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OXIDATION OF TITANIUM IN ALPHA-CALF SERUM SOLUTION 

Ali Sait Ismailoglu, M.S. 

Western Michigan University, 2004 

Titanium and its alloys have been used extensively in orthopedic implants mainly 

because of its excellent biocompatibility. This biocompatibility is attributed to its 

surface oxide film (3-7 nm thickness) that forms immediately upon exposure of 

titanium to air. In the research, the oxidation of Ti-6Al-4V in alpha-calf serum 

solution was studied. Four different immersion times were tested. Characterization 

of surface topography and its chemical composition was examined using Atomic 

force microscopy (AFM), Fourier transform-infrared radiation (FT-IR), and X-ray 

photoelectron spectroscopy (XPS). The AFM results clearly show the gradual change 

that occurred in the samples topography which is associated with more-rounded 

surface topography that is caused by the hydration of titanium surfaces. Finally, after 

three months in the serum solution, hydrated titanium oxide surface is visible. XPS

results, for the as-polished sample after thirty seconds of surface sputtering, shows 

TiO2 and TiiO3 through out of its surface. With the increased immersion time, 

surface is predominantly composed ofTiO2 and sub-oxides ofTiiO3 and TiO which is 

associated with the further oxidation ofTiiO3 to TiO2. As a result, XPS results 

showed that, immersion of Ti-6Al-4V in alpha calf serum solution changes the 

topography of the surface and the oxidation level of titanium. 
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Biocompatibility 

CHAPTER I 

INTRODUCTION 

The aim of an implant material is to replace a part of the body. In order to be 

an implant material, all implant materials should show satisfactory mechanical, 

chemical and physical properties [l]. For example, most of the materials that are 

used as medical devices have to be biocompatible. Biocompatibility is the property 

of an implant material, where it performs this ability in the host tissue, for an 

acceptable period of time without causing any side effects [1, 2]. Therefore materials 

that are being used as a biomaterial have to biocompatible. Depending on the 

application of the material, there are some degrees ofbiocompatibility (for example 

required biocompatibility of an orthopedic implant is different than the temporary 

skin contacts). Therefore because of the importance of this issue, there are many 

regulations and rules for acceptable biocompatibility, which come from ISO 

standards of 10993-1 and all the biomaterial manufacturers should meet the minimum 

requirements that are listed by ISO, FDA, MDA and other standard organizations [2-

4]. For example, the United Kingdom Medical Device Agency (MDA) provides 

assistance to medical device manufacturers by issuing rules on the acceptability of 

medical devices and their required biocompatibility [2, 4]. 

Material properties that are related to biocompatibility should include 

chemical inertness, lack of toxicity and adhesion [2, 3]. Table 1 represents the series 

of tests for medical devices according to ISO-I 0993-1, for example the test for "local 

effects after implantation" is for observing the foreign body reactions. After 

1 



implantation for one month, if the implant material is protected in a tough, thin 

surface layer, then it can be concluded that the implant material is biocompatible [3]. 

Table 1. Evaluation of Medical Devices According to ISO 10993-1, reference (3) 

• Interaction with blood

• Tests for carcinogenicity

• Degradation of materials

• Reproductive toxicity

• Local effects after

implantation

• Systemic toxicity

The surface properties of the implant material are important for 

biocompatibility, and its surface properties can be different from the bulk material's 

properties. This is significant because the biological environment is in contact with 

the material's surface. Of course, the bulk properties are important for the 

functioning of the material; for example, in titanium-based orthopedic implants low 

modulus of elasticity, strength-to-weight ratio, fatigue strength and the toughness of 

the implant are important [l, 5-7]. 
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Corrosion of Implant Materials 

Corrosion is the degradation of metals and their alloys by chemical reactions 

with their surrounding environments which starts on the surface of the material [2, 3, 

6]. These environments can be strong acids or alkalis. Titanium and its alloys belong 

to a group of metals which form a passivated oxide surface layer, in a similar way to 

stainless steel, aluminum alloys, and cobalt- and nickel-based alloys. In this group of 

metals, titanium has a special place due its corrosion resistivity property and 

depending on the corrosive environment titanium either can get corroded very fast or 

very slowly [3, 6]. For example titanium is very corrosion resistive in nitric acid 

solutions; on the other hand it can get corroded in hydrofluoric acid spontaneously 

[3]. Every material has a different corrosion resistivity in different environments [3]. 

Therefore, regarding to materials chemical composition such as alloying elements, 

impurities or surrounding environments properties (pH of the solution, temperature, 

chloride concentration) or surface conditions of the material will determine the 

corrosion resistivity properties [3, 6]. 

The corrosion process in metal-aqueous solutions can happen in two ways 

which starts on surface of material. First one is called uniform corrosion, where the 

corrosion takes place uniformly on surface. Second one is called localized corrosion 

where corrosion happens locally and acts into the depth of the surface [6]. These 

corrosion effects in aqueous solutions are based on two conditions which happens 

either under aerobic conditions or anaerobic conditions. Under aerobic condition 

oxygen is the oxidizing compound where metal oxides and hydrated oxides can be 

formed; and this reaction happens in physiological environments. In anaerobic 
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condition water is the oxidative media. Under this condition metal oxides and 

hydroxides can be formed [3, 6]. 

While maintaining the desired bulk properties of a material, modifying the 

surface properties of an implant material by surface treatment methods can be a way 

of increasing the corrosion resistivity of implant materials [2]. Also another reason 

for applied surface modification is either to protect the implant material from 

damages that can be caused by the host or to protect the host from getting damaged 

by the implant material [2]. Secondly surface treatment methods can be applied in 

order to increase the corrosion resistivity of implant material. There are many 

different surface treatments, the selection of which depends on the application. These 

surface treatment methods can be ion implantation, plating, coating, deposition 

techniques or heat treatment [2, 3]. As a conclusion selection of the implant material 

and surface treatments play a key role in preventing the corrosion of the material, 

because by applying the appropriate material it is possible to protect and to prevent 

the corrosion of the implant material [2, 3]. 

Bioacceptability of Implant Materials 

Bioacceptability is the effect of the organism on the implant material such as 

tissue regeneration, bone formation on the implants surface [8]. Bioacceptability and 

biocompatibility properties of implant materials are achieved or increased by surface 

modification techniques. One of the most common surface modification technique is 

surface coatings such as hydroxyapatite (HA) coatings on orthopedic implants [3]. 

These hydroxyapatite coatings have received great attention due to their bioactivity 
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and increased bone formation around the implant material [9-11]. The formation of 

bone-like apatite layer on implant materials is necessary, for example by coating the 

implant materials with certain coatings it is possible to increase and improve the 

bioacceptability of the implant material [12, 13]. Therefore, coatings on implant 

materials surfaces are essential, because it is possible to optimize the surface 

properties by increasing and improving the bioacceptability of the implant material as 

well as shorten the time period of bone formation on implant surfaces [12-15]. 

Properties and Applications of Titanium as a Biomaterial 

Titanium and its alloys are well-known and important biomaterials, which 

have been successfully used in the fabrication of dental and orthopedic implants [3, 

16, 17]. The success of titanium which is being used in orthopedic and dental field is 

due to their high biocompatibility and corrosion resistance in the biological 

environments [3, 18-20]. Also the bulk properties of titanium and its alloys such as 

low elastic modulus, high tensile strength and low weight properties make titanium 

suitable material as an implant material [1-3, 5-7]. 

The biocompatibility of titanium is due to its surface oxides which are 

spontaneously formed in air and which has a thickness of 3-lOnm [21-23]. This air

formed oxide layer is dense and stable, which results in the high corrosion resistance 

of titanium [3, 21-23] as a result when titanium is inserted into body this dense oxide 

layer allows a good corrosion resistance of the implant material which stops the 

interactions of the implant material's surface with the environment by releasing metal 

ions and compounds [24]. For example, the corrosion-resistant oxide film of titanium 

5 



is similar to high grade 316 stainless steel commonly used as an implant material. 

However stainless steel shows higher reactivity than titanium in the host after 

implantation and sometimes implants made from 316 stainless steel fails due to 

corrosion and ferreting fatigue [25, 26]. The surface morphology, roughness and 

composition of the oxide layer will play an important role for biocompatibility of the 

titanium implants [23, 24, 27, 28]. 

It can be said that material selection is a key role in biomaterials, and in order 

for a material to be considered as a useful biomaterial it must [8, 29]: 

• Show minimum change in the host tissue, bone and fluid environment due to

chemical reactions that may occur between the implant material and the

surrounding environment.

• Show minimum wear, tear and dimensional shape change in the host body.

• Posses the required mechanical properties.

• Be able to be sterilized.
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Hypothesis 

Immersion of Ti-6Al-4V polished disks in a-calf serum solution at a 

controlled temperature, 3 7°C, and a controlled pH, 7 .2, may cause the oxidation and 

the hydration of the surfaces which may change the surface chemistry. 

In order to investigate and see this change and to prove this prediction, for 

each sample AFM, FT-IR and XPS analysis were done. During the experiments, 

samples were immersed into a-calf serum solution for different time periods. Also 

an as-polished sample was kept in order to compare with the immersed samples. 
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Titanium and Its Alloys 

CHAPTER II 

LITERATURE REVIEW 

Titanium was discovered in the beginning of the 18th century [30]. Until the 

second half of the 20th century, it was not widely used [30]. It has been 

approximately fifty years since titanium and its alloys became widely used in the 

industry [30]. 

Titanium is the ninth most common element on the earth's crusts [3]. It 

became popular for the military applications of aircrafts and g� turbine engines in 

the second half of the 20th century because titanium is light, strong and corrosion 

resistant [5, 31] . For example because of the good anti-corrosive properties titanium 

is suitable for use in aggressive environments such as in heat-exchangers, food and 

chemical processing and as a biomaterial [31]. Also titanium and its alloys are 

widely being used in golf clubs, bicycles and automotive industry which is due to its 

low density and relative strength advantages over other candidate materials [2, 3, 5]. 

There are many reasons why titanium is widely being used in the today's 

industry, first of all the density of titanium is approximately 60% of steel and nickel 

based super alloys, which is a great advantage where weight reduction is needed [30]. 

Titanium's strength to weight ratio is greater than the any other structural metal [30]. 

Also titanium is available in a wide variety of types and it can be cast, forged and 

wrought [30]. Also, because of being a biocompatible material, and due to its 

corrosion resistance, titanium and its alloys are widely being used in the orthopedic 

and dental fields [1, 32-34]. The corrosion of an implant material is related to ion 
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release from the material into the biological environment [35]. With increased 

corrosion resistance, this ion release is minimized (an example of this is given further 

in the text) [35]. When titanium and its alloys are compared to stainless steel, cobalt

nickel-chromium or to cobalt-chromium-molybdenum alloys, titanium shows higher 

corrosion resistance (less foreign ion release) in corrosive environments [35], because 

of this cobalt-chromium alloys as an implant material is challenged by titanium and 

its alloys [22]. This corrosion resistivity of titanium is attributed to its protective 

surface oxide layer [21-23, 35, 36]. As a result, materials that are being used as 

biomaterials, such as, stainless steel, cobalt-chromium alloys and titanium alloys must 

have to be biocompatible, corrosion resistant and must be available when they are 

needed. Also biofunctionality, bioadhesion and processability properties of materials 

are important [ 6]. 

With the increased number of old people population, the need for more 

dependable materials for replacing broken or damaged parts of the human body is 

increasing too [35]. Therefore, there is a great need for materials that are chemically 

inert and that have adequate mechanical strength. Because of the reasons that were 

listed previously (biocompatibility, corrosion resistance and etc.) titanium is the 

choice of an implant material [ l -3, 31-35]. Titanium and its alloys do not cause any 

allergic reactions within the host tissue, and also possesses no thrombotic reaction 

with the blood [35]. 
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Chemistry and Structure of Titaniwn 

Pure titaniwn has two crystalline structures (it is an allotropic element). One 

is body centered cubic (BCC); the other is hexagonal closed packed (HCP). The HCP 

structure is in equilibriwn at room temperature and is also known as a phase. The 

BCC structure is stable at elevated temperatures and is known asp phase [37]. 

