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SUMMARY 

Properties making Ti and its alloys popular implant materials 

are determined by manufacturing condi tions. Wi th introduction 

of cast Ti into the dental fraternity, al ternati ve methods of 

implant fabrication are possible. This study determined and 

compared differences in bio-acceptability between surface 

characteristics of machined and cast Ti and Ti-alloy in 

relation to materials used, fabrication procedure employed, 

surface enhancements and Radio Frequency Glow Discharge 

Treatment (RFGDT). Discs of 6.35mm diameter, 2mm thick, were 

prepared using cpTi and Ti6A14V by machining and casting, and 

specific topographies were introduced. The first group of 

surfaces was from machining and casting procedures (controls). 

The second group was surfaces enhanced according to 

proprietary specifications of Southern Implants (SI) The 

third group was experimentally enhanced surfaces (ES) . 

Enhancement included grit blasting and acid etching. From each 

group 21 of 24 samples were RFGDT. Electron Spectroscopy and 

Profilometric analysis of the Ti surfaces determined chemical 

composi tion, oxide thickness and surface roughness. Growth of 

human gingival fibroblasts and osteoblast-like cells, and 

scanning electron microscopy (SEM) determined in vi tro bio­

acceptability of different samples. Surface chemical 

composition was the same for cpTi and Ti6Al4V samples. Cast 

and enhanced samples were different from machined samples with 

higher % concentration of Sodium and Aluminium (p<0.05). RFGDT 

reduced Carbon and other surface contaminants and enhanced the 

Oxygen and Titanium atomic S-o concentration (p<0.05) . The 

Sodium and Aluminium atomic % concentration was not affected. 

The major surface peak was Ti02 for Ti and oxygen peaks varied 

considerably between machined and cast samples. Surface 

topography of cast samples had higher surface analysis values 

compared to machined samples (p<0.05). RFGDT increased surface 

area and Rp values (p<O. 05) No significant differences in 
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oxide thickness were observed between materials employed, but 

it was significantly higher for cast and enhanced samples. 

RFGDT significantly increased oxide thickness of samples. 

oFibroblasts showed significant increases in -0 attachment 

efficiency and proliferation (%AEP) with time while 

osteoblast-like cells showed a significant decrease with time. 

The %AEP of fibroblasts and osteoblast-like cells on different 

samples was not significantly different. Cast Ti6A14V control 

and machined Ti6A14V S1 samples had relatively higher %AEP for 

osteoblast-like cells than the control or other samples. SEM 

revealed that fibroblasts and osteoblast-like cells displayed 

similar attachment behaviour. On machined surfaces cells 

spread, displaying the underlying topography while on cast and 

enhanced surfaces cells attached t o the available peaks and 

used these attachments to suspend themselves over the surface. 

Filopodia were responsible for the attachment of cells. 

Significant differences in chemical composition were 

introduced by casting and surface enhancement procedures. 

RFGDT significantly reduced the concentration of Carbon and 

other contaminants on the surface exposing the surface 

Ti tanium oxide. Cast samples had rougher surface topography 

than machined samples. RFGDT significantly increased surface 

area and peak height. Casting, surface enhancement and RFGDT 

significantly increased oxide thickness. With time fibroblasts 

showed significant increases in %AEP while osteoblast-like 

cells significant decreases. Fibroblasts tended to proliferate 

on relatively smooth surfaces whereas osteoblast-like cells 

favored rougher surface topography produced by casting and 

surface enhancement. 
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CHAPTER 1 INTRODUCTION 

To most people, tooth-loss is a matter of great concern and 

the replacement of teeth with artificial substitutes to 

preserve and reinstate a comparable functional and aesthetic 

result, is essential to the continuance of a normal life. This 

attitude lS by no means novel, since both archeological and 

histological records provide adequate evidence of such 

endeavors. The recent discovery of a cranium approximately 

2000 years old featuring a metallic oral implant, serves to 

demonstrate that dental implantology is one of the oldest 

forms of artificial tooth replacement (Glantz, 1998) 

Regarding metals, Titanium has been found to be an unusually 

suitable material for dental implants (Kasemo, 1983). The 

desire for restorative materials with superior mechanical 

properties, has motivated the use of Titanium-Aluminium­

Vanadium alloys for the manufacture of implants. 

Titanium and its alloy forms were limited to wrought 

appliances until the beginning of the 1980' s (Miyakawa et al, 

1996; Papadopoulos et al, 1999; Renner, 2001) Casting of 

Ti tani um was di fficul t due to the high mel ting point of the 

metal and its remarkable chemical reactivity at high 

temperatures (AI Mesmar et al, 1999). Employing the lost-wax 

casting technique and commercially available Ti tanium ingots 

(Darvell et al, 1995), casting of Titanium has been made 

possible by the advent of specifically designed casting 

machines (Ida et al, 1984; Hamanaka, 1989) and investment 

materials that are more stable than the conventional 

investments (Mori et al, 1994) 

In the modern era, successful clinical employment of implants 

requires clear evidence of osseointegration. While the term 

has found considerable use in the clinical community as a 

means of describing the anchorage of an implant in bone able 

 
 
 



to withstand functional loading, it has eluded satisfactory 

scientific definition. Thus, the use of the term 

osseointegration has provided virtually no insight into the 

mechanisms by which bone becomes juxtapositioned to an 

endosseous implant surface. 

Fortunately, although there is still a paucity of such 

information, we now realize that the mechanisms by which 

endosseous implants become integrated with bone, can be 

subdivided into three distinct bone healing phases, each of 

which can be evaluated experimentally: The phenomenon of 

osteoconduction relies on the migration of differentiating 

cells to the implant surface. Implant design such as surface 

roughness and the chemistry of the surface have a profound 

influence on osteoconduction. The second phenomenon, de nova 

bone formation and bonding onto the implant surface, is 

generally accepted to be a function of chemical surface 

reactivity. The existence of micro-topographically complex 

implant surface, which allows micro-mechanical 

interdigitations, is essential for bone bonding to the implant 

surface. De nova bone formation results in a mineralized 

interfacial matrix. The third leading healing phase is that of 

bone remodeling (Davies, 1998) 

The physiochemical and biological properties of the interface 

zone between the inorganic implant surface and most tissues 

constitute a largely unexplored focus of research. When 

criteria for selecting implant materials are reviewed, it 

becomes apparent that the entire groups of possible 

alloplastic implant material fall into one of three 

categories: metal and metal alloys; ceramics and carbons; and 

synthetic polymers. Although each of these categories has its 

own vi rt ue, the choi ce for a particular purpose is always a 

compromise between different requirements (Glantz, 1998). 

Over a period of approximately 20 year s various experimental 

methods have evol ved to predict and evaluate the long-term 
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success of implant materials. However further criteria for 

selection of specific dental implant materials remain to be 

identified or have only been partially delineated. 

One group of significant factors that have been identified 

concerns the chemical characteristics of the implant surface. 

These factors, which determine the tendency to absorb foreign 

atoms or molecules onto the surface, are therefore inherently 

associated with the chemical aspects of biocompatibility 

(Glantz, 1 998) . 

At a molecular and cellular level, the complex phenomenon of 

bio-adhesion of dental implants may be enhanced by mechanisms 

such as wetting and spreading (Baier et ai, 1984; Kasemo & 

Lausmaa, 1986). Surface topography has been shown to have a 

definitive influence on both wetting and ce ll attachment 

(Buser et ai, 1991; Brunski et ai, 2000) In considering cell 

attachment and adhesion, it is of utmost importance to note 

that cells do not attach directly to the implant surface but 

through an intermediate conditioning film (Glantz, 1998). 

Since treatment outcomes in dental implantology are cr itically 

dependent on these characteristics, the anal ytical 

consideration of the present study will be directed towards 

that level. 
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CHAPTER 2 REVIEW OF LITERATURE 

2.1 Overview on Titanium 

Wilheim Gregor was the first to discover the element we know 

as Titanium. Martin Klaproth named Titanium after the 

mythological Titans (the children of heaven and earth) after 

having discovered what he thought was "a new earth in rutile". 

He also found that ilmenite contained Titanium and that this 

element was identical to Gregor's discovery (William, 1981). 

2.1.1 Titanium Development 

Titanium is widely distributed in the earth's crust (ninth 

most abundant element) (Parr et al, 1985) but it took over 150 

years for Titanium to become a commercially available metal 

due to its high reactivity. Presently the industrial process 

used for Ti tanium extraction is based on a reduction process 

developed by Dr Wilhelm Kroll in the 1930's. The reduction is 

carried out in an atmosphere of Argon, and the metal is 

obtained in the form of a sponge (Briquettes). This sponge is 

then fused into ingots. The conversion of the Titanium ingots 

into mill products is accomplished by conventional 

metalworking equipment. Although there have been modifications 

in the industrial process, essentially the same process is 

used today (William, 1981). 

At present the metal is obtainable in rod, bar or sheet form 

of various dimensions and must be hand worked or machined into 

the forms desired - a time consuming and relatively expensive 

procedure (Beder & Ploger, 1959). 

2.1. 2 Pure/Unalloyed Titanium 

Pure Titanium is a relatively soft non-magnetic material. The 

physical and mechanical properties of chemically pure Titanium 

can be greatly varied by the addition of small traces of other 
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elements such as Oxygen, Iron and Nitrogen. Based on the 

incorpora tion of small amounts of Oxygen, Ni trogen, Hydrogen, 

Iron and Carbon during the purification procedures unalloyed 

Titanium is available in four different grades I-IV (see Table 

2-1) (Donachie, 1984) . 

Table 2-1: Maximum impurity limits of pure Titanium taken from Donachie (1984). 

Impurity Limits (WT%) 

Type N 
(Max) 

Fe 
(Max) 

0 
(Max) 

C 
(Max) 

H 
(Max) 

ASTM grade I 

ASTM grade II 

ASTM grade III 

ASTM grade IV 

0.03 

0.03 

0.05 

0.05 

0.20 

0.30 

0.30 

0.50 

0.18 

0.25 

0.35 

0.40 

0.10 

0.10 

0.10 

0.10 

0.015 

0.015 

0.015 

0.015 

ASTM - American Society for Testing and Materials 

2.1. 3 Titanium Alloy 

Although pure Titanium is a very useful material, additions of 

alloying elements is known to improve the physical properties 

(William, 1981) . Extensive research in the early 1950's 

resulted in several types of alloys, the most important being 

Titanium-6%Aluminium-4%Vanadium Alloy (Ti6AI4V) because of its 

desirable proportion and predictable producibili ty (William, 

1981; Wang & Fenton, 1996) 

Titanium alloys of interest in dentistry exist in three 

crystalline forms: alpha, beta and alpha-beta. These types 

originate when pure Titanium is heated, mixed with elements 

such as Aluminium and Vanadium in certain concentrations and 

then cooled. This treatment produces true solid solutions and 

the added elements are said to act as phase condition 

s tabili zers (Guy, 1976). Elements that occupy the intersti tial 

sites between the parent Titanium atoms in the lattice tend to 

stabilize the alpha phase. Oxygen, Ni trogen and Carbon come 

into this category while Aluminium is a further important 
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alpha stabilizer. Any of the transition elements is able to 

stabilize the beta phase i. e. Vanadium, Molybdenum, Niobium 

and Tantalum (William, 1981) 

As Aluminium or Vanadium is added to Titanium the temperature 

at which the alpha to beta transformation occurs changes to a 

range of temperatures. In this range, both the alpha and beta 

form may exist. The alloy form desired is maintained at room 

temperature by quenching the alloy from the temperature at 

which the desired form exists. While Aluminium serves to 

increase the strength and decrease the weight of the alloy, 

Vanadium is called the beta phase stabilizer and once 

inr.nrpnrAteri into the alloy, is said to inhibit corrosion 

(Renner 2001) Being an alloy it is 400% stronger and less 

susceptible to fracture under occlusal forces and stresses 

(Meffert, 1997). 

The stability of the alpha and beta phases may be controlled 

by alloying additions, leading to a variation in the 

metallographic appearances of Titanium alloys (William, 1981). 

There are a number of thermal treatments that may give rise to 

varying microstructures. If the alloy is heavily worked above 

900°C, a structure consisting entirely of transformed beta will 

be produced. The material will have low ductility and would 

normally be annealed. If the alloy is directly cast from the 

liquid phase, the beta phase is stable immediately upon 

solidification but has to partly transform to the alpha on 

cooling, leading again to an alpha and beta structure. 

However, in this case the acicular alpha phase is nucleated 

wi thin the preexisting beta areas, which on cooling tend to 

give a much coarser structure. Annealing the cast alloy at 700 

to 750°C will homogenize the structure (Williams, 1981). 

2.1. 4 Properties of Titanium 

Titanium exists as a pre metal element listed in the periodic 

table with an atomic number of 22 and an atomic weight of 
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47.9. It is a silver gray, very light metal, having a density 

of 4.505gm/cm3 at 25°C. It has a melting point of 1665°C though 

slightly variable data are reported due to the effect of 

impurities (William, 1981). 

Titanium burns in air and it's the only metal that will burn 

in the presence of Nitrogen. Pure Titanium undergoes a 

crystallographic change on heating above 882.5°C, and can 

dissolve several other elements like Silver, Aluminium, 

Arsenic, Copper, Iron, Gallium, Uranium, Vanadium and Zinc to 

form alloy s (P a r ret a 1 , 1 9 8 5) . 

Titanium exists in two allotropic forms: the low temperature 

form, known as ~(alpha) Titanium that has a close-packed 

hexagonal crystal structure and the body centered cubic 

structure called ~(beta) Titanium that is stable above 882.5°C 

(William, 1981). 

Environmental resistance of Titanium is dependant primarily on 

a thin, tenacious, and highly protecti ve surface oxide film. 

Titanium develops stable surface oxides wi th high integri ty, 

tenaci ty and good adherence. The surface oxide of T i tani urn 

will, if scratched or damaged, immediately reheal and restore 

itself regardless of its environment (Wang & Fenton, 1996). 

The protective passive oxide film on Titanium (Ti02 ) is stable 

over a wide range of pH, potential difference and temperatures 

and is specially favored as the oxidizing character of the 

environment increases. For this reason Titanium generally 

resists mild reducing, neutral and highly oxidizing 

environments up to reasonably high temperatures. The major 

exceptions are strong solutions of some acids, particularly 

Sulphuric acid, Hydrochloric acid, Phosphoric acid, Oxalic and 

Formic acid and also solutions containing the Fluoride ion 

(William, 1981; Wang & Fenton, 1996). 
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2.1. 5 Titanium Oxides 

Titanium is a reactive metal (Parr et aI, 1985) and within a 

millisecond of exposure to air, a 1nm oxide layer will be 

formed on the exposed surface of pure Titanium (Kasemo, 1983). 

Within a minute this layer can become 10nm thick. Within a few 

seconds the oxidation is often virtually completed, since the 

surface oxide growth is stopped as a result of the slow 

transport of Oxygen and unreacted metal a toms (GIant z, 1998). 

Passivity of Titanium is normally due to a few nanometers 

(lnm=10- 9m) thick film of amorphous Titanium dioxide (Schutz & 

Thomas, 1987 ) . 

A metal that is passive does not mean that it will not corrode 

but that the rate of corrosion is significantly reduced by the 

presence of the protective surface oxide film. Under 

physiological conditions in which implants function, even this 

slow rate may produce adverse tissue reactions (Parr et al, 

1985) 

The passivated oxide layer at the surface of Titanium has the 

physical properties of a ceramic and most metal oxides share 

this property (Albrektsson et al, 1983). The manufacturing 

procedure (air composi tion, impurities , temperature , coolant) 

influences the composi tion of the oxide layer and eventually 

the biocompatibility of the material. Therefore a strict 

standardization of the procedure and bulk metal is mandatory 

(Van Steenberghe, 1988; Young, 1988; Keller et al, 1989). Many 

of the Titanium alloys, in which Titanium is present in 

concentrations of 85% to 95%, maintain the passivity of pure 

Titanium. Although there is no universally accepted definition 

of the term "passivi ty" for our purposes f if an implant metal 

is oxidized and the oxide does not breakdown under physiologic 

conditions, the metal is said to be passive or passivated. The 

oxide layer will repair itself instantaneously on damage such 

as might occur during insertion of an implant (Parr et al, 

1985) . 
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Common Ti tanium oxides appear in three different crystalline 

forms (anatase, rutile and brookite), each with different 

physical properties. Rutile (Ti02) is the most stable and 

widely used. Of special interest is the dielectrical constant 

- for anatase it is 48, for brookite 78 and for rutile it is 

between about 110-117 depending on orientation. No other metal 

oxides have such high dielectric constants (Albrektsson et al, 

1983) . 

There are 7 different possible types of oxides that can form 

on Titanium materials and they include: (1) amorphous oxide, 

(2 ) cubic Titanium oxide (TiO) , (3 ) hexagonal Titanium 

sesquioxide (Ti 20 3 )! (4) tetragonal Titanium dioxide (Ti02) 

(ana tase), (5) orthorhombic Ti02 (brooki te) , (6) tetragonal 

Ti02 (rutile), and (7) nonstoichiometric oxides (Ti xOy ) • 

Normally, anodic oxida tion wi th chromic acid forms amorphous 

Titanium oxide (Lim et al, 2001). The stoichiometric 

composition of cpTi allows its classification into four grades 

that vary mainly in the Oxygen content, wi th grade 4 having 

the most (0.4%) and grade 1 the least (0.18%) (Albrektsson, 

1985) 

The 	 oxide layer on alloyed Titanium has a thickness 

approximately corresponding to pure Titanium. The maj or 

differences between pure and alloyed Ti tanium are (Kasemo & 

La usmaa, 1991):­

1. 	 The oxide on the alloy lS enriched with the alloying 

elements Al and V, 

2. 	 The surface texture and microstructure are more complex 

and heterogeneous on the alloy, 

3. 	 Even thick anodic oxide films do not crystallize as those 

on pure Titanium. 

The growth of the oxide film obeys the high field theory i.e. 

the thickness of the oxide film depends on the potential 
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difference across the film (Young, 1972). Accordingly the 

na tural oxide growth under open circui t condi tions has been 

suggested to be a weak function of time with a very low 

expected oxide growth rate (Mattsson, 1990) 

Normally Titanium forms a passive surface oxide layer that is 

relatively stable and acts as a barrier against diffusion of 

elements from within the metal itself to the surface and from 

the outside onto the metal. In the passive state the rate of 

dissolution of the oxide layer is relatively low but occurs 

especially when the environment contains aggressive ions. The 

presence of contaminants modifies the oxide layer and 

influences its corrosion resistance. The oxide layers on 

Ti6A14V have been found to be more amorphous and Ti6A14V is 

generally less corrosion resistant than Titanium itself, which 

is normally covered by a stoichiometric oxide layer (Louw, 

1997) . 

2.1. 6 Corrosion of Titanium 

Titanium is well tolerated by tissues; indeed it readily lends 

itself to the descriptive title of a physiologically 

indifferent metal (William, 1981) and in tissue Titanium is no 

chemical burden because of its inert reaction in solution 

(Steinemann, 1998) When Titanium is coupled with metals with 

greater corrosion potentials, the other metal may corrode by 

mechanism of galvanic corrosion (Parr et al, 1985) and release 

metallic species into tissues (Williams, 1982). 

In the presence of chlorides, localized breakdown has been 

found to occur despite the highly passive oxide layer on cpTi 

and Ti6A14V. Breakdown events are enhanced by increased 

acidi ty, while an alkaline envi ronment may enhance a reaction 

by being negativel y charged in physiological solutions, 

attracting the positively charged ions with in the body fluids 

and facilitating bonding leading to bio-acceptability 

(Shirkhanzadeh, 1996). 
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Th e precise amount of Titanium, Aluminium and Vanad ium that i s 

released by the implants has not yet been determined. Table 2 ­

2 summari z es average normal values o f these elements in humans 

(Vargas et al, 1 992). 

Table 2-2: Normal values of Titanium, Aluminium and Vanadium in Humans taken from Vargas et al 
(1992). 

Element Total body burden Normal daily intake Normal daily excretion rate 

Titanium 15 mg 0.3-1 mg 0.3 mg 

Aluminium 300 mg 5 mg (mean) N/A 

Vanadium 0.1-0.2 mg 12-28 IJg 9.3 IJg 

N/A - not determined 

The normal va lu e of Titanium in serum is s till doubtful, but 

is probably l ess than 10ng.ml- 1
, that for Aluminium is below 

lOng. ml -1; f or Vanad ium le ss than 1ng . ml- 1 
. (Versiek , 1984 ; 

Lugowski et al, 1987) The concentration o f Titanium in the 

contact tissue around implants is about 1 00 times hi gher than 

that of muscle tissu e , but to date no case of local or 

systemi c reaction for Titanium has bee n documented 

(St einemann , 1998). 

Base d on its biological acti vi ty, release of Alumi nium ions 

has the potential to be associated with neurological disorders 

such as Dialysis Dementia, Alzheimer's disease (Smith, 1 988 ; 

Bruneel & Helsen, 1988; Pi lliar, 1991) and Encephalopathy 

(Winship, 1992) . Aluminium has also been implicated in 

Osteoma l acia , Microcytic Anemia and bone diseases, which 

include Vitamin D Refractory Osteodydtrophy, and 

Hyperca l caemia (Smith, 1988; Brunee l & Hel sen , 1 988). 

Toxici ty of Vanadium i ons is much les s understood than the 

toxicity of Aluminium but is not considered to be very high . 

Aluminium is mainly associated with irreversible enzymatic 
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disturbance (Bruneel & Helsen, 1988) as well as inhibition of 

the mineralization process of bone (Albrektsson, 1989; 

Pilliar, 1991). Most Vanadium effects are associated with 

K+ ,phosphate biochemistry by affecting the mechanism of Na+, 

Ca 2++ and H+ ATPases, since Vanadium acts as a Phosphorus analog 

(Boyd & Kustin, 1984). 

2.2 Fabrication of Titanium 

Ti tani um in its pure and alloy form was limi ted to wrought 

appliances until the beginning of the 1980's, when it was 

introduced into Prosthodontics as a cast material (Miyakawa et 

al, 1996; Papado p o ul o s et al, 1999; Renn~r, 2001). 

2.2.1 Machining of Titanium 

Titanium is available in bar or rod form of different 

diameters (ASTM, 1999). Fabrication of Titanium into different 

forms is achieved by use of lathe machines. The desired shape 

is cut and hand ground through 600- grit Silicon Carbide 

metallographic papers followed by a final polish with l~m 

diamond paste. After polishing, the specimen is cleaned us ing 

a solvent (Methylethyl ketone), washed in double distilled 

wa ter and acid pas siva ted in 30% Ni tr i c a c id. Autocla vi ng is 

then done. Different companies have their own way of 

fabricating implants from Ti tani um but basically follow the 

above-mentioned process. 

2.2.2 Casting of Titanium 

Titanium casting is difficult because of its high melting 

point and remarkable chemical reactivity at high temperatures. 

