina(Al2O3) powder, Trinity Tool Company, Fraser MI) at 517 kPa, and

acid-etched in a solution of 1:1 ratio of sulfuric acid to 30 % hydrogen peroxide for 2 h.

2.1.2.2 Cleaning procedure of as-received samples

Micro-rough surface samples were cleaned with sequential son-ication for 60 min in DI

water of 17.7 MΩ-cm resistivity (BarnsteadNANOPure, Infinity Ultrapure Water System R©),

and for 60 min in 99.8 % methanol (Sigma Aldrich) using an Ultrasonic Wafer Clean-ing System

(Branson). After cleaning, the samples were dried with N2 gas (Zero Grade, Airgas) and stored

in plastic petri-dishes(Advantec R©, MFS, Inc.) until the ALD treatment.

2.1.2.3 ALD system preparation and film characterization

The schematic of the custom-designed and built hot wall lowpressure thermal ALD system

is shown in Figure 1.

Prior to TiO2 deposition on the substrate, the ALD system was calibrated. Silicon wafers

were rinsed with DI water, dried with N2 and then loaded into the ALD reactor for a series of

empty cycles with the precursor line closed and the N2 gas line open. Next, a predetermined

number of cycles were run on silicon wafers with the precursor line open,and the TiO2 film

thickness was measured with spectroscopic ellipsometry (J.A. Woollam Co. M-44). Tetrakis

DiEthyl Amino Titanium (TDEAT) was used as the Ti precursor and DI water was used asthe
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Figure 1: Schematic of the ALD system used to deposit TiO2. Black arrows show the direction
of the gas movement. Entry Port is the opening through which the sample isloaded. The
TDEAT precursor is kept in canister B. The reactor is insulated to maintain pre-specified
working temperature.
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oxidant for the TiO2 deposition. The reactor temperature was maintained at 250 ◦C and the

operating pressure at 0.17 Torr [48]. A growth rate of 1.1 Ȧ/cycle was reported earlier (56)

and a similar rate was obtained in this study. The deposition was conducted using 100 cycles,

which resulted in approximately 10 nm-thick TiO2 on Ti-II and Ti-V samples.

TiO2 films 6 nm-thick were probed with an X-ray photoelectron spectrometer (XPS; Kratos

AXIS-165) equipped with a monochromatic Al Kα (1486.6 eV) x-ray source operating at 15 kV

and 10 mA. High-resolution spectra of O 1s and C 1s were collected using a stepsize of 0.1 eV,

pass energy of 20 eV and dwell time of 200 ms. Semi-quantitative analysis of peak intensities

was performed through spectral peak-fitting, where peaks were subtracted from Shirley-typed

backgrounds and deconvoluted using Gaussian-Lorentzian peak shape functions. The binding

energy scales of all XPS spec-tra were calibrated with reference to the adventitious carbon 1s

position at 285 eV. A high resolution x-ray diffractometer (PhilipsX′pert) was used to obtain

GIXRD spectra of TiO2 films. The GIXRD spectra were collected at the low angle of incidence

of 0.7 ◦ with an overall diffraction angle resolution of 0.15 ◦. Grazing incidence X-rays allowed

high resolution diffraction patterns with enhanced sensitivity.

2.1.2.4 Water contact angle measurements

WCA measurements were conducted using a Rame′-Hart NRLCA Goniometer (M #100-0,

S #2067). A micro-syringe (Hamilton, 802RN) was used to place a 5 µL DI-water droplet onto

Ti-II andTi-V surfaces.



13

Steps Labels Description

1 Before wash (BW) As received (sandblasted = Al2O3 50

µm, 517 kPa, 10 s; acid etched = 1:1

ratio of H2SO4:30 % H2O2)

2 After wash (AW) DI water (17.7 MΩ-cm) wash for 30 s

followed by N2 drying

3 After sonication

(AS)

15 min of 99.8 % methanol sonication

4 Immediately after

ALD (IAA)

TDEAT precursor, H2O oxidant, 250
◦C, 0.17 Torr, 100 cycles (10 nm-thick

TiO2)

5 After post-ALD

wash (WAA)

DI water (17.7 MΩ-cm) wash for 30 s

followed by N2 drying

TABLE I: Experimental steps at which WCA measurements were performed.

2.1.2.5 Before ALD

Prior to loading each sample into the ALD reactor, we probedits hydrophilicity with WCA

measurements before any treatment (step 1, Table VII), after 30 s of DI-water rinse followed

by N2 gas drying (step 2, Table VII), and after 15 min of sonication in 99.8 % methanol

(step 3, Table VII). This sequential cleaning was performed to remove organic and inorganic

particulates from the sample surface.

2.1.2.6 After ALD

The surface wettability characteristics of each sample weremonitored with WCA measure-

ments immediately after ALD (step 4, Table VII), and post-ALD DI water wash for 30 s

followed by dryingwith N2 gas (step 5, Table VII). After the respective water contact angle

measurements, thesamples were stored in petri dishes under fluorescent tube lightambient in
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the laboratory. Additional experiments on the surface wettability of samples under this light

or in the dark resulted inidentical WCA, within the experimental uncertainty of the data.

2.1.2.7 Statistical Analysis

ANOVA test with unequal variance was used to determine thesignificance of surface wetta-

bility between groups.

2.1.3 Results

Figure 2 shows the WCA results of Ti-II and Ti-V substrates. The firstdata (step 1,

Table VII) were obtained with as-received samples andthe WCA for Ti-II and Ti-V substrates

were measured to be 31 ± 8 ◦ and 54 ± 2 ◦, respectively. After cleaning the samples with DI

water(step 2, Table VII), the WCA for Ti-II and Ti-V decreased to 24 ± 7 ◦ and 37 ± 3 ◦,

respectively. After sonication in 99.8 % methanol (step 3, Table VII), the WCA for Ti-II and

Ti-V were found to further decrease to 16 ± 3 ◦ and 26 ± 8 ◦, respectively. Immediately after

the ALD of 10 nm-thick TiO2 (step 4, Table VII), the WCA of Ti-II and Ti-V were 12 ± 2 ◦

and 13 ± 3 ◦, respectively. Finally, after post-ALD cleaning of the samples with DI water (step

5, Table 1), the WCA of both Ti-II and Ti-V were 7 ± 1 ◦. Therefore, the WCA decreased from

31 ◦ to 7 ◦ for Ti-II and from 54 ◦ to 7 ◦ for Ti-V after the aforementioned five-step processing

sequence; that is, hydrophilic surfaces were obtained on both materials, regardless of the initial

hydrophobicity characteristics of the sample surfaces. ANOVA tests corroborated these results,

indicating significance between groups (p < 0.05, null hypothesis is rejected).
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Figure 2: WCA measurements (mean ± SD) were recorded over several stages for (a) Ti-II
and (b) Ti-V. Legend: BW = Before DI water wash, AW = After DI water wash, AS = After
sonication in 99.8 % methanol, IAA = Immediately after ALD treatment, WAA = DI water
wash after ALD treatment. Standard deviation (SD) was calculated from the entire population
of WCA measurements (3 WCA measurements per sample, n = 2 samples/group).
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Elements TiO2 (at. % before sputtering TiO2 (at. % after 5 min sputtering

Ti 22 ± 1 30 ± 1

O 52 ± 1 50 ± 1

C 20 ± 1 4 ± 1

Si 6 ± 1 16 ± 1

TABLE II: Elemental composition, in at. %, of 6 nm-thick TiO2 determined by XPS before
and after 5 min argon sputtering. The XPS error limit for elemental quantification is 0.5 at.
%.

GIXRD data of ALD TiO2 ( Figure 3) indicated that there were no diffraction peaks

for two-theta between 20 ◦ and 40 ◦, which suggested amorphous nature of the as-deposited

TiO2 films at 200 ◦C (116). Diffraction peaks, characteristic of anatase, became apparent upon

post-deposition annealing of TiO2 in nitrogen for 5 min ( Figure 3). Since the substrate

temperature in our systems was 250 ◦C for the duration of the ALD, anatase TiO2 could be

present.

X-ray photoelectron spectroscopy of as-deposited TiO2 surfaces showed the 530.5 eV feature of

OH in the O 1s spectrum [48], with a considerable amount of surface carbon contamination,

which was mostly removed after sputtering (Table II and Figure 4). Table II shows the

elemental composition of Ti, O, C, and Si from 6-nm-thick TiO2 on Si substrates probed

with XPS before and after sputtering in argon for 5 min at 4 kV/15 mA (voltage/emission).

The atomic ratio of O to Ti was found to be greater than 2 for the unsputtered TiO2 film

and to decrease after sputtering, suggesting the formation of titanium suboxides. The atomic

concentration of carbon in the unsputtered films was about 20 %, while it was reduced to ∼

4 % after surface sputtering, indicating that carbon is mostly adventitious and contamination
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from air. A higher atomic concentration of sili-con was observed after sputtering, due to the

resulting attenuated oxide film.

Figure 4 shows XPS core scans for O and C of TiO2 sample beforeand after sputtering.

Figure 4(a) shows that the 530 eV Ti-O-Ti fea-ture before sputtering resulted into three

peaks after sputtering; these were assigned to oxygen in titanium dioxide and suboxides next

to the Si-O peak at 531.8 eV, which was found to shift to higher binding energy (by 0.3 eV)

than that of the unsputtered film. The O-H species from the unsputtered TiO2 (530.5 eV)

was no longer observed after sputtering. The amount of carbon was largely reduced to less

than 4 % after sputtering with the removal of C-OHand O=C-OH species. Two shoulders at a

lower binding energy than that of the adventitious carbon peak could be assigned to possible

titaniumcarbon (TiCx) species (117) due to sputtering artifacts ( Figure 4(b)); these species

might result from the re-deposition of sputtered Ti and carbon atoms.

2.1.4 Discussion

WCA of TiO2 surfaces have been reported in earlier studies(Table 3). Elias et al. for

example, reported WCA between 47 ◦ and 96 ◦ after different implant treatments and anodiza-

tion.(18) Hirakawa et al. reported a decrease in WCA from 64 ◦ to 1.0 ◦ after plasma source

ion implanted (PSII) TiO2(58), although eventually the bone implant area and bone area be-

tween control and PSII implants was not found to be statistically significant. Guehennec et al.

reported a WCA of 134 ◦ after sandblasting and acid etching (113) with surface impurities on

the substrates after Ti polishing. MacDonald et al. reported a decrease in WCA from 43 ◦ to

3.8 ◦ and 4 ◦ after heat treatment at 600 ◦C for 1 h in oxygen and air, respectively (9); how-
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Figure 3: GIXRD diffractograms of 20 nm-thick TiO2 films annealed in nitrogen for 5 min at
(a) 600 and (b) 800 ◦C; the inset includes diffractogram of as-deposited TiO2 at 200 ◦C. The
grazing incidence angle is 0.7 ◦.
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Figure 4: XPS core spectra of O 1s (a) and C 1s (b) from 6 nm-thick TiO2 before and after 5
min argon sputtering.
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ever, organic surface contamination was present on all samples regardless of treatment, while

surface roughness was found to increase by about two orders of magnitude. Kawakami et al.

reported a decrease of WCA from about 100 ◦ to 10 ◦ after several hours of UV illumination

of ALD TiO2-covered substrates, without consistent trends; TiO2 (5, 10, 50, 100, 150 and 200

nm-thick) was deposited using TiCl4 precursor and H2O oxidant.(114) Huang et al. reported

an increase in the WCA from lessthan 10 ◦ to greater than 70 ◦ when ALD TiO2 samples (from

TiCl4 and H2O) were stored in the dark; furthermore, UV illumination was used to increase

the hydrophilicity of TiO2 substrate surfaces,although the presence of organic and/or inorganic

impurities, evenin small amounts, was reported to be necessary for UV-inducedincreased hy-

drophilicity.(112) Fujishima et al. and Nataka and Fujishima reported two possible phenomena

for the hydrophilic and oleophilic behavior of TiO2 surfaces: (a) organic decomposition by su-

peroxide radical anion (O2
−) and hydroxyl group radical(OH) formation through photo-induced

TiO2, and (b) creation ofelectron holes through the photocalalytic activity of TiO2.(118; 119)

Such studies suggest a few important issues: (i) it is not clear which pretreatment(s) can

effectively lead to desired wettability characteristics of Ti-based substrate surfaces that are

of paramount importance in dental implants for example; and (ii) the effectiveness of each

treatment step on the wettability of Ti-II and Ti-V surfaces needs to be understood so that

pretreatment steps, surface material properties and implant performance relationships could be

established.

Since enhanced hydrophilicity results in effective osseointegration, the wettability characteris-

tics of Ti-II and Ti-V surfacesafter TiO2 ALD and cleaning treatments could be of significant
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Authors Coating/

Substrate/

Technique

Before

Treatment

(WCA (◦))

After

Treatment

(WCA (◦))

Comments

BW AW/AS AT WAT

Elias et

al. (18)

Anodized

TiO2 on ma-

chined Grade-4

unalloyed Ti

85 ±
4

X 47 ±
3

X WCA on sandblasted

& acid etched was 80 ±
5◦

Hirakawa

et al.

(58)

Plasma source

ion implanted

(PSII) TiO2

on sandblasted

cp-Ti

X 64 1∗ X ∗ After PSII samples

were annealed at 654
◦C followed by 24 h UV

treatment

Guehennec

et al.

(113)

Sandblasted +

acid etched cp-

Ti

X 134 X X TiO2 was not supple-

mented

MacDonald

et al. (9)

Thermally

oxidized in

atmosphere

Ti6Al4V alloy

X 43 ± 5 4 ± 2 X WCA with various

other treatments:

heated O2: 3.8 ± 2◦,

peroxide: 6.7 ± 2◦,

peroxide + butanol:

16 ± 5◦,

heated (atmosphere)

+ butanol: 11 ± 3◦,

heated (O2) + bu-

tanol: 12 ± 5◦

Kawakami

et al.

(114)

ALD TiO2 on

stainless steel,

deoxidized

high phospho-

rous (DHP)

copper, and

Nordic gold

copper alloy

X X 5 X WCA was conducted

after 5 hours of UV il-

lumination

Huang et

al. (112)

ALD TiO2

on silicon

substrate

X X 0 X ALD TiO2 was de-

posited at various tem-

peratures. WCA af-

ter ALD at all tem-

peratures is 0◦ except

at 120 ◦C (600 ◦C an-

nealed) which is ∼10◦

TABLE III: Summary of surface wettability results, in water contact angle (WCA), after various
treatments reported in the literature. BW = before wash, AW = after wash, AS = after
sonication, AT = after treatment, and WAT = wash after treatment. X = no WCA reported
for that particular step. “∗” Indicates the comment included on the same row and under the
column Comments’.
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importance in biomedical implants. Our data on the wettability characteristics of the indi-

vidual treatment steps used (Table VII and Figure 2) and the effect of Ti-II and Ti-V

functionalization with ALD TiO2 nanofilms subjected to subsequent DI water wash and N2

drying leads to several findings. High WCA measurements of as-received samples ( Figure 2)

is attributed to organic and/or inorganicimpurities on the sample surfaces from the ambient

environment,surface roughness, or leftover electrolyte from the acid-etching treatment. Rinsing

with DI water assists with the removal of inorganic particulates, while subsequent sonication of

the samples in methanol helps eliminate organic (and/or other inorganic) surface contaminants.

DI water wash and methanol sonication were foundto yield increasingly hydrophilic surfaces.

Removal of inorganic and organic surface contaminants followed by ALD of 10 nm-thick TiO2

and post-ALD DI water wash and nitrogen drying were shown to consistently yield highly hy-

drophilic Ti-II and Ti-V surfaces ( Figure 2).Finally, the wettability characteristics of both

Ti-II and Ti-V were apparently independent of the initial state of the surfaces as long as the

sequence of pretreatment steps shown in Table VII was followed.

It has been reported that at room temperature, H2O molecules dissociate into H+and OH−

(hydroxyl ions) due to the interaction with oxygen vacancies on TiO2 surfaces, resulting in

terminal and bridge hydroxyl groups.(25; 120; 121; 28) Such a hydroxylation has also been

reported for methanol and propanol-2.(28) Additionally, amorphous TiO2 is reported to start

changing into the anatase crystalline structure above 200 ◦C.(115; 122; 123; 124) In this study,

since the ALD reactor temperature was 250 ◦C, there may besome anatase-structured TiO2 for-

mation, which has been reported to enhance the formation of hydroxyl groups.(125; 126; 127)
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Results with our experimental system have indicated increasing formation of anatase TiO2

with increasing temperature, even after 5 min of post-deposition annealing in N2 at 600-800

◦C ( Figure 3). Thermodynamically stable anatase TiO2 is composed of (1 0 1) and (0 0 1)

surfaces (Fig. 5b) (125; 126; 127; 128); H2O adsorbs non-dissociatively on the(1 0 1) surface,

while H2O molecules were found to dissociate spontaneously into H+ and OH− on (0 0 1) sur-

faces.(119; 125; 126; 127) Theterminal and bridge hydroxyl groups may act as Brönsted acid

sites that anchor H2O molecules to form OH-H2O complexes, which in turn act as nucleation

sites for further water adsorption and increased hydrophilicity.(121)

For a super-hydrophilic surface, the solid surface and measuring liquid have similar properties

and the WCA decreases to approximately 0 ◦.(129) Consequently, the surface free energy (SFE)

increases for the solid surface and solidliquid interface as determined by Young′s Equation (129).

The modified Young′s Equation is

γS - γSL = γLcos(θWCA) (2.1)

where γSL, γS , and γL are SFE of surface-liquid interface, solid surface and liquid, respec-

tively, and θWCA is the WCA of the sample surface.(130; 131; 132; 133; 134) Further, as θWCA

decreases to 0 ◦, cos(θWCA goes to unity (Equation 2.8) and the combined value of the left side

reaches its maximum value which is equal to γL
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γS - γSL = γL (2.2)

From Equation 2.8 it is evident that as cos(θWCA) goes to unity and since the surface energy

of water, γL, remains constant (130; 131), γS changes more than γSL. γSL and γS values are

lower for hydrophobic samples and higher for hydrophilic surfaces.(130; 131; 132; 133; 134)

Furthermore, XPS characterization of ALD TiO2 nm-thick films showed stoichiometric TiO2

with negligible impurities in the films.(115) Additional information is required for an in-depth

study of the changes of individual free energies as the surface is altered from different cleaning

treatments. Studies on surface roughness and cell culture viability on such substrates remain

to be carried out, although none of the five steps shown in Table VII are antici-pated to have

an effect on the roughness of dental and other implant substrates.

2.1.5 Conclusion

Micro-rough surfaces provide more surface area for cellular adhesion and higher SFE im-

proves hydrophilicity, both of which are preferable for cellular response. The surface wettability

of micro-rough surfaces Ti-II and Ti-V has been studied after each one of the following sequen-

tial steps: before cleaning, DI water wash, sonication in 99.8 % MeOH, 10 nm-thick TiO2 ALD,

and post-ALD DI-water wash and N2 drying. It was found that Ti-II and Ti-V samples become

increasingly hydrophilic after each one of these sequential treatments, and the final surface

wettability characteristics were independent of the initial ones for all samples used. The water

contact angle of Ti-II and Ti-V surfaces after the aforementioned steps was consistently well

below 10◦, an important factor in cellular attachment. Also, it is important to probe surface
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wettability after each sequential treatment of a substrate; otherwise, conflicting hydrophobicity

and/or hydrophilicity results may be obtained because of organic and/or inorganic impurities.

Our analyses suggested that the sequential steps used in this study improved surface hydrophilic-

ity likely due to the formation of hydroxyl groups, higher H2O molecule adsorption on the

deposited anatase TiO2 surface, and removal of possible contaminants which may have inad-

vertently remained on the samples surfaces. XPS analyses of ALD TiO2 indicated stoichiometric

films with negligible impurities, while GIXRD data suggested the formation of anatase TiO2

even with a 5 min anneal in N2.
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2.2 Investigation of Long-term Wettability and Storage Titanium Surfaces

2.2.1 Introduction

Proper cell growth on dental and orthopedic implant metal ensures proper integration.(49;

50) Cell growth can be improved by manipulating surface properties such as surface energy, wet-

tability, and composition which play important roles in cell adhesion.(49; 135; 136; 137) Thermal

oxidation (TO), low pressure chemical vapor deposition (LPCVD), oxinitridation, sandblasting

and acid-etching (SA), atomic layer deposition (ALD) and physical vapor deposition (PVD)

can be used to improve these surface properties.(51; 52; 53; 54; 55; 56; 57; 58; 9) Specifically,

the above mentioned techniques significantly improve surface wettability of treated samples as

compared to the native TiO2 of titanium (Ti) and its alloys.(51; 52; 53; 54; 55; 56; 57; 58; 9)

As reported in literature, however, this surface wettability decreases over time when stored in

ambient environment conditions.(59; 60; 61) To improve long-term wettability, Fuminori Iwasa

et al. performed a study where the effect of UV illumination on surface wettability of micro-

rough surfaces with and without deposited TiO2 was investigated over a period of 7 days.(62)

From their findings, it was observed that while water contact angle (WCA) dropped to 0 ◦ after

48 hours of UV-illumination, the samples needed to be exposed to the UV-light uninterrupted

to maintain long-term hydrophilicity. It is, therefore, necessary to study cleaning and storage

methods that may maintain long-term wettability of implant surfaces.

Previously, TiO2 was deposited using a custom-built low pressure thermal ALD system previ-

ously described in Patel et al. where CP-Ti (Ti-II) and Ti6Al4V (Ti-V) surfaces ALD deposited

with TiO2 turned super-hydrophilic as compared to untreated surfaces.(3) Major advantages of



27

ALD are its nano-scale accuracy, high thickness uniformity and high conformality when com-

pared to sol-gel, CVD, and PVD.(89) In this study, the surface wettability of TiO2 deposited

Ti-II and Ti-V samples was investigated with the following main objectives: 1) to correlate

surface wettability to surface composition using Fourier transform infrared spectroscopy, 2)

to monitor long-term surface wettability of samples, 3) to investigate cleaning methods to im-

prove wettability after storage without UV-illumination, and 4) to investigate long-term storage

methods to maintain the surface wettability over the period of storage.