Titaniwn and its alloys are divided in to three classes according to the phases that are 

present in the microstructure, the a and the p structures are the basis for this group 

[35-37]. These alloys are a, a-P, f3 [30, 35-38]. 

By alloying elements that are listed in table 2, such as Al, V, Sn, Mo, Zr it is 

possible to manufacture different crystalline structures [30]. The crystal structure can 

be stabilized by alloying the titaniwn metal with certain elements; as a result, it is 

possible to intentionally create the so-called a, a-p and p alloys [22, 30, 35, 36]. The 

alloying elements for stabilizing a phase can be oxygen, tin and aluminwn [20, 35]. 

Beta phase stabilizers include molybdenwn, tantalwn, iron, vanadiwn, niobiwn and 

chromiwn [30]. These alloying elements and their effect on the alloy properties are 

listed in table 2. 

a (titaniwn) and a-f3 (Ti-6Al-4V) alloys are widely being used in the 

orthopedic and dental fields [5, 35, 39]. For example in skeletal devices, Ti-6Al-4V 

has a great advantage over pure titaniwn because of the better mechanical properties 

ofTi-6Al-4V [35], values for tensile strength and other mechanical properties are 

listed in table 3. 
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Table 2. Effects of Alloying Elements on Titanium, Adapted from [30) 

E 

Alpha Stabilizers 

Al,O,N 

Increasing Alpha Stabilizers 

Alpha Near Alpha 
Structure 

x Unalloyed Ti Ti-5Al-6Sn-
a Ti-5Al-2.5Sn 2Zr-1Mo-0.2Si 

Ti-6Al-2Sn-
4Zr-2Mo 

Mixed 
Alpha-Beta 

Ti-6Al-4V 
Ti-6Al-2Sn-
4Zr-6Mo 

Beta Stabilizers 

Fe, Cr, Mn, Mo, V 

Increasing Beta Stabilizers 

Near Beta 

Ti-8Mn 

Beta 
Structure 

Ti-13V-l 1Cr-
3Al 
Ti-8Mo-8V-
2Fe-3Al 

m 

p 

I 

e 

s Affect of the Alloying Elements 

Increased Density ____________ .,. 

Increased Respond to Heat Treatment 

..,. _____________ Increased Creep Resistance 

..,. _____________ Increased Weldability 

Alpha Titanium Alloys 

At room temperature, these alloys have a hexagonal closed packed 

microstructure [37]. a. titanium alloys are weldable and have very good creep 

resistance at elevated temperatures [30]. Because of their hexagonal closed packed 

crystalline structure they do not undergo a ductile-brittle transformation at low 

temperatures typical ofBCC alloys [28], this makes them attractive for use in 
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cryogenic applications [3]. These alloys are not heat treatable because they are stable 

single-phased alloys; therefore their mechanical properties cannot be improved by 

heat treatment [30]. With a, stabilizing elements such as oxygen, tin and aluminum, 

at room temperature, it is possible for the a, phase to keep its structure in the 

hexagonal closed packed state because these alloying elements are soluble in the HCP 

structure [22, 30, 35, 37]. 

Alpha-Beta Titanium Alloys 

These alloys have the combination of alloying elements that are a-stabilizers 

and �-stabilizers where the properties and the characteristics of both structures are 

needed [30]. As a result, both HCP a, phase and the BCC � phase can co-exist at 

room temperature [37]. The excellent combination of strength and ductility of a-� 

alloys are created by heat treatment which is due to the alteration of the amounts of 

a,-� phases and the phase composition [37]. For example when aluminum and 

vanadium are added as an alloying element, this alloys tensile strength can be 

increased from 242MPa to I 000MPa [22, 30]. Also their good creep resistance under 

cyclic loadings makes them suitable in the applications of orthopedic implants [30]. 

Beta Titanium Alloys 

Beta titanium alloys are metastable alloys [30]. For example, elevated 

temperatures or cold working at ambient temperatures can cause partial 

transformation of the � phase into a, phase. This metastable characteristic of� alloys 

can produce special properties such as, increased cold formability, excellent 
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forgeability and increased hardness [30]. The major alloying elements such as, 

tantalum, niobium and molybdenum are considered to be biocompatible [30]. 

Table 3. Mechanical Properties of Titanium Implants, reference [30) 

Tensile Yield 
Grade Metallurgical Elongation Reduction Hardness 

Strength Strength 
Type Condition % in Area% (Rockwell) 

MPa MPa 

Ti CP-1 700UC 241 172 24 30 70HRB 

Ti CP-4 700UC 552 483 15 25 lO0HRB 

Ti-6Al-4V 700°C 931 862 15 30 36HRB 

Ti-12Mo-
760°C 1000 965 15 40 33HRB 

6Zr-2Fe 

Ti-15Mo-

2.8Nb- 800°C 793 655 22 60 24HRB 

0.2Si 

In table 3, the mechanical properties of selected titanium implants are 

characterized. As can be seen from the values in the table, the tensile strength of a 

phases can change from 241MPa to 552MPa; this is due to the addition of different 

alloying elements like aluminum, molybdenum. Also a-� alloys such as Ti-6Al-4V 

can exhibit a tensile strength up to 93 lMPa [30, 35]. 
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Processing and Microstructure of Titanium and Its Alloys 

The microstructure of a material plays an important role in determining the 

mechanical properties of titanium implants [3]. The microstructures are obtained by 

thermo-mechanical processes and heat treatment. This thermo-mechanical process 

will produce either a structure that has grains elongated in the working direction, or a 

dynamically-recrystallized equiaxed structures. The heat treatment applied structures 

will transform from elongated structure to an equiaxed structure [3]. The 

microstructures of titanium will depend on several criteria's such as, prior work, 

alloying elements, cooling temperature, cooling rate and several other factors [30]. 

Figure 1 represents different microstructures of titanium and its alloys. For example 

image c, shows the microstructure of equiaxed a after 1 hour annealing at 699°C [30]. 

As a result with different types of processing methods, coarse and/or fine grain 

structures can be formed [30, 37]. For example, for the a-p alloys, the transformed 

P and retained P constituents can exist in different forms such equiaxed, acicular or 

both. The equiaxed structure is formed by deforming the material in the a-p state 

and heat-treating at low temperatures. The acicular structures are formed by 

deforming the material in the P phase or heat- treating above the p phase followed by 

quenching [30]. With these micro structural manipulations for acicular structures, it 

is possible to increase the fracture toughness and the creep properties. For equiaxed 

structures, higher strength, higher ductility, and increased formability can be achieved 

also low cyclic fatigue properties can be improved too [30]. 
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C D 

Figure 1. Microstructures of a, J3 and a-'3 Titanium Alloys, reference 

(30). (a) Equiaxed a-'3 Structure. (b) Equiaxed p. (c) Equiaxed a Structure. (d) 

Acicular a-'3 Structure. 

Properties of Ti-6Al-4V 

Since the 1960s, the usage of titanium metal and its alloys as biomaterials 

have increased [20, 40]. Bothe et al. [40] used titanium implants in the femurs of 

cats. The major reasons for this increase is being biocompatible, having high 

corrosion resistance and better mechanical properties over other implantable materials 

[21-23, 25-26, 35]. Currently commercially pure titanium and Ti-6Al-4V have 
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successfully been applied in more complex applications such as shoulder prostheses, 

hip joints and dental implants [2, 3, 7, 32-34]. 

The use of CP titanium metal came first in the orthopedic industry and Ti-

6Al-4V alloy followed it [19]. Ti-6Al-4V is a a-p alloy, which contains 6 wt% of 

aluminum and 4 wt% of vanadium [l, 5, 29, 32]. Ti-6Al-4V has higher yield 

strength, moderate ductility and ultimate tensile strength than the titanium metal [5]. 

Also Ti-6Al-4V has a better combination of mechanical properties compared to the 

other implant materials [5]. The comparison of the tensile strength ofTi-6Al-4V with 

other potential implant materials is represented in table 4. 

Table 4. Tensile Strength ofTi-6Al-4V Compared to Other Potential Implant 

Materials, reference [2] 

Material Tensile Strength (MPa) 

Ti-6Al-4V 895-1250

Titanium Alloys 240-1500

Stainless Steel 400-1500

Aluminum 70-700

Alloyed Steel 100-2300

The superior properties of this alloy are developed by refining the grains by 

cooling either from p region or from a-P region or by low temperature aging, or by 

decomposing martensite structure during quenching [30]. This process is illustrated in 

figure 2. When Ti-6Al-4V alloy is slowly cooled from the p phase, around 980°C, a 
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phase starts to form. When this happens, it starts with the formation of a from the 13 

phase in the shape of plates. These plates grow parallel to the { 110} plane in the 

13 phase. With slow cooling process, this a plate grows very rapidly along the plane, 

but it thickens very slowly on the perpendicular direction to this plane (30]. 

',.. 

O Z -4 5 S lQ 1� 

Vanadium Content 

(l 

Figure 2. Schematic Development ofTi-6Al-4V Alloy, reference [30] 
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Surface Properties of Biomaterials 

In biomaterials one of the major issue is how the implant material responses to 

the biological environment and how the biological environment responses to the 

implant, because the surface of the implant in the host tissue is directly in contact 

with the biological environment [41]. Therefore the surface of the implant material 

plays a key role in biocompatibility; because biocompatibility of biomaterials is 

achieved by the interactions between the surface of the material and the tissues with 

which it interacts [42-45]. For example when titanium implants are inserted into a 

biological environment first the implant material surface adsorbs ions and water 

molecules [3, 6, 41, 42, 46]. Then a protein layer is adsorbed on the implanted 

surface. After the adsorption of protein, the cells in the environment recognize the 

protein film and the host tissue interacts with this film [41, 42, 46]. Finally, 

according to the properties of the cell layers and the protein on the surface, a bone 

tissue is being structured [3, 6, 42, 43]. As result of this, the original surface property 

of the implant material plays an important role. 

Need for Surface Processing for Biomaterials 

There are a couple of different reasons why medical devices should be 

subjected to specific surface treatment methods, because the biological response 

between the host tissue and the implant material depends on the surface properties of 

the implant [22]. Variety of processing and manufacturing methods are being applied 

to implant materials, such as casting, forging, rolling and machining, the surface 

properties can change in a desired or undesired way. For example, in machining that 
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is used for cutting the material, the newly created surface is exposed to the 

atmosphere that will cause oxidation of the titanium. Also coolants and lubricants 

used in the machining process can cause or change the oxidation nature of the surface 

[3]. Manufactured surfaces can contain contaminants in the form of residues and/or 

particulates from processing agents. Therefore, with the traditional manufacturing 

methods, the surface of the titanium material can be contaminated and such a surface 

is not acceptable for medical applications. Because of these unwanted properties, 

additional surface treatments must be performed in order to achieve a uniform and 

acceptable surface finishing. Depending on the state of the original surface, 

contaminants, structural defects, undesired reaction films, deformed surface layers 

and residual stresses must be removed from the surface [2, 3, 17], because the surface 

morphology, roughness and composition surface determines the biocompatibility of 

the titanium implants [23, 24, 27, 28]. 

Oxidation of Titanium and Its Alloys 

Biomaterials that are made from titanium and its alloys, possesses good 

biocompatibility when inserted into a biological environment, which is attributed to 

their corrosion resistive thin passive oxide film [42-44]. Because of titanium and its 

alloys wide range applications, titanium oxides are currently a research interest in the 

biomedical applications, and also these oxide surfaces are one of the best 

biocompatible surfaces in the applications ofbiomaterials [41, 47]. 

When titanium metal is exposed to an oxidizing environment, titanium metal 

surface nucleates oxide in few nanoseconds [23, 48]. Because the titanium oxides are 

19 



thermodynamically stable and the formation of the oxide has a very high negative 

Gibbs free energy, titanium can get oxidized very easily in oxidative media [2]. 