To o vercome these difficul ties special equipment and systems 

have been developed for casting this metal (Al-Mesmar et al, 

1999) 
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There are two ways to cast pure Titanium or Titanium based 

alloys for use in dentistry. One is to utilize the 

conventional dental casting technique by alloying and thus 

lowering the melting temperature of Titanium, and the other is 

to use a super high temperature resistant mould material and a 

casting machine suitable for casting of Titanium. To avoid 

contamination the casting procedure must be carried out in a 

vacuum or in an atmosphere of inert gas, hence modification of 

the established mel ting and casting techniques used for most 

metals (Beder & Ploger, 1959) 

2.2.2.1 Casting Machines 

Titanium is cast in specially designed casting machines using 

different technology compared with that used for conventional 

noble and base metal dental alloys. Available casting machines 

are classified into three types (Zinelis, 2000): 

a) 	 Inert gas arc-melting / gas pressure casting machines that 

consist of 2 chamber: an upper chamber (mel ting chamber) 

for arc mel ting under an inert atmosphere (Ar gas) and a 

lower chamber (mold Chamber) wi th a muffle in which the 

molten metal is forced into, under gravitational 

acceleration and inert gas pressure; (e.g. Castmatic 

system, Titaniumer machine, Tycast machine, Cyclarc 

system) 

b) 	 Inert gas arc-melting/centrifugal casting machines with 

vertical or horizontal centrifugal casting; 

c) 	 High-frequency induction-melting / gas pressure casting 

machines. 

2.2.2.2 Cyclarc Titanium Casting Machine 

Bessing & Bergman (1992) evaluated the castability of 

unalloyed Titanium in three casting machines and reported that 
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the Cyclarc machine produced the best results. The Cyclarc 

Titanium-Casting Machine 1 was produced especially to cast pure 

Titanium f o r the field of dentistry (i t casts Titanium 

preserving its o riginal prope rties). It is an Arc-type casting 

machine and the Cyclarc equipment contains the melting/casting 

unit, transformer, and protection gas. It has an extra o rdinary 

cas ting ability by uSlng the pressure-differential method. The 

casting chamber consists of an upper mel ting c hamber and a 

lower casting chamber, both o f which are conne cted by a 

c entral hole wi th ea ch other (see 4.1.2.2, p58). The casting 

ring is set a t the bottom o f the hole , and a cr u c ible made of 

copper lies on top of it. An ing o t or billet is placed in the 

centre of the copper crucible. First both the upper and lower 

chambers are evacuated by a buil t-in vacuum pump. The high 

degree of vacuum exhaust eliminates the reaction of mol ten 

Titanium with Oxygen, Nitrogen and moisture. After the air is 

exhausted, compressed Argon is fed into the upper chamber and 

an arc is generated between a Tungsten electrode (-) and the 

ingo t/billet (+). Since the lower c hamber is kept under vacuum 

(12Pa), a flow of Argon is maintained in the casting ring due 

t o the pressure differences between the upper and l owe r 

chambers. Immediately after the billet has melted in the Argon 

environment, the mol ten metal falls down through the cen tral 

hole and runs into the mould in the ring (Anony, 1991; J 

Mor i ta Co rp. r Kyoto, Japan). 

2.2.2.3 Investment Material 

Two methods of casting have been developed which seem 

satisfacto ry. The first is shell molding and the second is 

investment casting with which the dental profession is 

familiar (Beder & Ploger, 1959 ) The properties required for 

an investment material for use in casting include controlled 

thermal expansion, hot strength to resist cracking and 

1 J Morita Corp., Kyoto, Japan 
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fracture, low hot deformation and minimal interaction with the 

metal to be formed (Curtis, 1998). 

It is difficult to cast Titanium into a mould that is made of 

conventional investment materials. Therefore, more stable 

oxides than Titanium have been experimentally applied as 

refractory agents for its casting; such oxides include Calcia, 

Magnesia and Zirconia. In many dental laboratories, on the 

other hand, a Phosphate Bonded Alumina/Silica investment has 

been used for the same purpose (Miyakawa et al, 1989). 

Phosphate bonded investment materials are extensively used in 

the lost wax casting technique because of their heat 

resistance at applicable casting temperatures. The thermal 

expansion of the refractory mould is used in the casting 

process to compensate for the solidification shrinkage of the 

cast alloy. Chemical interactions are known to occur between 

Phosphate bonded investment materials and cast metal surfaces 

during casting hence the necessity to grit blast cast metal 

surfaces to remove refractory material that adheres to the 

casting after devesting (Curtis, 1998). 

2.3 Osseointegration 

The process of "osseointegration" is considered of pivotal 

importance for establishing an intimate and stable connection 

between bone and implant surface (Branemark, 1983) Branemark 

et al (1985) describes "osseointegration" as a direct 

structural and functional connection between ordered, living 

bone and the surface of a load-carrying implant wi thout soft 

tissue intervention. 

According to Meffert (1997), osseointegration needs to be 

redefined into "adaptive osseointegration" in which the 

osseous tissue approximate the surface of the implant without 

any apparent soft tissue interface and "biointegration" is a 

direct biochemical bone interface. 

15 


 
 
 



How well an implant is fixated to the surrounding bone tissue 

is dependant on different implant and host related factors. 

The exact biological, biomechanical, and operative conditions 

which promote optimal osseointegration of implants are not 

known though six factors listed by Albrektsson et a1 (1981) 

and Matsuda et a1 (1998) have gained a general acceptance as 

being specially important: biocompatibility, design, surface 

quality, status of host tissue, surgical technique and loading 

conditions. The first three factors are implant related. 

The mechanisms by which implants become integrated in bone can 

be subdivided into three separate phenomena, each of which can 

be tested experimentally (Davies, 1998). Bone may be formed on 

an implant surface either by distant or contact osteogenesis 

(Osborn & Newesley, 1980). In distant osteogenesis, new bone 

is formed on the surfaces of bone in the peri-implant site, 

similar to normal appositional bone growth. The existing bone 

surfaces provide a population of osteogenic cells that lay 

down new matrix, which as osteogenesis continues, encroaches 

on the implant itself surrounding it. One can deduce that 

the implant surface is obscured from bone by intervening cells 

and connective tissue. In the second phenomena of contact 

osteogenesis, new bone forms first on the implant surface - de 

nova bone, which requires the recruitment of potentially 

osteogenic cells to the site of future matrix formation (see 

Fig 2-1, p17) (The Colgate Oral Care Report, 2000). 

Puleo & Nanci (1999), suggest that bone is deposited directly 

on the surface of the implant, extending outwards from the 

biomaterial. Thus bone formation in the peri-prosthetic region 

occurs in two directions; not only does the healing bone 

approach the biomaterial, but bone also extends from the 

implant towards the healing bone. Interestingly the bone that 

forms away from the implant forms at a rate of about 30% 

faster than that moving towards the biomaterial. 

16 


 
 
 



 
 
 



replacement material. There is as yet no generally accepted 

device or method for the objective clinical assessment of 

osseointegration (Zarb & Albrektsson, 1993). 

2.4 	 Titanium and its Alloys as Dental 
Implants 

Implant materials used by early practitioners of implant 

dentistry included Gold, Precious stones, Ivory, Irridium, 

Irridio-platinum, Vanadium and others (Balkin, 1988). 

Even at very early stages of imp lantology it was acknowledged 

thatit ma kes sense not to use materials that are frankly 

toxic, either to the tis s ues immediately surrounding the 

implant or systematically. Likewise, materials that are quite 

brittle or relatively soft were understood early on not to be 

adequate (Glantz, 1998) 

Beder & Ploger in 1959 described the use of Titanium as intra­

oral implants. Presently Titanium in various forms appears to 

be the most popular metallic implant material in use due to 

its high corrosion resistance against chemical attacks, 

desirable physical and mechanical properties and its excellent 

bio-acceptability (Buser et al, 1991; Glantz, 1998) 

The dental implant differs from the typical orthopedic 

f ixture, which hea Is and remains in a buried env i ronmen t, in 

that the dental implant is intimately connected with the oral 

cavity, as it is semi-buried (Dmytryk et al, 1990) 

According to the ASTM (1995) XI Rationale of the Standard 

Specifications for Unalloyed Titanium for Surgical Implant 

Applications, the choice of composition and mechanical 

properties is dependent up on the design and application of the 

medical device. Alloys possess many favorable mechanical and 

physical properties that make them excellent implant 

materials. The finer microstructure and two-phase alloy 

indicate a higher material strength. This condi tion improves 
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certain properties, such as fatigue strength, which is 

critical for some implant designs (Lemons, 1986). 

The Ti tanium oxide or oxides never allow for any molecular 

contacts to be established between the true implant metal and 

the host tissue, but rather between the tissue and the surface 

oxide (s) of the implant. Even if surface oxides of metals and 

metal alloys contain both defects and impuri ties they still 

form stable oxides - Ti02 (Glantz, 1998). 

2.5 Classification of Dental Implants 

Dental implants may be classified according to their 

constituent material, their position, and their design or 

physical form. 

a) By constituent material: Most implants are made of metal. 

The metals include commercially pure Titanium, Stainless Steel 

and other alloys like Ti6Al4V (Worthington, 1988) 

b) By posi tion, they may vary in that they may be placed 

(Worthington, 1988) 

Beneath the periosteum (subperiosteal implants) 

Through the full vertical thickness of the lower jaw 

(transosteal implants). 

They may be inserted into the bone of either jaw (endosteal 

implants) 

c) By design: Titanium can be easily prepared into many 

different shapes and textures without affecting its 

biocompatibility (Schwartz et al, 1996). There are two types 

of retention for the endosseous implant: mechanical and direct 

bonding. Mechanical retention would consist of some type of 

macro-retention that is visible such as threads, pores, 

grooves, steps, holes, slots, dimples, etc. into which the 

bone would grow during the healing phase. Direct bonding 
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implies a chemical bonding of the bone to the implant 

material, such as would occur in ankylosis (Meffert, 1986). 

The design of implants must suit the desired applicatlon, and 

in implant dentistry, screw and cylindrical implants are the 

preferred shape because they are relatively easy to place and 

remove (Gotfredsen et al, 19 88 ; Gotfredsen et al, 1992; 

Albrektsson, 1993). Introduction of threads to the cylindrical 

implant improves the implant stability significantly (Frandsen 

et al, 19 8 4). 

2.5.1 The Implant Surface 

The surfaces of currently available dental implants range from 

relatively smooth machined surfaces to those roughened by 

coatings, abrasions or blastings, acid etching, or 

combinations of these techniques (Buser, 1999) 

Rough surfaces can be made using an addition or a subtraction 

technique. For instance, the addition of a hydroxyapatite (HA) 

surface coating on implants is popular because it is a highly 

biocompatible material. Subtraction techniques are simpler and 

provide a more uniform roughness and grit blasting is most 

commonly used (Mugnolo & Filliponi, 2001) . The term 

"roughened" is erroneously used today to describe many 

different implant surface modifications, even though these 

modifications do not make the modified implant surface rougher 

than machined surfaces (Klokkevold, 2002). 

2.5.1.1 Machined Surfaces 

Threaded implants represent the most common design of dental 

implants, and although their primary form of fixation is 

macroscopic mechanical interlock wi th bone, much finer 

microscopic surface features exist that may influence the 

osseoin teg ra t ion potential of these des igns (Branemar k et al, 

1977) . 
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The primary mode of fixation of threaded implants relies on 

the macroscopic thread geometry. By appropriate selection of 

thread geometry, s tres ses dis s ipa ted in bone can be lowered 

and this presumably will reduce the possibili ty of localized 

crestal bone loss (Pi l liar, 1998) 

The microscopic features are related to the machining 

operation used for forming the threaded shapes and include 

fine machining lines, pi ts and gouges as well as some zones 

where metallic debris has been "cold welded" to the surface 

(Pilliar, 1998) 

Differences in appearance due to variation in machining 

techniques do exi s t. It is however recognized that different 

implant companies have surfaces that are similar but not 

identical (Cochran, 1999) 

The relatively smooth machined implant surface gained early 

popularity in the United States after its introduction in 

Canada in the early 1980 ' s. Presently virtually every dental 

implant manufacturer markets implants that feature some form 

of roughened sur face (Cochran, 1999). 

2.5.1.2 Osseotite Surface 

Chemical etching has also been used to develop textured bone­

interfacing implant surfaces for enhanced implant fixation. 

This technique has been used for modifying surfaces of blade­

type implants as well as threaded and cylindrical root-form 

implants subsequent to machining or other forming operations. 

As a result of controlled surface chemical attack that results 

from exposure to acid solutions, small pits form more or less 

regular arrays over the implant surface. Typically these are 

micron- to sub-micron sized and results in increasing the 

surface area of the implant (Pilliar, 1998). This implant is 

characterized by a hybrid design, a short, approximately 2­ to 

3-rrun long machined surface in the crestal area, and an acid­
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etched (Sulphuric-acid/Hydrochloric-acid) surface overal1 2 
• The 

Osseotite surface features micro-pits produced by the etching 

procedure, but its profile is flatter since no grit blasting 

procedure is used prior to the etching resulting in a Ra value 

of 1. 3]Jm (Busere tal, 1 9 9 8) . 

Lazzara et al (1999 ) assessed the Osseotite surface and 

concl uded that the surface develops a statistically higher 

bone to implant contact and had an enhanced osteoconducti ve 

potential in poor quali ty bone when compared to the machined 

surface. Even if similar techniques are utilized to obtain a 

roughened surface, the condi tions of the treatment could have 

an effect. For example, if an acid is used, the concentration 

of the acid, the time of exposure and the temperature of the 

acid bath can all influence the resulting surface 

characteristics. 

2.5.1.3 Grit Blasted Surfaces 

One approach for producing surfaces with irregularities is to 

grit-blast using an appropriate blasting medium. Typically 

SiC, A1203, glass or Ti02 shot (particles) is used to erode a 

substrate to form irregular surfaces with pits and depressions 

that vary in Slze and shape depending on the blasting 

conditions (blasting medium, pressure, distance from blasting 

nozzle to implant surface, blastlng time). Blasting also 

enlarges the surface area of an implant. Wennerberg et al 

(1996), demonstrated that the size of the blasting particles 

have a great effect on the amount of bone-implant contact, 

while the type of particle has no effect. 

The Sand blasted, Large gri t, Acid etched (SLA) surface was 

launched in mid June 1998 at the ITI world symposium in Boston 

and it is said to have a macro/micro double roughness 

(Scacchi, 2000). Pioneering work by Buser et al (1991), using 

2 Osseotite, Implant Innovations, Palm Beach Gardens, Florida, USA. 
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Scanning Electron Microscopy described the SLA surface as 

being characterized by a primary roughness produced by the 

sandblasting process that creates "valleys" whereas the acid­

etching procedure removes remnants of grits and attacks the 

Titanium surface producing a secondary roughness that is 

apparent in the scanning electron micrographs. According to 

Buser (1998) r the rough-blasted surface had superimposed 

micro-pits of 1- to 2-~m-diameter and a Ra value of 2.0~m. 

The SLA is a solid screw implan t (4 .0 5mm diameter), 

characterized by a sandblasted (Large grit of 250 to 500~m and 

acid etched (sulphuric-acid / hydrochloric-acid) surface 3 and has 

consistently showed the best results both in histomorphometric 

and biomechanica 1 tes ting . Aaboe et a 1, (2000) al so showed 

that osseointegration of subperiosteal implants could be 

obtained when the surface was sandblasted and acid etched. 

However, long-term clinical studies on the survival of these 

implants have not been published. 

2.5.1.4 Bioactive Coated Surfaces 

The term bioactive or surface-active material is commonly used 

to describe those materials that generate direct biological or 

chemical bonding to their surfaces (Davies, 1989) 

Plasma spray coating of implants to create a porous surface 

was first reported by Hahn & Palich (1970) The Titanium 

sprayed surface is obtained by thermal spraying of Titanium on 

to the Titanium implant giving it a semi-porous structure. 

Plasma spray technique has also been used to coa t T i tani um 

implants with HA - hydroxyapatite (Buser et al, 1991). 

Dental implants formed by sintering Ti6Al4V alloy powders to a 

machined Ti alloy substrate represents still another approach 

for achieving fixation by bone in-growth and micro-mechanical 

3Institut Straumann, Waldenburg, Switzerland 
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interlock (Pilliar et al, 1 99 1). Following sintering, an 

integral implant structure is formed with a solid inner region 

providing overall mechanical strength and a porous surface 

region within which bone can form, thereby resulting in secure 

implant-to-bone fixation. 

The uniqueness of this sintered porous structure compared with 

the other surface structures described previously, is the 

interconnectivi ty of the pores of appropriate size to allow 

rapid bone ingrowth during healing. The Ti6A14V alloy powders 

used to form the porous surface zone are nearly spherical in 

shape by v irtue of the atomization process used for their 

formation. Clinical experiences with sintered porous-surface 

dental implants indicate cumulative success rates over 8-year 

periods similar to those reported for other designs despite 

the fact that porous-surfaced implants of significantly 

shorter lengths were used (Pi lliar, 1998) 

In contrast to calcium phosphate coatings, biochemical surface 

modificotions utilizes critica l organic components of bone to 

affect tissue response. Coatings incorporating biomolecules 

are also being explored for delivering biomolecules to the 

tissue-implant interface (Brunski et al, 2000). 

According to Rieger et al (1 989) , neither clinicians nor 

manufacturers should assume that bioactive coatings or bone 

bonding in general improve the biomechanical prognosis of 

implants. 

2.6 Surface Characterization 

Surface characterization is critical to biomaterials science 

because it provides the following information: unknown 

identification, reproducibility assurance, quality assurance, 

contamination detection and correlation between measured 

surface properties and biological responses (Baier & Meyer, 
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1988). The di f f eren t techniques used for character i za t ion are 

summarized with regard to their utility in Table 2-3. 

Table 2-3: Surface analytic techniques used to study material interactions with host fluids and tissues 
taken from Baier & Meyer (1988). 

Technique Utility 
Profilometry Surface texture roughness 

Electron Microscopy Ultrastructure, surface morphology 

Electron Spectroscopy for chemical 
analysis 

Elemental and chemical bonding data for 
outermost 0.001 to 0.01 IJm of surface 

Scanning auger microprobe analysis Elemental and Chemical state data for 
outermost 0.001 to 0.005 iJm; depth profiling 

Biomaterials research requires specific information about the 

quality of a surface utilized for experimentation or 

application. The most important contribution that surface 

characterization could make to the field of biomaterials 

science would be the direct correlation of surface structure 

or chemistry with the in v~vo performance of materials in 

humans. This desirable goal, unfortunately, is still far from 

being realized. An intermediate goal might be to use physical 

surface characterization tools to perform preliminary 

screening on materials in order to eliminate unlikely samples 

from expensive biological evaluation (Ratner, 1983). 

There are several ways to modify surface chemistry, topography 

and microstructure, although controlling all the parameters 

simultaneously is very difficult (Larsson, 2000) . Various 

preparative procedures are known to introduce differences in 

surface topography and surface energy (Smith et al, 1991). 

Comprehensive surface characterization is therefore necessary 

to interpret cellular and, ultimately, tissue response to such 

surfaces (Smith et al, 1991). 
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2.6.1 Compositional-Considerations 

The properties of an implant are determined, in part, by its 

chemical composition (Schwar tz et al, 1996) The important 

fact that the implant surface consists of a relatively thick 

Titanium oxide must be remembered when the chemistry of the 

implant-tissue interface is considered. The chemical 

properties, and therefore the interface chemistry, are 

determined by the oxide layer and not by the metal itself 

(Mesaros, 1989). A dense oxide film with a thickness of 

approximately 10nm covers the bulk Titanium metal. Because 

surface oxides grow by inward transport of oxygen a toms (from 

02 molecules or H20 in the atmosphere) and/or outward metal 

atom transport from the oxide-metal interface, there will be 

some concentration gradients for Oxygen and Titanium (Kasemo, 

1983) 

The chemical properties of the biomaterial surface play an 

important role for the tissue responses elicited by the 

material. This is at least one main reason why the tissues 

respond differently to different materials. A material with a 

surface that is accepted by the tissue seems to exhibit 

improved in teg ra tion with bone , ei ther due to pas s i ve growth, 

leading to a tight connection be tween implants and bone , or by 

stimulation that probably leads to bone implant bonding 

(Ellingsen, 1998). 

It is now well understood that the surface composition of most 

implant materials is substantially different from the bulk, 

and a variety of techniques have been used to characterize 

such surfaces (Ratner, 1988; Smith, 1991). Klauber et al 

(1990) found considerable varia tion in sur face con tamina tion 

on as supplied dental implants with some showing high levels 

of Silicate in the oxide layer. Lausmaa et al (1990) found a 

dominance of Titanium and Oxygen peaks with relatively strong 

Carbon signal tha t they ass igned as a normal observation for 

exposed surfaces. The Titanium and Oxygen signals show that 
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the surface consists mainly of Titanium oxide layer. Taborelli 

et al (1997), found negligible chemical compositional 

differences between samples they analysed and related it to 

the stability of the oxide layer formed upon exposure to air. 

Variable chemical composition from preparative procedures may 

also be accompanied by changes in surface topography and 

surface energy (Smith, 1991). Surface composition can be 

assessed at different depths - 1nm or greater than Snm. 

2.6.1.1 X-ray Photoelectron Spectroscopy (XPS) 

XP S is used to elici t surface elemental and chemical 

information. The sample is exposed to a flux of X-ray photons, 

which excite electrons wi thin the sample. The energy of the 

electrons is quantitized, and therefore discrete and the 

energy posi tion of these (discrete) electronic energy levels 

is different for every atom (or solid) in the periodic table. 

Thus, the number of excited electrons with the energy close to 

each particular energy level will be higher than the number of 

electrons excited at other energies (Kittel, 1996). Moving 

through the solid towards the surface the electrons undergo 

(inelas tic) coli i s ions wi th ions and o ther el ectrons (Dowben, 

1994). Therefore, only those electrons that were excited close 

to the surface (typically few electronic mean free paths away 

from the surface) have a reasonably high probability to reach 

the detector and be detected. Thus the information in XPS 

comes from a region close to the surface, at most 2Snm below 

the outermost atomic layer (Krozer et ai, 1999) 

Surface analysis by XPS involves irradiating a solid in vacuo 

with monoenergetic soft X-rays and analyzing the emitted 

electrons by energy. The spectrum is obtained as a plot of the 

number of detected electrons per energy interval versus their 

kinetic energy. Each element has a unique spectrum. The 

spectrum from a mixture of elements is approximately the sum 

of the peaks of the indi v idual constituents. Quantitative data 
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can be obtained from peak heights or peak areas and 

identification of chemical states often can be made from exact 

measurements of peak posi tion and separation as well as from 

certain spectral features. Each element has a unique set of 

binding energies and XPS can be used to identify and determine 

the concentration of the elements in the surface. The 

electrons leaving the sample are detected by an electron 

spectrometer according to their kinetic energy. The analyzer 

is usually operated as an energy window referred to as the 

pass energy, accepting only electrons that are within the 

range of its window. A broad survey spectrum is obtained to 

identify the elements present, after which higher resolution 

scans can be performed around an elemental peak to identify 

chemical states. Curve fitting is normally applied to the high 

resolution peaks (Moulder et al, 1992). 

A spectrum is used as a "fingerprint" of the surface (Kasemo 

and Lausmaa, 1988b) The atomic percent of each element on the 

surface can be calculated from the photo peak by marking and 

measuring the area by use of the XPS computer software. The 

detection limit of the machine for elements is 0.1%. 

Identification of the different spectra can be done by use of 

the Handbook of X-ray Photoelectron Spectroscopy (Moulder et 

al, 1992). 

Various photoelectron peak constituents can be obtained from 

peak separation measurements and full widths half maximum 

val ues (FWHM) using the Gaussian-Lor ren t zian curve fitting for 

elements with atomic percentage greater than 3 % (Kilpadi et 

al, 1998a; Kilpadi et al, 2000). 