2.2.2 Methods and Materials

Preparation, cleaning, roughening, and deposition procedures have been previously de-

scribed.19 Briefly, Ti-II (99.99% purity) and Ti-V discs (1 mm-thick, 15 mm in diameter)

were obtained from McMaster-Carr and blasted with 50 µm alumina grit particles (Alumina

[Al2O3] powder, Trinity Tool Company, Fraser MI) at 517 kPa, and acid-etched in a solution

of 1:1 ratio of sulfuric acid to 30 % hydrogen peroxide for 2 hours. Tetrakis DiEthyl Amino

Titanium (TDEAT) was used as the Ti precursor and deionized (DI) water was used as the

oxidant for the TiO2 deposition (10 nm). The ALD reactor temperature was maintained at 250

◦C and its operating pressure at 0.17 Torr.

2.2.3 Water Contact Angle (WCA) Measurements

After deposition, samples were rinsed with DI-water and stored in a glass petri-dish con-

taining ambient air for 40 days. Within the storage period, samples were removed every 5 days

from the glass petri-dish and WCA measurements were taken in the following order: 1) as-is
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(blow-dried with N2 gas), 2) after DI-water rinse for 30 seconds and blow-dried with N2 gas,

and 3) after methanol (99.8 %) sonication for 15 minutes followed by 30 seconds of DI-water

rinse and blow-dried with N2 gas. WCA images were captured using a Rame′-Hart NRLCA

Goniometer (M #100-0, S #2067). A micro-syringe (Hamilton, 802RN) was used to place 5

µL of DI-water droplet onto sample surfaces according to the sessile drop method. Captured

images of WCA were uploaded using ImageJ software and the Contact Angle plugin was used

to calculate WCA values.

To investigate storage options, samples were stored in a glass petri-dish containing DI-water,

methanol (99.8 %), multi-purpose solution (CVS pharmacy, thimerosal and chlorhexidine free)

or ambient air. Surface wettability was monitored by taking WCA measurements over 13 days

to observe which medium best maintained initial wettability. Prior to storage, samples were

sonicated in methanol for 10 hours and rinsed with DI-water for 30 seconds to remove possible

contamination. Furthermore, low intensity UV irradiation (330 µW/cm2, 15 W Philips TUV

15W/G15 T8) was used for 4 h to cleanse ALD-treated samples to remove any contaminants

which DI-water rinse and methanol (99.8%) sonication did not remove. Prior to WCA mea-

surements of samples stored in ambient air, samples were removed from the glass petri-dish and

blow-dried with N2 gas. Samples stored in multi-purpose solution and methanol were rinsed

with DI-water and blow-dried with N2 gas prior to WCA measurements. Samples were returned

to respective glass petri-dishes after measurements.
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2.2.4 Fourier Transform Infrared (FTIR) Spectroscopy

Chemical composition of ALD-treated surfaces was studied using a diffuse reflectance FTIR

spectroscopy (Nicolet, Madison, WI, USA) with a deuterated triglycine sulfate (DTGS) KBr

detector. A smooth-polished Ti-V sample was used as a background for all scans. Prior to

conducting FTIR scans, each sample was kept inside the FTIR chamber for one hour N2 purging

to optimize signal-to-noise ratio. FTIR spectra were obtained with 1 cm−1 resolution and 512

scans over the range of 4000-400 cm−1. FTIR spectra were analyzed with linear background

and deconvoluted using Gaussian-Lorentian peak shape function with a spectral peak-fitting

software.

2.2.5 Statistical Analysis

Statistical software (SPSS v. 22.0, SPSS Inc., Chicago, IL, USA) was used for descriptive

and statistical analysis. One-way ANOVA was used to determine any significant differences be-

tween the means of WCA measurements between and within groups. Due to unequal variances,

Games-Howell post hoc analysis was used for pair-wise comparisons within these groups. For

all analyses, p ≤ 0.05 was considered to be statistically significant.

2.2.6 Results and Discussion

2.2.6.1 FTIR Spectroscopy Analysis

Figure 5 shows the FTIR spectra of 10 nm ALD deposited TiO2 on Ti-II sample. Fig-

ure 5a shows the entire FTIR spectrum of ALD treated sample. Strong features for H2O

in the regions 3600-3800 cm−1 and 1300-1800 cm−1 are observed; additionally, CO2 vibration

stretches are observed in regions 2200-2400 cm−1 and 667 cm−1. Such features for H2O and
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Figure 5: FTIR spectra of 10 nm ALD TiO2 on Ti-V surface.

CO2 in the spectrum are always apparent, as they are present in the ambient air in the FTIR

sample chamber. Figure 5b and Figure 5c show the deconvolution of spectral regions 650-

2200 cm−1 and 400-650 cm−1, which show the presence of surface H2O, hydrated TiO2, CO2,

and by-products of CO2 and TiO2. No presence of surface contamination was observed in the

FTIR spectra.

Detailed information regarding deconvoluted spectra peak positions and their respective

bond vibrations is described in Table IV. Briefly, significant amorphous and anatase TiO2 is

observed, which is readily hydrated by the H2O in the FTIR chamber.
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Some of the limitations of FTIR analysis include deviation in peak position from the literature

reported values because 1) the IR absorption due to molecules and bonds depends on surround-

ing chemistry on the sample surface, and 2) the surface roughness may result in a spectra with

sloped baseline which may shift peak positions.

2.2.6.2 WCA Analysis

Surface wettability of Ti-II and Ti-V samples in ambient air storage was monitored over

the course of 40 days in 5 day intervals ( Figure 6 and Figure 7) for insight into the

wettability behavior during storage. It has been previously reported by our group that both

ALD-treated Ti-II and Ti-V samples are super-hydrophilic when rinsed with DI-water imme-

diately after TiO2 deposition 6 ± 2 ◦ and 8 ± 2 ◦, respectively).19 However, WCA of TiO2

deposited on Ti-II and Ti-V samples is observed to have increased after 5 days of storage to 50

± 10 ◦ and 63 ± 6 ◦, respectively. The behavior was observed for all of the eight-5 day intervals.

There are various reasons reported in literature for the increase in WCA. Surface contamina-

tion is one possibility discussed by Yin Haoyong et al. The TiO2 treated samples may attract

low-level volatile organic molecules from the air which may lower the surface energy of the

metal oxide.(61; 159; 160; 161; 162; 163) It has also been suggested that TiO2 surfaces have

high surface energy when in a dark environment, which allows contaminants to adsorb on the

surface.(61; 162; 163) It is also plausible that when samples are stored at room or higher tem-

perature, desorption of H2O molecule takes place at a greater rate, reducing the surface energy

and decreasing wettability over time.(59; 164) It has been previously shown by our group, how-
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Wavenumber

(cm−1)

Peak

Area

(a.u.)

Chemical Bond Associa-

tion

Additional Comments

485.1 0.481 436-495 cm−1 Ti-O-Ti(138),

450-550 cm−1 Ti-O-Ti (139)

This is indicative of an increase in TiO2.

502 0.023 450-550 cm−1 & Ti-O-Ti

(139)

This is also indicative of an increase in TiO2.

518.3 2.519 520 cm−1 (140) rutile This is indicative of an increase in TiO2, however,

the possibility of the presence of rutile is negligi-

ble. It is more likely that it is amorphous, and a

slightly more chance that it is anatase.

558.5 0.689 550 cm−1 anatase

TiO2(141) , 550 cm−1

Ti-O(139)

This is indicative of an increase in TiO2 that may

be of anatase structure.

630 0.207 630 cm−1 TiO2(142) This is indicative of an increase in TiO2.

668.5 N/A 667 cm−1 C-O of CO2 (143;

144)

Negative (-) quantity, implying that the chamber

contained more CO2 during scan of background

sample as compared to the test sample. ∗See Row

1.∗
748.9 0.219 Ti-O-Ti, 763 cm−1 (145) ,

768-770 cm−1 TiO2 & tita-

nium nanotubes TiO4 amor-

phous (146; 141)

This is indicative of an increase in TiO2.

883 2.46 893 cm−1 O-Os (147) , 870

anat.(146; 141)

The bond belonging to TiO2 complexes.

937.7 1.237 940 cm−1 amorphous TiO2

(146; 141)

This peak is indicative of an increase in TiO2 that

is amorphous as compared to a control Ti-V sam-

ple.

1047.8 3.342 1047 cm−1 N-H(148), 1063

cm−1 symmetric CO−2
3 43,

1012 cm−1 O-O(149), 1048

cm−1 anatase/rutile (138),

1137 cm−1 Ti-O-H, 1100

cm−1 (cation) OH (150; 151)

Various bonds can belong to this peak, but this

peak most likely belongs to O-O bond of TiO2

complexes and O-H bonds of hydrated TiO2 (∗See
Row 4∗). This is also indicative of an increase in

TiO2.

1244.5 8.502 Ti-O-O-H (152), 1222

cm−1 adsorbed H2O by H

bonds(138)

Bonds belong to O-H bonds of hydrated TiO2 and

H2O molecules on the TiO2 surface. (∗See Row

4∗) This is also indicative of an increase in TiO2.

1599.6 2.021 1605 cm−1 (153)/ 1610

cm−1 (154) liquid H2O (153;

154; 138), 1600 cm−1, 1627

cm−1 adsorbed H-O-H v

(155; 156), 1600-1630 cm−1

H-O-H ads v (138), 1500-

1700 cm−1 OH/N-H(157)

Despite longer purge time, absorbed/ adsorbed

H2O is observed to be higher than on the native

TiO2 of control samples (∗See Row 1∗).

1873.9 2.466 1870 cm−1 of CO(scolova) Interaction of CO2 with TiO2 may result in CO

production.

2320 - 2380,

2350

N/A gaseous CO2 (158) Negative (-) quantity, implying that the chamber

contained more CO2 during scan of background

sample as compared to the test sample. ∗Purge
of test sample totaled 8 h vs. 1 h for background

sample.∗

TABLE IV: FTIR table.



33

Figure 6: Surface wettability of Ti-II samples in ambient air storage monitored over the course
of 40 days in 5 day intervals.

ever, that darkness or light did not have an effect on the WCA measurement on ALD-treated

samples(3), therefore, dehydroxylation and surface contaminants are considered as reasons for

decreasing wettability.

Hydroxylation of the surface due to dissociation of H2O molecules has been shown to be en-

hanced by the crystalline structures of TiO2(25; 120; 121) which leads to OH-H2O complexes

when water is introduced to the surface.(121) In this study, the introduction of water was in the

form of water droplet from WCA measurements and DI-water rinse. Moreover, methanol was

used in sonication as the second method of cleaning. Methanol interacts with TiO2 in similar

manner as H2O and TiO2 as previously reported in the literature.(3; 28) The behavior was



34

Figure 7: Surface wettability of Ti-V samples in ambient air storage monitored over the course
of 40 days in 5 day intervals.

observed for all of the eight-5 day intervals. While introduction of H2O or methanol improves

wettability, gradual dehydroxylation occurs during storage of samples in petri-dish with ambi-

ent environment. It has been shown that while samples irradiated with UV were observed to

become super-hydrophilic (as low as 0 ◦), their surface wettability reversed upon termination

of UV irradiation.(164; 61; 3; 120; 29) As such, the authors were able to show that the ambient

heat in dark or visible light resulted in the increase in WCA as the surface is dehydroxylated.

In this study, when rinsed with DI-water, the WCA of ALD-treated Ti-II and Ti-V samples

decreased to 17 ± 6 ◦ and 25 ± 6 ◦, respectively, and after methanol (99.8 %) sonication, WCA

further decreased to 12 ± 4 ◦ and 15 ± 3 ◦, respectively (averaged over the eight 5-day inter-
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vals). The drop in WCA due to methanol sonication is much smaller after DI-water rinse, than

the drop in WCA after DI-water rinse. This may indicate that organic contamination may not

have been a major factor in the increase in WCA during the 5-day storage as DI-water rinse

would not be as effective in removing organics. The same procedure was followed every 5 days

over 40 days of storage and the averaged WCA measurements are given in Table V. As a result

of the cleaning steps, the samples undergo a significant decrease in WCA from 50 ± 10 ◦ to 12

± 4 ◦ for Ti-II samples and 63 ± 6 ◦ to 15 ± 3 ◦ for Ti-V samples (p ≤ .001). The results are

promising as it is essential to have a protocol for a hydrophilic surface after storage for cellular

viability of implant surfaces.(165; 166) No significance difference between ALD-treated Ti-II

and Ti-V samples was observed.

When samples were cleaned after storage of over a month in ambient environment, however, the

WCA only decreased to 22 ± 5 ◦ and 24 ± 8 ◦ for CP-Ti and Ti6Al4V samples, respectively.

No significance difference between ALD-treated Ti-II and Ti-V samples was observed. While

methanol causes disruption of surfactant aggregation and the ultrasonication accelerates this

process, it should be noted that methanol may not degrade surface contamination.(167) There-

fore, for sufficient surface contamination, methanol may not be able to penetrate the surface

contamination layer. After repeated sonication attempts did not yield lower WCA measure-

ments, ALD-treated Ti-II samples were UV-treated for four hours, which resulted in a decrease

in WCA to 11 ± 4 ◦. In addition, UV-treatment of untreated Ti-II sample resulted in WCA of

23 ± 3 ◦, indicating difference in the cleaning ability of anatase TiO2 of the deposited film and

the amorphous TiO2 of native film. No significance difference between WCA of post-ALD Ti-II
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samples and WCA of post-UV ALD-treated Ti-II samples was observed (p = 0.06). In addition,

as no significant difference was observed between treated Ti-II and Ti-V samples, only treated

and untreated Ti-II samples were used for the storage investigation. The decrease in WCA due

to UV-treatment may indicate that carbon contamination was removed from the surface. Any

contributions from the photocatalytic effect of TiO2 to the hydrophilicity can be disregarded as

they are reversed within tens of µs as the UV-lamp is turned off.(168) As described by A. Mills

et al. and others, the photocatalytic effect of TiO2 disintegrates any organics on the surface

and results in CO2 and H2O and produces a hydrophilic surface.(169; 170; 171) Specifically,

the UV-generated electron holes on the surface disintegrate organics directly on the surface,

followed by hydroxyl radical surface migration which allows for the oxidation of the organics

away from the surface, effectively cleaning the surface from the inside-out, leading to a hy-

drophilic surface.(169; 170; 171) Mills et al. was also able to show that while UV-irradiation

itself results in organic decomposition, UV-irradiation alone is not responsible for the inside-out

cleaning.(169)

After UV-treatment, TiO2 deposited Ti-II samples were stored in various storage conditions to

investigate long-term storage options. Surface wettability of ALD-treated samples stored in air

(control), DI-water, multi-purpose solution (MPS) and methanol (99.8 %) was monitored and

the results are shown in Table V.

As can be seen, DI-water, MPS, and methanol (99.8 %) equally maintained wettability of

stored samples, whereas samples stored in ambient air showed an increase in WCA from 11 ±
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Cleaning Experiment

Sample As-is After Stor-

age 5 Days

in Air

After DI-

water

Rinse

After

Methanol

Sonication

ALD-treated Ti-II 6 ± 2 ◦ 50 ± 10 ◦ 17 ± 6 ◦ 12 ± 4 ◦

ALD-treated Ti-V 8 ± 2 ◦ 63 ± 6 ◦ 25 ± 6 ◦ 15 ± 3 ◦

Storage Experiment

Sample Post UV-

Treatment

(4 h)

After Storage (13 Days)

ALD-treated Ti-II

in air (control stor-

age)

11 ± 4 ◦ 25 ± 5 ◦

(Significant Difference (SD)

from D0, p <0.001)

ALD-treated Ti-II

in methanol

11 ± 4 ◦ 16 ± 4 ◦

(SD from D13 storage in air,

p = 0.003)

ALD-treated Ti-II

in multi-purpose

solution

11 ± 4 ◦ 16 ± 3 ◦

(SD from D13 storage in air,

p <0.001)

ALD-treated Ti-II

in DI-water

11 ± 4 ◦ 16 ± 4 ◦

(SD from D13 storage in air,

p <0.001)

Un-treated Ti-II in

air (control sample,

control storage)

23 ± 3 ◦ 33 ± 2 ◦ (SD from D0, p = 0.022)

(SD from D13 storage in air,

p = 0.01)

Un-treated Ti-II in

DI-water (control

sample)

23 ± 3 ◦ 22 ± 1 ◦

(SD from D13 storage in air,

p = 0.003)

TABLE V: Water Contact Angle measurements as a function of cleaning and storage steps of
ALD treated and untreated Ti-II samples.
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4 ◦ to 25 ± 5 ◦ ( p <0.001). Untreated Ti-II samples stored in ambient air showed an increase

in WCA from 23 ± 3 ◦ to 33 ± 2 ◦ (p <0.001). We note that while wettability was lost during

storage of samples that were UV-irradiated, it was not as extensive as the loss of wettability

during the initial 5-Day storage post-ALD treatment. The observation may be explained by the

possible difference in surface/bulk organic contamination post-ALD vs. post-UV treatment of

ALD-treated samples. Sathees et al. showed that deposited TiO2 may contain up to 2 % car-

bon(172) which may result in altered wettability behavior of the film within the 5-day storage,

and UV-degradation of this contamination in the surface/bulk may be responsible for delayed

loss of wettability. Specifically, lack of initial surface/bulk contamination may delay accumu-

lation of low-level volatile organics present in ambient air. As a result, storage in ambient air

was extended to 21 days where WCA was observed to have increased to 36 ± 6 ◦ and 36 ± 3 ◦

of ALD-treated and untreated Ti-II samples, respectively.

A similar storage study was conducted by our group on heat-treated Ti-V samples stored in air

vs. cold DI-water (8 ± 2 ◦C) and room temperature DI-water (RT = 25 ◦C).(173) Results are

given in Figure 8, Figure 9, and Figure 10 and summarized in Table VI.

It was found that samples stored in DI-water (cold or RT) retained their initial wettability

obtained from sandblasting/acid etching (SA) treatments and heat-treatment of SA samples,

with 600 ◦C-3 hours treated sample having the lowest WCA at the end of the storage period.

Interestingly, control samples prepared for storage in RT-DI-water were observed to be sig-

nificantly hydrophobic on Day 0 with as-is measurements of 21 ± 8 ◦. As Figure 5 shows,
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Figure 8: Surface wettability of heat-treated and untreated Ti-V samples in ambient air storage,
followed by storage in room temperature DI-water, followed by storage in 37 ◦C-DI-water.



40

Figure 9: Surface wettability of heat-treated and untreated Ti-V samples in room-temperature
DI-water storage, followed by storage in 37 ◦C-DI-water.
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Figure 10: Surface wettability of heat-treated and untreated Ti-V samples in cold DI-water
storage, followed by storage in room temperature DI-water, followed by storage in 37 ◦C-DI-
water.
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however, WCA decreased over time to values similar to those of samples stored in cold DI-

water. It may be that chemicals involved in SA treatment were not properly removed from

sample surfaces prior to WCA measurement and DI-water storage resulted in a gradual dis-

solution of these chemicals, as is indicated by the decline in WCA values over the course of

DI-water storage. Samples which were stored in ambient air conditions rapidly lost wettability

over time and showed that heat-treatment did not have an effect on the extent of the loss of

wettability. However, heat-treatment did affect how much the WCA decreased when placed

in RT-DI-water and 37 ◦C-DI-water. Crystalline TiO2 (anatase and rutile) has been reported

in literature to improve dissociation of H2O on Ti-V surfaces, thereby improving surface wet-

tability.(25; 120; 121) It has also been reported in literature that the solubility of organics in

warm water is higher.(174) The study indicates that for best results, storage mediums such as

DI-water can be used to hydrate the surface and prevent accumulation of surface contamination.

Comparable to this investigation, a recent study reported by H. Lu et al. shows that

samples stored in water or isotonic solution (i.e., NaCl or CaCl2) for extended period of time

maintains wettability.(175) F. Rupp et al. and G. Zhao et al. also studied the wetting behavior

of samples with varying degree of roughness stored in air, water or NaCl.(162; 166) Their

study concluded that storing samples in either water or NaCl maintains wettability by keeping

hydroxyl groups intact on the substrate and by preventing interaction of contaminants from

the ambient environment with the sample surface.(162; 166)

Previously it has been shown that ALD-treated samples contain high energy surfaces, which
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Storage Ambient Air Room Temperature (RT)

DI-water

Cold ((8 ± 2 oC)) DI-water

Sample Control

(SA)

400 ◦C 600 ◦C Control

(SA)

400 ◦C 600 ◦C Control

(SA)

400 ◦C 600 ◦C

As-is 4 ± 1◦ 2 ± 1◦ 1 ± 1◦ 21 ± 8◦ 2 ± 2◦ 1 ± 1◦ 4 ± 1◦ 1 ± 1◦ 1 ± 2◦

After 12

h

87 ± 7◦ 79± 17◦ 32± 18◦ 16 ± 3◦ 6 ± 3◦ 4 ± 1◦ 8 ± 2◦ 5 ± 2◦ 3 ± 2◦

After

Day 20

133± 6◦ 128± 6◦ 128± 6◦ 7 ± 1◦ 6 ± 1◦ 5 ± 1◦ 8 ± 2◦ 6 ± 1◦ 3 ± 1◦

Placed

in RT

DI-

water

131± 8◦ 130± 7◦ 128± 4◦ 9 ± 3◦ 9 ± 1◦ 4 ± 1◦ 10 ± 3◦ 9 ± 1◦ 4 ± 1◦

After

Day 7

133± 4◦ 131± 6◦ 128± 6◦ 11 ± 4◦ 9 ± 5◦ 4 ± 1◦ 9 ± 1◦ 7 ± 1◦ 3 ± 1◦

Placed

in 37
◦C DI-

water

105± 8◦ 100± 5◦ 74± 7◦ 11 ± 3◦ 9 ± 2◦ 5 ± 2◦ 9 ± 3◦ 9 ± 2◦ 3 ± 1◦

After

Day 7

61± 10◦ 54± 10◦ 31± 3◦ 12 ± 4◦ 12 ± 4◦ 7 ± 2◦ 9 ± 3◦ 12 ± 4◦ 4 ± 2◦

TABLE VI: Water Contact Angle measurements for heat-treated Ti-V samples.
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may become contaminated or lose hydroxyl groups when stored in air, whereas, the same

high energy surfaces do not experience these symptoms when stored in water.(163) For full

effectiveness, storage in a medium such DI-water, methanol, or multi-purpose solution should

occur immediately after ALD-treatment so as to maintain the super-hydrophilicity obtained

after treatment. The present study also shows that storage in DI-water is sufficient to retain

initial surface wettability mostly due ALD treatment.