Generally the oxide layer that covers the titanium surface consists of the most 

stable titanium oxide, which is titanium dioxide (TiO2) [ 41, 48-50] with oxidation 

state of the titanium is +4. There are other titanium oxides, which are TiO and TiiO3 

[47, 48, 50-52]. 

Table 5. Standard Free Gibbs Energies of Different Metals, Adapted from [53) 

AG/JS 

Metal Most stable oxide 
per mol of metal [kJ/mol] 

Titanium TiO2 -888.8

Vanadium V2Os -1419.5

Aluminum Al2O3 -1582.3

Zirconium Zr02 -1042

TiO2 can exist in three different crystalline forms; rutile, anatase and brookite 

structures or can be amorphous [50]. Anatase and rutile have tetragonal structures, 

anatase has a lattice parameter of c/a> 1, on the other hand rutile has a lattice 

parameter of c/a<l [51]. In rutile and anatase structures, titanium atoms are 

coordinated to six oxygen atoms and these crystalline phases can form at high 

temperature (above room temperature) [50]. The oxide surface which is formed at 

room temperature, is amorphous and as mentioned before has a thickness of 3-10nm 

[48, 50]. For instance, TiO2 films prepared by atomic layer deposition technique, 
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below 160°C amorphous oxide are being formed. Above 350°C rutile structure and 

between 160-350°C anatase structures can be formed [45, 54]. 

The thickness of this room- temperature grown oxide layer depends on the 

history of the sample and also is affected by the exposure time, temperature and the 

humidity of the environment [55]. Room temperature grown oxide layer grows very 

fast in a short time because of reasons explained earlier, but this growing rate slows 

down after a certain period of time because the interactions between the substrate and 

atmosphere stops [55] and this trend is illustrated in figure 3. For example 

Mccafferty et al. [49], and several other researchers [51, 52] have reported that the 

oxide surface which is formed on titanium surface is primarily consists of titanium 

dioxide, and closer to the substrate, sub-layers of ThOJ and TiO are present. This is 

illustrated in figure 4. 
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Figure 3. Growth of Room Temperature Formed Titanium Oxide Layer 

Dependence on Time, Adapted from [55] 
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Figure 4. A Model of the Titanium Sub-Oxides Formed on Titanium, 

Adapted from [49) 

According to figure 4, on the outer part of the oxide layer, is mainly composed 

of TiO2. Deeper in the oxide layer sub-oxides of ThO3 and TiO are present. This 

data is from McCafferty et al. [ 49] and they report that for any time in the surface 

sputtering process, the oxide layer on titanium surface can be modeled by the layered 

structure (49] and the findings of this research proves this too. 

For example, Lausmaa et al. (41] have reported that thermal treatment of 

room temperature grown oxide surface of titanium above 200
°
C can change the

microstructural properties of the oxide film and can increase the oxide thickness from 

few nanometers to 40 nanometers and they conclude that the thickness of the thermal 

oxides depends on time and temperature of oxidation. This relation is illustrated in 

figure 5. Also the thickening of the oxide surface increases the biocompatibility of 

implant by reducing ion release in to the environment, and Browne et al. (56] have 

reported that annealing Ti-6Al-4V alloy for 40 minutes at 400°C reduces the titanium

ion release from 0.14 to 0.03µg/cm3 • 
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Figure 5. Oxide Thickness Change as a Function of Oxidation 

Temperature in air for 60 minutes, Adapted from [41) 

Motte et al. [57] investigated oxidation oftitaniwn and Ti-6Al-4V with water 

vapor, and they have reported that at low temperatures, below 950°C, pure titaniwn 

gets oxidizes faster than Ti-6Al-4V alloy and this is due to existence of alwninwn in 

the alloy. But above 950°C oxidation rates of both metals are the same and they 

conclude that for both metal and alloy, at above 900°C surface oxide mostly consist 

of rutile structure. 

When titaniwn metal and its alloys are immersed in water or aqueous 

solutions, adsorption of hydroxide ions (OH) and Ir ions will occur or it can be said 

that hydration of titaniwn oxide happens and oxygen from water act as electron traps 

that provide conductivity [58, 59]. With this conductivity, the electrostatic potential 

drops and with the resultant electric field, ion migration happens and will result in 

thickening of the oxide film [58, 59]. 

Titaniwn oxide surfaces in contact with aqueous solutions are highly 

hydroxylated and their surfaces are usually negatively charged. Bearinger et al. [59] 
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have studied the hydration of titanium surfaces under freely corroding and under 

potentiostatically held cathodic conditions and they report that hydrated titanium 

surfaces experiences oxide surface thickness and dome-like (swelled titanium oxide) 

hydrated oxide structures on surface of titanium with immersion in aqueous solutions. 

Another study on hydrated titanium oxides was done by Hawana et al. [61]. In their 

experiments they compared the oxidation and hydration ofTi-6Al-4V surfaces with 

water and Hanks' solution (is a solution that only contains inorganic ions, such as 

calcium, sodium, phosphate [42]). According to their results, immersion ofTi-6Al-

4V alloy for 300 seconds in Hanks' solution will result in increased OH" on the 

surface relative to samples immersed into water for 300 seconds. Also when titanium 

and its alloys are in contact with aqueous fluids Steinemann et al. (36] have reported 

that the growth of the oxide film is due to the oxygen diffusion through the oxide film 

to the titanium-metal interface and Tengvall et al. [62] showed that chemical 

reactions will occur on the titanium surface, such as enzymatically produced oxides 

(0-2) and peroxides (H2O2). Lu et al. [63] have studied the oxidation of 

polycrystalline titanium with oxygen and water at -123 and 577°C and they conclude 

that at-123°C, oxygen can oxidize Ti to Tt
°4, Tt

°3 and Ti
+2, on the other hand at the

same temperature exposure to water will only produce Ti
+2. As a result oxidation is

influenced by the samples temperature and oxidizing environment. As was 

previously mentioned, the major oxidation state of the air-formed oxide layer on 

titanium is +4, which corresponds to TiO2. This oxidation state can be observed on 

Ti-6Al-4V alloy too, in air formed or in the simulated body fluids formed oxide layer. 

Ask et al. [5] and several other authors [52, 58] reported and from the results that 
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were obtained from tests performed in the current research, the aluminum in the Ti-

6Al-4V alloy can also form an oxide in the form of Al203. The oxidation state of 

aluminum is +III. 

Simulated Serum Environment 

In order to investigate the oxidation of titanium in simulated environment, a

Calf Serum, which is a fraction of Bovine Serum, is used in the experiments of this 

thesis. Body fluids contain organic compounds such as serum albumin, amino acids, 

enzymes, fibrinogen and etc [64]. Also anions and cations are present, such as 

chloride, phosphate, sodium, potassium, calcium and other anions and cations [64]. 

Besides cations, anions and organic compounds, dissolved oxygen and carbon dioxide 

can be present [64]. Aragon et al. [64] reported that 316L stainless steel corrodes 176 

times faster than Ti-6Al-4V alloy in isotonic solution at body temperature. Feng et

al. [21] have reported that bovine serum albumin adsorbed on titanium surface 

increased the bioactivity of the implant and concludes that the amount of adsorption 

is related to the hydroxyl groups on the surface and depends on the surface energy of 

the implant. They report multiple carbon and oxygen species were present on 

titanium surfaces, which indicates protein adsorbed on titanium chemically instead of 

physically through the interactions of surface hydroxyl groups. Also they concluded 

that surface hydroxyl groups increases the reactivity of titanium with protein. 

Deligianni et al. [ 65] studied the protein adsorption of bovine serum albumin and 

fibronectin from single protein solution by XPS. They report that due to the existence 

of protein molecules on the surface, such as carbon singly bonded to nitrogen 
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(-C-N-), carbon doubly bonded to oxygen (-C=O-) and-H2- functional groups can be 

present. 

Table 6 represents the biochemical assay of a-calf serum solution. As can be 

seen from the table, serum solution that is used in the experiment has a pH of 7 .56 

(which was measured during solution preparation too) and contains calcium, 

phosphate, protein, albumin and other constituents. 

Table 6. Biochemical Assay of Alpha-Calf Serum Solution, reference (63] 

Test Value Units 

Gamma Globulirl 0.1 %tp 

Alkaline 
176 mU/ml 

phosphates 

Lactate 
3561 mU/ml 

dehydrogenase 

pH 7.56 

Total protein 4.6 gm% 

Albumin 2.1 gm% 

Total Bilirubin 0.5 mg/dl 

Sodium 158 meq/L 

Potassium <1.0 meq/L 

Calcium <0.1 mg/dl 

Chloride 137 meq/L 
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X-Ray Photoelectron Spectroscopy

Introduction 

All materials interact with their surroundings through their surfaces, therefore 

the chemical and the physical compositions of the surfaces determine the interactions 

between the surface and the environment [67]. The surface chemistry of the materials 

will affect the corrosion resistance, adhesion property, wettability and other 

properties. Therefore surface properties can play an important role in the 

performance of materials [67]. X-ray photoelectron spectroscopy is very important 

technique, for surface characterization for the materials such as polymers, ceramics, 

metals, and so on [6]. 

X-ray approaching to the

surface 

Photoelectrons leaving the 

surface 

Metal Substrate 

Figure 6. Schematic Representation of XPS Analysis on A Metal Substrate With 

the Oxide and Contamination Surfaces, Adapted from [3] 
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Photoelectron spectroscopy is a technique for surface characterization which 

has been widely being used to examine the chemical composition of solid surfaces 

(68]. Under ultra high vacuum (10-9-10"8 Torr), the energy which is created by the 

photons (hu) hitting the surface. As a result, energy is being absorbed by an electron 

with a binding energy of "Eb" where the electrons are ejected from the sample's 

surface with a kinetic energy of Ek = bu - Eb - ♦,where"♦" is the spectrometer's 

work function (67, 68]. This ejected electron will reserve its kinetic energy until it is 

detected by the electron detector. As a result, the energy distribution of photo

emitted electrons will be equal to the energy distribution of the electron states in the 

material's surface (67] and this is illustrated in figure 7. Also in order to irradiate the 

material's surface, two sources of anodes can be used. These anodes are usually Al 

and Mg (after monochromatization) with Ka. energies of 1486.6eV and 1253.6eV 

respectively (67, 68]. 

X-Ray

K • 

Ejected 
Electron 

Figure 7. Schematic Representation of the XPS Process, Adapted from [67] 
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The X-ray Source 

X-rays are generated by bombarding the anode target with high energy

electrons [67] and the character ofx-ray energy is determined by the x-ray source 

[68]. The quality of the X-ray emission from the anode is directly related to the 

electrons energy. For instance, if the electron's energy is increased from 4keV to 

lOkeV, this will yield an increase of the photon flux, from an aluminum anode (67]. 

These high energy electrons are emitted from a thermal source, and this source is 

usually an electrically heated tungsten filament. In some cases where high current 

densities are required, lanthanum hexaboride emitters can be used [67, 69]. 

In the XPS analysis, the choice of the anode source is very critical. Without 

broadening the resultant spectrum the anode that is used must be able to excite an 

intense photoelectron peak from all the elements [67]. Anodes are usually supplied in 

a single X-ray gun with a twin-anode configuration, which allows separating the two 

overlapped radiations, such as Auger and photoelectron transitions (67, 68]. 

Table 7. Different Anode Materials for XPS, references [67, 68) 

Element Energy (eV) 

Zr 151.4 

Mg 1253.6 

Al 1486.6 

Ag 2984.4 

Cr 5417.0 
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In table 7 several possible anodes with different energies are represented. In a 

twin mode arrangement any of these anodes can be used. By using higher energy 

anodes, it is possible to increase the analysis depth; this is because of the increased 

kinetic energy of the ejected photoelectrons [67]. And also another advantage is the 

ability to access energy levels which cannot be reached by lower energy anodes [67]. 