As mentioned the sample is irradiated with X-rays, most 

commonly XPS can be performed at angles of ~5 ° to 9 0° with the 

sample normal, depending on what depth one wants to extract 

data from. If the sample surface is not totally flat, 

screening of the irradiating source by surface features can 

occur and "dead spots" are created on the surface. 
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2.6.2 Surface Topography 

A surface is the boundary between two media and can be divided 

into two categories: functional and non functional. A non­

functional area can be either mirror smooth or sandpaper rough 

without influencing the quality of the part while a functional 

surface is required to perform a function that is related to 

the users perception of the part's quali ty. Regardless of the 

function, the surface texture has a direct influence on the 

quality of the part. When the correlation between surface 

topography and part function is known, quali ty can be 

optimized. A surface is made by a combination of one or more 

formative processes. There are three broad categories of 

production processes that can influence surface topography: 

1. Material removing processes 

2. Material adding processes 

3. Forming processes 

Processes can also be classified as either random or periodic. 

A random process is one where there is no discernable pattern 

on the surface. This is called an isotropic surface 

(investment casting) (see Fig 2-2a, p30). A periodic process 

creates a surface that has evenly spaced irregularities on it 

(turning). Thi sis called an ani sotropi c sur face (see Fig 2­

2b, p30). A parti cular manufacturing processis capable of 

producing a limi ted range of surface roughness values 

(Mumme r y , 1 9 92) . 

Surface geometric features are categorized as either 

macroscopic or microscopic. Macroscopic surface features can 

be readily characterized by unaided visual observation 

(magnification instruments are not needed) . Typically, 

macroscopic features have dimensions measured in millimeters 

or greater. Microscopic variables describe features that can 

only be characterized fully with the assistance of optical or 
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implant contact . Two surfaces wi th very different (Ra and Rp­

v) parameters (non-ideal vs machined) did not show differing 

abili ties to support bone formation. These resul ts indicate 

the gross inadequacy of defining an implant in general terms 

of "rough or "smooth". 

I f two sur faces wi th di ff eren t roughnes s character is tics are 

measured, the resul ts for each surface should yield different 

values ; this difference should be reflected by the roughness 

parameter s. If the values do not show the difference, the 

measured data is meaningless and another parameter should be 

chosen . A roughness parameter should be used only if it is 

sensi ti ve to the important surface character istic s . The 

select i on of roughness parameters should be carried out with 

this criterion In mind (Mummery , 1992). The characterization 

of the surface topography was previously performed with stylus 

prof i lometry, a method f requen tly used to cha racter i ze 

Titanium surfaces with different roughness values (Wennerberg 

et al, 1 992) . The Atomic Force Microscope is another type of 

instrument that has been employed to access surface roughness. 

2.6.2.1 Atomic Force Microscope (AFM) 

The Atomic Force Microscope is a recent innovation that relies 

on a mechanical probe for generation of magnified images. The 

essential component in the AFM is a sensor wi th very high 

spatial resolution. The sensors can routinely measure 

distances with an accuracy of O.Olnm. The force sensor 

mea sures the deflection of a cantileve r such that when the 

cantilever moves the light beam from a small laser mo ves 

across the face of a four-section photo detector. Imaging 

modes sometimes referred to, as "scan modes " or "operating 

modes" are the methods that are used to move the AFM probe 

ove r the sample surface and sense the su rfa ce in order to 

create an image. Imaging modes can be classified as "contact" 

or "non contact " depending on the net forces between the probe 
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and sample. In non-contact imaging mode the cantilever is 

pulled towards the sample by attracti ve forces while in the 

non conta c t imaging mode the cantilever is curved away from 

the sample due to repulsi ve forces. The force mos t corrunonly 

associated with atomic force microscopy is an inter-atomic 

force called the van der Waals force. The cantilever is held 

on the order of tens to hundreds of angstroms from the surface 

sample. The tip of the cantilevers for the AFM microscope are 

fabricated from Silicon Nitride and is located at the free end 

of a cantilever that is usually 100 to 200jJm long (Anony, 

1996) 

There are several scanners available and the choice of scanner 

depends on the d ynamic scan range required. Scanning Probe 

Microscopes were used solely for measuring surface topography 

and though they can be used to measure many other surface 

properties it is still the i r primary application (Anony, 

1996) . 

The AFM microscope with its software is normally used for 

interpreting images created as a resul t of the AFM scanning 

probe. Depending on the required investigations either a 3D or 

20 image is displayed after the removal of any scan line 

anomalies" Using the 3D image, values of area analysis can be 

measured namely Ra, RMS, maximum range, average height and 

projected surface area (see Area analysis, p33) For line 

analysis, required lines are drawn either on the horizontal, 

vertical or transverse axis on the 20 scanned image also after 

leveling and shading. Software is then used to define the 

values of the drawn lines namely Ra, Rp, Rpm, Rt, Rtm (see 

Line analysis, p33-34) (Anony, 1996). 

The scanners come in different sizes ranging from 130jJm to 

7jJm. Normally depending on the image required a corresponding 

scanner is used but smaller scan images can be zoomed from 

selected areas and analyzed (Anony, 1996). 
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Each of the values of area analysis and line analysis can be 

defined as follows (Mummery, 1992) : 

a) Area analysis 

i) Area Ra - Ra is the average roughness of the scanned 

area. 

ii) Area RMS - RMS is the root mean square of Ra. It is 

more sensitive than the numerical average of Ra. 

iii) Average height The highest point from the zero 

value on the whole surface lS regarded as the 

Average height. 

iv) 	 Maximum range Maximum range is the range between 

the highest to lowest point along the surface area, 

even below the zero value. 

v) 	 Proj ected surface area calculated area increase 

due to surface topography. 

b) 	 Line analysis 

i) 	 Ra -Average roughness -The mostly used roughness 

parameters is Ra. In the past, Ra was known as the 

CLA Center Line Average in England or AA 

Arithmetic Average in the U.S.A. It is expressed in 

microinches or micrometers and does not 

differentiate between peaks and valleys. Since it is 

the average deviation of the profile from the mean 

line, defects in the surface do not influence the 

measured results greatly. 

ii) 	 Rt -Is a true indication of the Maximum peak height 

to the Maximum valley depth of the roughness profile 

over the total assessment length. The values of Ra 

(see 	 (i)) and Rtm (see (iii), p34) are more useful 

than 	Rt. 
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iii) Rtm -Is the Mean peak-to-valley height within an 

assessed profile. It is the average of the Peak-to­

valley heights. Since maximum profile height s and 

not averages are being examined, it is generally 

more sensitive to changes in surface finish than Ra 

(see (i), p33) Rtm values that are similar indicate 

a consi stent surface finish while a significant 

difference indicates a surface defect in an 

otherwise consistent surface. 

i v) 	 Rp - I s the Maximum pea k height (the highe s t single 

peak) within the line profile. 

v) 	 Rpm -Mean peak height is the distance from the 

highest pea k to the profile mean line that is 

determined wi thin each cut-off length. The mean of 

the peak heights is the parameter Rpm. It is a 

valuable tool in monitoring the variation of surface 

finish in a production process. Values that are 

similar indicate a consistent surface finish while a 

significant d ifference indicates a surface defect in 

an otherwise consistent s urface. 

Rpm is useful in pre dic ting the bearing 

characteristics of a surface. A low Rpm and a large 

Rtm (see (i ii)) indicates a plateau surface. The 

rati o Rpm/Rtm quantifies the asymmetry on a su rface 

bearing area. Therefore a l ow rati o of Rpm/Rtm is 

preferred for bearing surfaces. 

2.6.3 	 Depth Profiling 

As already mentioned (see 2. 1.5, p8) Titanium is a reactive 

metal. This means that in air, water or any other electrolyte, 

an oxide is spontaneously f ormed on the surface of the metal 

(Steinemann, 1998). The native ox ide film has a thickness o f 

about 4nm or 20 times the inter-atomic distance. Its mode of 
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growth is specific in that the Oxygen ions migrate towards the 

metal and react with the counter-ion Titanium at the base of 

the oxide. The specific mode of oxide growth on Ti tanium has 

the positive effect that no metal ion will reach the surface 

and be released in to the electrolyte (S teinemann, 1998). An 

important consequence is that a biological molecule 

approaching the implant from the bone side sees a metal oxide 

and not the metal surface (Albrektsson et al, 1983) Larsson 

et al (1997) found that the oxide thickness of machined 

samples was about 3-Snm and increasing the oxide thickness of 

rough machined implants had no significant effect on bone 

response. 

There is no absolute means of measuring Titanium oxide 

thickness, but oxide thickness can be estimated from depth 

profiles (Sinon et al, 1992) . Depth concentration profiles are 

maps of the concentration of various elements as a function of 

the distance from the outermost surface into the material. 

This is achieved by ion bombardment (sputtering) of the 

surface to remove layer by layer of surface atoms, thus 

exposing deeper lying atomic layers for analysis (Kasemo & 

Lausmaa, 1988a) . In a depth profile the relative 

concentrations of the elements are displayed as a function of 

sputtering time (depth from the surface). Sputtering is often 

continuous and as the depth profiles pass through the oxide, 

over the oxide metal interface and into the bulk metal, the 

Ti tanium signal increases and the Oxygen signal decreases, as 

expected. The oxide thickness can be estimated from depth 

profiles as the depth at which the oxygen signal had decreased 

to half of its maximum intensity (Lausmaa et al, 1990; Larsson 

et al, 1997; Louw, 1997) Other researchers (Keller et al, 

1990; Ong & Luca s, 1998) approxima ted the oxide thickness by 

multiplying the sputter rate by the crossover time obtained 

from the auger depth profile during continuous sputtering. 

Crossover time is the time corresponding to equal intensities 

of the Titanium and Oxygen auger signals. 
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The sputter yield or sputter rate is dependent on a number of 

factors, such as material being sputtered, crystallinity of 

the material and orientation to the ion beam. It is well known 

that metallic oxides sputter at different rates and many 

sputter more slowly than the pure metal. Although referenced 

literature assumes constant ion sputtering rates, the rate 

actually increases, as the oxide is sputter removed. Absolute 

sputter rates are unknown because of the continuously changing 

composition of the specimen with depth. In most instances 

where reliable and reproducible thickness measurements are 

required, the sputter rate is measured by sputtering a layer 

of standard material of known thickness for a known period of 

time (Ong & Lucas, 1998; Louw, 1997) . 

During 1993/1994, the first scanning X-ray photoelectron 

microprobe was introduced into the surface analytical market. 

It utilizes a scanned focused electron beam from a LaB6 

electron filament that generates X-rays on an Aluminium anode. 

The X-rays are focused using an ellipsoidal monochromator and 

produces a scanned, focused X-ray beam on a sample surface. 

The X-ray beam diameter is variable and X-rays can be rapidly 

scanned across a surface, generating secondary electrons that 

form an X-ray induced secondary electron image (SXI) An 

important advantage of the Quantum 2000 is that only the 

act i ve areas de fined on the image are ir radia ted I minimi zing 

X-ray induced sample damage. Sputter depth profiles can be 

performed wi th compucentric Zalar rotation, where the sample 

is rotated around a center point defined by the selected 

analysis point. Wi th Zalar rotation, buried interfaces can be 

examined with no los s of depth resolution, as surface 

roughening and cone formation are minimized (Louw, 1997). 

Depth profiling is normally conducted with the photoelectron 

analyzer set at the same resolution as for the high-resolution 

spectra. The sputter depth profiling is usually conducted with 

a pref eren t iall y pumped focu sed ion gun in the "al terna ting" 
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mode, where the sample is sputtered; then the ion gun is 

turned off and the photoelectron spectra is recorded (Louw, 

1997) . 

2.6.4 Cleaning and Sterilization of Implants 

A surface that looks perfectly clean to the eye may still be 

extremely dirty (contaminated) in a chemical sense, since it 

may be covered by hundreds of molecular layers of foreign, 

contaminating elements, invisible to the naked eye. In the 

strictest sense a clean surface means that the bulk material 

extends all the way to the surface, without change of chemical 

composition, and with no foreign elements attached to the 

surface (Kasemo & Lausmaa, 1988b ) . 

Unsaturated chemical bonds will attract air impurities and it 

will take a few seconds at most before the surface is 

contaminated by several percent of a molecular monolayer. 

After about one minute most of the unsaturated chemlcal bonds 

are sat ura ted. The nature of the contamination layer is al so 

determined by the composition of the environment to which the 

implant is exposed (Kasemo & Lausmaa, 1988b). 

Surface contamination must not be regarded a "priori" as 

having a negative effect on biological responses. The effects 

could actually be beneficial in some cases, but the 

significance is unknown (Aronsson et al, 1997). 

Probably the most common source of both inorganic and organic 

superficial contaminating deposits on implant devices is from 

s terili za tion procedures. I t has been noted previous ly that 

conventional processes of steam autoclaving, ethylene oxide 

gas sterilization, glass bead immersion, and cold solution 

exposure all leave disabling residues on the implant surface 

(Baier et al, 1982; Doundoulakis, 1987) 

National and international standards on the properties of 

metallic biomaterials for surgical implants are fairly broad, 
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allowing for several possible procedures prior to implantation 

cleaning, passivation and sterilization that may include 

exposure to elevated temperatures (Albrektsson et al, 1981). 

ASTM (1997) - The Standard Guide for Descaling and Cleaning 

Titanium and Titanium Alloy Surfaces states that it is not 

intended that these procedures be mandatory for removal of any 

of the indicated contaminants but rather serves as a guide 

when Titanium and Titanium alloys are being processed in the 

wrought, cast, or fabricated form. 

Several techniques have been suggested to produce a clean and 

sterile Titanium implant surface with minimal contaminants. A 

common procedure used in the past for the Branemark implant 

was to clean the Titanium fixture with residue free detergent, 

rinse with distilled water and clean ultrasonically with a 

series of butanol and ethanol (Hobo et al, 1989) followed by 

autoclave sterilization at 2psi and 120°C for 2 0 min (Hobo et 

al, 1989; Hartman et al, 1989; Keller et al, 1990;). Another 

method of cleaning was ultrasonic cleaning for 20 min in 99% 

ethanol and air dried in a laminar flow hood (Kononen et al, 

1992). Baier et al (1982 ) found that steam sterilization 

compromised the properties of carefully prepared biomedical 

implants by depositing hydrophobic organic and hygroscopic 

salt contaminants over the implant surfaces. 

In addition to contaminated surfaces by adsorption of organic 

molecules from ambient air (Kasemo & Lausmaa, 1988b; Mittal, 

1979) impurities due to specific preparation methods on 

biomaterials are residues from grit blasting media (e. g. 

Silicon and Aluminium ) residues or reaction layers from the 

processing fluids (electrolytes, etchants, and cleaning 

solvents), and residues from sterilization procedures (e.g. 

autoclaving or ethylene oxide) (Kasemo & Lausmaa, 1988b) 

The ultimate goal of a cleaning procedure should be to remove 

the contaminants and restore the elemental composition of the 
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surface oxide wi thout changing the surface topography (Mouhyi 

et ai, 2000) Bone tissue response seems to be disturbed by 

contaminated implants as compared to clean controls (Ivanoff 

et ai, 1996)" 

2.6.4.1 Radio Frequency Glow Discharge Treatment (RFGDT) 

Plasma treatments have for some time been a relative c ommon 

method for increasing the surface energy and for surface 

cleaning of biomaterials before using them In biological 

evaluation studies (Kasemo & Lausmaa, 1988b; Baier & De Palma, 

1 970) . Baier et al (198~) found RFGDT to be an effective 

method for cleaning and sterilizing inorganic surfaces and 

elevating them to a high energy state correlated with greater 

cellular - adhesion potential. 

The criterion for efficient plasma cleaning is that the 

process removes chemical impuri ties wi thout adding new ones 

(Aronson et aI, 1997). RFGDT technique basically utilizes a 

vacuum chamber and a radio frequency generator to take a gas 

into a "plasma u state. A characteristic of a plasma is a 

visible glow discharge caused by the electrically excited 

elements returning to lower energy levels (Fassel, 1978). 

After a vacuum has been obtained, Argon gas is allowed into 

the chamber and the radio-frequency generator activates the 

gas into a plasma state. Impa c tion of the plasma's ion and 

electrons on ob j ects wi thin the chamber acts to sputter away 

and then microash any surface c ontaminants from inorganic 

objects (e .g. implants) leaving them in sterile, high surface 

energy states that improve their wettability, thereby 

facili tating adhesion by organic materials (Baier & De Palma, 

1970) . 

Vargas et al (1992) hypothesized that the specific glow 

discharge treatment applied, modified the superficial oxide 

layers of the implants in a two-step process. First by 

removing the contaminated over-layers rich in hydrocarbons and 
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other elements, and then "leveling" the subj acent, irregular 

oxide layer remaining from prior manufacturing and sterilizing 

procedures. This removal of both superficial contaminants and 

oxide protrusions (e . g. oxide needles, as proposed by Solar et 

ai, 1979) resulted in a clean , more uniform oxide layer that 

reacts with Oxygen present in the environment to creat e a new, 

more coherent and corros ion resistant "passive" surface. 

Sterilization by RFGDT for 3 to 5 minutes was found to produce 

an extremely high surface en e rgy with minimal contaminants for 

samples with flat surf a ces ( Doundoulakis, 1987; Baier & Meyer, 

1988) . 

A drawback of RFGDT is that the very clean surface is also 

very reactive and will r e act with even minute impurities in 

the process gas, or with impurities that are desorbed from the 

walls of the process chambe r. As the energetic ions hit 

surfaces other than the sample under treatment, material from 

these other surfaces may thus be deposited on , and contaminate 

the sample. After RFGDT is terminated the clean , reactive, 

high-energy surface will then be exposed to the remaining 

atmosphere in the vacuum chamber depending on h ow fast the 

atmosphere is evacuated.. Finally the removal of the sample 

from the RFGDT apparatus will defini tely cause exposure to a 

new environment (Kasemo & Lausmaa, 1988b). 

Redeposition of sputtered material is frequently reported for 

different plasma systems. It becomes a serious problem if the 

sputter rate is too low, sputtered material is not pumped away 

fast enough, or if the initial surface con taminati on is large. 

Upon readsorption on the surface , the particles react with the 

surface atoms, and then reaction layers such as carbides 

and/or nitrides are formed. These layers can be difficult to 

sputter away and therefore often remain after the plasma 

treatment (Baier & Meyer, 1988). 
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Carlsson et ai ( 1 989) and Hartman et ai (1989) found glow 

discharge to be a suitable preoperative cleaning and 

sterilization method for Titanium implants. 

2.7 Cell Culturing 

Irre spective of their use and destination, all materials 

(metallic or non metallic) designed for biomedi cal application 

in humans must be submitted to b i o -acceptability in vitro and 

in vivo tests (Davies, 1 989) aimed at verifying the response 

and the behavior of the cells interacting with them, according 

to the rules of the I SO 10993. 

A general in vitro approach applicable to all types of medical 

devices is represented by the cyto toxi c it y method performed by 

incubating nearly confluent monolayers of mammalian cells in 

the presence of extractables fr om the device material 

(indirect method) In the case of devices projected and 

destined to be co l onized by tissue in which they are 

implanted, the in vitro biocompatibility test can be 

accomplished more usefully by a direct contact method. In this 

approach the cells are cul tured directly onto the material 

under investigation and observed over a period of days or 

weeks relative to their morphologic and fun ctiona l features. 

In the direct contact method, biomaterials should be tested 

with cell populations typical of the implant site (Calandrelli 

et ai, 2002) . 

In vitro assays are relevant to in vivo behavior but the 

choice of in vitro assay must critically depend upon both the 

type of information sought and the geometry of the testing 

system (Davies et al, 1989). When designing either an in vivo 

or an ~n vitro cell culture experiment it is essential to 

define the aims of the experiment and which aspects of the 

tissue reaction to the implant are to be investigated (Davies, 

198 9) . Investigation of cont inuou s cellular and tissue 

reactions to a material using in vivo studies is impossible 
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because of the wide deviation due to the existence of a number 

of unknown factors. In vi tro methods using the techniques of 

tissue cuI ture allow a more easily controlled test situation 

and higher statistical accuracy than when an in vivo system is 

used and has become one of the important methods for the 

biological standardization of dental materials (Kawahara et 

ai, 1968) 

In vitro methods can potentially be specifically designed to 

investigate the reactions of single cell types to implant 

surfaces. In vitro assays are usually more rapidly carried out 

than in vivo assays and almost inevitably cheaper (Davies, 

1989) Assessing the attachment and growth of various cell 

types to a biomaterial in vitro offers a well controlled, 

quantitative, and cost effective model of interactions at the 

tissue-implant-interface. Not only can the biocompatibility of 

the implant be determined, but also the physical and chemical 

characteristics of the implant surface can be modified to 

maximize the attachment and growth of selected cell 

populations (Kamen, 1989). 

Since materials which are destined for human implantation 

should, ideally be tested with human cells rather than animal 

cells, it is only by developing methods in vitro that there is 

a chance that these methods may be adapted for use with human 

cells (Davies, 1988) 

2.7.1 Types of Cells used in Culture 

Of particular importance is the use of cultured cells that are 

as close as possible in origin and phenotype to the cells of 

interest (Kamen, 1989). Connective cell and bone cell models 

are increasingly employed to study bone-biomaterial 

interactions. Primary and passaged cells from several species 

and ana tomica I loca tions have been used, as well as several 

cancerous, transformed, clonal and immortalized cell lines 

(Puleo & Nanci, 1999). 
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According t lVIustafa 1 (1998) and Mustafa t al (2000) 

ance f usi relevan ell s when evaluating 

lant terials s en clearly establi d and they 

recommend the use of human oral fibroblast and steoblast ike 

cells der d from human 1 r bone. 

i) Osteoblast cells 

Bone i the onl tissue f higher vertebrates that 

dif rentiate continuously, remodel internally, a nerate 

c etely af r injury (Urist e 1, 1983). mechani al 

stimuli are the main for controlling bone urnover ince 

os teoblas di f ferent a tion a s tress/ strain re sive 

e s (I'1esaros, 1989). 

Bone tissue ises three cell t s. Osteoblasts arise rom 

undiffe tiated me enchyma Is are respons Ie for the 

formation and mineralizat on f bone matrix. Osteocytes, 

os lasts that have be orne surrounded e matrix 

have el rated, are responsible mainta ning the matrix. 

Osteoc sts resorb bone mat i and are us essent al for the 

process of bone remodeling (Davies et 1989) . 

Osteoblasts, osteoi, and mineralized rna x have been 

obser adjacen to the lamina limitans, (Linder 1985; Davies 

et al, 1990; Murai et al, 9 6) sugges ng that can be 

ited rectly on surface of the ant, extendin 

outward from e biomaterial. Thu bone forma ion in the ri ­

implant region rs in two directions: not only does the 

healing bone approach the biomaterial, bone s extends 

f rom the an t s the heal ng bone (Puleo & Nanc I 

1999) (see 2.3, p16) 

Oste asts are ideally positioned function as cell ar 

mediators f hormonally regu ated skeletal met ism 

evi suggests t the ef s of os ropic rmones, 

c s and prosta a ns on the skeleton in luding 
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osteoclast activation are mediated through the osteoblast 

(Rodan & Martin, 1981) Osteoblast-like cells demonstrate a 

cell morphology with a central spherical body with filopodial­

like processes extending away from the central area in all 

directions (Bowers et ai, 1992) . 

A variety of methods have been developed to grow osteoblast­

like cells. Many studies employ the method of using 

enzyma t ically-di gested cell s f rom bone f ragmen ts (Matsuda et 

ai, 1987; Ishaug et al, 1997) consequently bone-forming cells 

have been obtained from newborn calvaria of different animals. 