2.2.7 Conclusion

In this study, long-term wettability and storage of atomic layer deposited 10 nm TiO2

on CP-Ti and Ti6Al4V samples was investigated. The initial wettability of TiO2 deposited

samples is lost over time, therefore, proper storage conditions are essential to maintaining the

hydrophilicity which is important to preserve surface integrity of implants during their shelf

life for maximum success. DI-water rinse and methanol sonication have shown to enhance

hydrophilicity after a short storage period but with limited effect after long-term storage. It is

observed that the long-term wettability of samples can be maintained if stored in a medium such

as DI-water so that hydroxyl groups or water molecules may be prevented from evaporating

from the surface and/or low volatile organic groups may be prevented from accumulating on

the surface from the ambient environment. All samples stored in DI-water (cold or room-

temperature) were observed to be hydrophilic with WCA observed to be ≤ 12 ± 4 ◦ and as low

as 4 ± 2 ◦ for heat-treated samples while samples stored in ambient conditions reached as high

as 133 ± 4 ◦ regardless of heat treatment. In addition, it was determined that for samples stored



45

at length in ambient conditions, UV-treatment can be employed to recover surface wettability,

however, storage in DI-water is recommended after surface treatments for best results.
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2.3 Anodization of Thermally Oxidized Ti6Al4V Surfaces

2.3.1 Introduction

By 2010, 719,000 knee replacements(35), 500,000 total hip replacements(37) and 700,000

dental implants(36) will be conducted annually, the majority of which will be for patients as

young as 45 years of age.(37) Due to the increasing life expectancy of the U.S. population,

longer lasting and rapidly integrated implants are needed. Ti-6Al-4V alloy (Ti-V) is popular

for orthopaedic and dental implants due to its biocompatibility, corrosion resistance, atoxicity,

and integration to the host bone (osseointegration).(36; 6; 7; 8; 9; 10; 11; 12) Insufficient or

poor host bone quality can lead to failures of these implants, resulting in aseptic loosening

and lack of osseointegration(176; 42; 177) which may be enhanced by changes in implant sur-

face composition, energy, and topography(36; 8; 9; 49; 135; 178; 24; 28; 25; 29; 30; 179; 180; 181).

The surface native oxide of Ti and its alloys has been shown to promote osseointegration as

indicated by up-regulation of markers such as bone morphogenetic protein (BMP) and TGF-

β1./ (24; 25; 18; 19; 20; 21; 22; 23; 26) Specifically, the surface oxide (TiO2) dissociates water

in biological environments and the resultant hydroxyl groups increase the surface energy and

promote the process of cellular adhesion.(28; 25; 29; 30; 27) In addition, the passive layer

prevents aluminum (Al), vanadium (V), and titanium (Ti) from dissolving into the biological

environment (corrosion resistance).(10; 182) Techniques such as atomic layer deposition, chemi-

cal vapor deposition, thermal oxidation (TO), sandblasting/acid-etching, and anodization have

been used to improve osseointegration as previously discussed.(2) Specifically, as a result of
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the increased surface area, TiO2 nanotubes (TNTs) formed by anodization enhance human

mesenchymal stem cell (hMSC) adhesion.(10; 26; 70) TNTs are created by an anodic oxidation

process using an electrochemical cell and an electrolyte.(10; 72; 71; 73; 74; 75; 76; 77) For a

fluorine (F) containing electrolyte, the oxidation and dissolution kinetics of TiO2(10; 76; 77)

consists of i) H+ ion induced F− ion migration leading to formation of a fluoride rich layer

at the oxide-metal interface, ii) a flow mechanism results in displacement of the fluoride rich

layer towards the cell boundaries, iii) dissolution of the fluoride rich cell boundaries, and iv)

dehydration leading to formation of separated TNTs.(10; 77) Changing the applied voltage,

fluorine wt. % electrolyte composition, or duration of anodization can affect TNT aspect ratio

(diameter/length).(10; 78; 79) Finally, thermally treated TNTs have shown to further improve

cellular response.(27; 73; 80; 81)

Previously, prenitridation treated substrates and their effect on the crystallinity of deposited

or anodized films has been investigated.(183) While traditional anodization studies investigate

TNTs formed on as-is Ti-V consisting of an amorphous native TiO2 surface, this study aims to

investigate TNT formation on thicker and crystalline TiO2 which may affect the formation of

TNTs and their properties.

2.3.2 Methods and Materials

2.3.2.1 Sample Preparation

28 Ti-V disks (diameter=15 mm, height=1 mm) were cut and polished from Ti-V rods

(McMaster-Carr). A smooth surface (RA = 10 ± 2 nm) was achieved by i) wet-grinding using a
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Figure 11: Schematic with labeled parts of A) the Lindberg furnace and temperature controller,
B) anodization set-up, and C) experimental protocol.

series of Carbimet 2 silicon carbide grinding papers (#200, 320, 400, 600, and 800: Buehler), ii)

polished using a TexMet Polishing Cloth (Buehler), MetaDi 9µ diamond paste (Buehler), and

MetaDi Fluid lubricant (Beuhler), and iii) fine-polished using a Chemomet I polishing cloth

(Buheler) with MasterMed colloidal silica polishing suspension (Buehler). Samples were rinsed

with DI-water (17.7 MΩ-cm, Barnstead NANOPure) followed by drying with N2 gas spray

(Grade 4.8, 99.998 %, Progressive Industries, Inc.).

A Lindberg furnace (S# 54032) was used for TO-treatments; a K-type thermocouple was

placed at the center of the furnace quartz tube (35 cm from opening) and connected to a

temperature controller (JLD-612) to maintain working temperatures ( Figure 11). A grad-
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Figure 12: Calculated diffusion depths of oxygen in Ti-V alloy during thermal oxidation (TO)
as a function of temperature and time. INSET: Oxygen diffusion depths for control and TO-
treatments of 200 and 300 ◦C. Parameter constants were obtained from the literature.(184; 185)

ual insertion and extraction rate of 5 cm every 5 minutes was used to prevent micro-cracks

from thermal shock. Based on diffusion coefficients from literature, Figure 12 shows oxygen

diffusion depth for temperature of treatment up to 700 ◦C over 5 hours.(184; 185)

However, only the upper most 10-20 % of the calculated diffusion depth is expected to

be TiO2 while the remainder of the diffusion depth may be composed of sub-oxides due to

insufficient oxygen diffusion.(186) For example, oxygen is calculated to diffuse 60 nm into Ti-V
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from a 3 hour 300 ◦C TO-treatment, while TiO2 is reported to be under 12 nm.(186)

For anodization, a voltage source (Keithley 2400 SourceMeter) was connected to Ti-V samples

(working electrode) and a copper counter electrode in electrolyte of ethylene glycol (EG, 96.15

ml), 4.0 vol. % DI-water (3.85 ml), and 0.2 wt. % NH4F (0.21 g) ( Figure 11). Ti-V samples

were anodized at 60 V at room temperature for 15 min. After anodization, samples were rinsed

with DI-water, air dried and wrapped in sterile tissue (Kimwipe, Kimtech Science) and stored

in a glass petri dish (KIMAX R© Petri Dish). The experimental groups are listed in Figure 11

and Table VII.

2.3.2.2 Surface Characterization

Surface characterization was carried out to monitor changes in chemical composition, crys-

tallinity of TNTs, surface morphology, and wettability due to thermal treatment and its effect

on anodization.

Surface roughness measurements (average roughness) before and after TO-treatment was car-

ried out using white light interferometry (WLI, NewView 6300, Zygo Corporation). Due to the

high aspect-ratio of TNTs, surface roughness measurements were not carried out on anodized

samples. A JEOL JSM-6320F field emission scanning electron microscopy (FESEM) system

was used for surface characterization of TO-treated and TO/anodized samples (30k magnifica-

tion). Anodized sample surfaces were scratched to remove TNTs onto double sided conductive

carbon tape mounted on an aluminum stub and ImageJ software was used to determine TNT

dimensions.

TiO2 crystallinity of TO-treated samples was studied using Grazing Incidence X-ray Diffrac-
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Treatment 1 Short

Name

Treatment

2

Short

Name

None Control Control +

Anodized, 60

V, 15 min

CTNT

Thermal Oxida-

tion, 200 ◦C 3 h, in

air

TO-200 TO-200 +

Anodized, 60

V, 15 min

200TNT

Thermal Oxida-

tion, 300 ◦C 3 h, in

air

TO-300 TO-300 +

Anodized, 60

V, 15 min

300TNT

Thermal Oxida-

tion, 400 ◦C 3 h, in

air

TO-400 TO-400 +

Anodized, 60

V, 15 min

400TNT

Thermal Oxida-

tion, 500 ◦C 3 h, in

air

TO-500 TO-500 +

Anodized, 60

V, 15 min

500TNT

Thermal Oxida-

tion, 600 ◦C 3 h, in

air

TO-600 TO-600 +

Anodized, 60

V, 15 min

600TNT

Thermal Oxida-

tion, 700 ◦C 3 h, in

air

TO-700 TO-700 +

Anodized, 60

V, 15 min

700TNT

TABLE VII: Breakdown of treatments and respective group labels.
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tion (GIXRD) Spectroscopy, carried out at the Frederick Seitz Materials Research Laboratory

Central Facilities, University of Illinois at Urbana-Champaign. A Philips X′pert # 2 MRD

system was used with a point parallel plate configuration, 0.1542 nm x-ray emission line of

Cu point focus x-ray source, and 2-theta-omega setting. An angle of incidence of 1◦ was used

to optimize sensitivity for the thin crystalline TiO2 films. Due to the high aspect ratio of

TNTs, crystallinity of TO/anodized surfaces apparently could not be studied using GIXRD.

For the TO-treated samples, PDF #′s 01-071-1166, 00-021-1276, 00-044-1294, 00-004-0787,

00-022-1058, 00-013-0373 were used for anatase, rutile, titanium, aluminum, vanadium, and

alumina (Al2O3), respectively.

Chemical composition of TO-treated and TO/anodized surfaces was studied using a diffuse re-

flectance Fourier transform infrared (FTIR) spectroscopy (Nicolet, Madison, WI, USA) with a

deuterated triglycine sulfate (DTGS) KBr detector and an energy dispersive x-ray spectroscopy

(EDS) attachment to the JEOL JSM-6320F FESEM. For FTIR spectroscopy, a smooth-polished

as-is Ti-V sample was used as a background for all scans, one hour purging time and a 2 cm−1

resolution was used over the range of 4000-400 cm−1. FTIR spectra were analyzed with linear

background and deconvoluted using Gaussian-Lorentian peak shape function with a spectral

peak-fitting software.

Using EDS for TO-treated samples, different locations from the sample surface were analyzed.

For TO/anodized samples, surfaces were scratched to remove TNTs onto double sided conduc-

tive carbon tape mounted on an aluminum stub; dimensions of randomly selected scratched-off

TNTs from anodized surfaces were analyzed. All scans were carried out with 30k magnification.
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An acceleration voltage of 10 keV was used for all EDS scans; of the elements expected, two

times the emission energy of the element with the highest emission energy is is recommended.

Emission energies of aluminum (Al), titanium (Ti), and vanadium (V) are 1.486, 4.508 and

4.949 keV, respectively.

Wettability was studied using a goniometer (Rame′-Hart NRL CA). After TO and TO/anodization

treatments, samples were wrapped in sterile tissue and stored in a glass petri-dish. Before water

contact angle (WCA) measurement, samples were removed from storage and sprayed with N2

gas for 30 seconds to remove any sterile tissue residue. A micro-syringe (Hamilton, 802RN)

was used to place 5 µL DI-water sessile droplets on TO-treated and TO/anodized Ti-V sur-

faces. Images of the droplets were taken using the goniometer and ImageJ software with a

Contact Angle plugin was used to calculate WCA. WCA measurements were taken at the fol-

lowing stages: 1) immediately after TO-treatment, 2) over a two week storage period following

TO-treatment, 3) after methanol sonication and DI-water rinse following storage, 4) immedi-

ately after anodization, 5) over a two week storage period following anodization, and 6) after

methanol sonication and DI-water rinse following storage. Prior to WCA measurements during

the two week storage period, TO and TO/anodized samples (stages 2 and 5, respectively),

samples were removed from sterile tissue wrap on Day 1, 2, 7 and 14 and sprayed with N2 gas

for 30 seconds to remove residue. After WCA measurements, samples were returned to sterile

tissue wrap for storage.
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2.3.2.3 Statistical Analysis

Statistical software (SPSS v. 22.0, SPSS Inc., Chicago, IL, USA) was used for descriptive

and statistical analyses. One-way ANOVA was used to determine significance of the differences

in surface wettability, average surface roughness, and TNT dimensions. Due to unequal vari-

ances, Games-Howell post hoc analysis was used for pair-wise comparisons within these groups.

For all analyses, p-values < 0.05 were considered statistically significant.

2.3.3 Results and Discussion

2.3.3.1 Surface Morphology

FESEM images and WLI data of TO-treated samples ( Figure 13 and Figure 14, re-

spectively) show a correlation between TO-treatment temperature and resulting surface rough-

ness.(187)

Average roughness (RA) values for TO-500, TO-600, and TO-700 samples (36 ± 3, 29 ±

4, and 180 ± 10 nm respectively) were significantly higher than that of control samples (10

± 2 nm, p ≤ 0.001). TiO2 crystallization (anatase or rutile) due to TO-treatment induces

stresses which produce changes in surface morphology, which may in turn increase surface

roughness.(188; 189; 190) Surface roughness TO-200, TO-300 and TO-400 groups are similar

to that of control samples, indicating that changes due to thermal treatment were insignificant.

For morphological analysis of TNTs, inner diameters (ID), surface pore inner diameters

(SID), lengths and outer diameters (OD) were compared ( Figure 13 and Figure 15) and

results are given in Figure 16. Surface pores are visible on CTNT, 200TNT, and 300TNT

samples ( Figure 13A - Figure 13C) with no significant difference. Few surface pores are
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Figure 13: Field emission scanning electron microscopy (FESEM) images of surface topography
of A) control and thermally treated at B) 200, C) 300, D) 400, E) 500, F) 600, and G) 700 ◦C
Ti-V samples before and after anodization treatments. Reduced and smaller surface pores are
observed as a function of pre-anodization TO-treatment temperature. Circled areas represent
dissolution of vanadium rich areas. Anodization treatment was conducted using a fluorine
containing ethylene glycol electrolyte at 60 V for 15 min.
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Figure 14: White light interferometry data of A) control and TO-treated thermally treated at
B) 200, C) 300, D) 400, E) 500, F) 600, and G) 700 ◦C Ti-V samples. The data shows an
increase in roughness for samples treated at temperatures 500 ◦C. The data corroborates with
FESEM images of TO-treated surfaces ( Figure 13). Control is denoted as “a” and all other
alphabetical markers are for significant difference vs. control with p ≤ 0.05. Thermal oxidation
was conducted in air.
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observed for 400TNT sample, and no surface pores are observed for 500TNT, 600TNT, and

700TNT samples ( Figure 13D - Figure 13G). However, TNTs are observed for all groups

except for 700TNT samples ( Figure 13). 700TNT samples, therefore, are omitted from all

morphological analysis. No significant difference was observed in the inner and outer diameters

(ID and OD, respectively) of TO/anodized samples. However, significantly longer TNTs were

observed for all TO/anodized samples as compared to CTNT samples (p ≤ 0.001), except

for 600TNT (p = 0.354) and 700TNT samples (no TNTs). TNTs of 300TNT samples were

observed to be the longest among the anodized groups ( Figure 15).

The morphological differences may be explained by the TO-formed oxide and its effect on

the anodization step which forms the barrier-like oxide layer (BOL).(10; 27; 72; 71; 75; 191)

During anodization, an equilibrium between oxidation/dissolution of the BOL in the presence

of fluoride ions lead to the formation of TNTs.(10; 75) However, an existing oxide (from TO-

treatment) may alter the timing of the oxidation/dissolution equilibrium.(2) The final TNT

structure composed of a mixture of TiO2, TiOH4, and [TiF6]
2−; [TiF6]

2− is the likely by-

product of fluorine dissolution of the BOL. Upon removal of the electrolyte, the dehydration of

anodized samples leads to TNT separation.(76) As reported in literature, the BOL is formed for

a period of time as the initial step of anodization until the oxidation/dissolution equilibrium is

reached.(10; 2; 75; 76; 192) Compared to CTNT samples, the 43 % increase in TNT lengths seen

on 300TNT samples suggests that the BOL formation step was shortened or subsequent TNT

formation was accelerated. A by-product of BOL formation is the production/accumulation of

H+ ions, which attract F− ions necessary for dissolution of the BOL.(10; 75; 76; 192) Similarly,
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Figure 15: FESEM images of TiO2 nanotubes (TNT) of A) CTNT, B) 200TNT, and C)
300TNT, D) 400TNT, E) 500TNT, F) 600TNT, and G) 700TNT samples. Longer TNTs are
observed on 300TNT samples as compared to all others. Anodization treatment was conducted
using a fluorine containing ethylene glycol electrolyte at 60 V for 15 min.
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Figure 16: Dimensions of TNTs: anodized sample surfaces were scratched to remove TNTs
onto double sided conductive carbon tape mounted on an aluminum stub. ImageJ was used to
measure the TNT length, surface inner diameter (SID), and inner/outer diameters under the
surface (ID and OD). INSET: Blowup of OD, SID, and ID. Control is denoted as “a” and all
other alphabetical markers are for significant difference vs. control with p ≤ 0.05. Anodization
treatment was conducted using a fluorine containing ethylene glycol electrolyte at 60 V for 15
min.
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at the bottom of the growing nanotubular structure, new TiO2 complexes are formed as the

underlying bulk Ti-V is exposed to the electrolyte. H+ ions are produced and accumulate, and

F ions migrate to the bottom of TNTs and the nanotubular structure grows as the cycle of

oxidation/dissolution continues.(10; 75; 76; 192) There are two specific ways the TO-formed

TiO2 may affect this anodization process: 1) by altering H+ ion production and, therefore, 2)

F− ion transport ( Figure 17).(2)

Hydrogen Ions: In addition to thicker oxides, thermal treatment can also alter the crys-

talline structure of the oxide. H2O dissociation on anatase and rutile surfaces may produce

more H+ ions than on amorphous TiO2.(25; 120; 121) Therefore, F− migration/accumulation

at the oxide/electrolyte interface may accelerate, and the dissolution of the BOL and oxida-

tion/dissolution equilibrium and formation of TNTs would be achieved earlier. Although TNTs

of all groups (except for 600TNT and 700TNT) acquired significantly longer TNTs (p ≤ 0.001),

the increase in length is 7 - 14 %, while TNTs of 300TNT samples increased by 43 %. The

oxidation/dissolution equilibrium may be delayed, however, as a thicker oxide takes longer to

dissolve. For example, TO-700 samples are predicted to have an oxide of nearly 800 nm and no

TNTs were observed on 700TNT samples.(186) In contrast, TO treatment of 300 ◦C is expected

to result in an oxide of less than 16 nm.(186) It should be noted that TO-600 samples are pre-

dicted to have nearly 400 nm of surface oxide (rutile), however, TNTs of 600TNT samples are

similar in length to that of CTNT samples (1.5 ± 0.2 µm vs. 1.4 ± 0.1 µm, respectively, p =

0.354). While the dissolution of the thicker oxide of TO-600 samples may take more time than

control samples, H+ ion production from dissociation of H2O by crystalline TiO2 may attract
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Figure 17: Schematics of anodization process. i) Oxidation at the electrolyte and Ti-V interface
leads to formation of barrier oxide layer (BOL) and accumulation of H+ ions that attract F−

ions, resulting in etching or dissolution of BOL, ii) etching leads to formation of nano-pores
which grow into nanotubes, and iii) as oxidation/dissolution steps reach equilibrium at the Ti-V
bulk and nanotube interface, nanotubes grow into the Ti-V bulk. TNTs have potential to be
hydrophilic and loaded with antibiotics or cell media. Anodization treatment was conducted
on control and heat-treated Ti-V surfaces using a fluorine containing ethylene glycol electrolyte
at 60 V for 15 min.
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more F− ions to the surface. However, once F− ions dissolve enough TiO2 to expose bulk Ti to

the electrolyte, the anodization process shifts to formation of TNTs and the amplified presence

of F− ions would accelerate TNT formation. The accelerated TNT formation may be such that

TNTs are similar or longer than those of CTNT samples.

Similarly, the oxide of TO-200 samples (amorphous) is predicted to be only a few nms

thicker than control samples and 200TNT samples have TNTs of 1.6 ± 0.03 µm in length; TO-

400 samples are predicted to have 50 nm of oxide (anatase, some rutile) and 400TNT samples

have TNTs of 1.5 ± 0.05 µm in length; TO-500 samples are predicted to have 160 nm of oxide

(anatase-rutile) and 500TNT samples have TNTs of 1.6 ± 0.1 µm in length (all longer than

CTNT with p ≤ 0.001). The data suggests that crystalline structures and thickness of TiO2

play competing roles; the crystalline TiO2 speeds up the accumulation of H+ ions and F− ions

during dissolution of TiO2 and may play a part in accelerating TNT formation while the thicker

oxide (50 nm or greater) delays dissolution. Therefore, a thin rutile oxide of about 10 nm, for

example, may accelerate anodization.