An example of an XPS instrument is shown in figure 8. 

Figure 8. Image of PHI 5400, That was Used During the XPS Analysis, Image 

is Adapted from (70]. 

In conclusion, X-ray photoelectron spectroscopy is a sensitive surface 

characterization technique that has an information depth between 2 to 10nm. This 

information depth will depend on the angle of detection, anode that is used and also 

depends on the sample under examine [67, 68]. With depth profiling sample's 

surface can be etched up to several µm and with this instrument it is possible to detect 

chemical compositions of different element [67-69]. 

30 



Atomic Force Microscopy 

Introduction 

In 450 BC, Greek philosophers Democritus and Leucippus introduced the 

concept of an atom [71]. Since that time, scientists and engineers have been trying to 

image and characterize individual atoms [71]. Atomic Force Microscopy (AFM) is a 

high resolution technique which is being used to study the surface topography of 

materials [72]. 

Scanning Tunneling Microscope (STM) was developed in 1982 by Binning, 

Rohrer, Gerber and Weibel at the laboratories ofIBM in Zurich, Switzerland. 

Binning and Rohrer won the Nobel Prize in Physics for this invention [73, 74]. 

When the tip of the probe is very close to the surface, several different types 

of interactions can occur between the tip and atoms. One of these interactions, van 

der Waals forces, occurs when the tip of the probe is a few nanometers from the 

surface [71]. If an externally electrical potential is applied, electrostatic interactions 

will happen. The main difference between the two microscopes is that in STM the 

topography of the sample is imaged by electron conduction, but in AFM the 

topography and the morphology of the surface conducted by the mechanical forces 
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between the surface and the probe tip [71, 75]. 
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Figure 9. Schematic Representation of Scanning Probe Microscope Components, 

Adapted from [73) 

Atomic force microscope is a very powerful instrument which is widely being 

used in surface science. And also it finds applications in the life and physical 

sciences and also in the nano technology applications [75]. 

Tapping Mode AFM 

In this mode, the tip which is attached at the end of the oscillating cantilever 

scans the samples surface. This cantilever oscillates at or near its resonance 

frequency with amplitudes between 20nm to 100nm. During the scanning the tip taps 

the surface of the sample, and by maintaining constant oscillation amplitude and the 

interactions between the tip and surface, an image of the surface topography can be 

achieved. Also this mode can be achieved in the ambient and liquid environments 

[73]. 
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Fourier Transform Infrared Spectrometer (FT-IR) 

Introduction 

Infrared spectroscopy measures the interactions between the infrared light and 

the matter [76]. Light is an electromagnetic radiation. As such it is composed two 

perpendicular waves -- magnetic and electric waves [76, 77]. The electric part of the 

light interacts with the molecules. Measurements obtained from infrared 

spectroscopy are called infrared spectra, which are measured infrared intensities 

versus wavelength of light [76]. 
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Figure 10. Representation of an Infrared Spectrum, From the Obtained Data 

From This Thesis 

Infrared spectroscopy allows us to identify unknown chemical functional 

groups in a molecule, such as carbonyl group in acetone. Such functional groups 

sometimes show the same chemical properties from one molecule to another [76, 77]. 

These functional groups absorb the infrared radiation regardless of the structure of the 

rest of the molecule. Therefore, once the wave number of the bands of these 
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· functional groups is known it is possible to classify the functional groups. And also

the intensities of the peaks are proportional to the concentration of the molecule.

Therefore infrared spectroscopy can be use to measure the concentrations. These

properties of the infrared spectroscopy make it a very useful chemical analysis tool

[76, 77].

B 
IR 

Sample 

• • 

Moving 
Mirror 

Mirror 

Beam 
Splitter 

Figure 11. Schematic Representation of Infrared Spectrometer, Adapted from 

(77) 

As a conclusion, FT-IR is an easy, sensitive and a fast technique for analyzing 

solids, liquids, gasses, polymers and powders. Although having advantages it can not 

identify samples that are containing individual atoms because they lack of chemical 

bonds [76, 77]. 
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Preparation ofTi-6Al-4V Disks 

CHAPTER III 

EXPERIMENT 

Ti-6Al-4V disk samples were provided by DePuy Orthopedics, Inc, Warsaw, 

IN. Sample and solution preparations, FT-IR and AFM tests were conducted at 

DePuy Orthopedic research and development laboratories. XPS tests were conducted 

at the University of Michigan's Electron Microbeam Analysis Laboratory (EMAL), 

Ann Arbor, Ml. 

Sample Preparation and Cleaning 

Ti-6Al-4V pre-polished disks, with 16 mm diameter and 1.6 mm thick 

(samples are shown in figure 12), were ultrasonically cleaned with Liqui-Nox® 

detergent for 30 minutes. After this cleaning procedure, all samples were rinsed 

under running RO-Water to remove detergent residues. Then they were ultrasonically 

cleaned in alcohol for 30 minutes. After cleaning with alcohol, the disks were dried 

in air. 

Alpha-Calf Serum Solution Preparation 

To investigate the oxidation ofTi-6Al-4V samples in the simulated serum 

environment, one liter of Alpha-Calf serum solution was prepared. In the preparation 

procedure of the solution, 0.2g of sodium azide was added into the solution and 

mixed about 15 minutes to inhibit bacterial growth. After 15 minutes of mixing, 

according to solution preparation protocol, 0.174g of potassium phosphate, 0.3048g 

of magnesium chloride and 0.3676g of calcium chloride were also added to the 

solution. While adding calcium chloride to the solution, it was mixed with 2ml of IN 
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hydrochloric acid, in order to avoid the precipitation of calcium chloride in the 

solution. During the preparation of the serum solution, the temperature was kept at 

37°C {± 0.01) and a pH of7.2. When calcium chloride was mixed with HCl, the pH 

of the solution dropped to 6.8. Therefore, to return the pH at 7 .2, approximately 2ml 

of sodium hydroxide was added to the serum solution. After treating the serum 

solution with these chemicals, the solution was mixed at these conditions about 20 

minutes in a heating tank to maintain homogenous solution at 3 7°C with a pH of 7 .2. 

Experimental Setup 

After the solution preparation, four different immersion times were chosen: 

2-Weeks

1-Month

2-Months

3-Months

Twelve cleaned Ti-6Al-4V disks were placed in different glass bottles with

50ml of the serum solution and 4 bottles were filled with the serum solution, only as a 

control group. Therefore, for each immersion time there were three samples, one 

sample for AFM, an other one for FT-IR and a third one for the XPS analysis, also 

one as-polished sample was kept as a baseline for comparison with the immersed 

samples to see the surface change. When the bottles were filled with the serum 

solution, all samples and the control bottles were kept in the CO2 incubator at 37°C {± 

0.01) till the designated immersion times were over. During the experiment, every 

seven days these bottles were taken out from the incubator only for replenishing the 
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solution. Each time the serum solution was changed, the same solution preparation 

protocol was followed. 

Figure 12. Photograph of Pre-Polished Ti-6Al-4V Samples Used For the 

Experiments 

Sample Cleaning After the Serum Solution 

When the designated immersion times were over, each sample was dipped in 

different beakers with RO-Water for 5 minutes and samples were dried at the room 

temperature. After cleaning, samples were ready for the AFM, FT-IR and XPS 

analyses. 

Atomic Force Microscopy (AFM) 

Atomic force microscopy was used to study the surface morphology. The 

AFM was Digital Instruments, model Dimension TM 3100 Series. AFM imaging for 

surface topography characterization was performed on Ti-Polished, Ti-2Weeks, Ti-

I Month, Ti-2Months and Ti-3Months samples. AFM imaging was also performed on 
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the same samples after washing samples surfaces with BCA Total Protein Assaying. 

The AFM images were obtained with the Tapping Mode™ of the instrument at a scan 

rate of2Hz and with lOµm, 5µm, 2µm and lµm scans respectively. 

In this thesis one of the major reasons for the AFM imaging was to compare 

the surface topography changes with the immersion time, comparing with the as

polish sample. 

Fourier Transform Infrared Spectrometer <FT-IR) 

Fourier Transform Infrared Spectroscopy (FT-IR) was used for surface 

characterization, was Nicolet, model number Magna-IR 550 Spectrometer Series II. 

FT-IR surface characterization was performed on Ti-2Weeks, Ti-lMonth, Ti-

2Months and Ti-3Months samples and compared with the scan obtained from the Ti

Polished sample. Also FT-IR characterization was done on the same samples after 

removing the adsorbed protein on the sample's surfaces. Every time, before 

acquiring data, the FT-IR bench was aligned according to the user's manual and 

samples were collected with 64 number of scans and with a resolution of 4. The data 

spacing was l .928cm- 1 and Happ-Genzel apodization was used. 

X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) experiments were done at the

University of Michigan's Electron Microbeam Analysis Laboratory (EMAL), image 

of the XPS instrument is shown in figure 8. As-Polished, Ti-2Weeks, Ti-lMonth, Ti-
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2Months and Ti-3Months samples were analyzed, to study the surface oxide changes 

with the immersion time, comparing with the As-polished sample. 

The XPS was PHI 5400 with an X-ray source of Mg Ka, which has energy of 

1253.6eV. The experimental conditions for the instrument are described in the table 

8. Before introducing the samples into the analyzing chamber, silver paint was used

as an adhesive between the sample and the holder, to prevent the charging of the 

surfaces. 

The samples tested by XPS were first sputtered with an argon-ion beam to 

examine chemical changes below the surface ( depth profiling). The ion gun 

conditions are listed in table 9. Sputtering time varied from thirty seconds to thirty 

minutes. All samples were first sputtered for 30 seconds, for surface cleaning 

purpose only. After this cleaning procedure, all sample's surfaces were further 

sputtered for I minute, 5 minutes, 10 minutes, 15 minutes, 20 minutes, 25 minutes 

and 30 minutes respectively. After each sputtering process, for every sample, the 

survey spectra were followed by a narrow scan acquisition for elemental peaks of 

interest. 

Narrow energy scans were done for Ti 2p, Al 2p, 0 ls, C ls and V 2p levels, 

in order to see the correlation between oxygen, titanium, aluminum and vanadium. 

Carbon narrow energy scan were done to detect organic compounds on the surfaces. 
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Table 8. XPS Experimental Conditions, reference [70) 

X-ray Source Mg Ka (1253.6 eV) 

Gun Power 300 Watts 

Voltage 15 kv 

Pass Energy 17.9 eV 

Work Function 4 eV 

Vacuum Pressure 1 f
fa -1 f

f

"' Torr 

Step Size 0.1 eV 

Table 9. Ion Gun Conditions, reference [70) 

Ion Gun Beam Voltage 3000V 

Gas Argon gas 

Emission Current 25mA 

Sputter Area 8mm 

Objective Focus 76% 

Gun Pressure 15mPa 

In order to see the chemical composition changes as a function of sputtering 

time, peak fitting was applied to Ti 2p, 0 1 s, and C 1 s levels. Also for controlling the 

peak shifts, both C ls and Ar 2p2/3 levels were taken as a reference [16, 17, 78]. 
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BCA Total Protein Assay 

BCA Protein Assaying is a detergent-compatible formulation, which is based 

on bicinchroninic acid (BCA) for the detection and analysis of total protein [79]. 

After immersion in the alpha-calf serum solution, Ti-2Weeks, Ti-lMonth, Ti-

2Months and Ti-3Months samples surfaces were dissolved with 2% of 5ml SDS 

solution. Each sample inserted in to a test tube with this amount of SDS solution. 

Each test tube then inserted into boiling water and samples surfaces were washed 

with this solution for approximately one hour. After this process, samples were kept 

overnight for examination the next day. 

For the measurements of total protein amount BCA Total Protein Assay kit 

instructions were followed which is from Pierce Biotechnology Inc. [79]. 