Bellows et al (1986); Keller et al (1994); Ishaug et al 

(1997), used stromal osteoblastic cells isolated from 

calvariae of Sprague-Dawley rats by collagenase digestion. 

Bowers et al (199 2 ) and Lumbikanonda & Sammons (2001) used 

parietal plates from 3 day old Wistar rats calvarial explants 

as osteoblast while Sudo et al (1983 ) and Cooper et al (1993) 

established the clonal MC3T3-E1 cell line from new born 

calvaria that resembles osteogenic cells in vitro in many ways 

(Ham, 1969) and a number of studies employed the culture 

system using this MC3T3-E1 cell line (Itakura et al, 1988; Ito 

et al, 1995; Kurachi et al, 1997 ) . Transformed osteoblast-like 

cells (Schwartz et al, 1996), chick embryonic calvaria 

(Groessner-Schreiber & Tuan, 1992) and imma ture New Zealand 

rabbi ts (Cheung & Haak, 1 989) have been used as a source of 

most cell types and have also been a favorite model for 

studying the interaction of an implant with "bone" cells. 

Human osteoblast-like cells from human osteosarcoma have also 

been used (Martin et al, 1 995; Kieswetter et al, 1996 ) . 

Schmidt et al (2002) used collagenase treated human explants 

from bone tissue of femur or femoral head while Anselme et al 

(2000) used trabecullar bone from the iliac cres t. Mus ta fa et 

al (2001) used human mandibular bone to harvest osteoblasts. 
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ii) Fibroblast s 

In human gingiva, the fibroblasts lay down and maintain the 

dense fibrous connective t issue enmeshing the vascular plexus 

and sensory nerve fibres of the lamina propria (Takarada et 

al, 1 97 5). 

Considerable progress in the field of connective-tissue 

research has brought about detailed information on the 

behavior of fibroblastic cells under culture conditions and in 

vivo situations. Well-characterlzed biological functions of 

fibroblasts include cell migration, cell attachment, cell 

proliferation and biosynthesis as well as degradation of 

multiple connective tissue components. An exact control of 

these functions is essential in physiological processes of 

tissue development and repa ir , while on the other hand, 

fibrotic di sease or poor wound heal ing a re as socia ted wi th 

functional deviances of fibroblasts (Heckmann & Krieg, 1989). 

An acceptable bone to implant interface is equally dependent 

on the development and maintenance of a suitable soft 

connective tissue implant interface in the coronal implant 

region (Pilliar, 1 99 8). 

Fibroblasts cells from procine periodontal ligament were 

isolated and sub-cultured by Brunette et al (1976). Since then 

most studies have employed the use of human gingival 

fibroblasts (Inoue ct Q), 108 7 ; [(ononcn ct al, 1002; Oakley & 

Brunnette, 1993; Botha, 1995 ) . 

Another source of human fibroblasts was that obtained from 

fore skin explants this cell model has been used to study 

the effect of implant surface modifications on cellular 

responses and there is no evidence to indicate that these 

cells are phenotypically different from fibroblasts derived 

gingival connective tissue (Keller et al, ( 1 989) . 

45 

 
 
 



Few studies have used Mouse fibroblastic L929 cells (Morra & 

Cassinelli, 1997; Orsini et al, 2000) or 3T3 mouse fibroblasts 

(Saltzman et al, 1991). 

2.7.2 Cell Attachment 

Rate of cell attachment characterizes cells and indicates 

their viability. Cellular attachment and regeneration are 

influenced by the method of disaggregation (Weiss & Kapes, 

1966). Therefore passage of cells by enzymatic digestion or 

any other method influence subsequent cellular attachment, 

spreading and proli fera tion for an extended per iod of time 

after the actual process has been inactivated (Weiss & Kapes, 

1966; Davies, 1989; Clavin et al, 1990) 

In order for normal embryonic or adul t cells from avian or 

mammalian organisms to survive and divide ~n vitro, they 

stringently require adherence to a specific type of tissue 

culture substrate. Malignant cells, however, frequently loose 

this stringent anchorage dependence and can be adapted to grow 

as single cells in suspension (Culp, 1978). Cells transformed 

with oncogenic viruses or derived from tumors have been shown 

to move more agg ressi vel y across the subs t ra te (Gai 1 & Boone, 

1972) . 

It is apparent from the literature that osteoblast-like cells 

and other anchorage-dependent cells, such as fibroblasts, show 

similar morphologic behavior in attachment studies (Brunet te, 

1988; Zreiqat et al, 1996). The cell membrane is the first 

contact a cell has wi th its surrounding environment and as 

such must play an important role in determining cellular 

activity and function (Shelton et al, 1987). The strength of 

adhesion of a cell settling on the substratum would increase 

progressi vely as the area of its contact wi th the substratum 

increases (Grinnell et al, 1973). 
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The process of cell adhesion and spreading consists of four 

events (Ra]araman et ai, 1974) 

Attachment of cells at point of contact with th e 

substratum this was effected by microvilli-like cell 

processes. 

Centrifugal growth of filopodia the microvilli like 

processes elongate into processes called filopodia 

Cytoplasmic webbing filopodia growth always precedes 

cytoplasmic webbing during cell spreading 

Flattening of the central mass. 

Cell spreading starts immediately after adhesion of cells to 

the surface has taken place. The process of cell attachment 

and spreading cannot be divided by specific time intervals but 

is an inter-twining process (Chen, 1981; Gr innel & Bennett, 

1981; Brunette, 1986a). Most studies have used tissue treated 

polystyrene as a standard against which to measure cell 

attachment to the surface of biomaterials (Kamen, 1988). 

2.7.3 Cell Detachment 

The usual approach to studying the process of cell attachment 

is to detach cells from their growth surface by trypsinization 

and to place them on the test surface. The number of cells 

attached to the surface is then measured as a function of time 

(Brunette, 1988) 

Weiss & Kapes (1966) indicated that crystalline Trypsin gave 

the best resul ts as a cell detachment agent and a study by 

Clavin et al (1990) suggested that a mixture of Trypsin and 

EDTA (Ethylene-Diamine-Tetraacetic-Acid) yielded the most 

desirable single cell suspensions. Thom et al (1979) used 

Tetracaine (local anaesthetic) as a cell detachment agent and 

results of Botha (1995) support Tetracaine as an alternative 

cell detachment agent. Tetracaine causes paralyses of the 
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cells thereby lifting them off the surface. It requires a much 

longer time interval for action compared to Trypsin-EDTA. 

2.7.4 Inoculation/Seeding of Cells 

According to Ishaug et al (1997) cell-seeding density affected 

initial cell attachment and proliferation rate, but 

differences became less significant over time. Different 

studies have used different cell concentration or densities 

for inoculation or seeding. Morra & Cassinelli (1997) and 

Brunette et al (1976) used a seeding concentration of lX10 s 

cells.ml- 1 while Botha (1995) seeded cells at a concentration 

of 3-5XI0s cells.ml- 1 and Kononen et al (1992) seeded cells at a 

2density of 2XI0 4 cel l s.cm- • 

2.7.5 Estimation of Cell Number 

Several methods exist for the quantification of cell numbers 

in a specif i c culture, namely, surface measurement, counting 

chambers, electronic particle counter and many others. 

Groessner-Schreiber & Tuan (1992) used the method of measuring 

cellular protein content and level of cytosolic enzyme to 

compare cell numbers between cultures while Guy et al (1993); 

Cooper et al (1993) used tritiated thymidine to determine cell 

attachment. 

Electronic particle counters 4 have been used for decades. It 

has obvious advantages of simplicity, accuracy and rapid 

operation but has the disadvantage that it counts all cells in 

suspension regardless if they are viable or not (Harris, 

1959) . 

The method of using counting chambers such as the Neubauer 

haemocytometer has also been used in haematology for several 

decades with great success. Hemocytometer counts do not 

distinguish between living and dead cells but a number of 

4 Coulter Cell Counters 
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stains are useful to make this distinction. Trypan blue among 

others 5 is excluded by the membrane of the viable cells where 

as the nuclei of damaged or dead cells take up the stain. 

Although this distinction has been questioned, it has the 

virtue of being simple and giving a good approximation 

(Hakkinen et al, 1988; Saltzman et al, 1991; Botha, 1995). 

In previous investigations, the numbers of attached cells have 

usually been determined indirectly from counts of detached 

cells (Bowers et al, 1992; Keller et al, 1994). Botha (1995) 

determined the number of attached cells by counting an aliquot 

of the cell suspension using a haemocytometer. 

The viable cell concentration in the cell suspension can be 

calculated per ml by the following formula: 

Viable cells per ml average v iable cell count per square X 

dilution fa c tor X 10 4 

The non-attached cells can also be counted to confirm the 

accurac y of the method (Marmary e t al, 1976). 

2.7.6 Cell Proliferation 

Proliferation of cells represents the final stage of the 

cellular processes invo lved in the viability and survival 

properties of cells and can be summarized in sequential stages 

of contact, attachment, spreading and proliferation (Kamen, 

1988) . The efficiency of cell attachment and cell 

proliferation can be calculated into a percentage b y the 

following method (Botha, 1995 ) : 

% Attachment efficiency and proliferation VT X 100 

VI 

VT Number of viable cells per ml at a given time 

VI = Number of viable cells per ml in initial suspension 

5 Erythrosin B, Nigrosin 
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2.8 Bio-acceptability 

The cycle of events when a cell is placed on a biomaterial 

surface indicate that the whole process of attachment, 

spreading and proliferation are important criteria for the 

evaluation of surface bio-acceptability (Davies, 1988) 

Many surfaces of biomaterials, including metals and polymers, 

could provide adequate mechanical support for the attachment 

of cells. The differences In cell behavior following 

attachment to different surfaces must be related to physico­

chemical properties of the surface (Saltzman et al, 1991). 

Titanium has an excellent bio-acceptaility due to the fact 

that it is highly insoluble In body fluids and forms a 

protective oxide layer on the surface (see 2.1.4, p7; 2.1.5, 

p8i 2.1.6, pl0). In addition to its chemistry, however surface 

top 0 g rap h y 0 f the b u 1 k ma t e ria 1 i s imp 0 r tan t (see 2. 6 . 2 , P 2 9) . 

An analysis of cell behaviour carried out under well ­

controlled conditions allows conclusions about the bio­

acceptability of a material (see2.7, p41) and cellular 

morphology is an accepted parameter of bio-acceptability tests 

(Schmidt et al, 2002). In vitro studies with cells from target 

tissues are useful tools for the investigation of implant 

behaviour, because these cells react differently on various 

surface structures and chemical properties (Schmidt et al, 

2002). Several ~n vitro experiments and animal studies have 

demonstrated the importance of the implant surface to host 

response during healing and the quali ty of implant anchorage 

in bone (Buser et al, 1991; Bowers et al, 1992; Gotfredsen et 

al, 1992; Buser et al, 1998). From the animal studies, results 

showed that the interaction between implant material and the 

surrounding tissues was affected by the surface structure and 

that better bone contact was achieved to implants with rougher 

surfaces than with polished surfaces (Buser et al, 1991; 

Gotfredsen et al, 1992; Wennerberg et al, 1996) In most . 

studies the type of surface preparation and/or 
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characterization methods used prevent any firm conclusions 

being drawn as to which surface properties were the 

determining factors for the observed differences in biological 

response (Larsson et al, 19 97) . 

2.8.1 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy can be used to quanti ta te cell 

adhesion to implant surfaces hence enabling the evaluation of 

cell attachment to different surfaces (Kasten et al, 1990). 

Keller et al (1994) using the scanning electron microscope 

found that in general cells appeared spherical in shape with 

early signs of filopodial extensions extending to adjacent 

areas of the prepared surfaces. Over time considerable 

spreading had occurred on rough surfaces, however it was not 

clear how intimately the cells had adapted to the 

irregularities on the respective surfaces. There were no 

significant differences in cell morphology between cpTi and 

Titanium alloy surfaces. fvlustafa et al (2000) used the SEM to 

quantify the percentages of attached cells on each of their 

specimens and they confirmed that in accordance to other 

previous studies that the type of roughness on a Titanium 

surf ace affects cell at tachmen t and spreading. Brunet te 

(1986b) found that fibroblast cells had adopted an elliptical 

shape and increasingly aligned with the direction of the 

grooves and cells on smooth Titanium surfaces were circular in 

shape. Kononen e t al (1992) found that f ibroblas tat tachment 

and spreading was not so good on sandblasted Titanium surfaces 

as on electropolished Titanium surfaces and the fibroblasts on 

sandblasted surfaces grew in clusters, suggesting that their 

ability to migrate was impaired. Lumbikanonda & Sammons (2001) 

found that on smooth Titanium implants, cells were polygonal 

or circular in shape wi th complete cytoplasmic extensions of 

the cell body on the substrate surface forming intimate 

contact with the implant surface such that the underlying 

topography of the surface was v isible beneath the cell. On 

rougher surfaces cel ls spanned across pits, grooves and pores, 

mostly contacting prominent features of the surface. 
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3 AIM OF s 


A reat erest in th use cas Tit ium r denta 

prosthe is has evolved in he dental ommun ty. Because of it 

gh melti poin and trong endency to oxidize, Titanium is 

cast in specia 1 desi ntal sting mach nes. The u of 

ca t Tit um restorations in dentistry are till very low a 

probably rela ted to the ack of den t sts or 

long term linlcal follow-up. 

Rehabili ation reatment utilizing den al impla ts is not a 

readily avai able service to most in the southern hemisphe 

due t its high cost. The relati ly h gh cost of imp ts 

cou be lat to i fabricati and he iffe nt methods 

emplo for surfa e enhancement at is rded as a 

riori" fo b acceptabi ty. ng on its bi 

ac tability an alternative to the high priced available 

lants n the mar t could cast Ti tani um and Titanium 

al oy which cou d th n be manufactured in to custom 

made and lant supe structures. 

The Aim thi t was: 

1. 	 dete nand compar th elemental and chemic 1 

composi tion of [vjachined and ast Ti tani um and T i ta um 

alloy before and after surface enhancement by using 

" 	 Atomic rcent Con ntration of elements on the 

surface of samp es 

" 	 Chemical compos tion curve fitt 

To dete ne and compare he surfa topogr of the 

differently fabricated amples using 

" 	 Area Analysis 

" 	 Line analysi 

 
 
 



3 . 	 To determine and compare the oxide thickness f o rmed on 

samples as a resul t of the d ifferent fabricati o n 

procedures by using 

• Depth Profiles 

4. 	 To evaluate the effects o f RFGDT on the different 

fabricati on p r ocedure s by 

• Analyzing samples before and af ter RFGDT 

5. 	 To access the degree of b i o - acceptab i lit y of the abo ve 

mentioned variables with in vitro fibroblasts and 

os teoblast - li ke cel l cul tures by determining 

• Count of viable cells and 

• Cell % at ta chment efficiency and proliferation 
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4.1.1 

CHAPTER 4 MATERIALS AND METHODS 

4.1 Fabrication of Specimen Discs 

Preparation of Machined Discs 

Custom-manufactured experimental discs measuring 6.35mm in 

diameter and 2mm in thickness were manufactured from rods of 

both commercially pure Titanium (cpTi) Grade 3 and Titanium 

alloy (Ti6A14V) Grade 5 (see Table 4-1) . 

Table 4-1: Description of materials used in this study for sample fabrication 

Material Batch No. Source 
cpTi BN 3720 T Wire, Weissenstrasse 8, CH 8034 Zurich, 

Switzerland 

Ti6AI4V 000XY07 L. Klein SA, Lanfeldweg 110, 614 Bienne/biel, 
Switzerland 

President Putty 

I 

KJ390 Coltene® A G Feldwiesenstrasse 20, 9450 
Altstatten, Switzerland 

DuraLay Resin 022900 Dental Mfg.Co. 5805 W, 11 T' PI. Worth, Illinois, 
U.S.A 

Rematitan Plus 029527 75104 Pforzheim, Federal Republic of Germany 

The discs were manufactured using machining procedures that 

were identical to those used for manufacturing commercially 

available machined-surface, threaded Titanium implants. 

Southern Implants 6 
, carried out these commercial production 

procedures according to proprietary specifications. 

The prepared discs were cleaned using al ternating ul trasonic 

cycles of ethanol and N-hexane and were sterilized using gamma 

radiation with a dose level of 30kGy as used for dental 

implants. Packing was done under a laminar flow hood with air 

filtered through a 2~m Hepa filter to remove dust and 

microorganisms. Fig 4-1 (see p55) shows the packaged samples 

as received from Southern Implants. 

6 Southern Implant, P.O. Box 605 Irene 0062, South Africa 
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of approximatel y 60mm. The c ast patterns were detached from 

the sprue wi th separating disc, specifically grouped f o r the 

envisaged experimental procedures and stored in labeled Argon 

filled sterile plastic c ontainers (Anony, 1991). 

4.2 	 Preparation of Different Surfaces 

Specific predetermined topographies were introduced on 

selected surfaces o f the mach i ned and cast fabricated disc 

groups of 	cpTi and Ti 6A14 V (see Table 4-2). 

Table 4-2: 	 Summary of the designation of sample material, fabrication procedures adopted and 
introduced surface enhancement. 

Material Employed 
(N=144) 

I 
I 

J 

Method of Fabrication 
(N=72) 

Types of Surface Characterization 
(N=24) 
As is (Control surface) 

Machined 
Grade 3 

110 sandblasted and etched 
(SI) 

Commercially Pure 
Titanium 

(cpTi) 

250 sandblasted and etched 
(ES) 

As is (Controi surface) 

Cast 
Grade 3 

110 sandblasted and etched 
(SI) 

I 
I 250 sandblasted and etched 

(ES) 

As is (Control surface) 

I 
I 

Machined 
Grade 5 

110 sandblasted and etched 
(SI) 

Titanium Alloy 
(Ti6AI4V) 

250 sandblasted and etched 
(ES) 

As is (Control surface) 
I 

Cast 
Grade 5 

110 sandblasted and etched 
(SI) 

250 sandblasted and etched 
(ES) 

SI - surface enhancement according to Southern Implants, Irene, South Africa 
ES- experimental surface enhancement 
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110~m Aluminum particles and acid etching at room temperature 

(see Table 4-2, p59). 

4.2.2.2 Experimental Enhancement of Samples (ES) 

The third group featured samples of cpTi and Ti6A14V as 

obtained from both machined and cast procedures that were 

enhanced by grit blasting with 250~m Aluminum particles and 

acid etched using a 20% concentration of Hydrochloric-

acid/Sulphuric-acid for five minutes at room temperature (see 

Table 4-2, p59). 

4.3 	 sterilization by Radio Frequency Glow 
Discharge Treatment 

RFGDT was used as a method of cleaning and sterilizing 

samples. Twenty-one of the 24 samples from each of the 

specified groups underwent RFGDTll. The remaining three samples 

from each group were the controls to treatment rendered. 

After the different samples were placed into the vacuum 

chamber the chamber was backfilled wi th Argon gas (99.9% 

pure) to a partial pres sure of 1X10-2 mbar and the radio 

frequency generator activated the gas into a plasma state 

using a current of 200W for 10 minutes. Impaction of the 

plasma's ion and electrons on objects within the chamber acts 

to sputter away and then subsequently mlcroash all the surface 

contaminants. The flow of pure Argon gas through the chamber 

sweeps the contaminants off the sample surface and out of the 

chamber. Controlled oxidization of the clean surfaces was then 

obtained using the same 200W current and an Oxygen pressure of 

5X10- 3 mbar for one minute. The background pressure was 

maintained at ~5X10-4 mbar. After RFGDT sample discs were 

stored in sterile plastic containers filled with pure Argon 

II Department of Physics, University of Pretoria, Pretoria 000 I, South Africa 
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gas 0 A pair of sterile pure Ti tanium tweezers was used to 

handle the sample discs. 

4.4 Analysis of Surface Characterization 

4.4.1 X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy, also known as Electron 

Spectroscopy for Chemical Analysis (ESCA) was used to elicit 

surface elemental and chemical information associated with the 

different preparative procedures adopted for the twelve 

different sample groups (see Table 4-2, p59) The XPS analysis 

using the Perkin-Elmer PHI 5400 X-ray Photoelectron 

Spectrometer SYSTEM 12 was conducted using an Aluminuim anode as 

an X-ray source and an X-ray monochromator (produces X-rays 

with narrow frequency range) 

After samples were placed onto the stage using a pair of 

sterile pure Titanium twee ze rs they were secured and 

immediately p l aced in the pre-vacuum chamber of the XPS 

machine to avoid contamination of the surface. The samples 

were then located in the main chamber with the stage adjusted 

to an analyzing angle of 65° and a large round aperture of 

1.lmm was employed. X-rays generated with a primary 

acceleration voltage of 14kV, yielding 300W AI-X-rays was 

used. Attempts were made to maintain the chamber vacuum at 

approximately 10-7 Pa. 

The binding energies for all photopeaks were corrected by 

us ing the Carbon (1 s) photopea kat 284. 6eV for referencing. 

This is a common procedure for correcting the binding energies 

of XPS spectra. 

A spectrum of all identified elements was obtained as a plot 

of the number of detected electrons per energy interval versus 

their kinetic energy. Survey scans for each sample were run 

12 Perkin-Elmer Corporation, Norwalk, CT 
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for 10 minutes using a pass energ y of 44 . 75 with an eV/step of 

0.5 and a rang e of 0 to 1100 eV. Atomic concentrations of 

identified elements on the sample surface were determined from 

a subsequent multiplex spectral sc a n wi th a pass energy of 

17.9 with an eV/step of 0.1 and run for 15 minutes. The atomic 

percent of each element on the surface was calculated from the 

photopeak by selecting the peak area of elements from 

beginning to end of spike and atomic percent was calculated by 

use of the XPS computer software. The detection limit of the 

technique for elements is said to be ~ 0.1 atomic percent. Each 

element has its own sensitivity factor (see Addendum H, p200­

209) for quantifica tion. 

Peak separation measurements and full width half maximum 

(FWHM) values were standard fitting parameters determined 

using the Gaus sian - Lorren t zian curve fitting for the elements 

with atomic percentage greater than 3 % (Moulder et al, 1992). 

Identification of the different spectra was performed using 

the Handbook of X-ray Photoelectron Spectroscopy (Moulder et 

aI, 1992 ) . 

4.4.2 Atomic Force Microscope (AFM) 

Surface roughness of samples was determined using the 

TopoMetrix TMX 2010 Discovery At omic Force Microscope 13 from 

the Department of Materials Science and Metallurgical 

Engineering 14 
• Samples that had been used for chemical and 

elemental composition analysis were re-used for surface 

roughness e valuation. 

Samples were fi xed with glue (cyanoacrylate) to tin foil 

squares of 5mm X 5mm using a sterile Titanium tweezers. Each 

glued sample was probed t o ensure that it was firmly attached 

13 Santa Clara, USA. 

14 Industrial Metals and Minerals Research Institute, Department of Materials Science and Metallurgical 


Engineering, University of Pretoria, Pretoria 000 I, South Africa 
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to the tin foil before mounting them on the magnetic stage of 

the microscope. 

A 130~ Z AFM Scanner was used to quantify surface roughness of 

the different samples 0 Five scans were randomly performed for 

each sample to achieve a more accurate determination of 

surface roughness. The scan range was set at 20~m. A 5~m scan 

was then magnified from a randomly selected area of the 20~m 

scan. As the size of a cell is approximately 20 microns the 

scan area of 20 X 20~m was chosen specifically as a 

representation of cell size. The smaller scan of 5 X 5~m was 

specifically chosen for the evaluation of the primary 

topography. 