Fluorine Ions: Crystalline TiO2 is known to be more reactive than amorphous TiO2 and dif-

fusivity of TiO2 increases when doped with non-metals such as fluorine,.(193; 194; 195; 126; 196)

In prior work, {001} anatase facets were suggested to be the cause for accelerated TNT for-

mation.(2) However, GIXRD data shows that the {004} anatase facet, which grows along the

{001} direction, does not appear for treatment temperatures < 500 ◦C. This may explain the
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observation that TNTs of 500TNT and are significantly longer and TNTs of 600TNT samples

are as long as TNTs of CTNT samples (p ≤ 0.001 and p = 0.354, respectively). In addition,

the interstitial spaces within an anatase cell, Wagemaker et al. suggests, may promote diffusion

of foreign ions and while in small quantities (GIXRD spectra), the anatase structure of TO-

300 samples promotes diffusion of F− ions and therefore anodization steps containing fluorine

may accelerate.(76; 194; 197; 198) Although rutile structure has higher diffusion rates for dis-

tances of ms when compared to amorphous and anatase TiO2, electron transport is slowed for

larger distances as ineffective grain stacking (grain boundaries) reduces interparticle connec-

tions.(193; 195) Therefore, it may be that the thicker rutile TiO2 formed during 500, 600 and

700 ◦C TO-treatment slows transport of F ions within the oxide and therefore the anodization

reactions.(193; 195)

The difference in the number and size of surface pores can also be explained by H+ ion produc-

tion and F− ion transport. Water plays two roles in TNT anodization; oxide growth and H+

ion production. As explained earlier, the accumulation of H+ ions from TiO2 production leads

to attraction of F− ions necessary for dissolution kinetics. As TNTs become longer during an-

odization, the F− ions accumulate at the bottom of TNTs where new H+ ions are produced via

TiO2 production; since TiO2 is no longer formed at the surface, dissolution by F− ions ceases

there.(75; 199; 200; 201) Based on this phenomena, the more TiO2 exists before anodization,

the more TiO2 will remain on the surface after anodization and reduce the number and size

of the surface pores. The remaining TiO2, however, may not be more than a few nm′s thick.

Increasing the water content in the electrolyte solution, however, may accelerate the removal
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of extra TiO2 before the oxidation/dissolution equilibrium is reached.(75; 199; 200; 201)

In summary of this section, two main chemical processes are affected by the surface oxide: H+

ion production and F− ion transport. These chemical processes are responsible for the forma-

tion of TNTs and therefore affect their morphology. It is observed that a thin crystalline oxide

prior to anodization will accelerate TNT formation. In addition, increased H2O content in the

anodization solution would promote surface pore formation.

2.3.3.2 Anodization of TO-treated-ALD-Deposited Ti-V Surfaces

Following these findings, additional experiments were conducted. Ti-V samples were ALD-

deposited with 30 nm of TiO2, followed by TO-treatment at 300, 450, and 600 ◦C for 5 mins.

The results corraborate previous assumption of crystallinity affecting anodization mechanism.

Since 450 ◦C would convert more of amorphous TiO2 to anatase TiO2, the results are more

pronounced than previously. The TNTs are longer, and in addition are thicker walled. This

treatment sequence provides an excellent method for thick walled TNTs which may be able to

withstand wear conditions better.

2.3.3.3 Surface Composition and TiO2 Crystallinity

FTIR and GIXRD spectra of TO-treated samples are given in Figure 18 and Figure 20,

respectively; FTIR spectra of TO/anodized samples are given in Figure 21. All GIXRD

peaks are identified by the 2θ location. Due to the small amounts of aluminum and vanadium

present in Ti-V, these elements may or may not show up on any given sample.

It is observed that the crystalline structure changes from amorphous to anatase (at as low

as 300 ◦C TO-treatment) and to rutile (at as low as 400 ◦C TO-treatment). Various facets
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Figure 18: Absorbance Fourier transform infrared (FTIR) spectra of control and TO-treated
samples. Significant differences in chemical composition are observed in the metal-oxide regions
as a function of treatment temperature. H2O, CO2, and metal-oxide regions are marked.
Absorbance FTIR spectroscopy was conducted with a diffuse reflectance accessory, a deuterated
triglycine sulfate (DTGS) KBr detector, and purging time of 1 h.
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Figure 19: Dimensions of TNTs: anodized sample surfaces were scratched to remove TNTs
onto double sided conductive carbon tape mounted on an aluminum stub. ImageJ was used to
measure the TNT length, surface inner diameter (SID), and inner/outer diameters under the
surface (ID and OD). INSET: Blowup of OD, SID, and ID. Control is denoted as “a” and all
other alphabetical markers are for significant difference vs. control with p ≤ 0.05. Anodization
treatment was conducted using a fluorine containing ethylene glycol electrolyte at 60 V for 15
min.
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Figure 20: A) Grazing incidence x-ray diffraction (GIXRD) spectroscopy of control and TO-
treated samples. Significant differences in crystalline structures are observed as a function of
treatment temperature. B) PDF spectra of titanium, anatase, rutile, and alumina are provided.
GIXRD spectroscopy was conducted using a point parallel plate configuration, 0.1542 nm x-ray
emission line of Cu point focus x-ray source, and 2-theta-omega setting. An angle of incidence
of 1 ◦ was used to optimize sensitivity for the thin crystalline TiO2 films.
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Figure 21: Absorbance FTIR spectra of TO/anodized samples. Significant differences in chem-
ical composition are observed for samples with pre-anodization temperatures of above 400 ◦C.
Absorbance FTIR spectroscopy was conducted with a diffuse reflectance accessory, a DTGS
KBr detector, and purging time of 1 h.
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of anatase/rutile appear in the spectra at different temperatures, suggesting that some facets

of anatase/rutile form at higher temperatures than that of other facets of anatase/rutile. In

addition, several titanium peaks are observed decreasing as a function of treatment tempera-

ture, suggesting that titanium is oxidized at higher quantities within the volume analyzed by

GIXRD. Detailed explanation is given in the supplemental material.

Due to 1) the irregular surface roughness and 2) the various components of the alloy and their

effect on surrounding bond stretch/vibrations, peak positions may have blue-shifted (lower

cm−1) or red-shifted (higher cm−1) compared to absorption bands reported in literature. The

following peaks are observed in all FTIR spectra due to the residual air in the FTIR purging

chamber ( Figure 18). Three minor peaks seen between 2320 - 2380 cm−1 are associated with

gas phase CO2(158) and the “noise” seen between 3400-4000 cm−1 and between 1200-2000

cm−1 are associated with the O-H bond stretch and vibration intensities of absorbed/adsorbed

and dissociated H2O(153; 202; 150; 150; 149; 155; 156; 203), CO2(158), CO3
−2 (158; 204), or

carboxyl groups (COO−) from interaction of TiO2 with CO2 or any surface carbon contam-

ination(203; 154). While in low quantity, a sharp CO2 peak is observed at 667 cm−1 which

increases as a function of TO-treatment temperature, suggesting that crystalline TiO2 more

readily accepts CO2 absorption.(144; 143) As stated earlier, TO-treatment induces crystallinity

and thicker oxides that in general causes a downshift in the metal-oxide peaks. No peaks in the

spectra of control samples should be observed since the background sample and control sample

are the same.

The FTIR spectra of TO-200 sample, is also nearly flat with some small peaks. Likewise,
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increased intensity is observed in the metal-oxide region (1200-400 cm−1) with increased tem-

perature of treatment, with the greatest change seen in the TO-700 sample. In addition, anatase

TiO2 is observed to increase and decrease as temperature of treatment is raised from 300 to

600 ◦C and disappear by 700 ◦C (Supplemental Material). At the same time, rutile TiO2 is

observed to increase at treatment temperatures ≥ 400 ◦C (Supplemental Material). It is noted

that not all peaks for anatase or rutile are observed where these TiO2 structures are present,

which leads to the suggestion that certain temperature of treatments produce different facets

of the same TiO2 structure (corroborated by GIXRD spectra). Finally, a significant increase

in alumina and byproducts of reactions between rutile and surface CO2, carbon contamination,

and H2O are observed in the spectra of TO-700 samples. Further related explanation is given

in the supplemental material.

As seen in Figure 21, the intensity of FTIR spectra increased significantly for all TO/anodized

samples when compared to TO-treated samples, indicative of the significant increase in TiO2

due to anodization vs. TO-treatment. While the TO-700 and TO-600 samples may contain

up to 800 and 400 nm of oxide, respectively, the remainder of groups contain thinner oxides.

By comparison, TNTs between 1.4 and 2.0 µm long are observed on all TO/anodized sam-

ples. Therefore, the intensity of the spectra of TO-700 samples is similar to the spectra of

TO/anodized samples. As already explained, bulk Ti needs to be exposed to anodization elec-

trolyte before nanotubes can form. The oxide obtained on TO-700 samples may have been too

thick to be dissolved within 15 min. As a result, FTIR spectra of 700TNT samples look similar

to that of TO-700 samples.



71

The spectra of TO/anodized samples show, however, that chemical composition of TNTs

(seen between 400-1200 cm−1) is nearly similar among the groups (with the exception of

700TNT where no TNTs are observed), indicating that the pre-anodization TO-treatment did

not significantly alter the anodization product. Differences in surface CO2 and H2O absorp-

tion/adsorption signatures (above 1200 cm−1) are observed on 500TNT and 600TNT samples

as compared to the other samples, possibly due to the lack of surface pores which may interfere

with absorption/adsorption of CO2 and H2O. Based on area-under-the-peak plots of individual

peaks, no consistent trends as a function of pre-anodization TO-treatment temperature are ap-

parent. Combinations of amorphous, anatase, and rutile signatures are seen in all samples with

significantly larger intensities as compared to TO-treated samples (Supplemental Material).

There are five main regions of interest: 2800-4000 cm−1 (water adsorption/absorption), 2800-

1800 cm−1 (water adsorption/absorption and CO2 adsorption and reaction by-productions),

1800-1200 cm−1 (water adsorption/absorption and anodization electrolyte residue), and 1200-

400 cm−1 (metal-oxide). Water (H2O) and carbon dioxide (CO2) adsorption/absorption occur

at higher levels on TO/anodized samples than TO-treated samples; with the exception of

700TNT sample which is similar to the TO-700 sample, indicating that no nanotubes were

formed (corroborated by FESEM). For 500TNT and 600TNT samples, few or no surface pores

are observed on the surface which is correlated with FTIR spectra with significant differences

in the water absorption/adsorption regions (2000-1400 cm−1, 2800-1800 cm−1, and 3800-3000

cm−1). Lack of surface pores would alter the interaction of ambient H2O and CO2 with TNTs,

and therefore affect the FTIR spectra. Several C-H and N-H bond peaks representing left-over
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residue from the anodization solution were also observed in the FTIR spectra of TO/anodized

samples. All samples also have signatures for alumina, which may be present in small quantities

left-over from the anodization process.

The anaylsis of FTIR spectra in this study are in agreement with those reported by D. H.

Shin et al. and S. Patel, et al., however, this study offers in-depth deconvolution analysis not

addressed in those studies.(143; 81) It is deduced that the FTIR spectra of TNTs have distinct

signatures and that FTIR spectroscopy is rather a simple and effective surface characterization

technique which can be used to validate whether TNTs have formed before turning to more

elaborate and time consuming technique such as FESEM. GIXRD of TO/anodized samples was

not possible due to the high aspect ratio of the nanotubular surface.

2.3.3.4 Variations in Water Contact Angle

WCA measurements for TO-treated and TO/anodized samples are presented in figures 11

and 12, respectively. As seen in Figure 22, samples treated at ≥ 500◦C obtained the most

hydrophilic surfaces (≤ 5◦) immediately after TO treatment.

For samples treated at 300 ◦C < T < 700 ◦C, WCA was observed to be significantly lower

compared to control (p ≤ 0.003); no significant difference is observed between control and TO-

200 samples (p = 0.77). Crystalline structure of TiO2 promotes dissociation of H2O molecules,

leading to hydroxylation of the surface (25; 120; 121) which attracts H2O molecules that form

OH-H2O complexes and promote water adsorption.(121) Samples treated at temperatures ≥

300 ◦C have significantly lower WCA after TO-treatment, indicating that formation of anatase

and, at higher temperatures, rutile, leads to greater hydroxylation, and therefore lower WCA.
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Figure 22: Water Contact Angle (WCA) measurements taken after TO-treatment. TO-
treatment result in significantly hydrophilic surfaces; WCA increases significantly by Day 14
for all groups; and WCA decreases significantly after methanol sonication and DI-water rinse
(denoted by “∗”) for all groups except for control and TO-200 samples. Control group is de-
noted as “A” and all other upper-case alphabetical markers are for significant difference for
TO-treatment groups vs. control group on the specific day of WCA measurement with p ≤
0.05. Within each treatment group, storage on Day 0 is denoted as “a” and all other lower-case
alphabetical markers are for significant difference vs. Day 0 with p ≤ 0.05. AGAS = AGed -
After Sonication.
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However, samples treated at temperatures < 400 ◦C become hydrophobic after just two days,

with samples treated at ≥ 400 ◦C becoming hydrophobic after seven days.

Interestingly, the increase in WCA to 75 ± 9 ◦ for control and TO-treated samples may imply

that regardless of treatment, wettability is lost over long periods of storage. Just as hydroxyla-

tion leads to hydrophilic surfaces, dehydroxylation during storage is attributed to the hydropho-

bic behavior. While storage leads to hydrophobic surfaces, a significant decrease in WCA is

observed following methanol sonication and DI-water rinse after storage (in Figure 22, aged-

after sonication = AGAS); decrease in WCA to 36 ± 10 ◦ for all TO-treated samples compared

to 51 ± 4 ◦ for control samples, with significant decrease for samples treated at ≥ 400 ◦C

when compared to control samples (p ≤ 0.008). All samples were stored in similar conditions,

therefore the wettability behavior may be explained by TO-formed crystalline structure and

its interaction with H2O. Hydroxylation is a by-product of H2O dissociation, which produces

H+ ions during anodization; therefore, WCA analysis corroborates the earlier discussion of H+

ions.

As seen in Figure 23, all anodized samples displayed hydrophilic behavior (≤ 10 ◦) regard-

less of the pre-anodization TO-treatment temperature. FTIR spectra of TO/anodized samples

suggest no significant differences between the groups and control/anodized samples, suggesting

that no significant changes in the chemical composition or structure occurred due to the TO-

treatment. However, the FTIR spectra also show a combination of amorphous, anatase, and

rutile TiO2 for all the TO/anodized samples (Supplemental Material). Therefore, the vary-

ing hydrophilic behavior observed may be due to the difference in the aspect ratio of TNTs
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Figure 23: WCA measurements taken after TO/anodization treatment. TO/anodization treat-
ment result in significantly hydrophilic surfaces; WCA increases significantly over time for all
groups; and WCA decreases significantly after methanol sonication and DI-water rinse (denoted
by “∗”) for all groups except for 600TNT and 700TNT samples. Control group is denoted as “A”
and all other upper-case alphabetical markers are for significant difference for TO-treatment
groups vs. control group on the specific day of WCA measurement with p ≤ 0.05. Within
each treatment group, storage on Day 0 is denoted as “a” and all other lower-case alphabet-
ical markers are for significant difference vs. Day 0 with p ≤ 0.05. AGAS = AGed - After
Sonication.
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as a function of pre-anodization TO-treatment; surface area available for interaction between

TiO2 and water affects wettability.(10; 27; 70) Previously, average roughness values have been

reported for smooth/anodized surfaces to be two orders of magnitude greater than smooth

surfaces.(81) Similarly, surface area of anodized surfaces is anticipated to be higher. Storage

resulted in increased WCA for anodized groups as well (61 ± 12 ◦ for all anodized samples);

wettability of 300TNT samples decreased less than CTNT samples (68 ± 4 ◦ vs. 77 ± 6 ◦, p ≤

0.001). Hydrophobic behavior on anodized samples was observed to increase at a slower pace

as compared to TO-treated samples; WCA increased to 58 ± 12 ◦ for all TO/anodized groups

compared to 73 ± 9 ◦ for control/anodized samples. While wettability of TO-treated samples

stabilized within days after thermal treatment, the wettability of anodized groups was not sta-

bilized over the two weeks of storage studied, suggesting a slower dehydroxylation process. The

larger surface area of anodized surfaces leads to higher saturation of H2O during hydroxylation

(methanol sonication and water rinse) and dehydroxylation takes longer (during storage). Air

entrapment in the nano-structures, however, may lead to even higher WCA in the long run as

compared to control and TO-treated samples.(205; 206) It has been reported in the literature

that a hydrophobic surface attracts air(205) which, when trapped in the nano-structures of

TNTs, would prevent contact between TiO2 and H2O (hydrophobic behavior).(205; 206) For

anodized samples, methanol sonication and DI-water rinse (in Figure 23, aged-after sonication

= AGAS) led to a decrease in WCA to 41 ± 11 ◦ for all anodized, with significant decreases for

CTNT, 200TNT, 300TNT, 400TNT, and 500TNT samples (p ≤ 0.04). However, no significant

difference was observed within the anodized groups. In addition, while a mixture of crystalline
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structures are observed in FTIR spectra (Supplemental Material), difference in surface pores

suggest some TiO2 from TO-treatment remain after anodization, which may have affected wet-

tability, especially for TO/anodized samples with surface pores. For those samples, increased

surface area of mixed crystalline structure and crystalline oxide left over from TO-treatment

on the surface may improve wettability, as seen by WCA measurements taken after methanol

sonication and DI-water rinse after storage.

Based on WCA analysis, two outcomes are observed: 1) dehydroxylation of anodized surfaces

takes longer to occur due to the larger surface area and 2) once dehydroxylation occurs, hydrox-

ylation from methanol sonication and DI-water rinse may be less effective due to air entrapment.

For TO-treated samples, air entrapment is not an issue due to the lack of nano-structures and

a greater decrease in WCA is observed when TO-treated samples are rinsed with DI-water.

2.3.3.5 Variations in Elemental Composition

EDS was used to quantify the elemental composition of the TO-treated and TO/anodized

surfaces. No difference in elemental composition was found for TO/anodized samples. A

sample spectrum is shown in Figure 24. TNT O:Ti ratio was calculated to be 2.2 ± 0.5 for all

TO/anodized surfaces, indicating presence of TiO2 in all of the observed TNTs. EDS of TO-

treated surfaces had limitations. EDS scans of TO-treated samples were conducted at various

angles and locations, however, oxygen was only observed on TO-600 and TO-700 samples as

TiO and TiO2, respectively. Due to the penetration depth of the EDS ebeam, the Ti-V bulk

contributed overwhelmingly to the spectra (90 % Ti, 6 % Al, and 4 % Al).(207; 208)

Based on EDS energy tables, EC for Ti is 4.508 keV and E0 is 10 keV. Using these values,
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Figure 24: Energy dispersive x-ray spectroscopy (EDS) of TNT taken from a 600TNT sample.
Titanium, aluminum, vanadium, nitrogen, and fluorine are labeled. Ti, Al, and V are from
Ti-V components, with the oxygen from TiO2 nanotubes, and residual fluorine and nitrogen
from electrolyte and/or presence of fluorine on TNTs in the form of TiF6

−2. Spectra from
all anodized samples showed calculated oxygen to titanium ratio of 2:1 (TiO2). Aluminum
and vanadium content are calculated to be less than 3 and 2 %, respectively, indicating that
majority of the oxygen content is in the form of TiO2.

the EDS e-beam penetration depth into the material is calculated to be roughly 600 nm. In

addition, in cases of high acceleration voltages and/or low atomic mass, the excitation volume is

in the shape of an elongated tear-drop.(207; 208) Therefore, unless an oxide is several hundred

nanometers thick the excitation volume of the ebeam would mostly analyze the bulk Ti-V.

Based on diffusion depths, the oxide is negligible for control and 200 ◦C TO-treated samples

and only ∼12, 50, and 160 nm thick for 300, 400, and 500 ◦C TO-treatments, respectively.
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2.3.4 Conclusion

The EG/NH4F/DI-water anodization mechanism on Ti-V samples with TO-formed TiO2

as a function of treatment temperature was studied. FESEM images and EDS analysis showed

that TNTs were formed on all but 700TNT samples and that TNTs were significantly longest on

300TNT samples. Chemical and structural analysis using EDS, FTIR and GIXRD spectroscopy

showed that thermal-treatment increases oxide thickness and introduces formation of anatase

and rutile crystalline structures of TiO2. GIXRD spectra showed that changes in crystallinity

of TiO2 can be observed in FTIR spectra (supplementary material). WCA analysis shows that

wettability of thermally treated and TO/anodized samples was improved when compared to

that of as-is Ti6Al4V and CTNT samples. It is found that anodization of Ti-V alloy with thick

crystalline oxide has several likely effects on the anodization process:

1. At the TiO2 surface/electrolyte interface, crystalline TiO2 apparently induced production

of H+ ions from the dissociation of H2O on the surface leading to increased F− ion migra-

tion in comparison with that of an amorphous surface (rutile > anatase > amorphous)

2. Increased presence of F− seems to accelerate reaction with TiO2 leading to accelerated

dissolution of TiO2, and anatase and rutile seem to accelerate this anodization step when

compared to amorphous TiO2

3. Delay of dissolution/oxidation equilibrium may be a result of the time required to dis-

solve a thick oxide before bulk Ti is exposed; bulk non-oxidized Ti is likely a necessary

component to form TNTs
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4. The longer dissolution step for thicker-oxide samples increases the presence of F− and

H+ ions. Once enough surface TiO2 has been dissolved to expose any bulk Ti to the

electrolyte, TNTs are initiated without complete dissolution of surface TiO2. As a result,

reduced number and size of surface pores are observed. Therefore, some crystalline TiO2

likely remains at the surface which can improve long term wettability.