For the standard sample preparation 2% of 5ml SDS solution was prepared and 

respectively 700, 400, 450, 400 and 400µL of SDS added to each microcentrifuge 

tube. Following this, l00µL of bovine serum albumin (BSA) was pipetted into the 

first standard sample (700µL) and from this solution other standard samples were 

diluted. The amount of dilution and final concentrations of each standard is given in 

table 10. Also another microcentrifuge tube was left blank, for control purpose. 

After preparing the standard solutions, 1 00µL of solutions from each tube were 

transferred to two sets of microcentrifuge tubes. Also 1 00µL of each sample solution 

were pipetted in to microcentrifuge tubes (2 replicates were prepared). After 

preparing each standard and sample solution, 500µL of Reagent 1 pipetted into each 

tube, vortexed and incubated at room temperature for 5 minutes. 
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Table 10. The Amount of Dilution and Final Concentration of Each Standard 

Sample, reference [79] 

Vial Vol. of Diluents Vol. BSA Final BSA Cone. 

A 700µL 100 µL of Stock 250 µg/mL 

B 400µL 400 µL of vial A dilution 125 µg/mL 

C 450µL 300 µL of vial B dilution 50 µg/mL 

D 400 µL 400 µL of vial C dilution 25 µg/mL 

E 400µL 100 µL of vial D dilution 5 µg/mL 

F 0 0 0 µg/mL 

After this incubation 500µL of Reagent 2 was added into each tube and centrifuged at 

10,000 g for 5 minutes. After centrifuging all microcentrifuge tubes, as much of the 

supematants were poured off and a working reagent was prepared, which had 50 parts 

of BCA TM Reagent A and 1 part of BCA TM Reagent B. To each sample and standard 

tube 300µL of working reagent was pipetted and from each solution 225µL were 

taken and transferred to a 96-well microplate. Prior to readings from MicroPlate 

reader, samples were incubated at 60°C for 30 minutes. The major reason for this 

testing was to compare the surface topography change before and after immersion. 
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CHAPTER IV 

RES UL TS AND DISSCUSSIONS 

X-ray Photoelectron Spectroscopy

Figure 13 shows the results of the as-polished sample (Ti-Polished) after 30 

seconds of surface sputtering, which is approximately 0.1nm below the outer surface. 

The outer oxide layer which was formed on the surface had about 48% TiO2, 46% 

Ti2O3, and 6% of TiO was found. These values are different from the more common 

oxide in the literature where TiO2 is commonly reported as the major titanium oxide 

on titanium implant materials exposed to air. McCafferty et al. [49], Milosev et al.

[52] and several other authors have reported that room-temperature formed native

oxide film on titanium contains mostly TiO2, with sub-oxides ofThO3 and TiO. 

However Botha et al. [80] reported on titanium samples that were exposed to air and 

contained mostly Ti2O3. The formation of equal amounts ofThO3 and TiO2 in our 

case is assumed to result from the sample oxidation in an environment short in 

oxygen supply when the titanium surface was being polished. No evidence of 

titanium metal was found after 30 seconds of surface sputtering. 
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Figure 13. As-Polished Sample after 30 Seconds Sputtering, Ti 2p 
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The as-polished samples surface was sputtered up to 4 hours. After 30 minutes 

of surface sputtering process, the oxide concentration on the sample's surface did not 

show a significant change with comparison to that of 4 hours of sputtering. It was 

concluded that after 30 minutes of surface sputtering of the as-polished sample to the 

titanium metal surface was reached. The thickness of the oxide film on the as 

polished sample is assumed to be same in the literature, where it is said to be 6-7nm 

[21-23]. As a result every 1 minute 0.2nm of oxide layer was removed, and 

concluded that in 30 minutes approximately 6-7nm of oxide layer was removed. 

Even though XPS runs in ultra high vacuum, in one second it is possible for one 

monolayer of gas, which can be oxygen, to be adsorbed on the surface at 10
-6 Torr 

[67], and oxygen is present in titanium bulk as an interstitial element too, therefore it 

is impossible to remove all the oxygen. 

With increased sputtering time, the titanium metal peak becomes more 

dominant and oxide concentration of the as-polished sample on the surface drops. 

After 30 minutes of surface sputtering, where approximately 6-7nm of oxide layer is 

being removed, concentrations ofTiO2 and ThO3 drops to 34% and 28% respectively, 

on the other hand TiO concentration increases to 38%, which indicates that TiO is 

close to the interface metal-oxide, which was expected. Figure 14 represents the 

narrow scans that were obtained from as-polished sample for Ti 2p, 0 1 s, C 1 s and Al 

2p levels, after 30 seconds and after 30 minutes of sputtering its surface. 
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Figure 14. Comparison of the Ti 2p, 0 ls, C ls and Al 2p peaks for the As

Polished Sample, After 30 Seconds and 30 Minutes Sputtering the Surface. 
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As can be seen from Figure 14, as the surface oxide layer is being removed 

from the surface, the peak position of an air-formed oxide layer in titanium shifts 

from a higher binding energy, 459.4eV, to a lower binding energy, which is in 

agreement with the findings of Schniedgen et al. [58]. The peak position at 459.4eV 

represents the presence of the Ti 02• As the peak shifts from higher energy to lower 

energy, metallic titanium component becomes more evident, with peak position at 

454.SeV.
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Also aluminum was observed in the oxide surface. The peak position of 

AhOJ is located at 73.87eV, and the metallic part of the aluminum is located at 

72.3eV, the aluminum peak fitting is shown in figure 15. 

Min o Ma,; a, 

Figure 15. As-Polished Samples Al 2p Peak Fitting after 30 seconds Surface 

Sputtering 

No evidence of vanadium oxide (V2O5) was found in the oxide layer, which 

indicates that vanadium did not complete its oxidation, which is in agreement with the 

findings of Milosev et al. [52] and Botha et al. [80]. 

For the same sample after 30 seconds of surface sputtering, predominantly 

0-2, H2O and OH. groups existed on the surface (please refer to appendix B) and

(OH. species were verified by FT-IR too), with the binding energies of 530. 7, 533.2 

and 53 l .6eV respectively and these results are in agreement with Milosev et al. [52]. 

Binding energy of 530.7eV indicating the formation ofTiO2 on the surface. After 30 

minutes of surface sputtering, the oxide concentration dropped from 55% to 30% 

where it is assumed that the oxide film on the as polished sample was removed and 

had a thickness of approximately 6-7nm, this trend is represented in the figure 16. 
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Carbon is always present on the surface of the as-polished sample, which can 

be due to a leakage in the chamber or environment conditions, and also in the bulk 

carbon is present as an interstitial impurity approximately 0.1 % [80). After 30 

seconds of surface sputtering (for cleaning purpose), C-C, C-O and C=O species are 

present at binding energies of 285,286.4 and 288.3eV respectively which is in 

agreement with McCafferty et al. [49]. After 30 minutes of surface sputtering, most 

of the carbon species were sputtered away, and at a binding energy of281.8eV, 

titanium carbide peak became more dominant which is shown in figure 17. 
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Figure 16. Change of Oxygen Atomic Concentration with Sputtering Time 
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Figure 17. Representation of the Survey Scan of As-Polished Samples Surface, 

after 30 Seconds and 30 Minutes of Surface Sputtering 
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The results for the serum solution-treated samples, for example Ti-3Months, 

after 30 seconds of surface sputtering, in comparison with the as-polished sample, the 

oxide layer which was formed on the surface was 88% TiO2 and 12% ThO3, with no 

evidences of either TiO or titanium metal. This trend was observed for the other 

immersed samples too. For example, Lu et al. [63] studied the oxidation of titanium 

with oxygen and water at temperatures between -123 �d 577°C and their findings 

show that, at 37°C, oxygen can oxidize Ti to Tt4, Tt3 and Tt2, but for the same 

sample at approximately the same temperature (37°C), when titanium is exposed to 

water, they have reported that the oxidation of titanium is limited with water, and they 

reported that, at 37°C no TiO2 or ThO3 is present. In our findings the oxide layer, 

which is formed in a-calf serum solution at 37°C, is a mixture of TiO2, ThO3 and 

TiO as going deeper in the oxide layer. Another study by Motte et al. [57] on 

oxidation of Ti-6Al-4V with water vapor temperatures between 650 and 950°C. The 

results of their findings showed that at temperatures above 900°C surface oxide 

mostly consist of rutile TiO2 structure which is partially in agreement with the 

fmdings of this current research. 

This increased concentration of TiO2 on the immersed samples surfaces is due 

to the further oxidation of ThO3, which is not a stable oxide, into Ti 02, which is the 

most desirable and most stable oxide for bio-acceptability (80]. Also temperature 

(samples were kept at 37°C in the incubator) and the chemical reactions between the 

surface and serum solution caused this oxidation. 

After 30 minutes of surface sputtering, oxide layer on the Ti-3Months sample 

is mostly composed ofTiO, at a concentration of33%. Also TiO2, ThO3 and 
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titanium metal were found in concentrations of27%, 15% and 25% respectively and 

the peak fitting results of titanium is represented in figure 19. When titanium metal 

and its alloys are immersed in water or aqueous solutions, adsorption of hydroxide 

ions (OH-) and I
r 

ions will occur or it can be said that hydration of titanium oxide 

happens [59, 60]. For immersed samples for example, Ti-3Months, hydroxyl species 

were being identified on the sample's surface, and this hydrated titanium surfaces, 

which is the combined effect of adsorption of water and formation of hydroxide, are 

being represented in figure 18, which is the peak fitting results ofO l s  ofTi-3Months 

sample. 

These peak fitting results provides evidences for the presence of 

titanium oxide, which is Ti 02, hydrated titanium, and adsorbed water and these 

results are similar to the findings of Lu et al. [58]. Also the presence of hydrated 

titanium species on the immersed samples is shown in the FT-IR results. 
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Figure 18. Oxygen Peak of Ti-3Months Samples Peak Fitting 

Results. A. After 30 Seconds of Surface Sputtering, B. After 30 Minutes of 

Surface Sputtering 
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Figure 19. Ti-3Months Sample, Ti 2p Level Curve Fitting Results after, 

A. 30- Seconds and B. 30-Minutes of Surface Sputtering

For Ti-3Months sample, as the immersion time increases, the carbon 

concentration on the surface increases too. In comparison with the as-polished 

sample, with the increased immersion time C-O (organic adsorbates at 286.5eV) on 

the surface increases, where the same trend was seen and described in the FT-IR 

results. In addition to C-O, formation of C-C and COO organic adsorbents on the 

surface increases. These organic adsorbents have binding energies of 285 and 

288.87eV respectively. Also no evidence of titanium carbide was found in Ti-

3Months sample. An example ofC ls peak fitting after 30 seconds of surface 

sputtering is represented in Figure 20, other peak fitting results are given in Appendix 

B. 
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Figure 20. Representation of C ls Narrow Scan for Ti-3Months Sample 

after 30 Seconds and 30 Minutes of Surface Sputtering 

With increased immersion, the oxygen concentration on the samples surfaces 

increases and this increase is due to the oxidation of ThO3 to the TiO2 state. After 30 

seconds of surface sputtering for Ti-3Months sample with the ion-gun bombardment, 

carbon and oxygen species were removed from the surface and titanium metal peak 

started to become dominant on the surface. This titanium (Ti 2p ), in comparison with 

the Ti-Polished sample, shows much more TiO2 concentration than the as-polished 

sample because of the further oxidation ofThO3 to TiO2, where Ti-Polished sample 

has lower TiO2 concentration than the immersed sample, with relative atomic 

concentrations of 88% and 48% respectively. 
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Figure 21. Comparisons of the Different Oxide Concentrations in As-Polished 

and Ti-3Months Samples with Sputtering 

As mentioned earlier the outer surface oxide of the as-polished sample is 

composed of about 48% of Ti02 and 46% of Th03. From figure 21 we see that this 

changes after immersion in the serum solution. After immersion, the ThOJ further 

oxided into Ti02. As a result the Ti02 concentration in Ti-3Months sample increases, 

where it is shown in figure 21. The observed broadening of the Th03 peak can be 

related to the non-stoichiometric nature of the oxide [58]. 