The scan rate was set to be three times higher than the scan 

range. The AFM probe was a V shaped cantilever with a 0.032N/m 

force constant and an arm length of 200~m. The tip of the 

cantilever was fabricated from Silicon Nitride (Si4N3). 

Images were shaded and flattened with a zero-order line fit to 

remove scan line anomalies prior to being placed into a 

quadratic plane in the x and y directions. 

The TopoMetrix software 15 was used to interpret each corrected 

image. Surface roughness val ues were determined in terms of 

area analysis and line analysis. 

For area analysis scanned images were depicted as 3D images 

and analyzed values were reported as Projected surface area, 

Area Ra, Area RMS, Maximum range and Average height (see 

2.6.2.1, p33). 

For line analysis scanned images were depicted as 20 images on 

which three pre-determined 1 ines (ca. line 50, 100 and 150) 

were drawn. Standard roughness val ues for each of the three 

pre-determined lines were determined as Ra (Average roughness), 

Rp (Maximum peak height), Rpm (Mean peak height), Rt (Maximum 

15 Microsoft Windows SPM LAB V3.06.06 software,Santa Clara, USA . 
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peak valley for assessment length) and Rtm (Mean peak to valley 

height) (see 2.6.2.1, p33-34) (Anonymous, 1996). 

4.4.3 The Quantum 2000 Scanning ESCA Microprobe 

The same samples used for the above characterization 

procedures were employed to determine the oxide thickness on 

the surface. Since depth profiling is a destructive technique, 

it was done last. 

Measurements of oxide thickness were done by depth profiling 

using the Quantum 2000 Scanning ESCA Microprobe with a 

hemispherical analyzer (HMA) at a base pressure of <5X10-7 Pa. 

Depth profiles were recorded with a monochromated, lOOl-lm beam 

diameter, 450W AI-KO'-X-ray beam. The sputter depth profiling 

was conducted with a preferentially pumped focused ion gun in 

the "alternating" mode, where the sample was sputtered, the 

gun was turned off and the signal measured. The chamber 

pressure rose to <2X10- 6 Pa during sputtering. Primary beam 

energy of 1 KeV was used with a sputter rate of 3.5nm.min-1 for 

all samples. The sputter rate was calibrated by performing 

depth profiles through (200 ± 20) nm Ti layer on Si substrate 

(Louw, 1997). 

The oxide thickness for samples was estimated according to the 

method described by Lausmaa et aI, (1990), Larsson et al 

(1997) and Louw (1997). On the depth profile two lines were 

drawn, one at the maximum Oxygen concentration and one at the 

Oxygen background level. A line was then drawn to intersect 

the Oxygen profile at half the value of the height between 

maximum and background. The point of intersection of this line 

with the sputter time was then used to calculate the oxide 

depth using the calibrated sputter rate of 3.5nm.min-1
• 
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4.5 Cell Culturing 

4.5.1 Cell Cultures 

Two different cell lines namely fibroblasts and Osteoblast­

like cells were used for ~n vitro culture of cells onto the 

differently fabricated and enhanced samples. The different 

cell lines were maintained to confluence in 75cm2 Tissue 

Culture Flasks 16 (Botha, 1995 ) 

4.5.1.1 Fibroblasts 

Healthy gingival tissue that was acquired from patients during 

periodontal surgery was used as a primary source of Human 

Gingival Fibroblasts cell line l7 
. The medium used to maintain 

the cells was EMEM (Eagles Minimum Essential Medium) with NEAA 

(Non-Essential Amino Acids) 18 and 10% fetal Calf Serum and 

100U/ml Penicillin and 100 MCG/ML Streptomycin Sulphate 19 
. 

Osteoblast-like Cells 

A cell line of Human Osteosarcoma ACC 439, CAL-72 was obtained 

from DSMZ 2o . Medium used to maintain the cells was 90% 

Dulbecco's MEM21 + 2m[V! L-glutamine21 + 1X insulin-transferrin­

.c;nriillm .c;plpnit!?21 + 10% Fetal Bovine Serum19 , 

4.5.2 Cultivation of Cell cultures 

Confluent cui tures were used for plating after cui ti vation. 

The culture media was removed from the confluent cultures and 

cells were washed twice with Phosphate Buffer Saline (PBS). 

Detachment of cells from the tissue cui ture plastic was by 

16 AEC-Amersham (PTY) LTD, P. O. Box 1596, Kelvin 2054, South Africa. 

17 Center for Stomatological Research, School of Dentistry, Un iversity of Pretoria, P. O. Box 1266, Pretoria 


0001, South Africa 
18 National Institute of Virology, Private Bag X4, 2131 Sandringham, South Africa 
19 Highveld Biological (PTY) LTD, P O. Box 1456, Lyndhurst 2106, South Africa 
20 German Collection of Microorganisms and Cell Cultures. Department of Human and Animal Cell Cultures, 

Mascheroder Weg I b, 0-38124 Braunschweig, Germany 
21 Sigma-Aldrich (Pty) Ltd, 1630, Aston Manor, South Africa) 
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trypsinization with 3ml of 0.5% Trypsin and 0.2% ethylene­

tetra-acetic-acid (EDTA ) Detachment of the cells was 

confirmed uSlng an inverted microscope and the trypsinization 

process was stopped by adding 3ml of media + 10 % fetal calf 

19serum • Cells were then harvested by centrifugation22 at a 

speed of 1600rpm for 5 minutes (67.1 xg). The cells that were 

obtained after centrifugation were seeded into measured tissue 

culture media (Botha, 1995). 

4.5.3 Cell Concentration 

The concentration of the cell suspension was determined by 

Trypan exclusion counts using a Neubauer 

haemocytometer24 . The c ell concentration was determined by 

mixing O. 5mls of the cell suspension into O. 5mls of Trypan 

blue. The inoculating cell concentration used was standardized 

to 3-5 X 105 cells per ml of media (Botha, 1995). 

4.5.4 Inoculation of Cells onto Sample Discs 

Using a sterile Titanium forceps, the differently prepared 

Ti tanium disc samp l es were placed into the 6. 4mm diameter 96 

tissue culture wells 25 with utmost care to avoid contamination 

of the surface by unwanted molecules or elements (see Fig 

4-6, p68). 

Fibroblasts and Osteoblast-like single cell suspensions of 

cells were then seeded by placing 0.25ml of the cell 

suspension onto the Titanium discs. Wells without any material 

were considered as controls and consisted of Tissue CuI ture 

Plastic (TTC) that was also inoculated with the same 

concentration of viable cells. 

22 Sorvall, Newtown, Connecticut, 06470, USA 
23 Sigma Chemical Company, U.S.A. Batch 68F-50355 
24 American Optical Corporation, Buffalo, New York, 14215, USA 
25 Coming, Adcock Ingram Scientific, P. O. Box 6888, Johannesburg 2000, South AtTica 
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bl ue were placed in blue-topped tubes. Once the equivalent 

amount of ce ll suspension was present in the Trypan blue the 

Cell-Trypan blue mixture was placed on Hemocytometer and cell 

counting was done within five minutes . This is due to the fact 

that the dye penetrates into non-viable cells and viable cells 

can absorb the dye on long exposure to Trypan blue resul ting 

in inability to distinguish between viable and non-viable 

cells (Botha, 1995). 

4.5.6.2 Cell Detachment for Osteoblast-like Cells 

All media with unattached cells was withdrawn using a pipette. 

Attached cells were washed twice with PBS prior to d etachment. 

Detachment was facilitated by adding O.125ml of 4mM Tetracaine 

free-base 28 
• The Tetracaine and cells were then placed in the 

incubator for 30min. Detachment of cells from control surfaces 

(Tissue Culture Wells) was confirmed with a Nikon Stereo 

Microscope 29 
. When cells had rounded on the tissue culture 

wells indicating detachment it was assumed that they had also 

detached from the Titanium discs. Cells were then carefully 

pipetted to ensure a single cell suspension. The detached 

cells were then collected using a pipette and placed into the 

test-tube containing O.125ml of Trypan blue. 

4.5.6.3 Cell detachment for Fibroblasts 

All media was withdrawn using a pipette and to get rid of 

unattached cells, the ce ll s were rinsed twice with PBS. 

Attached cells were detach ed by placing 0.125ml of 0.25% 

Trypsin and 0.1 % EDTA . Detachment of cells from control 

surfaces (Tissue Culture Wells) was confirmed with a Nikon 

Stereo Microscope 2 9 
. When cells had lifted from the tissue 

culture wells it was assumed that they had also lifted from 

the Titanium discs . To stop the trypsinization reaction 

28 No. T-7383 , Sigma®, Chemical Company, St Louis, USA 
29 Research Instruments cc, P. O. Box 1148, Gallo Manor 2052, South Africa 
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4.5.6.5 Estimation of Cell Number and Proliferation 

At time intervals of 1 day , 2 days, 14 days and 28 days viable 

cel l counts were determined. The viable cell concentration was 

then calculated per ml by the following formula (Botha, 1995): 

Viable ce lls per ml average viable cell count per square X 

d ilution factor X 10 4 

The effi ciency of cell attachment and proliferation was 

calculated in percent by the following formula: 

% Attachment efficiency and proliferation = VT X 100 
VI 

VT viable cell s per ml at a given time interval 

VI viable cells per ml in initial s uspension 

4.5.7 Fixation Procedures 

At 2 days and 28 day s samples and contro ls with attached cells 

were washed twice wi th PBS to remove the cui ture medi um and 

unatta ched cells. Fixation of cel ls was done using O. 25ml of 

2.5% Glutaraldeh yde in 0 .075M Phosphate buffer at a pH of 7.4­

7.6 for one hour. The wells were then rinsed three times each 

for 5min with 0.25ml of 0.075M phosphat e buffe r. Post-fixation 

usi ng 0 .25ml of 0.25 % Aqueous Osmium Tetroxide 3o was also done 

for half an hour under a fume hood. All samples were then 

rinsed three times each for 5min wi th distilled water whilst 

in the fume hood . Dehydration of the cel ls was then undertaken 

on a benc h by exposing each of the samples to varying 

concentrations of ethanol, 30%, 50 %, 70% and 96% three times 

for a period of 5min respectively. Cells were transported to 

the Scanning Electron Microscopy Department irmnersed in 96% 

ethanol for further p rocessin g (Bullock & Petrusz, 1985) 

30 Merck Chemicals (Pty) LTD, Halfway house 1685, South Africa 
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4.6 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy was used to study cellular 

morphology as a function of time exposed to the differently 

treated Ti tanium surfaces. Samples were removed from ethanol 

and placed in a cri tical point dryer using liquld C02. The 

dried specimens were mounted on viewing stubs. Carbon was 

placed on sample sides to ensure conductivity before 

sputtering wi th gold. The sputtered samples were viewed and 

analyzed using the JEOL JSM-8 4 0 Scanning Electron Microscope 31 

wi th an accelerated vol tage of 5. OKV, probe current of 6XIO- ll , 

and the working distance of lOmm. Representative 

photomicrographs of cell morphology on the different sample 

sur fa c e s we ret a ken a t X500 , X 2 000 and X5 0 0 0 ma g n i f i cat ion. 

Other magnifications taken were specifically for viewing 

certain morphological characteristics. 

4.7 Statistical Analysis 

The data obtained were coded, tabulated and analyzed using a 

linear model doing a General Analysis o f Variance (ANOVA) 32 . 

The factors were Material (cpTi = 1; Ti6A14V = 2), Method of 

Fabrication (Machined 1; Cast 2) , Surface enhancement 

(Control 1; SI enhanced 2 and ES enhanced 3) and 

Treatment rendered (not RFGD Treated = 1; RFGD Treated = 2 ) 

The response variables for oxide thickness and chemical were 

analysed as follows: OXI DEP, M2C, M20, M2Ti, M2Zn, M2Pb, 

M2Na, M2Ca, M2N, M2V, M2Zr, M2Al (see Addendum F, p193). 

The response variables f o r surface topography were analyzed as 

follows: M3Ra, M3RMS, M3HEIG, M3RAN, M3SUR , M3Ra 1, M3RMS 1, 

M3HEI 1, M3RAN 1, M3SUR 1, LARA, LARTM, LART, LARPM, LARP, 

LARA_I, LARTM 1, LAART 1, LARPM 1, and LARP 1 (see Addendum F, 

p194) . 

31 JEOL Ltd, Tokyo, Japan 
32 The statistical package employed was Statistix for Windows Version 7 

72 


 
 
 



The growth of osteoblasts (OSTEO) an d fibroblasts (FIBRO) were 

analyzed in a two fa cto r ANOVA wi th Surface at 13 and 12 

levels and Time at 3 (2 , 14 and 28 days) and 4 (1, 2, 14, 28 

days) levels r espec t ivel y (se e Ad d end um F, p195). 

Test ing was done at th e 0 .05 level o f significance. 
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CHAPTER 5 RESULTS 

5.1 Surface Characterization 

5.1.1 Chemical Composition 

The chemical composition of the surfaces of samples was 

determined using XPS. The quantitative measurements of 

detected elements were presented as Atomic Percent 

Concentration while the qualitative measurements were 

determined by high-resolution scans in terms of peak fittings 

of detected elements. 

5.1.1.1 Atomic Percent Concentration 

Table 5-1 (see, p75) shows the di fferent samples wi th their 

atomic percent composi tion. The dominant signals are Carbon, 

Oxygen and Titanium with weaker contributions from Aluminium 

and Sodium. Other occasional smaller signals from Calcium, 

Zinc, Lead, Nitrogen, Zirconium and Vanadium were observed. 

Carbon, Oxygen and Ti tanium were found in varying amounts on 

samples. Oxygen was observed to have the highest atomic 

percent concentration for most samples. Aluminium was found on 

all except the cpTi machined control samples. Sodium was 

detected on all cas t , but only T i 6A14 V machined (S I) samples. 

Though in small amounts, Calcium was detected on all samples, 

with the exception of RFGDT machined cpTi and Ti6A14V control 

samples. Lead was present only on machined cpTi and Ti6A14V 

control surfaces and disappeared with RFGDT. Zinc and Nitrogen 

were present mostly on untreated samples and disappeared with 

RFGDT. Vanadium was detec ted on Ti6A14V (machined and cast) 

control samples before RFGDT. Enhanced samples had no Vanadium 

detected. Zirconium showed up after the RFGDT of all cast 

samples and some machined samples. 
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Table 5-1: A summary of the elemental composition of sample surfaces (At %) 

-...J 
Vo 

Element C 0 Ti AI 
cpTi machined control surface 37.7 45.8 11 .2 0.0 
cpTi machined control surface RFGDT 20.8 56.4 21.6 0.0 
cpTi machined SI Enhanced 41.5 43.6 7.2 5.2 
cpTi machined SI Enhanced RFGDT 19.9 52.7 12.9 9.7 
cpTi machined ES Enhanced 29.5 51.4 8.8 5.8 
cpTi machined ES Enhanced RFGDT 15.1 55.9 14.7 7.5 
Ti6AI4V machined control surface 36.8 48.7 10.3 1.1 
Ti6AI4V machined control surface RFGDT 21 .8 56.7 18.8 1.1 
Ti6AI4V machined SI Enhanced 36.7 43.8 4.2 8.7 
Ti6AI4V machined SI Enhanced RFGDT 14.9 55.3 12.9 9.8 
Ti6AI4V machined ES Enhanced 29.2 52.2 5.5 9.5 
Ti6AI4V machined ES Enhanced RFGDT 16.1 55.5 13.7 9.2 
cpTi cast control surface 23.6 53.6 5.3 12.7 
cpTi cast control su rface RFGDT 15.1 57.9 9.2 12.9 
cpTicastSI Enhanced 37.3 43.9 4.3 10.5 
cpTi cast SI Enhanced RFGDT 15.5 56.3 14.6 8.2 
cpTi cast ES Enhanced 25.6 52.9 7.1 9.8 
cpTi cast ES Enhanced RFGDT 23.1 51 .3 12.9 7.9 
Ti6AI4V cast control surface 28.7 51.4 5.6 9.6 
Ti6AI4V cast control surface RFGDT 25.3 55.4 6.2 10.5 
Ti6AI4V cast SI Enhanced 32.7 47.7 8.4 8.0 
Ti6AI4V cast SI Enhanced RFGDT 14.9 55.5 9.9 15.1 
Ti6AI4V cast ES Enhanced 28.9 52.3 4.8 10.1 
Ti6AI4V cast ES Enhanced RFGDT 15.9 56.6 12.6 10.9 

Na Zn 
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XPS survey spectra 

A typical XPS survey spectrum of a cpTi cast sample before 

RFGDT is shown In Fig 5-1 and after RFGDT in Fig 5-2 (see 

p77). XPS spectra for all other samples are given in Addendum 

H (see p200-209). The spectrum depicts elements with binding 

energies from 0 to 1100eV that are detected from the surface 

layer of samples. Every element has its own binding energy 

v alue and detected peaks were ifentified by the computer 

database in most instances and cou d[ terchecked (Moulder et al, 

1992). Maj or lines identified were Carbon (Is) , Titanium (2p) 

and Oxygen (1 s) Associated weaker line s wer e also identified 

but not further monitored. 

EseA SURVEY ~/IO/91 ANCl[= 65 deg ACQ TIME=9.17 ~in 
FILE: f27Il Carneiro - TI F 
SCALE FACTOR= 0.759 k cis. OFFSET= O.OO~ k cis PASS ENERGY= ~~. 750 eV Al 300 N 

10 

IIINDING ENERGY. eV 

Fig 5-1 : XPS survey spectra for cpTi cast control sample surface before RFGDT 
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On average RFGDT significantly reduced the surface Carbon 

atomic percent concentration from 32.4% to 18.2% (p<O.OS) An 

interaction between RFGDT and surface enhancement showed that 

the untreated control and S1 enhanced samples had 

significantly higher surface Carbon content than treated 

samples (p=0.02) 

No significant differences were observed in Carbon atomic 

percent concentration between the different materials used, 

method of fabrication employed or surface enhancement 

procedures other than RFGDT. 

Oxygen 

The surface Oxygen atomic concentration percent of samples 

before and after RFGDT is shown in Fig 5-6 (see p80) 

A significant difference i n surface Oxygen atomic percent 

concentration was observed between samples that were 

differently enhanced (p=O. 00 25) On average the S1 enhanced 

samples had significantly lower surface Oxygen atomic percent 

(49.9%) compared to ES enhanced and control samples (53.5% and 

53.2% respectively). 

RFGDT significantly enhanced the average surface Oxygen leve l 

from 49.0% to 55.4 % (p<0.05). A significant interaction was 

observed between surface enhancement and RFGDT (p=0.0045) 

depicting that enhanced surfaces that were treated had 

significantly higher surface Oxygen content than untreated 

enhanced samples. 

No significant difference in the Oxygen content was observed 

between materials used or fabrication procedures adopted. 

79 


 
 
 



 
 
 



 
 
 



 
 
 



 
 
 



Table 5-2: Deconvoluted Carbon 1 s envelope with respective sub peak positions (Bold figures indicate 
highest peak). 

Element Peak I Peak II Peak III Peak IV 
cpTi machined control surface 286.0 287.3 289.8 
cpTi machined control surface RFGDT 285.8 287 .2 289.6 
cpTi machined 81 Enhanced 285.7 286.7 288.1 289.6 
cpTi machined 81 Enhanced RFGDT 285.7 286.9 288 .6 289.8 
cpTi machined E8 Enhanced 285.9 287.4 289.7 
cpTi machined E8 Enhanced RFGDT 285.9 287.5 289.8 
Ti6AI4V machined control surface 285.8 287.3 289.7 
Ti6AI4V machined controi surface RFGDT 285.8 287.4 289.7 
Ti6AI4V machined 81 Enhanced 285.9 286.9 288.3 290.2 
Ti6AI4V machined 81 Enhanced RFGDT 285.5 286.6 288.6 289.9 
Ti6AI4V machined E8 Enhanced 285.9 287.4 288.6 289.8 
Ti6AI4V machined E8 Enhanced RFGDT 285.6 286.6 288.4 289.9 
cpTi cast control surface 286.4 287.8 290 .3 
cpTi cast control surface RFGDT 286.4 287 .8 290.4 
cpTi cast81 Enhanced 286.0 287.0 288.3 289.9 
cpTi cast 81 Enhanced RFGDT 285.7 286.7 I 288.3 289.8 
cpTi cast E8 Enhanced 285.7 286.9 287.9 289.6 
cpTi cast E8 Enhanced RFGDT 285.7 286.8 288.4 289.7 
Ti6AI4V cast control surface 286.1 287.4 288.8 289.9 
Ti6AI4V cast control surface RFGDT 286.2 287.3 288.4 289.6 
Ti6AI4V cast 81 Enhanced 285.8 286.4 287.4 289.3 
Ti6AI4V cast 81 Enhanced RFGDT 285.5 286.7 288.1 289.7 
Ti6AI4V cast E8 Enhanced 285.7 287 .0 288.2 289.5 
Ti6AI4V cast E8 Enhanced RFGD T 285.5 286.7 288.5 290.0 

Fi g 5-1 0 show s a representat i ve plo t of the Carbon 1s envelope 

wi t h i t s curve f it. 
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Fig 5-10: Deconvolution of XP8 Carbon envelope of Ti6AI4V cast control RFGDT sample surface 
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Oxygen sub peaks 

The r espective Oxygen I s sub p eak s wi th in i ts r es pe ct i ve 

enve l o p e a re s h own I n Ta bl e 5 - 3 . Mo s t s a mp les had f o ur 

compon en t s with t he excepti o n o f Ti6A1 4V cas t contr o l RFGDT 

samp l e t hat had fi v e compo nen t p eaks. RFGDT r ed u ced th e numbe r 

o f pea ks o f cpTi a n d Ti 6A1 4V mac hi ne d con trol s amp l e s fr om 

three t o two. 

Table 5-3: Deconvoluted Oxygen 1 s envelope with respective sub peak positions (Bold figures indicate 
highest peak) . 

Element Peak I Peak II Peak III Peak IV Peak V 
cpTi machined control surface 529.8 531 .2 532 .1 533.5 
cpTi machined control surface RFGDT 530.0 531.4 
cpTi machined 81 Enhanced 529.7 530.7 531 .7 532.9 
cpTi machined 81 Enhanced RFGDT 529.4 530.3 531.3 532.5 
cpTi machined E8 Enhanced 529.6 530.6 531.6 532.6 
cpTi machined E8 Enhanced RFGDT 529.3 530.0 531 .0 532 .6 
Ti6AI4V machined control surface 530.0 531 .8 533.2 
Ti6AI4V machined control surface RFGDT 530.0 531 .3 
Ti6AI4V machined 81 Enhanced 529.5 530.9 531.8 533.2 
Ti6AI4V machined 81 Enhanced RFGDT 529.4 530.4 531.4 533.1 
Ti6AI4V machined E8 Enhanced 529.5 530.9 531.9 533.0 
Ti6AI4V machined E8 Enhanced RFGDT 529.5 530.4 531.2 532.3 
cpTi cast controi surface 529.6 530.9 531.9 533 .1 
cpTi cast control surface RFGDT 529.5 530.5 531 .8 533.2 
cpTi cast 81 Enhanced 529.4 530 .5 531.7 532.9 
cpTi cast 81 Enhanced RFGDT 529.3 I 530 .0 531.2 532 .6 
cpTi cast E8 Enhanced 529 .6 530.7 531.7 532 .9 
cpTi cast E8 Enhanced RFGDT 529.4 530.5 531.4 532.9 
Ti6AI4V cast control surface 529 .3 530.7 532.2 533 .8 
Ti6AI4V cast control surface RFGDT 529 .7 530.6 531 .5 532.9 534.6 
Ti6AI4V cast 81 Enhanced 529.6 530.8 531.8 533.2 
Ti6AI4V cast 81 Enhanced RFGDT 529.4 530.8 531.9 533.6 
Ti6AI4V cast E8 Enhanced 529.6 530.8 531.9 533.0 
Ti6AI4V cast E8 Enhanced RFGDT 529.4 530.2 531.4 533.0 

The ma j o r sub p eak o f th e d iff e rent samples va r ied 

cons ide rab l y . Fo r mos t sample s i t was a t ~52 g eV , occas ionall y 

~53 l eV an d sometimes ~ 532eV. Some s u b pea ks ha d mo r e or l e ss 

the same peak h e i gh t as wa s observed i n Ti 6A14V cas t contro l 

RFG DT sample. Me tal ox i des (5 29-53 1 eV) an d h ydroxides (531 -

532eV ) ma i n l y c ont r i b ut ed to t he Oxyge n s u b p eaks . Carbon a t es 

could a l s o b e presen t at ~53 l e V. Bes i des the d if fere n t me t a l 

ox i des o f Tit an ium (TiOr 529 . 7 - 530 . 2eV ; Ti O-53 0 . 6eV ; Ti 20 r 
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529. 6eV) , Aluminium oxide coul d also ha ve been contr ibutory 

(A120r528-532eV) to t he meta l oxide peak detec te d (Lausmaa et 

aI , 19 90). 