Based on the above, a thin anatase + rutile mixture has been shown to promote alteration

in anodization products. Namely, longer and thicker-walled TNTs were produced. In addition,

higher anodization voltage and increasing electrolyte water content apparently enhance dissolu-

tion of TiO2 on the TNT surface, such that the surface pores are as wide as the inner-diameter

of TNTs. Increased TNT lengths, wider surface pores, and improved wettability can improve

cellular response, shelf-life of dental and orthopaedic implants, and create opportunities for drug

and cellular media loading applications. In addition, the thicker-walled TNTs and hydrophobic

nature of the air-trapping mechanism of nanotubes can be used to improve corrosion resistance

of electrodes and other related applications.
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2.4 Custom-built Tribocorrosion Apparatus and a Pilot Study

2.4.1 Introduction

Tribocorrosion is defined as the synergistic combination of oxidation/reduction reactions

and wear.(17; 209; 210; 211). While implant integration and infection control remain prior-

ities, poor tribocorrosion behavior of biomedical implants has continued to be a major con-

cern.(31; 212; 213; 214) Recently, several medical implant manufacturers issued recalls of their

hip implants with complications due to tribocorrosion.(41; 215) In one case, implant failure

was projected to affect 40 % of implant recipients.(41; 40) While such an extreme failure may

be uncommon, weight-bearing joint replacements, such as knee and hip implants, suffer from

long-term revision rates of 12 % (35) and 17 % (38), respectively.(216; 42; 177) The majority

of failures are due to aseptic loosening.(216; 42; 177) Aseptic loosening is thought to be the

result of chronic inflammatory response to implant surface debris and metal ions released as

a result of tribocorrosion at the implantbone interface.(42) While knee and hip implants may

last up to 12 years on average, the life-expectancy of the US population continues to rise.(38)

Consequently, replacement surgeries for dental, hip, and knee implants have seen an increase

of about 100 % over the past decade (37; 39; 217), especially for the 45-64 years age group

(37). The increase in life-expectancy coupled with the increase in the elderly population, and

increased implantation rate highlights the importance of a longer-lasting implant.

For a comprehensive investigation of biomaterials, such as Ti6Al4V alloy (TiV), tribocorrosion

studies are essential. For corrosion and tribology experiments, a potentiostat is used to analyze

electrochemical behavior.(209; 218) Investigators and research labs have attempted to modify



82

existing tribometers or purchase commercial tribocorrosion apparatuses, and even some have

attempted construction of a custom-built apparatus. While no standard exists for construc-

tion of a tribocorrosion apparatus, existing system designs can be studied to discover features

important for a tribocorrosion apparatus. The main objective of this study is to develop an

inexpensive, compact, and mobile tribocorrosion apparatus that is simple to use and has good

repeatability.

2.4.2 Tribocorrosion Apparatus

In order to develop a tribocorrosion apparatus, an in-depth study of existing literature is

required. The findings of the investigation and a validation pilot study are described below.

2.4.2.1 Considerations for Tribocorrosion Apparatus Design

A custom-built tribocorrosion apparatus offers the advantage of flexibility to reflect the

needs of the investigation. Priority must be given to important functions of a tribocorrosion

apparatus, while some functions may need to be sacrificed. For example, load cells for obtaining

normal and friction force values can cost several hundred dollars and may not be necessary

initially, but a robust motor which can run continuously for hundreds of cycles is necessary.

Once a design is established, the longevity of system components is a primary concern. In

particular, the motor used for tribology and the electrochemical cell used for electrochemical

measurement are important components. As already mentioned, the motor needs to be able

to run continuously for several hundred cycles per sample and test all the samples necessary

for successful completion of the study. The electrochemical cell should not leach material into

the solution and should be electrically inert. Also, the connecting wiring needs to be isolated
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from the solution. It is important to understand that while expensive industrial tribocorrosion

apparatuses are meant to function for several years, they may not be necessary for short-term

investigations. Finally, an investigator must also consider budget constraints and evolving

functional needs.

2.4.2.2 Non-uniformity in Literature

While all tribocorrosion systems are conceptually similar, there are some design differ-

ences reported in the literature. For example, a pin or ball of various materials is used as

a counter-body, which can have a unidirectional or reciprocal movement against the sample.

Other designs feature the sample moving against the stationary counter-body. Furthermore,

while linear reciprocating motion is common, a few systems employ a circular track, where the

pin or ball moves on the sample in a continuous or intermittent circular path, with or without

reciprocation.(218; 219; 220; 221; 222; 223; 224; 225; 226; 227; 228; 229; 230; 231; 232; 233)

In some cases, a warm water bath surrounds the electrochemical cell to mimic body temper-

ature.(224; 226; 230) Major differences and similarities between the systems in literature are

given in Table VIII and briefly described below.

• All of the systems incorporated a counter-body which is resistant to wear and is elec-

trochemically inert; the counter-body was routinely inspected, cleansed, and replaced as

needed.(218; 219; 220; 221; 222; 223; 224; 225; 226; 227; 228; 229; 230; 231; 232; 233)

The counter-body is required to perform in reproducible manner for every sample and

therefore special care needs to be taken. Conductive materials for the counter-body, for

example, would alter the electrochemical data.
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• All electrochemical cells, including the sample holder, were constructed of materials re-

sistant to corrosion, such as polyvinyl chloride (PVC) (218; 219; 220; 224; 228; 229; 234),

Teflon (221), acrylic (231), and polypropylene (227), while many others did not mention

the choice of material (222; 223; 225; 226; 230; 232; 233). Similar to the considerations for

the counter-body, any leached material from the electrochemical cell into the corrosion

solution may alter the tribological dynamics (third-body wear) and reaction kinetics.

• Nearly all of the examined apparatuses in the literature measure frequency of pin move-

ment using equipment such as laser diodes, photoelectric sensors, and tachometers.(218;

219; 220; 222; 224; 228; 233) The remainder of the systems mention control of pin move-

ment frequency and amplitude, however, no explanation is given for how pin movement

is monitored.(221; 223; 225; 226; 227; 229; 230; 231; 232) In order to replicate biological

phenomena, specific frequencies, length, and duration of movement are necessary. This

includes, but is not limited to, teeth, knees, and hips. All of these structures experience

different loads, movements, and physiological solutions.

• All systems used a combination of load cells and/or piezoelectric transducers for the

measurement of normal force and frictional force.(218; 219; 220; 221; 222; 223; 224; 225;

226; 227; 228; 229; 230; 231; 232; 233) Specifically, these components are used to ensure

that a constant load is applied to the sample surface and the coefficients of friction are

obtained to understand wear dynamics.

• While not mentioned specifically in all of the studies, the placement of counter and ref-

erence electrodes (CE and RE, respectively) relative to the working electrode (WE) was
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Figure 25: Custom-built tribocorrosion apparatus: a) image of the tribocorrosion apparatus,
b) rendering of the tribocorrosion apparatus, c) power supply, d) potentiostat, and e) data
acquisition PC using Sketchup8.

vital to prevent noise and collect accurate data.(218; 219; 220; 221; 222; 223; 224; 225;

226; 227; 228; 229; 230; 231; 232; 233)

2.4.2.3 Non-uniformity in Literature

Based on literature and investigational needs, the final design of the tribocorrosion apparatus

and components of the experimental setup are given in Figure 25. Sketchup 8.0 (Google Inc.,

Mountain View, CA, USA) was used to render a 3-dimensional model of the tribocorrosion

apparatus to feature the main components (Figure 25b).

The tribocorrosion apparatus includes (i) a motor and classic slider-crank mechanism for

linear reciprocal counter-body pin movement, (ii) electrochemical cell housing the WE, RE, and

CE, and (iii) a water-jacket surrounding the electrochemical cell with input and output ports
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Figure 26: Rendering of the electrochemical cell and tribometer: schematic of a) working elec-
trode connection, b) electrochemical cell with inlet and outlets for 37 ◦C water bath, reference
electrode (RE), counter electrode (CE) = graphite, and working electrode (WE) = TiV, and
c) tribometer indicating placement of weights.

for the heated and cooled water, respectively. A variable power supply (Kepco, MPS 620 M,

Flushing, NY, USA) is used to power the motor, a potentiostat (G700, Gamry, Warminster,

PA, USA) was used for the electrochemical tests, and the data were analyzed using OriginPro

9.0 (OriginLab, Northampton, MA, USA). The electrochemical cell is shown in Figure 26.
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Isolation of the probe connections to the WE from the corrosion solution required a screw-in

method of the sample holder, where the wiring is connected from the bottom of the electro-

chemical cell (Figure 26a). The electrochemical cell is surrounded by a water bath, ensuring

the environment is at body temperature (Figure 26b). The frequency of reciprocal motion

is monitored by a tachometer (Digital Laser Photo Tachometer Non-Contact, Model # DT-

2234C+). The counter-body pin is mounted under a frictionless track connected to the motor

(Figure 26c). The track is mounted to a spring-loaded plate, onto which, weights are added

to push the track-mounted pin onto the sample. To determine the load at the point of contact,

a load cell was used for calibration. The dimensions of the apparatus are 12.5 in (31.8 cm) in

height, 8.0 in (20.3 cm) in width, and 12.5 in (31.8 cm) in length, with a volume displacement

of 0.72 ft3 (.02 m3), making it possible to be placed in a compact space, such as an incubator

(Figure 27). Finally, the custom-designed apparatus was constructed at a low cost, up to two

orders of magnitude less than commercial systems.

2.4.2.4 Pilot Study

The custom-built apparatus is validated with an analysis of the tribocorrosion behavior of

Ti-V disks in artificial saliva (pH = 6.5, T = 37 ◦C). For this study, potentiodynamic, free

potential, and potentiostatic analyses were used for electrochemical characterization of Ti-V

disks. White light interferometry and scanning electron microscopy were used to analyze wear

scars on the Ti-V disks. After validation, the apparatus was used to investigate the tribocor-

rosion behavior of Ti-V disks in culture media inside an incubator (Revco Scientific Inc., M #

WJ501TABA, Asheville, NC, USA). The culture media was used as the electrolyte consisting in
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Figure 27: Custom-built tribocorrosion apparatus placed inside an incubator: a) image of the
incubator setup and b) rendering of the incubator setup.

alpha minimum essential medium (α-MEM) supplemented with 10 % fetal bovine serum (FBS),

and 1 % penicillinstrepsin, at pH of 7.4 and 37 ◦C in a humidified atmosphere of 5 % CO2/air.

As Figure 27 shows, the apparatus is placed inside the incubator with its door closed over the

electrode and motor connections. The compactness of the apparatus allows for its use to study

implant materials in culture media with live cells to mimic biological conditions to study the

effect of osteoblasts and bacteria on tribocorrosion behavior.

In this study, 12 Ti-V disks were cut and polished from Ti-V rods (McMaster-Carr, Elmhurst,

IL, USA). The chemical composition of Ti-V alloy is given in Table XI (McMaster-Carr). A

smooth surface (RA = 10 ± 2 nm) was achieved by (i) wet-grinding using a series of abrasive

pads (#200, 320, 400, 600, and 800; Carbimet 2, Buehler, Lake Bluff, IL, USA), (ii) polish-

ing with a polishing cloth (TexMet, Buehler, Lake Bluff, IL, USA), diamond paste (MetaDi

9-micron, Buehler, Lake Bluff, IL, USA), and lubricant (MetaDi Fluid, Beuhler, Lake Bluff, IL,
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Element Ti Al V Iron Carbon Other

wt.% 88.18-90.7 5.50-6.75 3.5-4.5 0.30 max 0.08 0.0-0.268

TABLE IX: Elemental composition of Ti-V alloy (McMaster-Carr)

USA), and (iii) fine-polishing with a separate polishing cloth (Chemomet I, Buheler, Lake Bluff,

IL, USA) with colloidal silica polishing suspension (MasterMed, Buehler, Lake Bluff, IL, USA).

Polished samples were ultrasonically cleaned for 10 min in 70 % isopropanol (Sigma Aldrich, St.

Louis, MO, USA) and 10 min in deionized (DI) water (18.2 M-cm, Barnstead NANOPure, Lake

Balboa, CA, USA) and finally dried with N2 gas (Grade 4.8, 99.998 %, Progressive Industries,

Inc., Chicago, IL, USA).

Table XII contains the composition of artificial saliva (AS) as suggested by Liu et al. to

imitate normal oral conditions.(235) Artificial saliva pH = 6.5 (120 ml) was achieved by adding

NaOH (basic) to the AS. To imitate the daily mastication of a person, an alumina ceramic pin

was used as the counter-body with a normal force of 1.7 N (Hertzian contact pressure of 24

MPa, contact area of 0.071 mm2) and a 1 Hz reciprocal motion for 1,800 cycles.(236; 237; 238)

As previously mentioned, a Gamry potentiostat (G300, Gamry Inc., Warminster, PA, USA)

with a three-electrode configuration (American Society for Testing of Materials (ASTM) guide-

lines (G61 and G31-72)) was used to conduct standard corrosion tests during sliding such as

potentiodynamic (PD), potentiostatic (PS), and free potential (FP) tests (n = 4/group). In

addition, electrochemical impedance spectroscopy (EIS) was conducted before and after slid-
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Artificial Saliva Component Concentration

Potassium chloride KCl 0.4 g/L

Sodium chloride NaCl 0.4 g/L

Calcium chloride anhydrous CaCl2·2H2O 0.9 g/L

Urea CO(NH2)2 1.0 g/L

Monosodium phosphate anhydrous

(buffer component)

NaH2PO2·2H2O 0.7 g/L

Sodium sulfide anhydrous (buffer

component)

Na2S·9H2O 0.005 g/L

For controlling pH NaOH Add as needed

TABLE X: Elemental composition of TiV alloy (McMaster-Carr)

ing. A saturated calomel electrode (SCE) was used as the Reference Electrode (RE), graphite

rod as the Counter Electrode (CE), and the exposed surface (1.77 cm2) of the Ti-6Al-4V disks

as the Working Electrode (WE). The temperature of the test solution was maintained at 37

± 1 ◦C. The standard protocol used for the tests consists of an initial stabilization period, a

sliding period, and a final stabilization.(239; 240; 241; 242) First, in order to understand the

shift in the corrosion kinetics, potentiodynamic tests were conducted. These were followed by

a series of free potential (FP) tests to monitor evolution of potential. Finally, a series of poten-

tiostatic tests (PS) at E corr were conducted to monitor evolution of current. Electrochemical

impendence spectroscopy (EIS) was conducted before and after sliding to examine the changes

in corrosion kinetics under mechanical stimulation./citeMathew2009,Shukla2005 For the inves-

tigation of tribocorrosion behavior of Ti-V disks in culture media, a series of FP tests were

conducted to monitor the evolution of potential.
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A white light interferometry (WLI) microscope (Zygo New View 6300, Zygo Corporation, Mid-

dlefield, CT, USA) and ImageJ software (NIH, Bethesda, MD, USA) were used to analyze the

depth, width, and length of the wear scars of the Ti-V surface after tribocorrosion. A simple

model as described by Mathew et al. was used to separate the total wear loss due to corrosion

and wear. Specifically, Equation 2.8, Equation 2.9, and Equation 2.10 were used for the

calculations.(209; 218; 219; 241; 243; 244; 245)

KWC = (2/3)πabcD = KW +KC, (2.3)

where KWC is the total mass loss due to wear and corrosion (tribocorrosion) and is approx-

imated to be equivalent to half of an ellipsoid with axis a, b, and c, D is the density of the

material, KW is the mass loss due to sliding wear, and KC is the mass loss due to corrosion. It

is assumed that corrosion outside of the wear track is negligible and therefore not considered

for calculation of KWC, KW, and KC.(210; 211; 222; 243) The weight loss due to corrosion can

be estimated using Faradays Law:

KC = Q/ZF (2.4)

KC = MIt/ZF, (2.5)

where Q is the charge passed, F is the Faradays constant (96,500 C mol−1), Z is the number

of electrons involved in the corrosion process (assumed to be 2), I is the total current, t is the

total exposure time, and M is the atomic mass of the material or equivalent weight. Based on
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these calculations, relative contributions of corrosion and wear to the wear scar can be estimated

by Equation 2.11.(245; 246)

Synergistic ratio = KC/KW, (2.6)

where the ratio determines whether the weight loss is dominated by wear, corrosion, or due

to a combination of wear and corrosion: KC/KW ≤ 0.1 for wear dominated, KC/KW > 10.0

for corrosion dominated, 0.1 ≤ KC/KW ≤ 1.0 for wear as main component, and 1.0 ≤ KC/KW

≤ 10.0 for corrosion as main component.(245; 246)

A scanning electron microscope (SEM) (JEOL JSM-6490 LV, Oxford Instruments, Oxford,

UK) was used for characterization of surface morphology.

2.4.3 Results and Discussion

2.4.3.1 Electrochemical Analysis

Potentiodynamic (PD), free potential (FP), and potentiostatic (PS) tests were conducted

for validation of the tribocorrosion apparatus based on examination of literature. Electro-

chemical impedance spectroscopy was conducted before and after sliding (Figure 36) and the

oxide is modeled after a modified Randles circuit which places the polarization resistance (RP )

in parallel with constant phase element (CPE) of the oxide film, in series with the solution

resistance (RS)./citeRuna2013 As reported in the literature, the oxide film did not change sig-

nificantly before and after sliding.(241; 242) RS is resistance of the electrolyte between the

sample and reference electrode; RP is the charge transfer resistance at the sample surface and

electrolyte interface; CPE is used in place of a capacitance due to the inhomogeneity of the
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Figure 28: Electrochemical impedance spectroscopy before and after sliding. Inset: Modified
Rande′s circuit is used to model the oxide film. The graph shows no significant change in the
oxide composition before and after sliding.

passive layer./citeBarao2012 Before sliding, average RS , RP , and CPE are calculated to be

267.9 ± 11.4 Ω, 1.1 ± 0.16 ×107 Ω, and 2.6 ± 0.4 ×10−5 F·s(α−1), respectively. After sliding,

average R S, R P, and CPE are calculated to be 269.1 ± 6.9 , 1.2 ± 0.11 ×107 Ω, and 2.6 ± 0.4

×10−5 F·s(α−1), respectively. These values are similar to those reported in literature.(241; 242)

However, Mathew et al. reported RP values to be much lower.(241)
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Potetiodynamic Scan

Figure 29a shows a corrosion-only PD curve of a TiV sample in Artificial Saliva (AS) of

pH = 6.5, and Figure 29b shows a tribocorrosion PD scan of a TiV sample in AS of pH

= 6.5. The observed E corr (corrosion potential), which indicates the readiness of a material

to corrode, is similar to values reported for TiV alloy in literature in the range of 0.5 to 1.0

V.(17; 242; 247; 248; 45; 249) Compared to corrosion-only PD scan, the E corr of TiV alloy

during tribocorrosion is slightly higher (0.8 vs. 0.6 V. Upon initiation of sliding, the current

increased drastically (cathodic shift) and reached a fluctuating range of 1 and 100 A as the

passive layer was repeatedly formed and destroyed during sliding. This range of current, also

known as passivation current (IPASS), is similar to those reported in the literature [1, 43,

44, 5254].(17; 241; 242; 248; 45; 249) The fluctuating current can be explained as follows. The

current increases (cathodic shift) as the passive film is destroyed by the sliding alumina pin.(249)

As the pin passes and the worn surface is allowed to interact with the surrounding solution,

the surface is repassivated and the current decreases (anodic shift) until the pin slides over the

area again to repeat the cycle.(249) As the trend in the graph shows, the depassivation and

repassivation process are not in equilibrium; instead, the overall trend is a cathodic shift, where

the sliding is causing more depassivation than repassivation. As Figure 29a shows, neutral

pH corrosion-only PD tests of Ti-V alloy is known to result in a stable IPASS region with no

fluctuation or increase in the current.(220; 245; 246; 247) However, under mechanical stimulation

(Figure 29b), the IPASS region is slightly higher during tribocorrosion and continues to shift

to higher current regions during sliding.(249) Comparing corrosion-only and tribocorrosion PD
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Figure 29: a) Potentiodynamic (PD) scan of a control Ti-V sample for corrosion experiment in
pH = 6.5 solution. b) Comparison of corrosion and tribocorrosion PD scans of a Ti-V sample
in pH = 6.5 solution.

scans, it can be seen that the Ti-V alloy has poor tribocorrosion behavior, more specifically,

the Ti-V alloy has poor wear resistance.

Evolution of Potential

An evolution of potential curve, obtained from free potential tests (FP), of Ti-V sample in AS

of pH = 6.5 is shown in Figure 30a-c show the changes in potential during the beginning

and end of sliding. It was difficult to compare these results to literature due to the differences

in the normal force and contact area used. These parameters affect the contact pressure,

which the surface experiences during sliding, and therefore the wear.(210) In the present study,

the potential increased during sliding from OCP to the cathodic direction in the range of -

0.7 and -0.9 V and stabilized after cessation of sliding. Such a trend is reported in several
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studies.(239; 250; 246; 45; 249; 46) This drop and recovery in potential indicates the initiation

and cessation of sliding, respectively, of alumina pin on Ti-V alloy samples. Such a drop in

potential during sliding indicates the removal of the passive film, which protects the metal from

corrosion.(243) Initiation of sliding does not result in an instantaneous decrease in potential.

Instead, a gradual decrease in potential is observed over several cycles of sliding until a dynamic

equilibrium of depassivation and repassivation is reached (Figure 30b). The cessation of sliding

does not result in a sudden recovery in voltage either. Instead, a gradual decrease is observed

over 300 s of rest until OCP is reached (Figure 30c). Comparatively, Figure 31 shows the

evolution of potential of Ti-V disks in culture media placed in an incubator. The evolution of

potential follows the same pattern as described before, that is, potential drops rapidly during

sliding and gradually increases to OCP once sliding ceases. However, OCP before sliding, the

potential drop during sliding, and OCP after sliding are all lower than the potential values

observed for the validation portion. The lower potential values indicate that the culture media

may have a negative effect on the tribocorrosion behavior of the Ti-V surface. Although cells

were not included at this stage, the preliminary results may explain why there are discrepancies

between the predicted life-span of implants and the actual in vivo tribocorrosion behavior.

While tribocorrosion studies have been studied in water baths to mimic body temperature

involving culture media and cells, the compactness of the apparatus (volume displacement of

0.72 ft3 (.02 m3)) makes it possible for the investigation of tribocorrosion behavior of implant

materials with cells in an incubator to better mimic in vivo conditions.
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Figure 30: a) An evolution of potential curve of a control Ti-V sample for tribocorrosion
experiment in pH = 6.5 solution. b) Initiation of sliding results in a gradual increase in
cathodic voltage observed over several seconds and c) cessation of sliding results in a gradual
decrease in cathodic voltage observed over 300 s of rest until OCP is reached.