As a conclusion, with increased immersion time in comparison with the as-

polished sample, Th03 gets oxidized into the most desirable and most stable oxide 

surface for bio-acceptability, Ti02. Under this layer, Ti203 and TiO oxides are 

present. 
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Atomic Force Microscopy 

As can be seen from the figure 22, with increased immersion time, the surface 

morphology and the roughness of the Ti-6Al-4V samples surfaces have significantly 

changed. The as-polished sample had originally a smooth surface. After immersion 

in the a-calf serum solution the surface changed and became more-rounded. This 

change results from the hydration of titanium surfaces and forms dome-like hydrated 

oxide structures on surface of titanium, which is in agreement with Bearinger et al

[59]. Figure 22 represent the surface topography changes of the samples, in 

comparison with the as-polished sample and images were taken at 2µm scale. The 

other surface topography images of the samples were taken at different magnification 

scales of 10 µm, 5 µm and 1 µm and are shown in Appendix A. As can be seen from 

the images in figure 22, with this continued oxidation in the serum solution causes the 

hydration of the surfaces and this increase was reported by Bearinger et al. [59] and 

Xiao et al. [78]. 

After the protein assaying, samples surfaces were washed away, and the 

hydrated titanium oxide surface became dominant, and visible, which is represented 

in figure 23 and these images are taken at 2µm scale, for other images please refer to 

appendix A. 

As a result of AFM surface characterization, it is concluded that with 

immersion in the a-calf serum solution changes the surface topography which is 

caused by the hydration of titanium surfaces. 
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Figure 22. AFM Surface Topography of Different Duration of Immersed 

Samples. (A) As-Polished, (B) Ti-2Weeks sample, (C) Ti-lMonth sample, (D) Ti-

2Months sample and (E) Ti-3Months sample 
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Figure 23. AFM Surface Topography of Different Duration of Immersed 

Samples after Washing off the Protein from the Surfaces. (A) As-Polished, (B) 

Ti-2Weeks sample, (C) Ti-lMonth sample, (D) Ti-2Months Sample and (E) Ti-

3Months sample 
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Fourier Transform Infrared Spectroscopy 

FT-IR results show that, adsorption of O-H, C-N and C=O chemical 

constituents on the Ti-6Al-4V surfaces increases with the immersion time. Increase 

of these constituents is due to the protein adsorption on the surfaces and the hydration 

of the titanium surfaces in the serum solution. The as-polished sample was used only 

for background collection. For the samples Ti-2Weeks, Ti-I Month, Ti-2Months and 

Ti-3Months, the peak with wave number of ~3400cm- 1
, which is the hydroxyl groups

OH on the surfaces increases in intensity on the surface with the increased immersion 

time. Also around peaks at~ l 650cm-1 and ~ l 550cm-
1
, represent the C-N and C=O 

organic groups respectively and also adsorption of these organic compounds increases 

with the immersion time too. In the Figure 24 comparison of the different samples 

FT-IR spectra are presented. 
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Figure 24. Comparisons of the Samples FT-IR Spectra of the Different Samples 
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It is also important to note from figure 24 in Ti-2Weeks and Ti-lMonth 

sample's spectra, that a phosphate peak is present (~560cm-
1
). This phosphate peak 

comes from the reagents that were added to the alpha-calf serum solution during 

preparation. But after two months of soaking samples in the solution, this phosphate 

peak disappears, which indicates that phosphate is present on the very surface of the 

sample. 

After the protein assay, as can be seen from the result in figure 25, all the 

adsorbed protein on the samples surfaces have been removed and washed away, AFM 

results after washing away the surfaces proves this too. 
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Figure 25. Comparisons of the Samples FT-IR Spectra of the Different 

Samples, After Performing Protein Assay 
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BCA Total Protein Assay 

Protein assay was performed on samples Ti-2Weeks, Ti-lMonth, Ti-2Months 

and Ti-3Months samples. During the test, BCA Total Protein Assay protocol [79] 

was followed. Before performing the assay, samples were inserted into 2% SDS 

solution and adsorbed proteins on the surfaces were dissolved. Figure 26 represents 

the standard curve that was gathered from the micro plate reader. The adsorbed 

protein amounts with the increased immersion time are listed in table 11. 
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Figure 26. Standard Curve that was Gathered from Protein Assay 

Sample 
Adsorbed Protein 

(um/mL) 

Ti-2Weeks 5.31 

Ti-lMonth 5.556 

Ti-2Months 6.60 

Ti-3Months 7.04 

Table 11. Amount of Protein Adsorbed on Titanium at Different Immersion 
Times 
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CHAPTERV 

CONCLUSION 

The AFM results show that, with increased immersion time, there is a gradual 

but very significant topographical change of the samples surfaces. After immersion 

in the a-calf serum solution, the surfaces of Ti-6Al-4V samples have become more 

rounded. The change results from the reactions that happened between the surfaces 

of the samples and serum solution. Formations of dome-like structures are due to the 

hydration of titanium surfaces. 

The FT-IR results show that, with the increased immersion time in the 

solutions, formation ofO-H, C-N and C-O constituent's increase. Also, phosphate is 

present on the surfaces ofTi-2Weeks and Ti-lMonth samples. This phosphate is due 

to the chemicals, which were added to the alpha-calf serum solution during 

preparation. But after two months of soaking the samples in the solution, this 

phosphate peak disappears, which is due to the protein adsorption on the surface. 

XPS results for the as-polished sample show that, the surface of the oxide 

layer is a mixture of desired TiO2 and undesired ThO3. After immersion in the serum 

solution this ThO3, further oxidizes into TiO2, and with increased immersion time, 

this bio-acceptable oxide layer covers the Ti-6Al-4V surface. 

59 



CHAPTER VI 

FUTURE RECOMMENDATION 

In order to increase the biocompatibility of the as-polished sample, it is 

recommended oxidizing it in air to improve the surface properties, to create a uniform 

Ti02 surface. 

It is also recommended to investigate the calcium and phosphate initiation on 

Ti-2Weeks and Ti-lMonth samples. More than one month of immersion in the serum 

solution, because of increased protein adsorption on the surface makes it impossible 

to identify these elements. 
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Appendix A 

Atomic Force Microscopy 

Figure A-1. AFM Images of As-Polished Sample 
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Figure A-2. AFM Images of Ti-2Weeks Sample 
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Figure A-4. AFM Images of Ti-2Montbs Sample 

62 



700.0 r-

350.0 r-

0.0 AN 

700.0 r- 17.0 ra 

350.0 ,... 
43,5 r-

o.o nM 
0,0 AN 

Figure A-5. AFM Images of Ti-3Months Sample 
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Figure A-7. AFM Images of Ti-lMonth Sample After BCA Total Protein Assay 
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Appendix B 

X-ray Photoelectron Spectroscopy Spectra

Min: 0 Max: 963

Curve Fit Summary 

Goodness of Fit: 2.31 Iterations; 4 

# Position Intensity FWHM Area Area% 

459.51 799 1.69 1434 30.9% 

457.84 555 2.29 1352 29.2% 

455.87 108 1.12 129 2.8% 

465 15 299 2.56 817 17.6% 

463.53 200 2.07 440 9.5% 

461.66 203 2. 15 463 10.0% 

N(E) 

470 468 466 464 462 460 458 456 454 452 450 

Binding Energy (eV) 

Figure B-1. Ti-Polished Sample after 30 Seconds Bombardment, Ti 2p 
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Min: 0 Max: 980 

Curve Fit Summary 

Goodness of Fit: 13.23 Iterations: 2 

Position intensity FWHM Area Area% 

454.48 220 1.06 248 3.6% 

455.19 715 1.94 1477 21.4% 

457.09 584 2 84 1768 25.7% 

459. 16 347 2.52 931 l3.5% 

460.94 457 213 1036 15.0o/, 

463.02 270 1.95 560 8.1% 

464.84 212 2.83 639 9.3% 

N(E) 
461.29 143 1.54 234 3.4% 

470 468 466 464 462 460 458 456 454 452 450 

Binding Energy (eV) 

Figure B-2. Ti-Polished Sample after 10 Minutes Bombardment, Ti 2p 

Min: 0 Max: 1120 

! Curve Fit Summary 

Goodness of Fit: 2.34 Iterations. 47 

Position Intensity FWHM Area Area¾ 

454.74 697 1.48 1098 14.8% 

455.96 729 2.54 1975 26.6% 

457.84 368 1.85 727 9.8% 

459.22 402 2.07 885 11.9% 

460.89 606 1.87 1203 16.2% 

462.61 342 2.21 805 l0.8% 

464.28 122 I 54 200 2.7% 

465.79 I 57 3.22 540 7.3% 

N(E) 

470 468 466 464 462 460 458 456 454 452 450 

Binding Energy (eV) 

Figure B-3. Ti-Polished Sample after 20 Minutes Bombardment, Ti 2p 
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N(E) 

Min: 0 Max: 1180 

Curve Fit Summary 
Goodness of Fit: 7.32 Iterations: 2 
Position Intensity FWHM Area Area% 
454.67 740 1.45 1146 16.1% 
455.57 563 2.19 1313 18.4% 
457.01 380 2.42 981 13.8% 
458.90 444 2.80 1321 18.5% 
461.00 615 1.98 1297 18.2% 
462.73 282 1.54 462 6.5% 
464.01 130 1.26 174 2.4% 
465.21 16 I 2.53 433 6.1% 

�

470 468 466 464 462 460 458 456 454 452 

Binding Energy (eV) 

Figure B-4. Ti-Polished Sample after 30 Minutes Bombardment, Ti 2p 

N(E) 

Min: 0 Max: 451 

Curve Fit Summary 
Goodness of Fit: 0.99 
Position 
457.57 
459.30 
462.89 
464.97 

Intensity 
Ill 
446 
40 
139 

470 468 

Iterations: 8 
FWHM Area 
1.34 159 
1.79 850 
2.00 85 
2.20 326 

466 464 

Area% 
11.2% 
59.9% 
6 0% 
22.9% 

462 460 

Binding Energy (eV) 

458 456 454 

Figure B-5. Ti-2Weeks Sample after 30 Seconds Bombardment, Ti 2p 

450 

452 450 
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Min: 0 Max: 1024 

I Curve Fit Summary 

I Goodness of Fit: 4.64 Iterations: IO 

I 

Positioo Intensity FWHM Are.a Area¾ 

454.43 502 1.18 633 10.1% 
455.34 795 2.04 1724 27.6% 

456.94 298 1.60 508 8.1% 

458.51 455 2. 18 l057 16.9% 
460.18 252 1.57 421 6.8% 

460.97 425 1.83 828 13.3% 
464.26 194 3.35 690 II.I¾ 

462.37 158 2.25 378 6.1% 
N(E) 

470 468 466 464 462 460 458 456 454 452 450 

Binding Energy (eV) 

Figure B-6. Ti-2Weeks Sample after 10 Minutes Bombardment, Ti 2p 

Min: 0 Max: 1365 

Curve Fit Summary 
Goodness of Fit 11. 73 lterauons: 22 
Position intensity FWHM Area Area% 

454.39 1091 1.49 1732 24.9% 
455.58 740 1.80 1416 20.3% 

457.04 361 1.29 497 7.1% 
458.47 408 1.86 807 11.6% 

460.24 520 1.70 941 13.5% 
461.13 427 l.S8 718 10.3% 

462.45 192 1.39 283 4.1% 

N(E) 
463.99 203 2.62 566 8.1% 

470 468 466 464 462 460 458 456 454 452 450 

Binding Energy (eV) 

Figure B-7. Ti-2Weeks Sample after 20 Minutes Bombardment, Ti 2p 
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Min: 0 Max: 1331 