Deconvoluted hi gh -re soluti on spectra sub peaks within it s 

respective Oxygen envelope is shown in Fi g 5 -11. 

• 
til U

FWHM % Gauss 
.am ..mJ 

o 
537 53(; 535 534 533 532 531 529 

I 

528 

BINDING ENERCY. eV 

Fig 5-11 : Deconvolution of XPS Oxygen envelope of Ti6AI4V cast control RFGDT sample surface 

Titanium sub peaks 

On most samp le surfaces , onl y one major peak was detected, but 

deconvolution of th e Ti 2p peak on cpTi and Ti6A14V machined 

control samples revea led two sub peaks, at 45 8e V and 45 7e V 

(see Tab l e 5-4, p87) . The major peak detected at 45 8eV 

ind i cates that the samp le surfaces const ituted most ly of Ti0 2 • 

The oxide layer on some samples though, ma y rather cons ist of 

Ti 20 3 a s indicated by the 457eV peak. 

A high-resolution spectrum for Titanium i s shown in Fig 5 -1 2 

(see p87) wit h th e peak centre at 458eV . 
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Table 5-4: Deconvoluted Titanium 2p envelope with respective sub peak positions (Bold figures 
indicate highest peak). 

Element Peak I Peak II 
cpTi machined control surface 458.3 
cpTi machined control surface RFGDT 458.6 457.9 
cpTi machined SI Enhanced 458.2 
cpTi machined SI Enhanced RFGDT 458.0 

cpTi machined ES Enhanced 458.1 
cpTi machined ES Enhanced RFGDT 457.8 
Ti6AI4V machined control surface 458.4 
Ti6AI4V machined control surface RFGDT 458.5 457.7 
Ti6AI4V machined SI Enhanced 457.9 
Ti6AI4V machined SI Enhanced RFGDT 457.9 
Ti6AI4V machined ES Enhanced 458.0 
Ti6AI4V machined ES Enhanced RFGDT 458.0 
cpTi cast control surface 458.1 
cpTi cast control surface RFGDT 458.1 
cpTi cast SI Enhanced 457.9 
cpTi cast SI Enhanced RFGDT 457.9 
cpTi cast ES Enhanced 458.1 I 

cpTi cast ES Enhanced RFGDT 458.0 
Ti6AI4V cast control surface 458.1 
Ti6AI4V cast control surface RFGDT 458.2 
Ti6AI4V cast SI Enhanced 458.1 
Ti6AI4V cast SI Enhanced RFGDT 457.9 
Ti6AI4V cast ES Enhanced 458.1 
Ti6AI4V cast ES Enhanced RFGDT 458.0 

""M"!Area I. ~lIS:3 
II -
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-,+-­ --+­ -4­ - +-­ -+­ - .--1 ........ ······---I­ -·......··- ........·j­_..-......_·..­ ... j ........................ ...-;-..... 

9 

8 

7 

I) 

5 

4 

3 

2 

o 

Fig 5-12: Deconvolution of XPS Titan ium envelope of Ti6AI4V cast control RFGDT sample surface 
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Aluminium sub peaks 

Fig 5-13 shows the deconvo lutio n of XPS Aluminium envelope f or 

the Ti 6A14V cast contro l surface. 

1 
2• 

• a 
nlH~t % GaussI I 

10 

9 

8 

7 

~ 6 

~. 5 
!:::J z 

4 

3 

2 

o 

-+----+­ --!--I·--...-·+··-··-I----+---+---r 

t 

/
/ 

t 
1 

----~ - ~I~==~==~F~~~__+--+---+---+~~~~~~~ 
78 77 76 75 74 73 72 

BINDING ENERGY, eV 

Fig 5-13: Deconvolution of Aluminium envelope for Ti6AI4V cast control surface 

A deconvoluted high- resolution spectrum within th e Aluminium 

envelope s h ows th ree ma in sub peaks. The sub peak at 73.03eV 

was attributed to Aluminium metal while the 74. 51eV sub peak 

was at tributed to Aluminium ox i d es. The 76.07 eV peak was 

probably a Halide f orm of Aluminium (Mou l de r et at, 1992). 

Sodium sub peaks 

The presence of Sodium was detected together with Titanium at 

1072eV using the Na ( Is) peak an d no attempts were made t o 

furth e r deconvolute the Sodium an d Tit an ium peak. 
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Table 5-5 Average tabulated values of the surface topography of samples for 20llm scans (N=5). 

I 

I 

The mean of the different analyses o f surface roughness for 

both the 20~m and 5~m scans are observed to be higher f o r the 

surfaces of cast samples than fo r the machined samples. 

Material Ra ± SO RMS ± SO Maximum 
Height ± SO 

Average 
Range ± SO 

Surface Area 
±SO 

CpTi 
machined 

I 0.14control ± 0.04 
surface 

017 ± 0.05 0.58 ± 0.15 1.04 ± 0.16 416.18 ± 4.091 

CpTi 
machined 
control 0.09 ± 0.02 0.12 ± 0.04 0.43 ± 0.22 0.95 ± 0.29 416.34 ± 5.77 
surface & 
RFGOT I 

Ti6AI4V 
machined 
control 0.08 ± 0.03 0.11 ± 0.04 0.63 ± 0.29 0.92 ± 0.35 415.00 ± 3.18 
surface 

Ti6AI4V 
machined 
controi 0.14 ± 0.02 0.18 ± 0.03 0.53 ± 0.07 1.20 ± 0.14 425.02 ± 6.49 
surface & ! 
RFGOT 
cpTi cast 
control 
surface 0.51 ± 0.1 0.65 ± 0.12 1.88 ± 0.52 3.94 ± 0.62 531.92 ± 24.25 

cpTi cast 
control 
surface & 0.64 ± 0.19 0.79 ± 0.22 2.20 ± 1.03 I 4.55 ± 1.21 559.14 ± 60.88 
RFGOT 

i 

Ti6AI4V 
cast controi 
surface 0.44 ± 0.19 0.55 ± 0.24 1.74 ± 0.84 I3.30 ± 1.38 

I 
508.26 ± 55.34 

Ti6AI4V 
cast control I 
surface & I 0.41 

± 0.10 
RFGOT 

0.52 ± 0.14 1.92 ± 0.81 3.67 ± 0.99 535.26 ± 65.83 
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Table 5-6: Average tabulated values of the surface topography of samples for 5)lrn scans (N=5). 

Material Ra± SO RMS ± SO Maximum Average Surface Area 
Height ± SO Range ± SO ±SD 

CpTi 
machined 
control 0.05 ± 0.02 0.07 ± 0.02 0.26 ± 0.13 0.51 ± 0.16 27.1 ± 0.75 
surface 

I 
CpTi 
machined 
control 
surface & 

I 006 ± 0.05 0.08 ± 006 0.21 ± 0.12 0.42 ± 0.28 
I 

26.56 ± 1.0 

RFGDT 
Ti6AI4V 
machined 
control 008 ± 0.02 0.10 ± 0.03 0.34 ± 0.24 0.52 ± 0.25 27.31 ± 1.17 
surface 

Ti6AI4V 
machined 

I 

control 0.10 ± 0.03 0.12 ± 0.03 0.31 ± 0.06 0.67 ± 0.16 28.04 ± 0.96 
surface & 
RFGDT 
cpTi cast 
control 
surface 0.26 ± 0.15 0.32 ± 0.17 0.68 ± 0.33 1.61 ± 0.55 32.85 ± 3.32 

J 
cpTi cast 
control 
surface & 0.27 ± 0.1 4 0.33 ± 0.15 0.80 ± 0.45 1.78 ± 0.53 34.26 ± 4.46 

I 
RFGDT 

Ti6AI4V cast 
control I ! 

surface 0.25 ± 0.11 0.3 1 ± 0.14 0.3811 .63 075 ± ± 0.73 34.94 ± 5.01 

Ti6AI4V cast 
controi 
surface & 
RFGDT 

0.2 ± 0.13 I 0.24 ± 0.16 0.58 ± 0.29 1.31 ± 0.79 I 32.39 ± 5.82 

! I 

Area Ra and RMS 

Surface r oughn es s i s r e pre s en ta t i v e o f both Ra an d RMS va l ue s 

an d r e sul ts a r e repo r t ed t o ge the r . RMS i s the r o ot mea n s quar e 

o f Ra a n d th e r e f o r e p r ed i cted t o be a mo r e r e liab l e mea su r e o f 

a ssessment (see 2 .6. 2 .1, p33) Ra an d RMS v a lu e s o f samp l es 

fo r the 2 0~m s can ar e s ho wn in Fi g 5-1 8 (s e e p 93) . 
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The means o f the different Line anal yses values f or the 5)lm 

scans are shown in Table 5-9 (see Addendum E, p188 -1 92 ). Even 

at a smaller scan the surfaces of cas t samples had higher 

va lues compared to machined samples. 

Table 5-9: Averages of the line analysis done for the different sample surfaces for the 5/lm scan. 

Material Ra Rtm Rt Rpm Rp 

cpTi machined 
control surface I0.05 0.10 0.24 0.04 0.12 

cpTi machined 
control surface & 
RFGDT 

0.05 0.10 I 0.24 0.04 0.13 

Ti6AI4V machined 
control surface 0.07 0.13 0.29 0.06 0.11 

Ti6AI4V machined 
control surface & 
RFGDT 

0.07 0.1 5 0.33 0.07 0.18 

cpTi cast control 
surface 0.26 0.37 1.06 0.19 0.58 

cpTi cast control 
surface & RFGDT 0.22 0.35 0.98 0.17 

, 
0.48 

Ti6AI4V cast 
control surface 0.24 0.37 1.05 0.18 0.52 

Ti6AI4V cast 
control surface 
& RFGDT 

0.15 
, 

0.26 0.66 0.13 0.32 

I 

t 

I 


Ra 

Ra is the average distance of t he profile from the mean line 

(see 2.6.2.1, p33) Generally a smooth surface will have a ver y 

small va lue, as the distance from the mean is nearly absent. 

Fo r both scans the Ra value wa s determined by the fabrication 

procedure and not by the material employed or treatment 

rendered. The mean Ra for th e 20)lm and 5)lm scans of surfaces 

of cast samples was O.31)lm and O.1 8)lm and this value was 

significantly higher than that f or surfaces o f machined 

samples (0 . 10)lm and O. 06)lm) . 
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Rt 

The Rt value shows us the distance between the highest peak 

and l owes t va lley recorded (see 2 . 6.2 .1, p33). For both the 

20~m and S~m scans there was a signifi cantly higher peak for 

the s urface s of cast samples ( 1.66~m and O.7 7~m) when compared 

wi th machined samples (0. S2~m and O. 28~m) . No significant 

differences were observed between the different materials used 

or the type of treatment rendered. 

Rtm 

Rtm is a measure of the peak t o valle y height (see 2 . 6 . 2 .1, 

p34). The Rtm value of O. 7 6~m for the surfaces of cast samples 

was significantly higher than machined samples (0. 24~m) for 

2O~m scans (p=O . 0042 ) . The S~m scan had a similar 

significantly higher measure f or the surfaces of cast samples 

(O.29~m) compared to machined surfaces (O.12~m) Rtm was 

determined solely by the fabrication process. 

Rp 

Rp is the measure o f the single highest peak recorded on the 

image scan (se e 2 .6.2.1, p34) and for the 2O~m scan it was 

s ignifi cantl y higher f o r the surfaces of cast samples (O.77~m) 

than the machined samples (O .24~m). Interestingly for the 20~m 

scans RFGDT significantly (p=O.04) i ncreased the Rp value of 

the surfaces of cast sample s to O.62~m and mac hined samples to 

O. 39 ~m. For the S~m scan fabrication determined the Rp value 

which was significantly higher f or the surfaces of cast 

samples (O.40~m) compared t o machined samples (O.13~m) 

Rpm 

Rpm is the measure o f the mean peak heights on an image scan 

(see 2.6.2.1, p34). The Rpm for the surfaces o f cast samples 

was O.37}Jm (2 0~m scan) and O.14~m (S~m scans) and was 
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Table 5-10: Sputter time and Oxide thickness of samples. 

Sample putter time (min) Oxide thickness (nm) 
cpTi machined control surface 0.8 2.8 
cpTi machined control surface RFGDT 1.2 4.2 
cpTi machined SI Enhanced 1.2 4.2 
cpTi machined SI Enhanced RFGDT 2.2 7.7 
cpTi machined ES Enhanced 1.6 5.6 
cpTi machined ES Enhanced RFGDT 2.4 8.4 

Ti6AI4V machined control surface 0.5 1.9 
Ti6AI4V machined control surface RFGDT 0.8 2.8 
Ti6AI4V machined SI Enhanced 1.8 6.3 
Ti6AI4V machined SI Enhanced RFGDT 1.9 6.7 
Ti6AI4V machined ES Enhanced 1.8 6.3 
Ti6AI4V machined ES Enhanced RFGDT 2.0 7.0 
cpTi cast control surface 1.8 6.3 
cpTi cast control surface RFGDT 1.8 6.3 
cpTi cast SI Enhanced 1.6 5.6 
cpTi cast SI Enhanced RFGDT 2.4 8.4 
cpTi cast ES Enhanced 1.5 5.3 
cpTi cast ES Enhanced RFGDT 2.4 8.4 
Ti6AI4V cast control surface 1.5 6.0 
Ti6AI4V cast control surface RFGDT 2.1 7.4 
Ti6AI4V cast SI Enhanced 1.2 4.2 
Ti6AI4V cast SI Enhanced RFGDT 1.6 5.6 
Ti6AI4V cast ES Enhanced 1.7 6.0 
Ti6AI4V cast ES Enhanced RFGDT 2.4 8.4 

Fig 5 -35 (see p lO 9) shows the oxide depth of the di f feren t 

samples analyzed be fore and after RFGDT. With the exception of 

the Ti6A14V ma ch i ned ES sample all other ES enhanced samples 

had similar ox ide thickne sses of 8 .4nm. cpTi cast S1 sample 

also had a s imi l ar oxide thickness o f 8.4nm. 

The analysis s howed that the method of fabrication employed 

had a significant effect on the o x ide thickness of samples 

(p=0.0062) and it was higher for cast samples (6.47nm) than 

machined samples (5 . 32nm). Surface enhancement significantly 

increased the ox ide thickness (p=O. 0006). Control surfaces had 

a thinner ox i e (4.70nm) compared to enhanced surfaces 

(S1=6. 08 nm and ES= 6.91 nm). On average the oxide thicknes s wa s 

significantly thic ker on RFGDT samples (6 . 77nm ) than untreated 

samples (5. 03nm) (p=O. 0002). There was an interaction between 

the meth o d of f abri cation and su r fa c e enhancement and machined 

control su rf ac e s had significantly lower oxide thicknesses 
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Scanning Electron Microscope Analysis5.2.2 

5.2.2.1 Fibroblasts 

Two days 

Following seed i n g, the fibroblasts were seen to attach and 

spread , displaying an extremely flat configuration, in an 

apparent attempt t o colonize the entire substrate surface (see 

Fig 5-54 and 5-55, p124) . The cells were seen to be in c l ose 

contact with the surface of the sample discs and though a 

networ k of cel l s lS seen over the s urface, there are still 

areas where cells h a v e not spread or attached. The neighboring 

cel l s maintained contact with o ne another in a haphazard 

manner through mul t iple e xtensions , varying from ext remel y 

short to relati ve long e x tensions. The machined Ti6A14V 

contro l sample was th e only sample that had a mo nolayer of 

ce lls on its surface after 2 days and it appeared mo re intense 

than the con trol sample (see Fig 5 -5 5, p124) . With the 

proliferation and spreading of cells it was difficult to 

identify indi vidual cel l s within the continuous sheet . 
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CHAPTER 6 DISCUSSION 

Bio-acceptability is a complex issue involving all the 

phenomena that contribute to the interfacial reactions between 

host tissues and implant. The bio-acceptabili ty of Ti tanium 

has been attributed to its physical and chemical 

characteristics and the stable oxide layer that forms on its 

surface (Kasemo, 19 83) . 

Most metals form oxide layers whe n exposed to the atmosphere 

and Titanium and its alloys are no exception. Many of the 

Titanium alloys in which Titanium is present in concentrations 

of 85% to 95% maintain the passivity of pure Titanium (Parr et 

al, 1985). 

Due to the reactive nature of Titanium (see 2.1.5, p8) the 

oxide formed on its surface is dependent on the condi tions 

under which it gets oxidized. Any substance that comes into 

contact wi th the implant surface has the potential to modify 

the oxide layer (Lausmaa et al , 1990; Hellsing, 1997) 

Assuming that a true clean metal surface is available, the 

first stage is adsorption of t h e Oxygen on the metal surface, 

usually considered as a chemisorption process, which is 

assumed to invol ve a process of dissociation and at least 

partial ionization of the Oxygen l eadin g to the formation of 

ordered superlattice domains or sub-oxide platelets within the 

metal. So called "oxide nuclei" form at the surface of many 

metals and these may grow together to form a continuous layer 

of oxide. Thes e initial stages of the oxidation process depend 

on the cleanliness of th e surface, which in turn depends on 

the gaseous environment and th e puri ty of the metal. It also 

critically depends on the surface orientation and the 

roughness of the surface. Further complexi ties are introduced 

after the growth of a continuous layer of oxide on the metal 

surface, since the o x ide provides a barrier between reactants. 

If the layer is compact, diffusion processes dominate and in 
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the case of a porous oxide, the reaction may be controlled by 

phase-boundary processes. The initial stage of oxidation, if a 

continuous oxide layer is already present, is still adsorption 

of gaseous species (Louw, 1997). 

The incorporation of Oxygen into the oxide generally depends 

on the defect structure of the oxide. Diffusion of cations and 

anions across the oxide film is much slower than the electron 

transfer and can lead to space charge layers that may modify 

the transport process. The driving force for the diffusion of 

metal or Oxygen ions may be either the strong electric field 

set up across thin films of oxides, and/or the chemical 

potential gradient across thic ker oxide films or scales. The 

reaction will also normally be a function of temperature, 

Oxygen pressure an d the crystal structure and physical 

properties of the oxide on the metal (see 2.1.6, pl0) (Louw, 

1997) . 

Before the advent of Titanium Casting machines, Titanium 

products were a vailable In the wrought form and either 

machined or plastic formed to the desired shape (see 2.2, 

p12). Casting of Titan i um opened up a new era in the 

fabrication of implants. Pure Titanium has a hexagonal close­

packed structure to a body-centred cubic phase that remains 

stable up to the melting point. Titanium alloy microstructure 

is made up of two phases the alpha phase and smaller amounts 

of beta phase (see 2.1.4, p7). Casting invol ves heat treatment 

and wi th the increase in temperature, a different crystalline 

structure is produced to the wrought form (Louw, 1997). 

Miyakawa et al ( 1 996) claims that surface contaminants 

introduced as a res ul t of ca sting or surface process ing may 

influence Titanium's biocompatibility and resistance to 

corrosion ne g atively. Chemical interactions are known to occur 

between investment materials and cast samples and it is 

therefore necessary to grit blast cast surfaces to remove 

refractory material that adheres to the casting after 
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devesting (Curtis, 199 8) . According to Miyakawa et al (1989) 

the surfaces of Titanium castings exhibit a layered structure. 

Grit blasting with larger size particles may be considered to 

improve the mechanical bonding of cast Ti tani um (Papadopoulos 

et al, 1999) and grit blasting with 250)1m Alumina (A1203) has 

the potential to remove significant amounts of substances that 

could affect the end result of the prosthesis, in this 

instance its bio-acceptability (Watanabe et al, 1999) 

As it is the oxide layer of implants that makes contact with 

body tissues (see 2.4, p19), allowing direct apposi tion of 

bone to the implant surface enhancing osseointegration 

(Branemark et a 1, 1 977) r different treatments including 

tailoring of the oxide thickness, chemical composition and 

roughness, have been developed by implan t companies according 

t o proprietary preparations (Buser et al, 1991; Martin et al, 

1995; Boyan et al, 1996; Schwartz et al, 1996; Arys et al, 

1998). Howe ver as yet, overall in vitro, animal and clinical 

studies do not yield compelling conclusions about the role of 

surface composition and texture with respect to bone response 

at the interface (Brunski et al, 2000) 

Bio-acceptability of the different samples in terms of 

materials used, fabricat ion procedures employed and surface 

preparations adopted wil l be discussed in relation to the 

different surface characterizations. 

6.1 Chemical Composition 

cpT i and T i 6A14 V showed no signi f icant di f feren ces in their 

surface chemical composi tion in quanti ta ti ve (a tomic %) and 

qual i ta ti v e (composi tion) terms in disagreemen t to Kasemo & 

Lausmaa, (1991) who mentioned major differences between cpTi 

and Ti6A14V. 

Chemical analysis of sample surfaces showed had dominant 

signals for Ca rbon, Oxygen and Titanium, in agreement to other 
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studies (Lausmaa et ai, 1990; Keller et ai, 1994; Placko et 

ai, 2000). The atomic % concentration of Carbon reflects the 

amount of residues or contamination on the surface (Hellsing, 

1997) and can be assigned mainly to surface contamination by 

adsorbed carbon containing (organic) molecules, which is a 

normal observation for air-exposed surfaces (Lausmaa et ai, 

1990). RFGDT significantly reduced Carbon indicating that the 

maj or i ty of it was pre sent as a surface contaminant and that 

its presence was not related to the materials employed, 

fabrication procedures or surface enhancement. Baier & De 

Palma (1970) also reported that strongly bound hydrocarbon 

layers, the mos t common residual contamination on solid 

surfaces, could be ef fi ciently stripped by RFGDT. 

The concentration and XPS binding energy determination of the 

different oxygen peaks are important in determining the 

chemical make up of the oxide. Similar to findings by Placko 

et al, (2000) the 01s peak had a characteristic peak for Ti02 

at ~531eV. Other peaks were of metal oxides of Aluminium and 

other oxygen containing species. The significant increase in 

Oxygen concentration with RFGDT could be attributed to the 

process of plasma cleaning itself as immediately after the 

Argon plasma tr e atment the samples were oxidized ~n si tu in 

pure Oxygen at room temperature (Aronsson et al, 1997). In 

this study the atomic percent concentration of Oxygen was 

significantly influenced by RFGDT and was not related to cpTi 

or Ti6Al4V material employed or the machining and casting 

procedures or the differently enhanced surface preparations. 