99

Figure 31: An evolution of potential scan of a control TiV sample for tribocorrosion exper-
iment in culture media in an incubator. Alpha minimum essential medium (α-MEM) was
supplemented with 10 % fetal bovine serum (FBS), and 1 % penicillinstrepsin, at pH of 7.4 and
37 ◦C in a humidified atmosphere of 5 % CO2/air.
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Potentiostatic Scan

A PS curve of Ti-V sample in AS of pH = 6.5 is shown in Figure 32a-c which shows the

changes in current during the beginning and end of sliding. This test was carried out at E corr

which was obtained from the PD scans. While PD scans were easier to compare with literature,

PS data depend on the type of counter-body material, contact area, normal force, frequency,

and length of sliding. Similar to FP scans, PS scans were difficult to compare with literature

due to the various parameters which differ from study to study; however, several comparable

observations can be made. In studies involving neutral pH, the current increased (cathodic)

dramatically during sliding in tribocorrosion PS tests.(241; 250; 243; 45; 251) The increase and

decrease in current indicates the initiation and cessation, respectively, of sliding of alumina pin

counter-body on TiV samples. Initiation of sliding does not result in an instantaneous increase

in current; however, rather a gradual increase is observed over several cycles of sliding until a

dynamic equilibrium of depassivation and repassivation is reached. In the present study, the

current fluctuated between 4.0 and 8.0 A during sliding (Figure 32a). The current continues

to shift to higher current regions during sliding, which is indicative of depassivation.(226; 239;

241; 242) As the sliding of the alumina pin damages the film, repassivation does not occur

completely before the pin returns to the same area, therefore the trend is toward depassivation.

Additionally, the repassivated oxide layer may not be thick enough and therefore is entirely

removed once the pin slides over the area. After sliding is halted, the current decreases (anodic)

and is indicative of repassivation of the damaged area.(226; 244) The cessation of sliding does
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Figure 32: a) Potentiostatic scan of a control TiV sample for tribocorrosion experiment in pH
= 6.5 solution. b) Initiation of sliding results in a gradual increase in current observed over a
period of sliding and c) cessation of sliding results in a gradual decrease in current observed
over a period of rest until equilibrium is reached.

not result in a sudden decrease in current, however, rather a gradual decrease of current is

observed over a several seconds until pre-sliding current values are reached.

2.4.3.2 Surface Characterization

Figure 33 shows the WLI intensity map image of the wear scar region of a Ti-V sample with

a 20 × magnification lens and an image zoom of 2×. The oblique plot of the wear scar region,

such as the one shown in Figure 34, was used with ImageJ software to measure the depth,

width, and length of the wear scars. For potentiostatic scans, the depth, width, and length of

the wear scars were measured to be 13.7 ± 2.6, 202 ± 25, and 1880 ± 61 µm, respectively. For
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free potential scans, the depth, width, and length of the wear scars were measured to be 14.0 ±

2.5, 212 ± 10, and 1810 ± 91 µm, respectively. No significant difference was observed between

potentiostatic and free potential scans. Figure 35 shows the SEM images of the wear scar of

the three Ti-V samples with ×60 and ×300 magnification. As the SEM images show, all three

electrochemical tests produced similar wear scars with pitting, grooves, and deformation due to

compression and shear. The uniformity of the wear scar length, width, and depth suggest that

the mechanical components of the tribocorrosion apparatus behave in a consistent manner.

2.4.3.3 Wear and Corrosion Loss

Using the measured length and width of the wear scar and the assumption that the wear

scar resembles an ellipsoid, the total wear loss (KWC) is calculated to be 12.4 ± 1.5 and 12.0

± 0.9 µg for free potential and potentiostatic scans, respectively, with no significant difference.

Using Equation 2.9 and the current values obtained from potentiostatic scan in Figure 32a,

KC is calculated to be 5.25 ± 0.30 µg. KW is calculated to be 6.75 ± 1.0 µg, and the estimated

synergistic weight loss ratio (KC/KW) is calculated to be 0.78 ± 0.1. For the synergistic weight

loss ratio between 0.1 and 1.0, a combination of wear and corrosion occurs where wear may

play a larger part. This may be explained with the Archard wear equation

Q = KWL/H, (2.7)

where Q is the total wear volume produced, W is the total normal load, H is the hardness of

the softest contacting surfaces, K is a constant, and L is the sliding distance. As per Archards

equation, the weight loss is inversely proportional to the hardness; Ti-V is observed to be a soft
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Figure 33: WLI intensity map image of the wear scar region of a Ti-V sample with a 20×
magnification lens and an image zoom of 2× after tribocorrosion pH = 6.5 solution. Wear
scar dimensions were measured as ∼2.0 mm in length and ∼0.20 mm in width using ImageJ
software.
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Figure 34: a) Wear scar depth profile obtained using WLI of control Ti-V sample after tribo-
corrosion in pH = 6.5 solution. Roughness values were measured as R A = 1.04 µm, R RMS =
2.02 µm, and PV = 16.6 µm. b) Using the wear scar PV value, length, and width, an ellipsoid
volume approximation is used to calculate the volume of material lost due to tribocorrosion.

material and therefore would experience greater weight loss due to tribocorrosion.(252) While

exact comparison of weight loss results was not possible with corresponding values reported in

the literature, there are some observed similarities. Alves et al., for example, reported wear

scar depth of 16.0 ± 5.66 µm for tribocorrosion on CP-Ti (similar density to that of TiV alloy)

using a normal force of 2 N, artificial saliva of 37 ◦C, alumina ball counter-body of 10 mm

diameter, 3 mm displacement of 2 Hz and 720 s duration.(253) Licausi et al. reported a weight

loss of 384 g for tribocorrosion of TiV alloy using alumina ball of diameter 6 mm, a load of 5 N,

and artificial saliva of pH 6.0 and 37 ◦C.(45) However, the path of sliding was circular, longer,

and the contact stress was considerably higher, which may explain the greater weight loss.(45)

Manhabosco et al. reported a wear scar depth of almost 30 µm under tribocorrosive conditions

using an alumina ball of diameter 5 mm and normal load, sliding frequency, and sliding distance

of 4 N, 1 Hz, and 8 mm, respectively, in a phosphate-buffered saline (PBS) solution (37 ◦C,
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Figure 35: Scanning electron microscopy (SEM) images of wear scars of Ti-V surfaces under a)
free potential, b) potentiodynamic, and c) potentiostatic tribocorrosion conditions. Magnifica-
tions of the images at ×60 and ×300 and direction of reciprocating alumina pin counter-body
are shown.
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pH = 7.1).Manhabosco2011 Similar to Licausi et al., the experimental method of Manhabosco

et al. included greater contact pressure which may explain the deeper scar depth. Runa et

al. reported a wear loss of 13.6 ± 3.25 µg for tribocorrosion using an alumina ball of diameter

10 mm and normal load of 1 N and sliding distance of 2 mm and 1 Hz in a PBS solution (37

◦C, pH = 7.5).(254) Due to similar contact area, wear scar length, and load, Runa et al. had

similar results to those detailed in this study.(254)

2.4.4 Conclusion

This work demonstrates the feasibility of designing, developing, and building a compact and

inexpensive tribocorrosion system. A pilot study was conducted to investigate the tribocorro-

sion behavior in artificial saliva and a preliminary study involving cell media in an incubator.

The construction of a tribocorrosion system requires a detailed examination of existing systems

and this study offers an analysis of the needs obtained from literature. The results of the tri-

bocorrosion study of the Ti-V alloy validated the system when compared to the tribocorrosion

behavior reported in literature. Using WLI data and Faradays Law, it is observed that the

overall trend of the Ti-V alloy is toward depassivation of the surface due to tribocorrosion with

wear as the leading component. The use of the system can now be expanded to include fretting

and sliding investigations of experimental surface modifications of Ti-V alloy and other metals

in dental and orthopedic environments. In addition, the system proves to be suitable for tribo-

corrosion studies in an incubator to investigate the effects of cells on implant surfaces. Finally,

a few additional changes are suggested to improve the design and development of a versatile

tribocorrosion apparatus.
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2.5 Tribocorrosion Testing of Thermally-Oxidized Ti-V Surfaces

2.5.1 Introduction

Discovered in 1790 and produced in commercial quantities since 1936, titanium has been

used for a variety of purposes, including aviation and biomedical implants.(4) While commer-

cially pure titanium consists of α-phase (hexagonal closed packed) and can be converted to β-

phase (body centered cubic) at higher temperatures, the most commonly used titanium alloy, Ti-

6Al-4V alloy (Ti-V), consists of α-β-phase due to its alloying metals aluminum and vanadium.(4)

Due to its superior biocompatibility, mechanical resistance, corrosion resistance, and osseointe-

gration, Ti-V is an excellent orthopedic and dental implant material.(36; 6; 7; 8; 9; 10; 11; 12)

Titanium and its alloys are well known for their corrosion resistance due to the rapid oxidation

of surface Ti (13; 14; 15), as a result, a protective layer of titanium dioxide (TiO2) forms on

its surface ( ≤ 10 nm thick) (16). In contrast, titanium and its alloys behave poorly against

tribocorrosion, defined as the synergistic combination of oxidation reactions and wear(17). Tri-

bocorrosion has become a major concern in recent years (1; 32; 33; 34) for all implant materials.

Notably, the increase in life-expectancy and swelling elderly population highlights the impor-

tance of a long-lasting material which rapdily integrates with the host bone, such that the

implant recipient requires only one life-time surgery.

For titanium implants, removal of the passive layer as a result of wear allows for the release of

metallic debris which are converted to metal ions due to simultaneous corrosion of the exposed

bulk metal and debri.(43) Depending on the pH of the environment, passivation and corrosion

of exposed titanium is affected. In general, smoking, medication, chronic and systemic diseases
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can alter the acidity of saliva and bodily fluids which adversely affects tribocorrosion of im-

plants.(13; 14; 44) While extreme failures may be rare, weight bearing knee and hip implants,

for example, have experienced long term revision rates of 12 %(35) and 17 %(38), respectively,

mainly caused by aseptic loosening due to the chronic inflammatory response to tribocorrosion

debris.(42) For Ti-V alloy, the debris is in the form of Ti, V, and Al particles that act as third-

body wear particles and increase material loss during wear.(45; 46) In addition, Ti, Al, and V

ions are known to negatively affect osseointegration(45; 46; 47; 48), cause bone diseases(10),

and be cytotoxic, respectively, if present at excessive levels (45; 46; 47; 48).

Increasingly, the effect of anodic oxidation, deposition, thermal oxidation (TO) treatments have

been studied for the purpose of improving cell response (osseointegration) and tribocorrosion

resistance for biological and mechanical purposes.(255; 104; 256) Tribocorrosion resistance due

to TO-treatment has not been explored satisfactorily and even discounted due to the scaling of

TiO2 due to high temperature treatment.(68; 65) For example, many reported studies investi-

gated thermal treatment at only one high temperature and a single lengthy time duration and

compared to an untreated surface and/or another surface modification treatment.(257; 258)

Lower temperatures which can bring a compromise between oxide thickness and integrity have

not been satisfactorily studied.(63) Previously it has been shown that higher hardness due to

film deposition can improve wear properties(259; 260), however, delamination can occur for

thicker films.(63; 64) Thermal oxidation has even been used to improve ceramic particulate-

reinforced surface oxides, however, it should be noted that the counter surface was damaged

which is equally harmful.(261) In another study, commercially pure titanium (CP-Ti) samples
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were subjected to TO-treatment at 650 ◦C for 14 h and 850 ◦C for 6 h but the main focus of

the study was cooling conditions such as furnace, air, and water cooling.(65) In yet another

study, thermal oxidation at 700 ◦C for 4 hours produced an increase in ECORR (more positive,

nobler) and decrease in ICORR and IPASS values, indicating improvement in corrosion poten-

tial, corrosion rate, and passivation current, respectively.(260) However, thermal oxidation was

conducted with water vapor, not air, and tribocorrosion results show that mass loss decreased

by only 47 %. Similar improvements in electrochemical properties have been reported for a

surface thermally treated but only after addition of palladium.(68; 260) Many of the reported

studies were for commercially pure titanium, and not the more commonly used titanium alloy.

The effects of TO-treatment are time and temperature dependent and a study with greater

variance in treatment parameters is needed to achieve a better understanding of the produced

oxide. TO-treatment increases diffusion of oxygen into the bulk titanium to form and thicken

the oxide layer and alter its crystalline structure.(65; 66) In this study, the effect of crystalline

structure and oxide thickness on tribocorrosion resistance is investigated in artificial saliva at

pH 3.0 (acidic) and pH 6.5 (control) on Ti-V samples TO-treated at temperatures of 200, 400,

and 700 ◦C for 1 and 6 h durations. As a benefit, the increase in roughness and increased

surface energy41 due to the TO-treatment improves surface chemical processes which promotes

platelet adhesion and may accelerates the formation of fibrin mesh over the implant surface,

resulting in proper implant-biological integration.(67)
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Element Ti Al V Iron Carbon Other

wt.% 88.18-90.7 5.50-6.75 3.5-4.5 0.30 max 0.08 0.0-0.268

TABLE XI: Elemental composition of Ti-V alloy (McMaster-Carr)

2.5.2 Materials and Methods

As discussed in the previous section, a custom-built apparatus was validated with an in-

vestigation of the tribocorrosion behavior of untreated Ti-V disks in artificial saliva (pH=6.5,

T = 37 ◦C) and compared with literature.(1) For the present study, potentiodynamic (PD),

free-potential (FP), and potentiostatic (PS) analyses were used for electrochemical character-

ization of TO-treated Ti-V disks. In addition, electrochemical impedance spectroscopy (EIS)

and Fourier transform infrared (FTIR) spectroscopy was conducted after TO-treatment to get

an idea of the oxide structure. White light interferometry was used to analyze wear scars on the

Ti-V disks. 63 Ti-V disks were cut and polished from Ti-V rods (McMaster-Carr, Elmhurst,

IL, USA). The chemical composition of Ti-V alloy is given in Table XI (McMaster-Carr).

A smooth surface (RA= 10± 2 nm) was achieved by a series of abrasive pads and polishing

lubricants. Briefly, polishing was carried out by i) wet-grinding using abrasive pads (# 200, 320,

400, 600, and 800; Carbimet 2, Buehler, Lake Bluff, IL, USA), ii) polishing with a polishing

cloth (TexMet, Buehler, Lake Bluff, IL, USA), diamond paste (MetaDi 9-micron, Buehler,

Lake Bluff, IL, USA), and lubricant (MetaDi Fluid, Beuhler, Lake Bluff, IL, USA), and iii)

fine-polishing with a separate polishing cloth (Chemomet I, Buheler, Lake Bluff, IL, USA)

with colloidal silica polishing suspension (MasterMed, Buehler, Lake Bluff, IL, USA). Polished
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Artificial Saliva Component Concentration

Potassium chloride KCl 0.4 g/L

Sodium chloride NaCl 0.4 g/L

Calcium chloride anhydrous CaCl2·2H2O 0.9 g/L

Urea CO(NH2)2 1.0 g/L

Monosodium phosphate anhydrous

(buffer component)

NaH2PO2·2H2O 0.7 g/L

Sodium sulfide anhydrous (buffer

component)

Na2S·9H2O 0.005 g/L

For controlling pH NaOH Add as needed

TABLE XII: Elemental composition of TiV alloy (McMaster-Carr)

samples were ultrasonically cleaned for 10 min in 70 % isopropanol (Sigma Aldrich, St. Louis,

MO, USA) and 10 min in deionized (DI) water (18.2 MΩ-cm, Barnstead NANOPure, Lake

Balboa, California, USA) ) and finally dried with N2 gas (Grade 4.8, 99.998 %, Progressive

Industries, Inc., Chicago, IL, USA). Polished samples were placed inside a Lindberg furnace

(S# 54032) for TO-treatments; a κ-type thermocouple was placed at the center of the furnace

quartz tube (35 cm from opening) and connected to a temperature controller (JLD-612) to

maintain working temperatures. Artificial saliva (120 ml) of pH 3.0 and 6.5 were achieved

by adding HCl and NaOH, respectively, as needed. Table XII contains the composition of

artificial saliva (AS) as suggested by Liu et al. to imitate normal oral conditions.(235)

To mimic daily mastication, a normal force of 1.7 N (Hertzian contact pressure of 24 MPa,

contact area of 0.071 mm2), and a 1 Hz reciprocal motion for 1800 cycles.(236; 237; 238) An

alumina pin was used as the counter-body and a Gamry potentiostat (G300, Gamry Inc.,
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Warminster, PA, USA) with a three electrode configuration (American Society for Testing of

Materials (ASTM) guidelines (G61 and G31-72)) was used to conduct standard tribocorrosion

tests . A saturated calomel electrode (SCE) was used as the Reference Electrode (RE), graphite

rod as the Counter Electrode (CE), and the exposed surface (1.77 cm2) of the Ti-6Al-4V

disks as the Working Electrode (WE). The temperature of the test solution was maintained

at 37 ± 1 ◦C. The standard protocol used for the tests consists of an initial stabilization

period, a sliding period and a final stabilization.(239; 240; 241; 242) A white-light-interferometry

(WLI) microscope (Zygo New View 6300, Zygo Corporation, Middlefield, CT, USA) and ImageJ

software (NIH, Bethesda, MD, USA) were used to analyze the depth, width, and length of the

wear scars of the Ti-V surface after tribocorrosion. As described by Mathew et al. and Butt et

al., a simple model was used to separate the total wear loss due to corrosion and wear. Briefly,

Equations 1-3 were used for the calculations.(241; 243; 209; 244; 244; 219; 218)

KWC = (2/3)πabcD = KW +KC, (2.8)

where KWC is the total mass loss due to wear and corrosion (tribocorrosion) and is approx-

imated to be equivalent to half of an ellipsoid with axis a, b, and c, and D is the density of the

material, KW is the mass loss due to sliding wear, and KC is the mass loss due to corrosion. It

is assumed that corrosion outside of the wear track is negligible and therefore not considered

for calculation of KC.(243; 210; 222; 211) The weight loss due to corrosion can be estimated by

using Faradays Law:

KC = Q/ZF (2.9)
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KC = MIt/ZF, (2.10)

where Q is the charge passed, F is the Faradays constant (96,500 C*mol−1), Z is the number

of electrons involved in the corrosion process (assumed to be 2), I is the total current, t is the

total exposure time, and M is the atomic mass of the material or equivalent weight. Based on

these calculations, relative contributions of corrosion and wear to the wear scar can be estimated

by Equation 4.(245; 246)

Synergistic ratio = KC/KW, (2.11)

Where the ratio determines whether the weight loss is dominated by wear, corrosion, or due

to a combination of wear and corrosion: KC/KW ≤ 0.1 for wear dominated, KC/KW > 10.0

for corrosion dominated, 0.1 ≤ KC/KW ≤ 1.0 for wear as main component, and 1.0 ≤ KC/KW

≤ 10.0 for corrosion as main component.(245; 246)

Chemical composition and crystallinity of TO-treated sample surfaces was studied using a dif-

fuse reflectance Fourier transform infrared (FTIR) spectroscopy (Nicolet, Madison, WI, USA)

with a deuterated triglycine sulfate (DTGS) KBr detector and an energy dispersive x-ray

spectroscopy (EDS) attachment to the JEOL JSM-6320F FESEM. For FTIR spectroscopy,

a smooth-polished as-is Ti-V sample was used as a background for all scans, one hour purg-

ing time and a 2 cm−1 resolution was used over the range of 4000-400 cm−1. FTIR spectra



114

Figure 36: Nyquist plots derived from electrochemical impedance spectroscopy of thermally
oxidized (TO) titanium alloy. Real Z vs. imaginary Z graphs suggest that the oxides have
higher constant phase element values, which is indicative of a porous heterogeneous oxide, or a
thick crystalline oxide.

were analyzed with linear background and deconvoluted using Gaussian-Lorentian peak shape

function with a spectral peak-fitting software.
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Figure 37: Fitting of Nyquist plots suggest that samples TO-treated at temperatures ≤ 400 ◦C
(≤ 6 h) produce thin oxides which can be modeled after the “Modified Randle’s circuit.” The
circuit includes a resistive element for the solution at the surface and an oxide composed of a
resistor and constant phase element in parallel, indicating that the whole oxide behaves as a
resistor and there are exchanges of charges at the surface.

2.5.3 Results

2.5.3.1 Surface Characterization

InFigure 36, EIS Nyquist plots of all samples shows that an increase in surface oxide

thickness results in a decrease in imaginary impedance, which correlates to an increase in the

value of the constant phase element, indicative of an increase in a porous and heterogeneous

surface oxide. In addition, to translate the thicker oxide to an equivalent electrical circuit the

modified Randle’s circuit (Figure 37) was altered into a more complex circuit as shown in

Figure 38.
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Figure 38: Fitting of Nyquist plots suggest that samples TO-treated at temperatures 400 ◦C
≤ T ≤ 700 ◦C (≤ 6 h) produce thick oxides which can be modeled after a complex version
of the “Modified Randle’s circuit.” The circuit includes a resistive element for the solution
at the surface and an oxide composed of two layers, a compact oxide and a oxygen/metal
diffusion zone. The circuit indicates that the whole oxide film behaves as a resistor and there
are exchanges of charges at the surface, however, within this film, the diffusion zone behaves as
a separate entity which also has resistive and charge releasing qualities.
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FTIR spectra in Figure 56, Figure 58, and Figure 61 and GIXRD spectra (not shown)

of TO-treated samples show that 200 ◦C TO-treated samples have a thin oxide that is of amor-

phous nature, 400 ◦C treated surfaces consists of a thicker oxide that is a mixture of anatase

and rutile, but mostly anatase TiO2, and 700 ◦C TO-treated surface consists of a thick oxide

that is mostly rutile TiO2. Various facets of anatase/rutile appear in the spectra at different

temperatures, suggesting that some facets of anatase/rutile form at higher temperatures than

that of other facets of anatase/rutile. In addition, several titanium peaks are observed de-

creasing as a function of treatment temperature, suggesting that titanium is oxidized at higher

quantities within the volume analyzed by GIXRD (not shown).