Curve Fit Summary 

Goodness of Fit: 12.59 Iterations: 5 

Position Intensity fWHM Area Area% 

454.39 848 1.35 1219 18.4% 

455.25 728 1.99 1542 23.2% 

456.91 393 171 715 10.8% 

458.39 370 1.51 593 8.9% 

460.15 587 1.68 1050 15.8% 

461.22 376 1.59 636 9.6% 

462.58 190 2.01 407 6.1% 

464.37 172 2.64 483 7.3% 

N(E) 

470 468 466 464 462 460 458 456 454 452 450 

Binding Energy (eV) 

Figure 8-8. Ti-2Weeks Sample after 30 Minutes Bombardment, Ti 2p 

Min: 0 Max: 630 

Curve Fit Summary 

Goodness ofFit: 0. 93 Iterations: 10 

Position Intensity fWHM Area Area% 

457.51 289 2.34 720 25.3% 

459.29 546 1.81 1052 37.0% 

464.83 204 2.82 611 21.5% 

462.30 116 3.74 461 16.2% 

N(E) 

470 468 466 464 462 460 458 456 454 452 450 

Binding Energy (eV) 

Figure 8-9. Ti-lMonth Sample after 30 Seconds Bombardment, Ti 2p 
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Min: 0 Max: 1177 

N(E) 

470 

Curve Fit Summary 
Goodness of Fit: 12.03 Iterations: I 0 

Position Intensity FWHM Area 

454.40 671 118 843 
455.28 762 1.56 1265 
456.64 552 2.22 1304 

458.62 559 2.44 1452 

460.10 353 1.45 545 

461.08 598 1.48 942 
462.33 308 1.78 584 

464.32 277 2. 76 814 

468 466 

Area% 

10.9% 
16.3% 

16.8% 

18.7% 

7.0% 

12.2% 

7.5% 

10.5% 

464 462 460 458 456 454 

Binding Energy (eV) 

Figure 8-10. Ti-lMonth Sample after 10 Minutes Bombardment, Ti 2p 

Min: 0 Max: 1411 

Curve Fit Swnmary 

Goodness of Fit: 8.58 Iterations: 17 

Position Intensity FWHM Arca Area¾ 

454.40 612 1.34 873 10.7'>/o 

455.18 1008 2 08 2232 27.2°/o 

456.93 520 1.51 836 10.2% 

458.33 527 1.68 942 11.5% 

459.87 463 1.56 769 9.4% 

461.00 714 1.76 1338 16.3% 

462.71 285 1.83 554 6.8% 

464.71 208 2.93 648 7.9%, 

N(E) 

470 468 466 464 462 460 458 456 454 

Binding Energy (eV) 

Figure 8-11. Ti-lMonth Sample after 20 Minutes Bombardment, Ti 2p 

452 450 

452 450 
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Min: 0 Max: 1727

I Curve Fit Summary 

Goodness ofFit: 14. 79 
Position lntensity FWHM 

454.38 1460 1.38 
455.46 890 1.53 
456.72 433 1.28 
458.17 552 208 
460.26 793 1.78 
461.45 455 1.67 
462.83 239 1.34 
464.34 205 2.47 

N(E) 

I 
470 468 

Iterations: 11 

Area Ares.% 

2142 24.9% 

1447 16.8% 

590 6.9% 
1222 14.2% 

1503 17.5% 

808 9.4% 

340 4.0% 

538 6.3% 

466 464 462 460 458 456 454 
Binding Energy (eV) 

Figure B-12. Ti-lMonth Sample after 30 Minutes Bombardment, Ti 2p 

Min: 0 Max: 84 

/ Curve Fit Summary 

I Goodness ofFit: 1.43 
I Positioo 
1459.31 

457.18 
I 465.07 
I 462.93 

N(E): 

470 

Intensity 

83 
12 
27 
16 

468 

Iterations: 6 

FWHM 

1.93 
200 
2.15 
I 59 

466 464 

Area 

169 
25 
62 
27 

462 

Area¾ 

59.7% 
8.8% 

21.9% 
9.5% 

460 

Binding Energy (eV) 

458 456 454 

Figure B-13. Ti-2Months Sample after 30 Seconds Bombardment, Ti 2p 

452 450 

452 450 
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Min: 0 Max: 223 

N(E) 

470 468 466 464 462 460 458 456 454 452 450 

Binding Energy (eV) 

Figure B-14. Ti-2Montbs Sample after 10 Minutes Bombardment, Ti 2p 

Min: 0 Max: 317 

Curve Fit Summary 

Goodness ofFit: 1.83 Iterations: I 

Position Intensity FWHM Area Area¾ 

454.53 192 1.37 281 13.7% 

455.60 205 2.15 469 22.8¾ 

459.49 120 4.05 516 25.1% 

457.59 92 2.34 228 111% 

460 93 115 1.88 230 11.2% 

462.52 71 1.48 112 5.4% 

463.89 39 I.SI 63 3.0% 

465.13 48 3 13 160 7.8% 

N(E) 

470 468 466 464 462 460 458 456 454 452 450 

Binding Energy (eV) 

Figure B-15. Ti-2Montbs Sample after 20 Minutes Bombardment, Ti 2p 
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Min: 0 Max: 422 

Curve Fit Summary 

Goodness of Fit: 3.33 Iterations: 6 

Position Intensity FWHM Area Area¾ 

454.47 380 1.44 581 25.2% 

455.59 172 1.42 259 11.2% 

459.30 106 1.86 210 9.1¾ 

457.15 177 2.58 486 21. lo/o 

460.75 234 1.81 451 19.5% 

462.28 85 1.35 122 5.3% 

463.49 53 1.39 78 3.4% 

N(E) 
464.75 51 2.19 120 5.2% 

470 468 466 464 462 460 458 456 454 452 450 

Binding Energy (eV) 

Figure B-16. Ti-2Months Sample after 30 Minutes Bombardment, Ti 2p 

Min: 0 Max: 77

Curve Fit Summary 

Goodness of Fit: 0.82 Iterations: 6 

Position Intensity FWHM Area Area% 

459.17 75 1.85 147 67.9% 

457 70 1.31 11 4.9% 

465.31 20 2.26 47 21.7% 

464.08 9 1.23 12 5.4% 

N(E) 

470 468 466 464 462 460 458 456 454 452 450 

Binding Energy (eV) 

Figure B-17. Ti-3Months Sample after 30 Seconds Bombardment, Ti 2p 
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Min: 0 Max: 172

Curve Fit Summary 

Goodness of Fit I 73 Iterations: 6 

Position Intensity FWHM Area Area¾ 

454.32 34 1.21 43 2.9% 

459.28 128 4.78 651 43.8% 

455.23 115 1.73 212 14.2% 

457.09 67 3.31 236 15.9% 

464.33 58 4.06 251 16.8% 

460.95 II 1.43 17 1.1% 

462.06 30 1.78 57 3.8% 

463.94 14 1.45 22 1.5% 

N(E) 

470 468 466 464 462 460 458 456 454 452 450 

Binding Energy (eV) 

Figure B-18. Ti-3Months Sample after 10 Minutes Bombardment, Ti 2p 

Min: 0 Max: 208 

I Curve Fit Summary 

I Goodness of Fit: 1.34 Iterations: 21 

I Position Intensity FWHM Area Area¾ 

I
454.45 143 1.27 193 14.5% 

455.26 101 1.26 136 10.2% 

I 456.70 127 2.20 297 22.2% 

458.49 100 1.32 141 10.5% 

459.85 88 1.67 156 11.7% 

461.01 96 2.08 213 15.9% 

462.85 58 1.63 JOO 7.5% 

464.63 54 1.74 100 7.5% 

N(E) 

470 468 466 464 462 460 458 456 454 452 450 

Binding Energy (eV) 

Figure B-19. Ti-3Months Sample after 20 Minutes Bombardment, Ti 2p 
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Min: 0 Max: 314 

Curve Fit Summary 

Goodness of Fit: 2.09 Iterations: 12 

Position Intensity FWHM Area Area¾ 

454 40 213 1.21 274 16.5% 

455.35 189 1.79 361 21.8% 

456.72 87 1.71 158 9.6% 

458.54 120 2.34 299 18.1% 

460.23 129 1.38 189 11.4% 

461.28 117 1.45 180 10.9% 

462.82 63 I.SO 100 6.1% 

N(E) 
464.49 45 2.00 95 5.7% 

470 468 466 464 462 460 458 456 454 452 450 

Binding Energy (eV) 

Figure B-20. Ti-3Months Sample after 30 Minutes Bombardment, Ti 2p 
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Min: 0 Max: 2284 

N(E) 

542 

Curve Fit Summary 

Goodness of Fit 3. 72 

Position Intensity 

530.75 1787 

533.24 256 

531.67 1059 

540 538 

Iterations 4 

FWHM A.tea% 

1.17 50.5% 

1.36 8.4% 

1.61 41.1% 

536 534 532 530 528 526 

Binding Energy (eV) 

Figure B-21. Ti-Polished Sample after 30 Seconds Bombardment, 0 ls 

Min: 0 Max: 1175 

Curve Fit Summary 

Goodness ofFit: 2.30 Iterations: 8 

Positioo Intensity FWHM Area Area¾ 

530.72 800 I 33 1133 36.5% 

531.67 719 1.53 1171 37 7% 

533.22 278 2.70 800 25.8% 

N(E) 

542 540 538 536 534 532 530 528 526 

Binding Energy (eV) 

Figure B-22. Ti-Polished Sample after 10 Minutes Bombardment, 0 ls 

524 522 

524 522 
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Min: 0 Max: 994 

Curve Fit Summary 

Goodness of Fit: I. 99 Iterations: 20 

Position Intensity FWHM Area Area% 

530.75 595 1.42 899 341% 

531.67 634 1.57 1060 40.1% 

S33.24 241 2.66 681 25.8% 

N(E) 

542 540 538 536 534 532 530 528 526 524 522 

Binding Energy (eV) 

Figure B-23. Ti-Polished Sample after 20 Minutes Bombardment, 0 ls 

Min: 0 Max: 879 

Curve Fit Summary 

Goodness of Fit: 1.93 lteratioos: 10 

Position Intensity FWHM Area Area¾ 

530.72 S32 1.51 85S 34.7% 

S31.67 S59 1.66 988 40.1% 

533.24 234 2.50 622 25.2% 

N(E) 

542 540 538 536 534 532 530 528 526 524 522 

Binding Energy (eV) 

Figure B-24. Ti-Polished Sample after 30 Minutes Bombardment, 0 ls 
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Min: 0 Max: 881 

Curve Fit Summary 

Goodness of Fit: 1.39 Iterations: 31 

Position Intensity FWHM Area Area% 

530.67 718 1.16 887 47.3% 

531.61 422 1.45 649 34.7% 

532.85 171 1.86 338 18.0% 

N(E) 

542 540 538 536 534 532 530 528 526 524 522 

Binding Energy (eV) 

Figure B-25. Ti-2Weeks Sample after 30 Seconds Bombardment, 0 ls 

Min: 0 Max: 927 

Curve Fit Summary 

Goodness of Fit: 2.99 Iterations: 28 

Position Intensity FWHM Arca Area¾ 

530.95 770 153 1254 51.4¾ 

532.11 500 1.61 858 35.1¾ 

533.71 155 2.00 330 13.5% 

N(E) 

542 540 538 536 534 532 530 528 526 524 522 

Binding Energy (eV) 

Figure B-26. Ti-2Weeks Sample after 10 Minutes Bombardment, 0 ls 
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Min: 0 Max: 578 

Curve Fit Summary 
Goodness of Fit: 2.59 Iterations: 17 
Position Intensity FWHM Area Area% 
530.84 486 1.61 833 51.5% 
532.01 374 1.39 553 34.2% 
533.36 145 1.50 232 14.3% 

N(E) 

542 540 538 536 534 532 530 528 526 524 522 

Binding Energy (eV) 