The dominant Titanium peak at 457-458eV indicates that the 

oxide is mai nl y made up of Ti02 and some T i 20 3 , a s found in 

other studies (Lausmaa et al, 1989; Machnee et al 1993; Sittig 

et al 1999; Kilipadi et ai, 2000). The absence of a Titanium 

metal pea kat 45 4eV indicates tha t the oxide thickness is 

greater than t he escape depth of photoelectrons from the 

underlying Ti tanium substrate and intermediate layer, meaning 
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that the bulk material was not exposed (Lausmaa et al, 1990). 

A lower Tita n ium surface concentration is measured on the cast 

and surface enhanced samples. This can probably be attributed 

to the remnants of grit blasting over surfaces of samples. The 

Titanium su rface c o r c entration detected on cpTi and Ti6A14V 

samples was similar b u t the significant increase in Titanium 

s urface concentration after RFGDT can be explained by the 

consequent significant decrease of Carbon on the surfaces of 

samples. 

The relativel y high Aluminium concentration detected on the 

surfaces of samples can be attributed mostly to the Aluminium 

oxide used in t he gr it blasting procedures o f surface 

enhanc e ment. RFGDT was not able to influence the Aluminium 

concentration indicating that it was either strongly embedded 

into the sur f ce or because the parti c les were too huge to be 

sputtered of th e sur f a ce (see 2.6 .4.1, p39) In agreement with 

results o f t h is s tudy, Wennerberg et al (1996) also found 

relatively high atomic % levels of Aluminium (17 %) on the 

surfaces of blasted implants. Darvell et al (1995) indi cated 

the presence of up to 1 0 % atomic concen tration of Aluminium on 

the surfaces of cas tings afte r blasting was done. According to 

Kononen et al, (199 2) Aluminum is generall y known to be 

biocompatible though i t has been associated with irreversible 

enz ymat i c disturbance (B runeel & Helsen, 1988) as well as 

inhibition of the mineralization process of bone (Pilliar, 

1998) 

The presence of Sodium on samples is re lated to the process of 

fabrication and surface enhancement and its concentration was 

not affected by RFGDT. Small amounts of Sodium on implant 

sur faces do not ca use probl ems in implant use (Klauber et a 1, 

1990) and its pre sence may be important in the initial 

attachment of cell s to the surface of the implant, especially 

due to its interac tion with other inorga nic e lements within 

body tissues. 
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Most of the other inorganic contamination (Calcium, Lead, 

Zinc, Ni t rogen and Vanadium) tha t wa s introduced In smaller 

quantities as a result of surface preparation was eliminated 

by RFGOT. RFGOT also reduced the Carbon contamina tion wi th a 

resultant increase In the Oxygen and Titanium concentrations, 

but had no effect on the Aluminium or Sodium concentrations, 

in agreement with results reported by Aronsson, et al, (1997). 

The Sodium and Aluminium did not change wi th RFGOT probably 

because they are i nco rporated into the oxide layer by the 

surface preparation methods employed. The elimination of 

contaminants by RFG OT indicates that most of the contaminants 

were present at the outer most surface layer only. According 

to Aronsson et al, (1 997) normal contamination layers are 

typically restricted to one monolayer of atoms or molecules or 

less. Probably explaining why most of the contaminants 

disappear a f t er RFG OT . 

According to Saun (1982 ) contaminants in the oxide layer may 

arise from the bull<: composition through heat treatment 

processes t ha t fac i litate diffusion of the lighter elements to 

the surface and could be the explanation as to why after RFGO 

treatment only cast samples were detected as having Zirconium. 

During the recovery of Titanium from its ore a number of 

zirconium products are used and probably explains its presence 

(Seder & Pl oger, 1959) 

Absence of traces of Silicon on any of the samples analyzed 

can be related to the storing of samples under Argon in 

polypropylene containers after RFGOT. Silicon contamination is 

normally obser ved on samples stored in glass vials but not In 

polypropylene vi a l s (Esposito et al, 1999). 

The fact that differences in chemical composition are 

negligible amongst samples after RFGOT could be due to the 

high stability of the oxide formed during the RFGOT (Taborelli 

et al, 1 997) As In accordance wi th the criter ia for RFGOT 

(Aronsson et al , 19 97) the plasma cleaning process did not 
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introduce any new impurities to the surface. The reoxidation 

in situ In pure oxyg en passivates the surface and minimizes 

the subsequent formation of unintentional surface reaction 

layers (Aronsson et a l , 1997). 

The oxide la yer of cast and machined enhanced samples had 

similar elements detected that relates to the adopted 

procedure of grit blasting. Buser et al (1991) also found 

levels of Alumi n ium a nd Sodium on their sandblasted samples. 

As it is the oxide l ayer and not the metal itself that 

determines the chemical properties of the implant, the 

chemical "qual it yu of the Titanium oxide superficial layer 

together with o t her related factors become the determining 

factors of bio-acceptabili ty (see 2.6.4, p37) . The 

concentration of the Aluminium and Sodium from cast and 

enhanced samp le s co ul d probably be reduced by meticulous post 

blasting using air to dislodge the loosely adhered particles 

followed by an ultrasonic bath using distilled water for 30 

min. As no significant differences were observed between the 

different samp l es IAi i th regard to material, fabrication 

procedure or surface enhancement, it was difficult to relate 

if bio-acceptability was infl uenced by the presence of the 

different el eme n t s. 

6.2 Surface Roughness 

A major consideration in designing implants has been to 

produce surfaces that promote desirable responses in the cells 

and tissue contacting the implant. In an attempt to improve 

cell attachment various forms of dental implants are available 

with diffe r ing surface characteristics that range from 

relatively smooth machined surfaces to more roughened surfaces 

crea ted by coa t ing s, bIas ting b y various subs tances, by acid 

treatments, or by e mp loying combinations of these mentioned 

treatments (Coc h ran, 19 99). Currently, virtually all dental 
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implant manufacturers market implants that feature some f orm 

of roughened sur f ace (Coch ran, 19 99) . 

Area analysis was determined from a 3D image scan of the 

surface while Line anal ys is was determined from a line drawn 

across a 20 i ma ge scan. The importance of each va lue in the 

determination o f s urface top ography is discussed separately 

(see 2 . 6 . 2 .1, p3 3 - 34 ) . 

6.2.1 Area Analysis 

Bo th addi ti on and subtrac ti on methods can increase the surface 

area of an imp lant, but they do not necessarily make the 

implant su rface r o ugher (K l ok kev o ld, 2002). The surface 

topography o f samples was introduced by the fabrication 

procedure adopted and was not related to the material 

employed. The Ra values of ca s t samples (0 . 50)Jm) were much 

higher than machine o samp les (O .ll)Jm). Lar sson et al, (1997) 

measured a Ra value of O. 05)Jm f or machined Ti tanium surfaces 

and Buser et al, (19 98) r eported a Ra va lue of 2.0)Jm f or the 

SLA surface and a Ra o f 1.3)Jm for the Osseoti te surface. Zhu 

et al, (2002) repor t ed a Ra va lue o f 0 .340 ± O.Ol)Jm before 

being anodized and after anodizing with a voltage of 391V, 

surfaces had a Ra va lu e of 0.516 ± 0.037)Jm that was similar to 

the observed Ra v al ue o f cast samples in this study. Most 

studies on l y specify the Ra val ue s as a measure of surface 

roughness, whi c h is t o t ally inadequate as the Ra value lS the 

average deviati on o f th e prof ile from the mean line and has n o 

abili ty to di f f eren t i a te between peaks and va lleys. RMS that 

is the root mean square of the Ra va lue is inadequa te when 

reported with the Ra va lue or alone. It is important therefore 

to repo r t o t h er are a analysis values for prope r 

interpretations to be ma de (see 2 . 6 .2.1, p33). 

Cast samples analyzed had a Ra va lue of 0.50)Jm and a RMS value 

of O. 6S)Jm together wi th an avera ge height of 1.93)Jm and a 

Maximum range of 3 . 8 6 )Jm while machined samples had significant 
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lower values of Ra (O.ll~m), RMS ( 0.14~m ) , Average height 

(0 .54]Jm) and Max ~ mum range (1. 0 3]Jm) The surfaces of machined 

samples showed typical features of grooves that were 

preferentiall y oriented in the machining direction while cast 

samples showed a relatively irregular topography of peaks and 

valleys. The spa t i al relationship was different for the 

machined a n d cast samples and this difference may have 

contributed to the surface roughness parameters being much 

higher for cast samnles. 

The irregulari ; _~ c s resulting from grit-blasting treatment_ 

typically range from submicron size to approximately 10 

microns (Pi11iar, 1998). Wennerberg et a1 (1 9 96) concluded 

that surfaces created by blasting with A1203 were isotropic and 

they recommended a sur face roughnes s wi th a Ra of 1-1.4]Jm as 

being sui table f or good bone to metal fixation. Samples that 

were fabricated by casting a l so had an isotropic surface but 

with a much lowe r Ra v a l ue than that recommended by Wennerberg 

et a1, (1996). Gr it b l a sting and casting are both methods of 

surface creati o n t ha t a r e based on forming processes leading 

to isotropic sur f aces. The machined surfaces also displayed a 

similar topography because the surfaces were not really 

produced by turn i ng but by cut ting into the discs. Machining 

of implants norma l y en t ails a turning procedure (anisotropic 

surface) (see 2.6.2, p2 9). Therefore though our resul ts showI 

that the machined surfaces and the cast surfaces are similar, 

it should be remembered that the overall topography could 

differ. 

Gr it bla s ti ng not on l y ta kes away ma ter ia 1 but a Iso creates 

depression on t h e sur f ace. The blasting pressure together with 

the si ze of th e gr i t particles used could be a determining 

factor to the surface roughness of the cast samples. Cast 

surfaces were observed to have deep depressions in comparison 

to their high peaks resulting in the increase in surface area. 

According to Scac c h i (2000 ) , the requirements for an oral 
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implant design include maximum surfa ce area f o r attachment and 

primary stab i lity. 

The significant incre a s e in surface area for the 20)lm scan 

with RFGDT can be related to the intentional oxidation that is 

done after removal of contaminants during the RFGDT (Kasemo & 

Lausmaa, 1 988 b). Va rgas et al, (19 92 ) hypothesized that after 

removal o f con taminants t he remaining oxide is leveled but 

this study found a significant build up of ox ide especiall y 

over the peaks. At. 5)Jm scan only few peaks are present in 

comparison to the 2 0 )Jm scan hence ox i de needles thus formed 

from the ox id a tion process were probably too few to have a 

significant e f f ect on sur face area. 

6.2.2 Line Analysis 

Taborelli et al (1997 ) found distinct topographies introduced 

by surface p r epara t ion t h at co u ld be identified by their peak 

t o valley va lues o f mi cro roughness. 

In this study parameters o f line analysis were definitely 

higher for cas t sampl es compared to machined samples. For cast 

samples t he Ra va lue of O.31)lm was nearl y the same as the Rpm 

values of O. 3 7)lm indi cat ing that the distance of the profile 

from the mean was actu a l l y contributed to by the peaks. The Rt 

values o f 1.66)Jm we r e also approximately double th e Rp value 

of O.77)lm for cast samples, impl y ing that the peaks and 

valleys o n the surface were of appro xima tely similar distances 

from the mean. Th e Rt and Rp values contributed to the Rtm 

being nearl y double th e Rpm . The ratio of Rpm/Rtm f o r cast 

samples was 1:2 s ignifying a surface that is relatively rough 

as a l ow ratio norma l l y lS preferred for bearing surfaces. 

Wong et al (1 9 95 ) n o ted that the presence of many small peaks 

resul ted in more ef f ct i ve fixa tion of bone than a smaller 

number of highe r ea ks. We did not determine the number of 

peaks or v al l eys wi t hi n a line scan and it would have 

contributed to a be tte r surface topographical analysis, though 
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it is accepted that reported values are representative (see 

2.6.2. 1, p33-34 ) 

The Rp value for c as samples was s i gnifi ca ntly increased by 

RFGDT and the i n c rease can be explained by the oxide 

protrusions that oc c u r_ed ove r the peaks in agreement wi th 

Solar et a1 (1 979 ) 

Similar t o our f indings, Abron et a1, (2001) in their study 

rep o rted that the average surface roughnes s values (Ra) and 

the average pea k t o valley distance (Rp -v) were similar 

regardless of blasting and acid etching or incomplete blasted 

surfaces, indicating that the devia tion from the mean surface 

plane in the form of a peak or the deviation in the f orm of a 

va lley were pra c i c al l y the same. As exp lained (see 2.6.2.1, 

p33 ) the Ra value d oe s n ot differentiate peaks fr o m valleys. 

Although the cri tical level of roughness magnitudes that 

influence biologi ca l r e sponse has not yet been established, it 

is possible that cells tend to respond mo st acti ve ly to 

structures that approach their size. Thi s was the reason why 

analysis of 20 ~m s a n s for su rface t opog raphy were performed . 

Smaller points of att achments we re evaluated from the 5~m 

scan s . Determining the number of peaks and va lleys within a 

line scan could be a n added indic a tor of bio-acceptability as 

it was o bserved that the presence of peaks is necessary for 

cell attachment. From this investigation it is indicat ive that 

surface topog r aphy can be man ipulated for better bio­

acceptability. 

6.3 Depth Profile 

Titanium dioxide lS indeed the definiti ve material that 

governs the interaction between host tissue and the implant 

surface in contact with the b ody tissues, allowing the direct 

apposi tion o f bo ne to the implant surface, enhancin g 
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osseointegration (Branemark et al, 1977; Kasemo! 1983; 

Branemark et al, 198 5 ) 

The oxide thickness between cpTi and Ti6Al4V showed no 

significant differences In this study though Keller et al 

(1994) found that the oxide thickness on Titanium alloy 

oxidized surface was approximately 2 .5 times thicker than the 

oxides on cpTi. Dif ferences, if any, between the surface 

oxides formed on th e ll o y Ti6Al4 v and on unalloyed cpTi might 

play a role in t he a c cep tance (and integration) by the host 

tissue (Ask et al, 1 988) (see 2. 6 . 3 , p34-35) 

After RFGDT the mac h ined control surfaces were found to have 

the lowest oxide th 'c kness compared to other samples that were 

either cast or e nh anced, suggesting that the fabrication 

method and surface enhancement were the determining reasons 

for the significa n t l y higher oxide thickness. Machnee et al 

(1993) did not f i nd any significant differences in oxide 

thickness betl"jeen the differen tl y prepared samples they 

studied while Bin o n et al (1 992) found that the oxide 

thickness of the i mpla n t s investigated greatly depended on the 

manufacturing proce s s and cond i t ions. Lausmaa et al (1990) and 

Sittig et al (1999 ) in their studies measured oxide thickness 

of 2 -6nm depending on method of sterilization. Placko et al 

(2000), in their st ud y estimated the thickness of oxides to be 

about 3nm, similar to that found by Ong et al (1993) The 

reported difference in oxide thi c kness by authors could be 

partly attributed to the different equipment and methodologies 

adopted to measure t he Titanium oxide layer. 

RFGDT surfaces h a d a significantly thicker oxide than 

untreated sur :'aces. 1. agreeme nt, Aronsson et al (1997) 

reported that r e ox i d ation o f surfaces produces oxide 

thicknesses of ab o u t 2-1S0nm and RFGDT treatment normally 

produced a stoich ime tric Ti02 surface oxide of uniform 

thickness with no t r a c es from earlier treatments. 
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The ideal oxide th ic kn ess th a tis required f or bio­

acceptability has not been delineated by this study. In 

disagreeme n t to Ka s mo & Lausmaa (19 86) and Albrektsson et al 

(1981) who reported that the oxide layer is assumed to grow 

over time after i mp l an ta tion, Wennerberg eta 1 (1996) found 

that after implantation and removal o f the screws, the 751lm 

blasted implants ha d become smoother than before implantation 

but were still dis tingu ishable from the 251lm implants in terms 

of roughness. Arys et al (1998) also found that the Ti02 

overlay on fail e d i mp lants was considerably reduced in 

thickness or absent and speculated it to being stripped away 

either by mechani c a l stress, or being chemically modified and 

dissolved in t he mic r oen v ironme nt . Another explanation of the 

absence of the Tita ium oxide layer on to implanted implants is 

the possibility t ha t osteoclast cells phagocytosed the oxide, 

as osteoclasts are essential cells in bone remodeling (Davies 

et al, 1989). The i mp ortance o f a s toichiometr ic oxide layer 

that is not pro ne to the p hagocyt os is activity of the 

osteoclast is thus e mp h a sized. 

The overall chemical reacti on i n volved in the oxidation 

process or forma ti on o f the oxide layer can be descr ibed in 

terms of three la y e r s: (i ) a metal/oxide interface containing 

suboxides (with the metal in a l ower oxida tion state), (ii) a 

uniform crysta ll i ne oxi d e la ye r, and (iii) a thin outer layer 

where the metal is in its highest oxidation state. For alloys, 

the selective oxidati o n of the alloy components combined with 

competing ion movement govern the growth and subsequent 

structure o f the ox i d e layer (Louw, 1997). 

Cast samples had a sig n ificantly thic ker oxide than machined 

samples and can be r el ated to the fabrication process of the 

cast samples. The s t oichiometric composition of the oxide 

layer f ormed by ca s ti ng could be entirely different from that 

formed by machi n ing , re sulting i n a variation between samples. 

Other characterist i s l i ke grain size and crys tal or ientation 
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could also be cont r~ b u t ory (see 2.1.4, p7). According to Low 

et al (2001) the thicker oxide layer of cast samples is 

related to the heav y reaction layers formed during the casting 

process and increased surface area introduced by gri t 

blasting. 

Defective oxides th a t a r e formed as a result of other elements 

bonded to Oxygen an d t h e Oxygen chemi sorbed on the sur face 

could lead to its breakdown causing failure in bio­

acceptability. The type of oxide formed, amorphous in relation 

to stoichiometric c oul d be another determinant of bio­

acceptabi l ity as the surface charge at the peak may be 

dependent on the t ype o f cr ystalline structure. 

6.4 Cell Cultur ing 

Assessing the attac hmen t and growth of various cell types to a 

biomaterial in v itro offers a wel l -controlled , quantitative 

and cost effective mode l o f in~eractions at the tissue-implant 

-interface. Using the direct contact method, cells are 

cultured directly onto the material under investigation and 

observed over a period of time relative to their morphologic 

and functiona l fea t u r e s (see 2.7, p41) 

Fibroblasts were ob t ai ned from human gingival biopsies p 

according to the me th od by Kononen et al (1 9 92) and Botha 

(1995) while the os te ob l a sts-like cells used in the study were 

from a human osteo s r oma cell line. Since human cells are 

more reliable as t e s t systems t han other tissues and species 

in culture the use of , man cells was motivated. 

Viable cells were cou n t ed at predetermi ned times using a 

Neubauer haemoc y tome t e r and the Trypan-blue exc l usion method 

(Botha, 1 995). The p e r cent attachment and proliferation was 

then determined from the counts. While some researchers 

counted the unatta c h e d cells using a Coulter Counter (Bowers 

et al, 1992 ) , oth e r s counted the attached cells (Morra & 
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Cas sinell i, 1997). No ne of these methods di s tingui shed viable 

from non-viable ce ll s. In this investigation it was regarded 

as an important consideration to distinguish between viable 

and non viable cell s (se e 2.7.5, p48) 

For comparison of d a ta a base-line control is necessary and 

tissue culture pla stic was used as a control because of its 

suitable characterist i c s. Keller et al (1990) demonstrated 

that after one ho r , more than 90% of the inoculated cell 

population had atta ched to the t is sue culture plastic. Tissue 

culture plastic is plasma treated to promote cell adhesion and 

growth (Amstein & Hartman , 19 7 5) . 

The percent at tachme n t e f f icienc y and prol i fera tion of both 

fibroblast s and osteob l a s t s-li ke cells displayed a significant 

difference with t i me. They both reached their peak 

proliferation by da y 14, wi th osteoblasts-like cells reaching 

a maximum of 180 % a nd fibroblasts a maximum of 120%. At day 

28, the fibrob las ts on the control surface showed a 

significant rise in % attachment efficiency and proliferation 

while the osteoblas t s- l i ke cells showed a significant decline. 

The % attachment e ffi cie ncy and proliferation of fibroblasts 

on the surfaces o f machi ned cp'l' i and Ti6Al4V control samples 

was observed to be similar to the control unlike the cast and 

enhanced samples tha t showed a decline in relation to the 

control. This obser vation wa s probably related to the type of 

surface topography (see2.6.2, p30- 3 l) . Over time, the 9­o 

attachment efficienc y and proliferation for osteoblasts-like 

cells was obser ved to aecl ine f or most samples similar to the 

control, with the e x c ep tion of th e cast Ti6A14V control sample 

that displayed an increase in % attachment efficiency and 

proliferation as f rom da y 2 to day 28 and machined cpTi SI 

sample that mainta i ned a steady o 
<5 attachment e f f iciency and 

proliferation. Cast Ti6A14V ES sample and machined Ti6A14V SI 

sample showed a very s l i ght decline in % attachment efficiency 

and proliferation of fibroblasts from day 14 to 28. The array 
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in the display of res ul ts could not be explained from ei ther 

the chemical or topog raphical analysis but is probably related 

to the phenomena of at t achmen~ and spreading. From this 

investigation it appear s that s p reading and attachment are two 

different phenomena of cells that are determined by different 

factors. 

There were no sig n i f icant dif f erences in the % attachment 

efficiency and pro life ration of fibroblasts or osteoblasts­

like cells between the different materials used (cpTi and 

T i 6A14 V) , fabr ica tion employed (machined and cas t) or surface 

enhancemen t procedure s (con trol, S1 and ES) and the control. 

This observation cou ld have been contributed to by the 

limitations of fun ds tha permi tt ed only two readings of cell 

counts per sample. Sta ti s t ical a na l ys is thus performed was not 

able to detect dif £ rences and deductions made from these 

results should be i nt e rpreted as possible trends. 

The % attachment e f f iciency and proliferation of fibroblasts 

did not show any s t atist i cal difference between materials 

used. Machined cont r o l samples were similar to the control 

whi 1 e cas t and enh an c ed samples had a di f feren t % at tachmen t 

efficiency and proli feration ha t was much lower than the 

control. Mustafa et a1 (1998) showed that smooth surfaces 

favour f ibroblas t a t tac hrL(;n t and 1 ea s tat tachmen t occurs on 

rough surfaces (see 2.6.2, p30). The % attachment efficiency 

and proliferation o f fibrob la sts on all S1 samples and 

machined Ti 6A14 V ES and cast cpTi ES was much lower than the 

control wh i le the mach ined cpTi ES and cast Ti6A14 V ES samples 

nearly matched the control. These resul ts imply a possible 

trend that the SI surfaces are not compatible for the 

proliferation of fibro b lasts. It is possible that the reduced 

% attachment effi c i e ncy and pro l i feration of fibroblasts was 

related to the de la y In finding attachment points, as the 

surface was probably smoot her t ha n other samples. 
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The % attachment e ff ic i e ncy and proliferation for osteoblasts­

like cells did not show an y significant differences between 

samples. Machined SI samples were observed to have a higher % 

attachment efficiency and proliferation of osteoblasts-like 

cells compared to o t h er machined samples and the control. This 

observation was probabl y related to the way the ma ch ined SI 

samples were manuf actu red and t h e topography they displayed. 