For FTIR, due to 1) the irregular surface roughness and 2) the various components of the

alloy and their effect on surrounding bond stretch/vibrations, peak positions may have blue-

shifted (lower cm−1) or red-shifted (higher cm−1) compared to absorption bands reported in

literature. The following peaks are observed in all FTIR spectra due to the residual air in the

FTIR purging chamber. Minor peaks between 2320 - 2380 cm−1 are associated with gas phase

CO2(158) and the noise seen between 3400-4000 cm−1 and between 1200 - 2000 cm−1 are associ-

ated with the O-H bond stretch and vibration intensities of absorbed/adsorbed and dissociated

H2O(153; 202; 150; 157; 149; 155; 156; 203), CO2(158), CO3
−2 (158; 204), or carboxyl groups

(COO−) from interaction of TiO2 with CO2 or any surface carbon contamination(158; 204). As

seen in Figure 56, Figure 58, and Figure 61, TO-treatment induces crystallinity and thicker

oxides that in general causes a downshift in the metal-oxide peaks.

The FTIR spectra of 200 ◦C TO-treated sample, is nearly flat with some small peaks. Like-
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Figure 39: Absorbance Fourier transform infrared (FTIR) spectra of 200 ◦C TO-treated sam-
ples. Peaks are observed for changes in chemical composition in the metal-oxide region (400-1200
cm-1) as a function of treatment time. Absorbance FTIR spectroscopy was conducted with a
diffuse reflectance accessory, a deuterated triglycine sulfate (DTGS) KBr detector, and purging
time of 1 h.
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Figure 40: Absorbance Fourier transform infrared (FTIR) spectra of 400 ◦C TO-treated sam-
ples. Peaks are observed for changes in chemical composition in the metal-oxide region (400-1200
cm-1) as a function of treatment time. Absorbance FTIR spectroscopy was conducted with a
diffuse reflectance accessory, a deuterated triglycine sulfate (DTGS) KBr detector, and purging
time of 1 h.
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Figure 41: Absorbance Fourier transform infrared (FTIR) spectra of 700 ◦C TO-treated sam-
ples. Peaks are observed for changes in chemical composition in the metal-oxide region (400-1200
cm-1) as a function of treatment time. Absorbance FTIR spectroscopy was conducted with a
diffuse reflectance accessory, a deuterated triglycine sulfate (DTGS) KBr detector, and purging
time of 1 h.



121

wise, increased intensity is observed in the metal-oxide region (1200-400 cm−1) with increased

temperature of treatment, with the greatest change seen in the 700 ◦C TO-treated sample.

In addition, anatase TiO2 is observed to increase and decrease as temperature of treatment is

raised from 300 ◦C and disappear by 600 ◦C (Figure 42). At the same time, rutile TiO2 is

observed to increase at treatment temperatures ≥ 400 ◦C (Figure 42). It is noted that not all

peaks for anatase or rutile are observed where these TiO2 structures are present, which leads

to the suggestion that certain temperature of treatments produce different facets of the same

TiO2 structure. Finally, a significant increase in alumina and byproducts of reactions between

rutile and surface CO2, carbon contamination, and H2O are observed in the spectra of 700 ◦C

TO-treated samples. However, the main area of interest is the surface oxide region between

400-1200 cm−1 where significant changes occur as a result of thermal oxidation.

2.5.3.2 Electrochemical Characterization

Figure 43 and Figure 44 show the potentiodynamic scans, clearly indicating that higher

temperature treated samples show nobler ECORR, lower ICORR, and lower IPASS values as

compared to control and low temperature treated samples. In particular samples TO-treated

with 700 ◦C 1 and 6 h were the two most improved sample groups in either pH. Specifically,

ECORR increased from -0.8 V to between -0.3 and -0.4 V (nobler), ICORR decreased from µA’s

to the order of nA’s and IPASS decreased from 10’s of µA’s to single digit µA’s. The improved

values correlate with lower corrosion potential, lower corrosion rate, and lower passivation

current, respectively. Interestingly, 400 ◦C 6 h TO-treated samples in pH 3.0 behaved even
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Figure 42: Anatase and rutile TiO2 plot vs. TO-treatment temperature. Absorbance FTIR
spectra have shown that anatase TiO2 is present on samples surfaces TO-treated between 300
and 600 ◦C, reaching their peak for samples TO-treated at 400 ◦C. Rutile TiO2 is present on
samples TO-treated at temperatures ≥ 400 ◦C.
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Figure 43: Potentiodynamic scans of TO-treated titanium alloy samples in pH 3.0 artificial
saliva solution. High temperature treated samples have superior corrosion potential, corrosion
rate, and passivation current readings. Interestingly, 400 ◦C 6h thermally oxidized samples are
observed to have best tribocorrosion resistive properties.

better, where changes in ECORR and ICORR were similar to the 700 ◦C TO-treated samples,

but IPASS decreased from 10’s of µA’s to the order of nA’s.

Figure 45 and Figure 46 show the free potential scans, which corroborate with PD scans

indicating that that 700 ◦C temperature TO-treated samples resisted tribocorrosion in both

pH levels, and 400 ◦C 6 h TO-treated sample behaved similarly, but only in pH 3.0. For
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Figure 44: Potentiodynamic scans of TO-treated titanium alloy samples in pH 6.5 artificial
saliva solution. High temperature treated samples have superior corrosion potential, corrosion
rate, and passivation current readings.
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Figure 45: Evolution of potential curves of TO-treated titanium alloy samples for tribocorro-
sion experiment in pH 3.0 artificial saliva solution. Initiation of sliding results in an increase
in cathodic voltage and cessation of sliding results in a decrease in cathodic voltage. High
temperature treated samples have delayed or reduced potential drops.

all improved samples in either pH, potential drop during sliding improved from between -0.7

and -0.8 V to between 0 and -0.2 V. for In addition, 400 ◦C 1 h TO-treated sample resisted

tribocorrosion for the early portion of the test, where potential drop was linear between 0 and

-0.2 V in pH 3.0 but soon succumbed to tribocorrosion forces and potential drop increased to

around -0.7 V.
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Figure 46: Evolution of potential curves of a TO-treated titanium alloy samples for tribocor-
rosion experiment in pH 6.5 artificial saliva solution. Initiation of sliding results in an increase
in cathodic voltage and cessation of sliding results in a decrease in cathodic voltage. High
temperature treated samples have reduced potential drops.
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Figure 47 and Figure 48 show the potentiostatic scans, which also substantiate obser-

vations made in PD and FP scans, indicating that 700 ◦C 1 and 6 h TO-treatment improve

tribocorrosion resistance in AS of both pH and 400 ◦C 6 h TO-treatment. It is also observed

that current does not initially rise for 400 ◦C 1 h TO-treated samples, however as tribocorro-

sion test progresses, the oxide film is penetrated and corrosion of the surface begins. with the

exception of 700 ◦C 1 and 6 h TO-treated samples in both pH and 400 ◦C 6 h TO-treated in

pH 3.0, current increased to 10’s of µA’s during sliding.

2.5.3.3 Wear Scar Analysis

Total mass loss, mass loss due to corrosion, and mass loss due to wear is given in Table XIII

and Figure 49.

As indicated in Table XIII and Figure 49, total mass loss is significantly reduced for

samples treated at 700 ◦C as compared to control samples in both pH 3.0 and 6.5. Specifically,

a 93 % and 95 % decrease in mass loss is observed for 700 ◦C 1 h TO-treated samples in pH

3.0 and 6.5, respectively and 79 % and 70 % decrease in mass loss is observed for 700 ◦C 6 h

TO-treated samples in pH 3.0 and 6.5, respectively. No mass loss was observed for 400 ◦C 6

h TO-treated samples in pH 3.0. It is also observed that the synergistic weight loss ratio for

these samples is calculated to be “0,” indicating a wear dominated tribcorrosion. For all other

samples the ratio is calculated to 0.1 ≤ KC/KW ≤ 1.0 where both corrosion and wear are active

components of mass loss. All other samples were observed to have mass loss similar to control

samples.
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Figure 47: Potentiostatic scans of TO-treated titanium alloy samples for tribocorrosion exper-
iment in pH 3.0 artificial saliva solution. Initiation of sliding results in an increase in current
observed over a period of sliding and cessation of sliding results in a gradual decrease in current
observed over a period of rest until equilibrium is reached. High temperature treated samples
have reduced or no current changes..
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Figure 48: Potentiostatic scans of TO-treated titanium alloy samples for tribocorrosion exper-
iment in pH 3.0 artificial saliva solution. Initiation of sliding results in an increase in current
observed over a period of sliding and cessation of sliding results in a gradual decrease in current
observed over a period of rest until equilibrium is reached. High temperature treated samples
have reduced or no current changes.
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Figure 49: Potentiostatic scans of TO-treated titanium alloy samples for tribocorrosion exper-
iment in pH 3.0 artificial saliva solution. Initiation of sliding results in an increase in current
observed over a period of sliding and cessation of sliding results in a gradual decrease in current
observed over a period of rest until equilibrium is reached. High temperature treated samples
have reduced or no current changes.



132

2.5.4 Discussion

While titanium alloys are excellent for implants requiring mechanical loading and direct con-

tact with host bone, contact which results in shear produces significant surface wear.(262; 263;

264; 265) Tribocorrosion results of control and 200 ◦C treated surfaces in both pH 3.0 and 6.5

are typical of this occurrence. The poor tribocorrosion property is namely due to the difference

in the mechanical properties of the surface oxide and substrate bulk such as the Young’s Modu-

lus which is known to be 230 GPa versus 110 GPa for the oxide and bulk titanium, respectively.

For a thin hard oxide film on a relatively ductile substrate, an external force may cause failure of

the film as compared to an oxide film and substrate with similar ductility or hardness.(266) As

mentioned previously, thermal oxidation produces a thick hard oxide coupled with a diffusion

zone which may reduce the plastic deformation of the oxide under an external force.(63; 261)

Therefore, oxide-substrate hardness may be similar which may explain the reduced mass loss

observed on 700 ◦C TO-treated surfaces. As reported in literature, a high temperature treat-

ment results in a multi-layered structure containing a titanium dioxide layer, titanium-oxygen

diffusion zone, and a bulk titanium substrate.(63; 64) Previously, observed frictional zones cor-

relate well with the oxide layer (lowest friction coefficients(63; 64)), the oxygen diffusion zone

(higher friction coefficients), and the substrate (highest friction coefficients).(63) Similarly, de-

position of elemental Ti on AISI 316L steel followed by thermally oxidation produced a layered

oxide film, much like the oxide film produced from thermal oxidation of titanium alloy.(267)

In addition to the surface oxide layer, the film included a diffusion zone and a interfacial layer

between Ti and the steel substrate.(267) Similar to results presented in the present study, the
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layered oxide improved tribocorrosion resistance. While similar/dissimilar hardness of oxide-

substrate structures may explain why control and 200 ◦C treated samples do poorly and why

700 ◦C treated samples do well, the phenomena observed for 400 ◦C treated samples needs

further investigation. Specifically, what quality of the anatase oxide produced from 400 ◦C

TO-treatment provides excellent protection in pH 3.0 but very poor protection in pH 6.5. It

is reported in literature and previously by this group, that anatase is reactive and rutile is

inert.(68; 2) The porbaix diagram of titanium (not shown) illustrates the vulnerability of metal

to corrosion in various pH and potentials.(4) In addition to areas labeled as ”corrosion,” ”pas-

sive,” and ”immune,” there are areas where hydrogen or oxygen are evolved (below and above

0.2 V, respectively). Namely, the diagram indicates that when hydrogen content is increased,

as in an acidic environment, the ”corrosion” area is reduced to an area between 0 and -1.0 V

and pH of up to 5.0, whereas without the increased hydrogen content, the area is between 0

and -1.8 V and pH of up to 8.0. This may indicate that in pH 6.5, the area is under corrosion

and a reactive anatase may further exasperate the behavior and weaken the thermally produced

oxide. The potentiostatic scans may support this argument as current values are very high,

indicating occurrence of corrosive reactions. In contrast, the potentiostatic scans of 400 ◦C 1 h

and 6 h TO-treated surfaces during tribocorrosion in pH 3.0 show that the surface is not cor-

roding. In this case, the surface oxide is only exposed to the counter body wear. The oxide may

be too thin for 400 ◦C 1 h TO-treated samples, however, therefore the oxide-bulk differences

in ductility results in tribocorrosion failure, while the oxide of 400 ◦C 6 h TO-treated samples
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is thick enough to withstand the counter body. However further investigation of the 400 ◦C

TO-treatment is needed.

2.5.5 Conclusion

A thick and crystallized TiO2 layer possesses improved corrosion and wear resistance, bi-

ological and mechanical properties. From wear track and electrochemical data, anatase TiO2

produced from 400 ◦C 6 h TO-treatment provided the most inert and hardest surface for tribo-

corrosion resistance in pH 3.0, however such behavior was not observed in pH 6.5. Samples of

700 ◦C 1 and 6 h TO-treatment provided the best surface in both pH 3.0 and 6.5. In general,

lower temperature TO-treatment provided relatively weaker and thinner oxides and higher tem-

perature treatment provided thick, multi-layered, hard oxides. While there are studies which

show similar results, many of them involve precursors, low pressure environment, or other

gases, while thermal oxidation was conducted in this study with air in a furnace. In addition

to improved tribocorrosion properties, changes to titanium surfaces due to thermal oxidation

promote chemical and biological processes which improve implant-biological integration.
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8. In addition to this, authors can also use their article for scholarly purposes.

Please note these rights apply for all Elsevier authors who publish their article as either a

subscription article or an open access article. In all cases we require that all Elsevier authors

always include a full acknowledgement and, if appropriate, a link to the final published version

hosted on Science Direct.”

Parts of chapter 2.2 were previously published in Journal of Oral Implantology (JOI) as

“Investigation of the Formation of TiO2 Nanotubes on Thermally Formed Oxide of Ti-6Al-

4V”. JOI is published by Allen Press Publishing Services. Written permission from Allen Press

Publishing Services is given in the next page.

Chapter 2.4 was previously published as ”Design, Development, and Testing of a Compact

Tribocorrosion Apparatus for Biomedical Applications” in Journal of Bio- and Tribo-Corrosion.

Written permission for the use of tables and figures & text from Springer Science+Business

Media, which controls the copyright, is given in the next pages.
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Figure 50: Permission for use of the material in Chapter 2.2 previously pubclished in Journal
of Oral Implantology (JOI).
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SUPPLEMENTARY MATERIAL

B.1 Fourier Transform Infrared Spectroscopy

B.1.1 Surface Composition and Crystallinity

GIXRD Analysis for Chapter 2.3

Group labels are given in Chapter 2.3. Peaks at 2θ of 35.5, 38.4, 40.3, 53.4, 63.5, 71.0, and

77.0 are observed on all of the GIXRD spectra and are assigned to titanium at 2θ of 35.094

{100}, 38.422 {002}, 40.171 {101}, 53.005 {102}, 62.950 {110}, 70.662 {103}, and 77.370 {201}.

Only spectra of TO-600 and TO-700 samples did not have titanium peak at 2θ of 77.0, possibly

due to the large scale oxidation of Ti to TiO2 (corroborated by the calculated diffusion depths).

Similarly, the peak at 2θ of 53.4 was not observed in the spectra of TO-700 samples. The

peak at 77.0 may also be assigned to vanadium at 2θ of 77.081 {211}. A peak at 2θ of 78.0 is

observed on all GIXRD spectra except for control and TO-700 samples that may be assigned

to aluminum at 2θ of 78.229 {311} or to alumina at 2θ of 78.199 {311}. However, since this

peak does not appear on TO-700 samples, where alumina is observed in EDS spectra (explained

later), the peak is more likely to be for aluminum. Large titanium peaks such as at 2θ of 40.5

decrease dramatically in the spectra of TO-700 samples, indicating much of the surface titanium

has been converted to TiO2. While anatase of 38.572 {112} and 53.885 {105} may exist under

the peaks at 2θ of 38.4 and 53.4, it is difficult to determine whether the peaks size and location
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Figure 53: A) Grazing incidence x-ray diffraction (GIXRD) spectroscopy of control and TO-
treated samples. Significant differences in crystalline structures are observed as a function of
treatment temperature. B) PDF spectra of titanium, anatase, rutile, and alumina are provided.
GIXRD spectroscopy was conducted using a point parallel plate configuration, 0.1542 nm x-ray
emission line of Cu point focus x-ray source, and 2-theta-omega setting. An angle of incidence
of 1 ◦ was used to optimize sensitivity for the thin crystalline TiO2 films.
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are shifting due to the incorporation of the anatase peaks. A spectra-to-spectra comparison

suggests that for the peak at 2θ of 38.4, there is a slight increase in the peak size between the

spectra of TO-300 and TO-500 samples, possibly due to the incorporation of anatase, followed

by a decrease in the peak size in spectra of TO-600 and further in the spectra of TO-700,

possible due to the anatase converting to rutile. In the spectra of TO-300, it can be seen that

the peak centered at 2θ of 38.5 has two shoulder peaks, one at 2θ of 38.6 and the other at

2θ of 38.4, corresponding to anatase and titanium, respectively. Although a likely irregularity,

the spectra of TO-200 samples suggests an increase in the intensity of the peak centered at 2θ

of 38.5; nearly all peaks for TO-200 are larger as compared to spectra of other samples. The

changes in the peak at 2θ of 53.4 are less clear. There is a down-shift in the peak location

starting with the spectra of TO-500 and a decrease in the intensity in the spectra of TO-700

samples. The two peaks for anatase and Ti near 2θ of 53.4 are in close proximity, therefore it is

likely that as Ti converts to anatase, the loss and gain of peak intensities occurs close to each

other and the change is not obvious, except for when both Ti and anatase convert to rutile

and the peak intensity decreases in the spectra for 700TNT samples. Anatase peaks of 62.117

{213} and 62.692 {204} at 2θ of 62.6 are observed in the spectra of TO-400 samples, however,

the intensity is low and the peaks do not appear for the other spectra. It may be that these

anatase facet(s) only appear at heat treatments of 400 ◦C and are converted to rutile above

400 ◦C. An anatase peak of 70.303 {220} is observed in the spectra of 500TNT, which declines

in the spectra of 600TNT samples and more so in spectra of TO-700 samples. A peak at 2θ of

27.5 is observed in the spectra of 600TNT which becomes larger in the spectra of TO-700, and
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is assigned to the rutile peak at 2θ of 27.447 {110}. Large rutile peaks at 2θ of 36.086 {101},

41.226 {111}, 54.323 {211}, a smaller rutile peak at 2θ of 62.742 {002}, and two minor peaks

at 2θ of 69.010 {301 and 69.790 {112} are observed only in the spectra of TO-700 samples.

The shoulders at 2θ of 64.1 and 76.5 for the larger titanium peaks at 2θ of 63.5 and 77.0 are

observed starting in the spectra of TO-400 samples and both may be assigned to rutile of 64.040

{310} and 76.509 {202}. There is a clear down-shift to 2θ of 76.5 in the spectra of TO-600

samples. Based on the GIXRD data, it can be seen that some facets of anatase, such as the

(1 1 2) facet, appear at temperature of treatment as low as 200 ◦C, however anatase is clearly

observed at temperature of treatment of 300 ◦C. Similarly, some facets of rutile are observed at

temperature of treatment as low as 400 ◦C. In addition, the lower quantities of anatase suggest

that longer durations of TO treatment at 300 and 400 ◦C are needed for significant presence of

anatase.

FTIR Spectra Analysis of TO-treated Samples ( Figure 55, Figure 56, Figure 57, Fig-

ure 58, Figure 59, Figure 60, and Figure 61)

For FTIR analysis, the de-convolution may include peak positions blue-shifted (lower cm−1)

or red-shifted (higher cm−1) compared to absorption bands reported in literature due to 1) the

irregular surface roughness and 2) the various components of the alloy and their effect on

surrounding bond stretch/vibrations. Due to the residual air in the FTIR purging chamber,

the following peaks are observed for all FTIR spectra. Three minor peaks seen between 2320

- 2380 cm−1 are associated with gas phase CO2(158) and the noise seen between 3000-3800

cm−1 and between 1400-2000 cm−1 are associated with the O-H bond stretch and vibration
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intensities of absorbed/adsorbed and dissociated H2O (153; 202; 150; 157; 149; 155; 156; 203),

CO2 (158), CO3
−2 (158; 204), or carboxyl groups (COO−) from interaction of TiO2 with CO2

or any surface carbon contamination(203; 203). While a low quantity, a sharp CO2 peak is

observed at 667 cm-1 which increases as a function of TO-treatment temperature, suggesting

that crystalline TiO2 more readily accepts CO2 absorption.(144; 143) As stated earlier, TO-

treatment induces crystallinity and thicker oxides, which increase peaks at certain locations

within the metal-oxide region of 400-1200 cm−1, therefore altering the overall peak location

in the metal-oxide region. In general, crystallization downshifts the metal-oxide peaks. The

common peak regions mentioned earlier are labeled in Figure 54 in the main paper.

In Figure 55, with the exception of the characteristic regions for CO2 and H2O signa-

tures from the chamber, there should be no peaks in the spectra of control samples since the

background sample and control sample are the same.

The FTIR spectra of TO-200 sample ( Figure 56), is also nearly flat with some minor

peaks. Likewise, samples with high temperature of treatment are observed to have peaks of

higher intensities.

In addition, anatase TiO2 is observed to increase and decrease as temperature of treatment

is raised from 300 to 600 ◦C ( Figure 57, Figure 58, Figure 59,and Figure 60) and

disappear by 700 ◦C ( Figure 61). At the same time, rutile TiO2 is observed to increase at

treatment temperatures ≥ 400 ◦C ( Figure 58, Figure 59, Figure 60, and Figure 61).

It is noted that not all peaks for anatase or rutile are observed where these TiO2 structures

are present, which leads to the assumption that certain temperature of treatments produce
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Figure 54: Compiled FTIR spectra of all TO-treated and control samples. Common peaks are
labeled.
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Figure 55: Absorbance Fourier transform infrared (FTIR) spectrum of a control sample. The
water (3800-3000 and 2000-1400 cm−1) and carbon dioxide (2380-2320 and 667 cm−1) regions
are from the FTIR chamber gases. No other significant signatures are observed as both the
background and control have similar chemical composition. Absorbance FTIR spectroscopy
was conducted with a diffuse reflectance accessory and a deuterated triglycine sulfate (DTGS)
KBr detector.
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Figure 56: Absorbance FTIR spectra of a TO-200 sample. The water (3800-3000 and 2000-1400
cm-1) and carbon dioxide (2380-2320 and 667 cm-1) regions are from the ambient gases in the
FTIR chamber. Part A contains the entire spectra and parts B-C contain sections of the spectra
containing deconvoluted peaks. Characterization conditions are same as in Figure 55.
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Figure 57: Absorbance FTIR spectra of a TO-300 sample. The water (3800-3000 and 2000-1400
cm−1) and carbon dioxide (2380-2320 and 667 cm−1) regions are from the ambient gases in
the FTIR chamber. Part A contains the entire spectra and parts B-C contain sections of the
spectra containing deconvoluted peaks. Characterization conditions are same as in Figure 55.
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Figure 58: Absorbance FTIR spectra of a TO-400 sample. The water (3800-3000 and 2000-1400
cm−1) and carbon dioxide (2380-2320 and 667 cm−1) regions are from the ambient gases in
the FTIR chamber. Part A contains the entire spectra and parts B-C contain sections of the
spectra containing deconvoluted peaks. Characterization conditions are same as in Figure 55.