Figure B-27. Ti-2Weeks Sample after 20 Minutes Bombardment, 0 ls 

Min: 0 Max: 461 

I Curve Fit Summary 
I Goodness of Fir: 2.31 Iterations: 12 

Position Intensity FWHM Area Area¾ 

530.86 374 1.60 637 50.5¾ 

531.91 250 138 367 29.0% 
533.22 123 1.98 259 20.5% 

N(E) 

542 540 538 536 534 532 530 528 526 524 522 

Binding Energy (eV) 

Figure B-28. Ti-2Weeks Sample after 30 Minutes Bombardment, 0 ls 
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Min: 0 Max: 1261 

Curve Fit Summary 

Goodness of Fit: 1.71 lteratioos· I 5 

Position lntensity FWHM Area Area¾ 

530.64 1037 I.I I 1225 51.4% 

531.49 590 1.32 829 34.8% 

532.82 190 1.64 331 13.9% 

N(E) 

542 540 538 536 534 532 530 528 526 524 522 

Binding Energy (eV) 

Figure B-29. Ti-lMontb Sample after 30 Seconds Bombardment, 0 ls 

Min: 0 Max: 1294 

Curve Fit Summary 

Goodness of Fit: 11.12 Iterations: 22 

Position Intensity FWHM Area Area% 

530.72 %1 1.44 1469 37.8% 

533.29 371 2.67 1056 27.2% 

531.83 820 1.55 1357 35.0¾ 

N(E) I 

542 540 538 536 534 532 530 528 526 524 522 

Binding Energy (eV) 

Figure B-30. Ti-lMontb Sample after 10 Minutes Bombardment, 0 ls 
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Min: 0 Max: 936 

Curve Fit Summary 
Goodness of Fit: 2.64 Iterations: 15 

Position Intensity FWHM Area Area¾ 

530.73 582 1.51 935 33.5% 
531.87 691 1.84 1352 48.4% 
533.74 205 2.32 505 18.1% 

N(E) 

542 540 538 536 534 532 530 528 526 524 522 

Binding Energy (eV) 

Figure B-31. Ti-lMonth Sample after 20 Minutes Bombardment, 0 ls 

Min: 0 Max: 671 

I Curve Fit Summary 
Goodness of Fit: 4.72 Iterations: 7 

I Position Intensity FWHM Area Area% 
530.64 379 1.19 480 23.4% 
53 1.7 I 556 1.75 1036 50.4% 

I 533.49 200 2.53 540 26.3¾ 

N(E) 

542 540 538 536 534 532 530 528 526 524 522 

Binding Energy (eV) 

Figure B-32. Ti-lMonth Sample after 30 Minutes Bombardment, 0 ls 
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Min: 0 Max: 292

Curve Fit Summary 

Goodness ofFit: 1.74 Iterations. 16 

Position Intensity FWHM Area Area¾ 

530.70 239 1.45 369 36.9% 

531.99 192 I 77 362 36.2% 

533.62 115 2.20 270 27.0¾ 

N(E) 

542 540 538 536 534 532 530 528 526 524 522 

Binding Energy (eV) 

Figure B-33. Ti-2Months Sample after 30 Seconds Bombardment, 0 ls 

Min: 0 Max: 512

Curve Fit Summary 

Goodness of Fit 1.13 Iterations: 8 

Position Intensity FWHM Area Area% 

530.68 391 I.JO 542 40.S¾ 

531.64 268 I 44 412 30.8% 

532.92 157 2.30 385 28.8¾ 

N(E) 

542 540 538 536 534 532 530 528 526 524 522 

Binding Energy (eV) 

Figure B-34. Ti-2Months Sample after 10 Minutes Bombardment, 0 ls 
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Min: 0 Max: 462 

Curve Fit Summary 

Goodness of Fit: 2.77 Iterations: 67 

Position Intensity FWHM Area Area% 

530.78 426 1.51 685 54.6% 

532.05 221 1.43 337 26.9% 

533.30 109 2.00 232 18.5% 

N(E) 

542 540 538 536 534 532 530 528 526 524 522 

Binding Energy (eV) 

Figure B-35. Ti-2Months Sample after 20 Minutes Bombardment, 0 ls 

Min: 0 Max: 420 

Curve Fit Summary 

Goodness of Fit: 1.06 Iterations: 36 

Position Intensity FWHM Area Area¾ 

530. 75 366 1.35 526 50.6% 

531.79 204 I.JO 282 27.1% 

532.82 119 1.82 231 22.2% 

N(E) 

542 540 538 536 534 532 530 528 526 524 522 

Binding Energy (eV) 

Figure B-36. Ti-2Months Sample after 30 Minutes Bombardment, 0 ls 
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Min: 0 Max: 316 
Curve Fit Summary 

Goodness of Fit: 1.64 Iterations: 12 

Position Intensity FWHM Area Area% 

530.76 228 1.43 347 28.9% 

532.01 175 1.91 355 29.6% 

533.56 154 3.04 499 41.5% 

N(E) 

542 540 538 536 534 532 530 528 526 524 522 

Binding Energy (eV) 

Figure B-37. Ti-3Months Sample after 30 Seconds Bombardment, 0 ls 

Min: 0 Max: 528 

Curve Fit Summary 

Goodness ofFit: 0.41 Iterations: 7 

Position Intensity FWHM Area Area% 

530.61 395 1.23 518 37.5¾ 

531.69 341 1.67 607 44.0% 

533.22 120 2.00 256 18.5% 

N(E) 

542 540 538 536 534 532 530 528 526 524 522 

Binding Energy (eV) 

Figure B-38. Ti-3Months Sample after 10 Minutes Bombardment, 0 ls 
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Min: 0 Max: 401 

Curve Fit Summary 

Goodness of Fit: 0.98 Iterations: I 

Position intensity FWHM Area Area¾ 

530.77 314 1.39 465 46.1% 

531.72 199 1.54 327 32.5% 

533.09 109 1.85 215 21.4% 

N(E) 

542 540 538 536 534 532 530 528 526 

Binding Energy (eV) 

Figure B-39. Ti-3Months Sample after 20 Minutes Bombardment, 0 ls 
Min: 0 Max: 271 
Curve Fit Summary 

Goodness ofFit: 3.6 I Iterations: 3 

Position Intensity FWHM Area Area¾ 

530.70 226 1.23 296 39.1% 

531.81 175 1.43 267 35.2% 

533.13 104 1.76 195 25.8% 

N(E) 

542 540 538 536 534 532 530 528 526 

Binding Energy (eV) 

Figure B-40. Ti-3Months Sample after 30 Minutes Bombardment, 0 ls 

524 522 

524 522 
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N(E) 

Min: 0 Max: 178 

Curve Fit Swnmary 

Goodness off it: 3. 30 

Position 

285.08 

286.41 

288.37 

Intensity 

150 

44 

II 

294 292 290 

Iterations: 18 

FWHM 

I 95 

2.75 

2.66 

288 

Area% 

65.9% 

27.2% 

6.9% 

286 284 282 280 278 

Binding Energy (eV) 

Figure B-41. Ti-Polished Sample after 30 Seconds Bombardment, C ls 

Min: 0 Max: 972 

Curve Fit Summary 

Goodness of Fit: 8.09 Iterations: 4 

Position Intensity FWHM Area¾ 

285.02 866 1.59 64.6% 

286.32 311 2.02 29.4% 

288.59 63 2.00 5.9% 

N(E) 

294 292 290 288 286 284 282 280 278 

Binding Energy (eV) 

Figure 8-42. Ti-2Weeks Sample after 30 Seconds Bombardment, C ls 

276 274 

276 274 
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Min: 0 Max: 218 

Curve Fit Summary 

Goodness of Fit: 1.94 Iterations: 4 

Position Intensity FWHM Area% 

282.11 45 0.84 5.8% 

284.82 215 2.10 81.1% 

287.27 34 2.00 12.1% 

N(E) 

294 292 290 288 286 284 282 280 278 

Binding Energy (eV) 

Figure B-43. Ti-2Weeks Sample after 10 Minutes Bombardment, C ls 

Min: 0 Max: 179 

Curve Fit Summary 

Goodness of Fit 2.58 

Position Intensity 

281.92 66 

284.87 173 

287. IO 25 

N(E) 

I 
294 292 290 

Iterations: 10 

FWHM Area¾ 

0.92 12.5¾ 

2.17 77.3% 

2.00 10.2% 

288 286 284 282 280 278 

Binding Energy (eV) 

Figure B-44. Ti-2Weeks Sample after 20 Minutes Bombardment, C ls 

276 274 

276 274 
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Min: 0 Max: 145 

Curve Fit Summary 

Goodness of Fit: I. 74 Iterations. 7 

Position Intensity FWHM Area% 

281.97 58 1.00 15.8% 

284.86 137 2.08 77.9% 

286.99 14 1.62 6.3% 

N(E) 

294 292 290 288 286 284 282 280 278 276 274 

Binding Energy (eV) 

Figure B-45. Ti-2Weeks Sample after 30 Minutes Bombardment, C ls 

Min: 0 Max: 733

Curve fit Summary 

Goodness of Fit: 4.63 Iterations: 16 

Position Intensity FWHM Area¾ 

284.n 700 I SI 74.8% 

286.40 172 2 00 20.3% 

288.63 42 2.00 4.9% 

N(E) 
I 

294 292 290 288 286 284 282 280 278 276 274 

Binding Energy (eV) 

Figure B-46. Ti-lMonth Sample after 30 Seconds Bombardment, C ls 
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N(E) 

Min: 0 Max: 158 

I 

Curve Fit Summary 

Goodness ofFit: 3.18 

Position Intensity 

282.07 76 

284.82 154 

286.50 47 

288.87 24 

294 292 

Iterations: I 0 

FWHM 

1.08 

2.05 

1.81 

2.00 

290 288 

Area% 

15.6% 

59.4% 

16.0% 

9.1% 

286 284 282 280 278 

Binding Energy (eV) 

Figure B-47. Ti-lMonth Sample after 10 Minutes Bombardment, C ls 

Min: 0 Max: 111 

Curve Fit Summary 

Goodness of Fit: 0.65 Iterations: 23 

Position Intensity FWHM Area% 

281.97 70 0.80 17.7% 

284.72 110 1.94 67.5% 

286.61 25 1.90 14.8% 

N(E) 

294 292 290 288 286 284 282 280 278 

Binding Energy (eV) 

Figure B-48. Ti-lMonth Sample after 20 Minutes Bombardment, C ls 

276 274 

276 274 
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Min: 0 Max: 96 

N(E) 

Curve Fit Summary 
Goooness of Fit: 3.17 
Position 
281.95 
284.72 
286.50 

Intensity 
83 
90 

19 

294 292 290 

Iterations: 15 
FWHM 

1.18 
2.31 
2.00 

288 

Area¾ 

28.5% 
60.4% 
II.I¾ 

286 284 

Binding Energy (eV) 

282 280 278 

Figure B-49. Ti-lMonth Sample after 30 Minutes Bombardment, C ls 

N(E) 

Min: 0 Max: 747 

Curve Fit Summary 
Goodness of Fit: 5.33 
Position Intensity 
284.84 601 
286.26 335 

1288.60 84 

294 292 290 

iterations: I 

FWHM Area¾ 
1.91 52.8% 
2.27 35.0% 
3.16 12.2% 

288 286 284 282 280 278 

Binding Energy (eV) 

Figure B-50. Ti-2Months Sample after 30 Seconds Bombardment, C ls 

276 274 

276 274 
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Min: 0 Max: 916 

Curve Fit Summary 

Goodness of Fit 5.48 

N(E) I 
I 

Position 

284.64 

285.96 

288.68 

294 

l.ntensity 

790 

308 

74 

292 290 

Iterations: 47 

FWHM Area¾ 

1.67 59.4% 

2.30 31.9% 

2.63 8.7% 
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Figure B-52. Ti-2Months Sample after 20 Minutes Bombardment, C ls 
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Figure B-54. Ti-3Months Sample after 30 Seconds Bombardment, C ls 
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