179

Appendix B (Continued)

Figure 59: Absorbance FTIR spectra of a TO-500 sample. The water (3800-3000 and 2000-1400
cm−1) and carbon dioxide (2380-2320 and 667 cm−1) regions are from the ambient gases in
the FTIR chamber. Part A contains the entire spectra and parts B-C contain sections of the
spectra containing deconvoluted peaks. Characterization conditions are same as in Figure 55.
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Figure 60: Absorbance FTIR spectra of a TO-600 sample. The water (3800-3000 and 2000-1400
cm−1) and carbon dioxide (2380-2320 and 667 cm−1) regions are from the ambient gases in
the FTIR chamber. Part A contains the entire spectra and parts B-C contain sections of the
spectra containing deconvoluted peaks. Characterization conditions are same as in Figure 55.
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different facets of the same TiO2 structure. Finally, a significant increase in alumina and

byproducts of reactions between rutile and surface CO2, carbon contamination, and H2O are

observed in the spectra of TO-700 samples ( Figure 61). Further explanation is given next.

For the various peaks found in all the spectra, deconvolution of the peaks and a plot of the

area under the peaks provides information regarding trends of amorphous, anatase, and rutile

TiO2 (not shown). Specifically, certain peaks have several assignments in literature and by

comparing the areas under the peaks between the TO-treated samples, we can deduce which

assignment is more likely. For example, all TO-treated samples contain a peak between 558-

567 cm−1 that can be assigned to anatase (550 cm−1) (141), Ti-O bonds (550 cm−1) (139),

Ti-O-Ti bonds (500-680 cm−1) (268), or rutile (550-560 cm−1) (150). By plotting the area

under the respective peaks, it is found that the peak may belong to amorphous TiO2. The

area under the peak is highest for TO-200 samples ( Figure 56) and an erratic but overall

decrease is observed as a function of treatment temperature and since anatase and rutile first

appear in GIXRD spectra of TO-300 and TO-400 samples (figure 9 in main paper), respectively,

anatase and rutile can be ruled out. Anatase would experience an increase and reduction and

rutile would experience an increase between 300-700 ◦C TO-treatment, however this is not

observed. A general Ti-O and Ti-O-Ti bond would increase continuously for higher temperature

of treatment, and this is also not observed. Therefore the peak may belong to amorphous TiO2,

which, as observed, would decrease as a function of treatment temperature. Similar assessment

is made for all other deconvoluted peaks. For TO-200, 500, and 700 samples, a peak is observed

between 893-896 cm−1 and due the peak areas exponential growth, it is assigned to the O-
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Figure 61: Absorbance FTIR spectra of a TO-700 sample. The water (3800-3000 and 2000-1400
cm−1) and carbon dioxide (2380-2320 and 667 cm−1) regions are from the ambient gases in
the FTIR chamber. Part A contains the entire spectra and parts B-C contain sections of the
spectra containing deconvoluted peaks. Characterization conditions are same as in Figure 55.
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O bonds in TiO2(147) ( Figure 56, Figure 59, and Figure 61). Similarly, for TO-200,

300, 400 and 500 samples, a peak is observed between 838-843 cm−1 that is assigned to TiO-

OH(151) ( Figure 56, Figure 57, Figure 58, Figure 59). These two peaks suggest an

increase in TiO2 as temperature of treatment is increased. For all samples except for TO-300,

peaks centered between 442-445 cm−1 are observed that may be assigned to anatase and rutile

(435/440 cm−1)(150; 155; 203), Ti-O-Ti bonds (436-495 cm−1) (138), or Ti-O bonds (450 cm−1)

(154). However, the peak area does not increase significantly for most samples, except for TO-

700, therefore it may correspond to a specific facet of rutile TiO2 which appears only for 700

◦C TO-treatment ( Figure 61). Looking at GIXRD data ( Figure 53), large peaks appear

representing rutile facets at 27.447 {110}, 36.086 {101} and 41.226 {111} which do not exist

for the other temperature treatments. Another peak observed at 493 cm−1 for only TO-700

samples is assigned to rutile(269). For all samples, except for TO-200 and TO-700 samples,

a peak is observed located between 868-879 cm−1 that can be assigned to the anatase peak

located at 870 cm−1 (141; 146). The peak area plots show that the peak appears on TO-300

samples ( Figure 57), reaches its maximum on TO-400 samples ( Figure 58), and decreases

thereon and is no longer present on TO-700 samples ( Figure 61). This is also corroborated

with GIXRD data in Figure 53. In addition, a peak is observed between 820-840 cm−1 for

TO-500, 600, and 700 samples that can be assigned to rutile (830 cm−1) (141; 146; 270; 140)

and the Ti-O bond of rutile (820 cm−1) (145) ( Figure 59, Figure 60, and Figure 61).

The peak at 54.323 {211} in GIXRD spectra was observed to be increasing steadily for TO-500,

TO-600, and TO-700 samples, therefore the FTIR peak may represent the {211} facet of rutile.
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D. Velten et al. also showed with a comparison of heat-treated commercially pure Ti and Ti-

alloy that 830 cm−1 may entirely belong to rutile TiO2 and not due to the other elements in

the alloy. The dramatic increase in rutile on TO-600 and TO-700 samples is also represented

by a peak in the spectra that is observed between 755-766 cm−1 assigned to Ti-O-Ti bonds

of rutile (763 cm−1) (145). The peaks at 485 and 848 cm−1 are assigned to Al-O bonds of

alumina (485 and 845 cm−1, respectively) (269; 271). It should be noted that the alumina

signatures are considerably greater for TO-700 samples and EDS data confirms presence of

alumina at larger quantities than in other samples ( Figure 61). This may be in part due to

the melting temperature of aluminum being 650 ◦C. TO-treatment at 700 C may have diffused

the aluminum to the surface of the sample where it may then be oxidized. A minor sharp

negative peak appears at 419 cm−1 for all samples except for TO-300 samples ( Figure 57).

This peak, due to its negative area may correspond to amorphous TiO2, however, due its

small quantity, may simply be noise. While certain general oxide bonds appear, the specific

940 cm−1 of amorphous TiO2 reported in literature(141; 146) was only detected for TO-300

samples. The CO2 peak of 667 cm−1 is observed for all samples except for TO-200 samples

( Figure 56). This may occur if the purging time for the background sample and TO-200

sample results in equal amount of CO2 being present in the chamber. Interestingly, the area

under the sharp peaks of CO2 steadily as a function of treatment temperature. As mentioned

earlier, crystalline TiO2 is known to interact with CO2.(203; 154) There are several other peaks

which are only found in the spectra of TO-700 samples ( Figure 61). The 1600-1000 cm−1

region is fitted with peaks at 1449.3, 1372.5, 1248.3, 1117.3, 1541.8, and 1597 cm−1. The peak
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at 1449.3 cm−1 is assigned to C-O of CO3
−2 or CO2 (1420/1453 (158; 204) and 1424 cm−1

(158), respectively). The peaks at 1372.5 and 1541.8 cm−1 are assigned to COO- bonds (1350

and 1550 cm−1) (154), however, signatures at 1550 cm−1 (and 1617 cm-1) can also represent

the Ti-OH bond and surface adsorbed H2O, respectively (149; 204; 154; 139; 268; 138; 272). In

addition, peaks at 1370 and 1500 cm−1 have been shown to represent the C-O bonds of CO2,

CO, and CO3
−2.(158; 204; 138; 273) The peak at 1248.3 cm−1 is assigned to the bonds between

H2O and -OH groups on TiO2 and Ti-O-O-H complexes (1222 (138) and 1250 (152) cm−1,

respectively) which arise from the dissociation of H2O when in contact with TiO2; the peak at

1117.3 cm−1 is assigned to Ti-OH and hydrated Al-O bonds (1000-13004 and 1135/1127/1129

cm−1 (274), respectively); the peak at 1597 cm−1 is assigned to H-O-H bonds (1600-1650 cm−1).

In this region are signatures for liquid H2O(153; 138), H-O-H bending (202; 150), -OH vibration

(157; 204; 139), -OH radicals(203), and adsorbed H2O (155; 156; 138). An additional peak at

1927.1 cm−1 is observed. This peak is assigned to the C-O bonds of CO2 on TiO2 (1975 cm−1)

(272). The 4000-2200 cm−1 is fitted with peaks at 2335, 3398.1, 3164.8, 2908.1, and 2365 cm−1.

The peaks at 2335 and 2365 cm−1 are assigned to CO2 (2320-2380 cm−1); the minor peaks at

2320, 2350, and 2380 cm−1 represent C-O bonds of CO2, CO, and CO3
−2 that may arise from

the presence and reaction of CO2 with the surface rutile TiO2.(158; 204; 138; 273) The peaks at

3164.8 and 3398.1 cm−1 is assigned to OH absorbed on TiO2 and H2O on the surface (3400 and

2700-3667 cm−1)(153; 150; 151; 138; 148); the peak at 2908.1 cm−1 is assigned to C-H bonds

(2800-3000 and 2932 cm−1)(157; 268). This large peak may be due to chemical signatures of

C-H bonds(202; 157; 204; 268; 151; 275) of products from possible reactions between the surface
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Figure 62: Absorbance FTIR spectra of a all anodized samples. Common peaks are labeled.
Characterization conditions are same as in Figure 55.

rutile TiO2 and the CO2 and H2O in the chamber as discussed by Sorescu et al.32 Fahim et al.

states that the C-H signatures may be from surface contamination, however, the lack of C-H

signatures in the other spectra leads us to agree with Sorescu et al.(204; 276)

FTIR Spectra Analysis of TO/Anodized Samples ( Figure 66, Figure 67, Figure 68,

Figure 69, Figure 64, Figure 65, and Figure 68)



187

Appendix B (Continued)

As can be seen from Figure 62 in main paper, the FTIR spectra of TO/anodized sam-

ples are nearly identical, with the exception of 700TNT samples. There are five main regions

of interest: 2800-4000 cm−1 (water adsorption/absorption), 2800-1800 cm−1 (water adsorp-

tion/absorption and CO2 adsorption and reaction by-productions), 1800-1200 cm−1 (water

adsorption/absorption and anodization electrolyte residue), and 1200-400 cm−1 (metal-oxide).

As it will be later explained, dissolution of TiO2 is the initial step of anodization, before which

nanotubes cannot form.

The oxide obtained on TO-700 samples may have been too thick to be dissolved within 15

minutes. As a result, FTIR spectra of 700TNT samples look similar to that of TO-700 samples

( Figure 61 and Figure 63).

In addition, FTIR spectra of 500TNT and 600TNT samples differ from the other FTIR

spectra in nearly all the regions of interest, which may be correlated with the lack of surface

pores observed ( Figure 64 and Figure 65). Lack of surface pores would alter the inter-

action of ambient H2O and CO2 with TNTs, and therefore affect the FTIR spectra. Based

on area-under-the-peak plots, no consistent observations for TiO2 crystalline structure can be

made. Amorphous, anatase, and rutile signatures are seen in all samples with significantly

larger intensities as compared to TO-treated samples. Significant signatures for H2O, CO2,

and contamination from anodization electrolyte are observed on all TO/anodized samples. All

samples also have signatures for alumina, which may be present in small quantities left-over

from the anodization process. Generally speaking, the anaylsis of FTIR spectra in this study

are in agreement with those reported by D. H. Shin et al. and S. Patel, et al., however, this
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Figure 63: Absorbance FTIR spectra of a 700TNT sample. The water (3800-3000 and 2000-
1400 cm−1) and carbon dioxide (2380-2320 and 667 cm−1) regions are from the ambient gases
in the FTIR chamber. Part A contains the entire spectra and parts B-D contain sections of the
spectra containing deconvoluted peaks. Characterization conditions are same as in Figure 55.
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Figure 64: Absorbance FTIR spectra of a 500TNT sample. The water (3800-3000 and 2000-
1400 cm−1) and carbon dioxide (2380-2320 and 667 cm−1) regions are from the ambient gases
in the FTIR chamber. Part A contains the entire spectra and parts B-D contain sections of the
spectra containing deconvoluted peaks. Characterization conditions are same as in Figure 55.
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Figure 65: Absorbance FTIR spectra of a 600TNT sample. The water (3800-3000 and 2000-
1400 cm−1) and carbon dioxide (2380-2320 and 667 cm−1) regions are from the ambient gases
in the FTIR chamber. Part A contains the entire spectra and parts B-D contain sections of the
spectra containing deconvoluted peaks. Characterization conditions are same as in Figure 55.
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study offers in-depth deconvolution analysis not addressed in those studies.(73) With the ex-

ception of H2O/CO2 regions, FTIR spectra of TNTs have distinct signatures. Finally, due to

the similarities to TO-700 FTIR spectra, see previous section for discussion of the peaks for

700TNT.

In in the 4000-2800 cm−1 region, CTNT, 200TNT, 300TNT, and 400TNT anodized samples

contained a peak related to adsorbed/absorbed H2O and -OH bonds within 2800-3800 cm−1

( Figure 66, Figure 67, Figure 68, and Figure 69).(156; 203; 204; 154; 139; 268; 147; 138;

142; 277; 278) While several peak locations are reported in literature and the following were

consistently used to fit this region of the spectra; 3915, 3834-40, 3710-70, 3591-3625, 3449-77 and

3200-05 cm−1. The absorbed H2O signature would imply the H2O have physically incorporated

into the TiO2. However, it is more likely that H2O adsorbed inside the TNTs would provide

similar chemical signature as absorbed H2O. Alternatively, due to the very small and few, if any,

surface pores present on 500TNT and 600TNT samples, and no nanotubes present on 700TNT

samples, peaks for adsorbed/absorbed H2O and -OH bonds within the 2800-3800 cm−1 region

are absent ( Figure 64, Figure 65, and Figure 63). Peaks assigned to N-H bonds (3375

cm−1)(272) were observed on CTNT and 400TNT at locations of 3360-66 cm−1 likely due to the

ammonium residues left over from the electrolyte ( Figure 66 and Figure 69). In addition,

the bonds of NH4
+ on H2O (3250-3810 cm−1) (148; 279) fall within the 2800-3800 cm−1 for

adsorbed/absorbed H2O and -OH bonds. Three smaller peaks are observed in spectra of all

samples located at 2857-90, 2928-30, and 2961-2 cm−1 and assigned to C-H bonds at 2800-3000

cm−1 (158; 202; 157; 268), 2852-55 and 2968-3038 cm−1 (275), 2922/2853 cm−1 (275), and
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Figure 66: Absorbance FTIR spectra of a CTNT sample. The water (3800-3000 and 2000-1400
cm−1) and carbon dioxide (2380-2320 and 667 cm−1) regions are from the ambient gases in
the FTIR chamber. Part A contains the entire spectra and parts B-D contain sections of the
spectra containing deconvoluted peaks. Characterization conditions are same as in Figure 55.
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Figure 67: Absorbance FTIR spectra of a 200TNT sample. The water (3800-3000 and 2000-
1400 cm−1) and carbon dioxide (2380-2320 and 667 cm−1) regions are from the ambient gases
in the FTIR chamber. Part A contains the entire spectra and parts B-D contain sections of the
spectra containing deconvoluted peaks. Characterization conditions are same as in Figure 55.
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Figure 68: Absorbance FTIR spectra of a 300TNT sample. The water (3800-3000 and 2000-
1400 cm−1) and carbon dioxide (2380-2320 and 667 cm−1) regions are from the ambient gases
in the FTIR chamber. Part A contains the entire spectra and parts B-D contain sections of the
spectra containing deconvoluted peaks. Characterization conditions are same as in Figure 55.
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Figure 69: Absorbance FTIR spectra of a 400TNT sample. The water (3800-3000 and 2000-
1400 cm−1) and carbon dioxide (2380-2320 and 667 cm−1) regions are from the ambient gases
in the FTIR chamber. Part A contains the entire spectra and parts B-D contain sections of the
spectra containing deconvoluted peaks. Characterization conditions are same as in Figure 55.
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2900 cm−1 (151). In the 2800-1800 cm−1 region, several small peaks at 2327-34, 2349, and

2361-63 cm−1 are observed on all samples and are assigned to gaseous CO2 (2320-2380 and

2350 cm−1) (158). Additionally, 400TNT and 600TNT spectra contain peak located between

2400-2463 for OH bonds are associated with adsorbed/absorbed H2O (2442, 2435, and 2463

cm−1) ( Figure 69 and Figure 65).(153) In spectra of 500TNT, 600TNT and 700TNT

samples, peaks at 1975-2022, 2191-219, and 2540-46 cm−1 are observed and are assigned to

C-O bonds of CO2 (1975 (272) and 2206-08, 2185-91(148) cm−1, respectively) ( Figure 64,

Figure 64, and Figure 63). The third peak is assigned to N-H bonds (2750-2350 cm−1)

(280). In the large 1800-1200 cm−1 region, several bond signatures are present in all spectra,

with the exception of spectra for 700TNT samples ( Figure 66, Figure 67, Figure 68,

Figure 69, Figure 64, and Figure 65). Peaks at 1670-76, 1570-79, 1346-50, and 1414-28

cm−1 are assigned to CO2 (1671 cm−1) (158), N-H bonds (1500-1700 cm−1) (157), and COO−

bonds (1350 and 1550 cm−1)(154) which may arise as a by-product of hydrothermal oxidation

of carbon during anodization(154), and TiO2 (149) or N-H bonds of NH4
+ (147), respectively.

The peak at 1240-46 cm−1 is observed on spectra of CTNT, 200TNT, 300TNT, and 400TNT

and are assigned to the H2O interaction with the hydrogen of -OH groups (1222 cm−1) (138) and

Ti-O-O-H bonds (1250 cm−1) (152) ( Figure 66, Figure 67, Figure 68, and Figure 69).

All spectra also contain two peaks at 1030-1080 and 1127-1135 cm−1 for byproduct of CO2

reaction with TiO2 and its hydroxides (1063 cm−1) (281; 282) and for hydrated alumina which

be part of the TNT structure (1135/1127/1129 cm−1) (274). The peak at 1463-1470 cm−1 is

observed for all spectra except for 500TNT and 600TNT samples and is assigned to N-H bonds
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of NH4
+ (1462-1465 cm−1) 30, C-H bonds (1463 cm−1) (268), or Ti-O-Ti bonds (1450 cm−1)

(139), which are all possibilities due to the formation of TNTs and residue from the electrolyte

( Figure 65 and Figure 63).

In the region between 1200-400 cm−1, the following peaks are observed. For all spectra of

anodized samples ( Figure 66, Figure 67, Figure 68, Figure 69, Figure 64, Figure 65,

and Figure 63) the peak between 435-60 cm−1 is assigned to rutile (435/440 cm−1) (150; 155;

203), Ti-O-Ti bonds (436-95 cm−1) (138), and Ti-O bonds (450 cm−1) (154); the peak between

667-68 is assigned to CO2 (667 cm−1) (144; 143); the peak between 961-71 cm−1 is assigned

to Al-O bonds of alumina (900-1000 cm−1) (283), or Al-OH bonds and alumina (960 cm−1)

(141; 283); the peak at 743-770 cm−1 is observed for all spectra and is assigned to alumina

(700-800 cm−1) (271) or rutile (763 cm−1) (145). The peak at 498-508 cm−1 is observed for all

anodized samples except for 300TNT samples, that can be assigned to Ti-O-Ti bonds (450-550

cm−1) (139), rutile (493 cm−1), and Ti-O bonds in TNTs (400-613 cm−1) (204) ( Figure 66,

Figure 67, and Figure 69, Figure 64, Figure 65, and Figure 63). The peak between

482-83 cm−1 is observed for all anodized samples except for CTNT and 200TNT samples,

that can be assigned to Al-O bonds of alumina (485 cm−1) (269) ( Figure 68, Figure 69,

Figure 64, Figure 65, and Figure 63). The peak between 586-93 cm−1 is observed

for all anodized samples except for 500TNT and 600TNT samples, that can be assigned to

anatase (590 cm−1) (141) ( Figure 64 and Figure 65). The peak between 470 cm−1 is only

observed for 600TNT samples that can be assigned to Ti-O-Ti (436-95 cm−1) or V2O5 bonds

(470 cm−1) (284). It may be that for the 600TNT sample, some of the dissolved vanadium
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deposited onto the anodized sample. The peak at 933 cm−1 is observed only in spectra of

400TNT samples and is assigned to amorphous TiO2 ( Figure 69).(141; 146) The peak at

838 cm−1 is observed on only spectra of 200TNT and is may be assigned to the O-O bonds

of TiO-OH ( Figure 67).(151) The peak at 712-716 cm−1 is observed for spectra of 400TNT,

500TNT and 600TNT and is assigned to anatase (690 cm−1) ( Figure 69, Figure 64, and

Figure 65).14 The peak at 827-831 cm−1 is observed for 300TNT and 600TNT samples and

is assigned to rutile (830 cm−1) ( Figure 68 and Figure 65). (141; 146; 270; 140) The

peak at 907-11 cm−1 is observed for all spectra except for spectra of 400TNT samples and is

assigned to Al-O bonds of alumina (914 cm−1)(271) ( Figure 66, Figure 67, Figure 68,

Figure 64, Figure 65, and Figure 63). The peak at 869-77 cm−1 is observed for all spectra

except for 200TNT and 500TNT samples and is assigned to anatase (870 cm−1) ( Figure 66,

Figure 68- Figure 69, Figure 65- Figure 63).(141; 146)
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