The cast samples h a d a simil a r presentation to the controls 

wi th the exception 0 ca st Ti 6A1 4V control and cast cpTi ES 

samples that had a muc h higher 9-o attachment efficiency and 

proliferation (p >O . 05 ). It lS possible that these surfaces 

were smoother than th e other cast surfaces but it could also 

be rela ted to the ardne ss of t h e cast alloy material (see 

2,1.4, p6 ) and t he blasti n g procedure that produced a 

different surface topography conducive to osteoblasts-like 

cell proliferation. u merous studies have associated increased 

surface roughness wit h greater osteoblastic activity (Michaels 

et al, 1989; Bowers et a l , 1992 ; Kel ler et al, 1994; Walivaara 

et al, 1994; Trisi e t al , 1999) . Though other studies (Mustafa 

et a1, 1998; Larsson et al, 1 997) found that: bone derived 

cells behave dif f erent ly to fibroblast cells we found a 

similarity betwe e n the behaviour of fibroblast and 

osteoblasts-like c el ls. Fibroblast and osteoblasts-like cells 

are anchorage depe d a nt cells (B r nette, 1988; Zreiqat et al, 

1996) and therefo r e it can be assumed that their behaviour 

would be similar. 

The tendency of cel l s to prol i£er te on a surface appears to 

be dependent on the u r face topography (see 2.6.2, p29). From 

this investigation smoother surfaces have been observed to 

enhance proliferation and spreading probably because of the 

presence of focal contacts while on rougher surfaces % 

proliferation and a t tachment was related to the presence of 

filopodia. 
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6.5 Scanning Electron Microscopy 

Scanning Electron Microscopy of samples revealed that the 

fibroblast and osteoblasts-like cells had a similar mechanism 

of attachment and proliferation depending o n the surface 

encountered. On su rfaces wi th smoother topography cells were 

observed to be in close conta c t wi th each other and formed 

very close contact wi t h the s u rf ac e adapting to the underlying 

topography. On sur f a ces wi th a rougher topography the spread 

or suspended cell s exhib i t ed i r r egula r pol ygona 1 shapes with 

gaps or space s whe r e t . e re wa s no area of contact. As the 

adhered cells for me a l ayer of differently shaped suspended 

cells over the s urface it was difficult to determine the 

underlying topography. On surfaces that were observed to have 

a lower % proliferat ion scannin g el ectron micrographs revealed 

tha t there were a lot of empty spaces between the attached 

cells (see Fig 5-5 8, p126). 

After inoculation, c el ls sett led on the surface of samples by 

gravi tation. Thoug h we di d not v iew the different stages of 

cell adhesion, it c a be hypot he sized that once cells settle 

they react to the e n c o t ered sur face by the production of 

filopodia. Extensi ons of filopodi a are indicative of cell 

spreading (Keller e t ai, 1 99 4). Possibly the filopodia that 

are produced by the ce l l have specific functions, namely for 

exploratory purposes a n d at tachment purposes. The attachment 

filopodia are pres umably shorter in length and used for 

suspending the cell once it has attached to a point while the 

exploratory filopo d i a a re normally longer and thicker. The 

length of the exploratory filopodia is probably determined by 

the absence of at ta c hme nt si tes wi thin the vicini ty of the 

cell stimulating t h e cell 0 continue the search for 

attachment sites. I t is possible that along the path that the 

explora tory filopo d i a ta kes, a t t c hmen t filopodia are formed 

when contact points are met. Bagambisa & Joos (1990) have 
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reported filopodia of as long as l 20 ~m over the surfaces they 

studied (regular surface) 

On smooth surfaces it is ass ume d that filopodial extension of 

a cell move in all directions in search of points to adhere. 

,After a failed at temp t to fi n d points of attachment on the 

smooth surface the f i l opodia are seen to coalesce together by 

the spread of the cytoplasm to the filopodia causing the cell 

to flatten maintaini ng a circular shape. The circular shape of 

the cell is probably a result of absence of points of tension 

within the cell that cause the cytoplasm to move in different 

directions. After t e cell has f l attened there are still few 

filopodia that eme rg e and probably still in search for a point 

of attachment to wh ich it can at t ach itself. According to 

Brunette (1986b ) f ilopo' i a were found to increase in length 

wi th time and have b e en found t o pla y an important role in 

cell spreading and that contact however was not required for 

cell spreading as most isolated cel ls became fully spread. As 

the number of sp r e a d cells increased it was difficult to 

differentiate one c el l from an o t her as cells on the surface 

were viewed as a un it of cytoplasm that was in close contact 

to the underlying topography of t he surface. Shel ton et al 

(1 988) also observed that cells o n smooth surfaces eventually 

formed very close cont act wi t h the surface adapting to the 

under lying topog raph y . S i nce ce l l s are not attached but jus t 

spread over the under l ying surf c e , proliferation is probably 

an easy task as th e c e lls do not have t o detach before 

proliferation, explaining why the smoother surfaces had a 

higher % of prolife ra ted cells. 

On irregular surfaces t hat consisted of peaks and valleys 

filopodia were observed around the entire surface of the cells 

and extending in al l directions (see Fig 5-66, pl33) It is 

presumed that for a cell t o adh e re to a surface there must be 

a rea s (points) to ,vhi ch the fil opodia can a t tach and these 

points are assumed t o be the peaks. Filopodia observed were of 
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different types, some we r e short and attached to nearby peaks 

while others were ta pered and some even extended over 

depression and valleys in search of attachment sites. Ohara & 

Buck (197 9 ) found th t cells did not follow the finer surface 

contours but bridged over the g r ooved areas. Where there was 

no area of contact the cytoplasmic extensions continued over 

the surface until th ey f ound a place to attach. When cells 

that had settled e n ou n te red a surface that had surrounding 

pea ks mos t of its filop o d ia were observed to attach to these 

peaks. After attachme nt o f the filopodia to the peaks the cell 

cytoplasm was obs erved to li~~ off the surface and spread 

between its filopod' a. Oepending on the number of attachment 

points that also a c -e d as tension points the cell was observed 

to acquire its shape. Using these attached filopodia the cell 

was then able to suspend itself to the surface creating a gap 

or space beneath. It is probably the tension that is created 

within the cell that ca use s the cell to lift off the surface. 

Since most of man's funct i ons are determined by impulses due 

to different charges g ener ated, it is also assumed that for an 

attraction to occ u r b etween two surfaces they must be of 

different charge. It is possi b le that the filopodia are of a 

di ffe r ent charge to the pea ks that they see k" According to 

Tengvall & Lunds t r om (1992) T i t ani um is covered by a sur face 

layer of oxide whi ch is only wea kl y nega ti vel y cha rged under 

physiological condit: ions. It also appears that the filopodia 

are rigid enough to br i dge over surfaces in search of the 

opposite charge. Whe n a fl at or smooth surface is encountered 

there probably is no ch arge on the s u rface explaining why the 

cell spreads but oe s no t attach. According to Weiss (1978) 

most bi osur faces c a r r y a net nega ti ve sur face charge and net 

positi vely charged sur faces are not encountered in mammals. 

Many researchers (Th omas et a1, 1 98 7 ; Mustafa et a1, 1998; 

Ell in g sen, 1 9 9 8 ; La z z a rae tal, 1 9 9 9 ; Ab r on eta 1 , 2 0 0 1 ) h a ve 

reported higher bo n e -imp l ant-contact for the rougher surfaces 
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compared to the s mo o t.her sur f aces and the probable reason 

could be the many a d h e slon points over a rough surface in 

comparison to the smooth surface where cells were spread more 

but with no contact. 

The data from this study indicates that numerous parameters 

can be measured or identified as an indicator for potential 

bio-acceptability. Since there were no significant differences 

in the bio-accepta bil i t y between samples it was difficult to 

relate the effec t s o f chemical analysis of samples 

investigated. Probabl y the time interval of the study was not 

adequate enough to d e t e r mine the effects of the different 

elements found on th e s ur faces of samples with emphasis on 

Sodium and Alumini um that was introduced by the process of 

grit blasting (see 6.1, p140 ) . The immediate effect of the 

oxide thickness was a l so not obvious but the importance of an 

oxide of adequate thickness and stoichiometric make up is 

emphasized, as it wi ll prevent the dissolution of elements 

(see 2.1.5, pIO). It is also prob ably the oxide crystals that 

determine the sur f ace charge of the peaks that is necessary 

for cell attachmen t . Su r face t o pography was able to display 

its immediate effe c t s fr om t he % proliferation and attachment 

of cells. 

6.6 Bio-acce ptability 

The bio-acceptabi 1 i t y of machined and cas t cpT i and T i 6A14 V 

from results of th is investigation showed no significant 

differences in t e r ms of % attachment efficiency and 

proliferation. Sur fa ce en ha ncement that was used as a tool to 

increase the surface topography also was not able to display 

any significant dif fe rences between the control surfaces and 

the enhanced surfa ce s i n terms of % attachment efficiency and 

proliferation. Scann i ng elec t ron micrographs were able to 

emphasize the diff er e nce in cell morphology as seen on smooth 

and rough surfaces. Cells (as determined by surface analysis) 
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were found to a t t ach ra ther than to spread on the rougher 

surface s i nvestig a ted. Th e chemical analysis of cast and 

enhanced samples was similar, probably because the grit 

blasting process inf l uenced the oute r su rfa ce o f these 

samples . Grit blas ti ng was used as a method of surface 

enhancement and for the deves t ing of cast samples. The oxide 

layer was signifi c a nt l y thi cker for the cas t and enhanced 

surfaces than for the machined cont rol surfaces but no 

differences were 0 se rved in terms o f bio-acceptability. RFGDT 

was significantly able to reduce all contaminant s that were 

introduced from th e diffe r ent sample processi ng methods wi th 

the exception of Sodi um and Alumin ium that were not affected. 

The effect of Sod i um and Aluminium concentration on blo­

acceptability was n o t no ted probably due to the time interval 

of the study. 

Using the results from this investigation that has conf irmed 

the bio-acceptabil it y of cast surfaces, the fabricati on of 

cost effective imp l a n t s using Titanium alloy is possible. The 

desired strength th at the alloy poss esses together with its 

ease in availabil iL Y and affordable custom made appliances 

prepared by cast in g wo u l d have the same results in bio­

acceptability. The bio-acceptability of the fabricated cast 

Titanium alloy impl ants could also be enhanced employing grit 

blasting of specif i c size to ensure the desired surface 

topography t ha t will d etermine the peaks and valleys. RFGDT 

could be uti 1 i zed a s a method of p r oduci ng a s toichiometr ic 

ox ide for even better bio-acceptability. 
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CHAPTER 7 CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

From 	 this study that investigated the su rface characteristics 

and 	 in vitro bio-acceptability of Tit anium and Titanium alloy 

th e following can be concluded : 

1. 	 Chemi ca l Analysis: 

a) 	 Chemical and elemental composition of cpTi and 

Ti6A14V sur fa ces showed no significant differences 

when analysed for their atomic 9-o concentration and 

the curve fitting for the different elements 

detected on their surface. 

b) 	 Casti ng of samples introduced Sodium and Aluminium 

to the surface in comparison t o the ma chi ning of 

samples that did not have these elements on their 

surfaces. The Oxygen peak of cast samp l es showed 

more sub peaks from peak fitting compared to the 

machined samples and the Titanium peak indicated 

mostly Ti02 · 

c) Surfa ce enhancement of samples regardless of the 

si ze of gri t particl e s used introduced the presence 

of Sodium and Aluminium onto the surface of the 

samples . 

2. 	 Surfa ce topogr ap hy 

a) 	 Materials used (cpTi and Ti6A14V) in the fabrication 

of samples were of no significance in determining 

the surface topography of t he samples . 

b) 	 Surface topography was de t ermined by the fabrication 

procedure and the cast sample s were found to have a 
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significant l y rougher surface topography compared to 

machined samples. 

3. 	 Depth profiles 

a) The oxide thickness of the different materials used 

(cpTi and Ti6A14V) for the preparation of samples 

was not statistically different. 

b) 	 The cas t samples had a significantly higher oxide 

thickness than the machined samples . 

c) 	 Surface enhancement significantly increased the 

oxide thickness. 

4. 	 Radio Frequency Glow Discharge Treatment (RFGDT) 

a) 	 There was a significant reduction in the surface 

Atomic 9-o concentration of Carbon and a resultant 

significant increase in Oxygen and Titanium with 

RFGDT. Aluminium and Sodium were not affected by 

RFGDT but most of the smaller signals from Calcium, 

Zinc, Lead, Ni t rogen, etc were removed from surfaces 

by RFGDT. 

b) 	 Surface a re a of samples and the Rp value of the 20~m 

scan were significantly increased by RFGDT. 

c) 	 The oxide thickness was significantly increased by 

RFGDT. 

5. 	 Bio-acceptability 

a) 	 Fibroblasts were observed to increase their % 

attachment efficiency and proliferation (%AEP) with 

time whil e osteoblasts-like cells were observed to 

decrease their %AEP with time. 
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b) 	 The reac t ion of fibroblasts and osteoblasts-like 

cells to cpTi and Ti6A14V showed no significant 

differences between the materials. 

c) 	 Though no significant differences were found between 

the machi e d and cast samples in terms of %AEP of 

fibroblasts and osteoblasts-like cells, machined 

samples were observed to have a higher %AEP than 

cast samples. 

d) 	 Surface enhancement of samples showed no significant 

differences in the %AEP of fibroblasts and 

osteoblasts-like cells. Machined cpTi ES enhanced 

samples h d a similar %AEP of fibroblasts to the 

con trol, u n l i ke the other enhanced samples tha thad 

a much lower %AEP. Machined Ti6A14V SI and cast 

Ti6A14V c o n trol samples had relatively higher %AEP 

for osteobl asts-like cells than the other samples. 

e) 	 Scanning El ectron Micrographs revealed that cells 

over the machined control samples had spread and 

prolifera t e d more than the other samples showing the 

underlying topography of the sample. Cells on the 

cast and enhanced surfaces were observed to have 

attached to the pea ks and were not in con tact with 

the unde r lying surface but suspended over the 

surface a of i r regular shapes. 

f) 	 After di ff e rent surface characterization processes, 

cast cpTi and Ti6A14V samples showed similar results 

in terms of bio-acceptabili ty when compared to the 

proprieta r y innovative characterized implant 

surfaces. 
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7.2 Reconunendations 

The results from thi s study identified numerous opportunities 

for future research: 

1) 	 Further development and testing of the cast surfaces are 

needed to opti i se the blasting particle size for the 

devesting o f cast samples and to determine the degree of 

roughness desired for better osseointegration. 

2 ) The long-term effect of the blasting particles 

(A lumin i um) tha t get embedded onto the surface should be 

analysed for t h e ir effect on bio-acceptability. 

3) 	 Alternative methods of devesting of cast samples should 

be evaluated. 

4) 	 The optimal oxide thickness and the stoichiometry of the 

cast samp l es s . o uld b e defined and evaluated. 

5) 	 Increased used of cast Titanium in the dental fraternity 

will depend on clinical trials to compare the 

effectiveness of cast Titanium as an equivalent or 

superior design for osseointegration. 

6) 	 As cas t ing ch an ges the crys tall i ne s truct ure, further 

investigations s hould lin k the relationship of the oxide 

formed to the un derlying crystalline structure. 

7) 	 Further study of cellular and tissue responses , 

particu l ar l y long-term studies of e xpression of cell 

phenot ype , wo u ld help explicate the importance of surface 

micro-morpho log y on biological response. 

8) 	 The di ff erence between cell attachment and spreading 

should be defi ne d, as there may be a difference between 

contact, initial adhesion, later adhesion and detachment 

before mi tosis. 
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9) 	 The op t imal RFGDT of cast samples for better bio­

acceptabil i t y sh ould be elucidated. 

10) 	 Histomorphomet r ic analysis of cast samples following 

defined surface topography. 

11) 	 Further studies are warranted to determine the effect of 

surface roug h ness on osteoblasts attachment and 

proliferation. 

12) 	 Comparative biological evaluation of cast samples in 

relation to mac hi ned samples using epithelial cells will 

indicate its bio-acceptability in terms of the cast 

surface. 

13) 	 De fining t h e p e a k and valley heights and di stance on the 

surface of cast samples will help to determine the 

optimal deviation for improved attachment of cells. 
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ADDENDUM A 

Fibroblasts counts X dilution factor X 10 4 


Seeding concentration was 10.58 X 104 cells.mrl. 


-...,J 
00 

Time Day 1 
Sample Mic Mic Ave % Mic Mic 

1 2 1 2 
Control 4.76 4.86 4.82 45.52 5.94 6.32 
cpTi mach cont 3.26 4.76 4.01 37.81 6.22 6.66 
cpTi mach SI 4.00 5.12 4.56 43.06 4.22 5.26 
cpTi mach ES 2.00 3.66 2.84 26.78 3.14 3.42 
Ti6AI4 V mach cont 2.66 4.47 3.70 35.05 5.20 4.80 
Ti6AI4V mach SI 4.44 4.00 4.22 39.91 3.56 5.50 

'TI6A14V mach ES 2.00 5.72 3.86 36.46 5.12 4.88 
cpTi cast cont 6.00 6.40 6.20 58.60 3.72 3.76 
cpTi cast SI 

cpTi cast ES 4.00 5.34 4.66 44.11 3.26 5.40 
Ti6AI4 V cast cont 3.12 4.86 3.98 37.66 4.50 6.58 
Ti6AI4 V cast SI 5.80 3.78 4.78 45.26 7.00 5.00 
Ti6AI4 V cast ES 4.00 ~86 3.42 ~41 5.60 4.58 

Day 2 
Ave 

6.13 
6.44 
4.74 
3.28 
5.00 
4.52 
5.00 
3.74 

4.32 
5.54 
6.00 
5.08 

Day 14 Day 28 
% Mic Mic Ave % Mic Mic Ave % 

1 2 1 2 
58.01 13.08 11 .58 12.29 115.72 13.54 13.34 13.42 126.96 
60.91 9.42 10.75 10.80 95.36 13.40 14.40 13.90 131.38 
44.76 11.00 9.50 10.26 96.88 6.44 4.40 5.42 51.25 
31 .06 16.40 13.60 15.00 141.78 13.60 11.80 12.70 120.04 
47.26 16.60 12.44 14.52 137.26 11.40 17.26 14.32 135.40 
42.80 11.50 12.60 12.06 113.89 7.78 3.76 5.76 54.48 
47.26 17.80 12.80 15.30 144.61 4.40 5.00 4.70 44.42 
35.28 9.78 12.00 10.88 102.92 2.88 5.00 3.94 37.28 

40.88 14.20 15.20 14.70 138.94 7.12 4.76 5.94 56.05 
52.32 19.20 20.20 19.70 186.20 7.76 6.50 7.12 67.34 
56.71 13.80 13.00 13.40 126.65 3.60 4.66 4.14 39.07 
48.07 17.20 16.80 17.00 160.68 10.00 10.26 10.12 95.70 

 
 
 



ADDENDUM B 

Osteoblasts counts X dilution factor X 10 4 

Seeding concentration was 11 .0 X 104 cells.mrl . 

-..) 
\0 

Time 
Sample 
Control 

cpTi mach cont 
cpTi mach SI 

cpTi mach ES 

Ti6Al4 V mach cont 

Ti6Al4 V mach SI 

Ti6Al4V mach ES 

cpTi cast cont 

cpTi cast SI 

cpTi cast ES 

Ti6A14 V cast cont 

Mic 1 
11.2 
12.2 
10.7 
11.3 
10.9 
7.1 
8.3 
9.7 
8.8 
10.2 
7.3 

2 
Mic 2 
13 .7 
16.2 
13 .2 
12.6 
11.8 
8.3 
11.3 
13.6 
12.5 
10.9 
8.7 

days 
Ave 
12.5 
14.2 
12.0 
11.9 
11.3 
7.7 
9.8 
11.6 
10.7 
10.5 
8.0 

% 
113.8 
129.1 
108.5 
108.4 
103.1 
69.8 
89.0 
105.8 
96.8 
95 .9 
7.7 

Mic 1 
22.8 
16.8 
12.0 
14.4 
21.6 
22.0 
19.2 
12.4 
34.4 
28 .2 
18.0 

14 days 
Mic 2 
18.4 
17.6 
12.8 
10.6 
10.0 
20.0 
13.4 
9.8 
19.2 
20.2 
11.8 

Ave 
20.6 
17.2 
12.4 
12.5 
15.8 
21.0 
16.3 
11.1 
26.8 
24.2 
14.9 

% 
187.7 
156.4 
112.7 
113.4 
143 .6 
190.9 
148.2 
100.9 
243.6 
220.0 
135.4 

Mic 1 
2.9 
4.2 
14.2 
6.6 
3.3 
18.8 
3. 6 
2.0 
5.3 
6.2 

25.8 

28 days 
Mic 2 

3.1 
7.4 
11.0 
6.4 
2.0 
19.6 
5.1 
3.6 
5.1 
6.2 
18.2 

Ave 
3.0 
5.8 
12.6 
6.5 
2.7 
19.2 
4.3 
2.8 
5.2 
6.2 

22.0 

% 
27.3 
52.8 
114.6 
59.3 
24.2 
174.6 
39.5 
25. 5 
47.5 
56.5 

200.0 
Ti6Al4V cast SI 

Ti6AI4 V cast ES 
11.2 
8.8 

14.0 
6.0 

12.6 
7.4 

114.6 
67.3 

20.0 
21.8 

22.4 
18.4 

21.2 
20.1 

192.7 
182.7 

5.8 
18 .6 

6.4 
14.4 

6.1 
16.5 

55.4 
150.0 

 
 
 



ADDENDUM C 

Area Analysis 

Area Ra values of the different samples analysed - 20)lm scan 

Samples I II III IV V Aver 
cpTi m ach cont 0.076 0.19 0.146 0.176 0.113 0.1402 
cpTi mach cont RFGDT 0.13 0.086 0.062 0.085 0.126 0.0978 
Ti6Al4V mach cont 0.082 0.089 0.083 0.143 0.045 0.0884 
Ti6Al4V mach cont RFGDT 0.12 0.107 0.17 0.162 0.16 0.1438 
cpTi cast cont 0.422 0.685 0.541 0.531 0.419 0.5196 
cpTi cast cont RFGDT 0.702 0.524 0.538 0.97 0.5 0.6468 
Ti6Al4V cast cont 0.597 0.195 0.311 0.682 0.463 0.4496 
Ti6A 14V cast cont RFGDT 0.454 0.366 0.268 0.555 0.417 0.412 

Area Ra values of the different samples analysed - 5)lm scan 

Samples I II III IV V Aver 
cpTi mach cont 0.051 0.045 0.041 0.112 0.049 0.0596 
cpTi mach cont RFGDT 0.156 0.035 0.033 0.061 0.041 0.0652 
Ti6AI4 V mach cont 0.082 0.071 0.105 0.105 0.047 0.082 
Ti6AI4V mach cont RFGDT 0.111 0.075 0.157 0.117 0.071 0.1062 
cpTi cast cont 0.319 0.161 0.222 0.499 0.108 0.2618 
cpTi cast cont RFGDT 0.427 0.123 0.213 0.432 0.159 0.2708 
Ti6Al4 V cast cont 0.185 0.089 0.32 0.351 0.333 0.2556 
Ti6Al4V cast cont RFGDT 0.402 0.244 0.05 0.176 0.132 0.2008 

Area RMS values of the different samples analysed -20)lm scan 

Samples I II III IV V Aver 
cpTi mach cont 0.093 0.219 0.176 0.219 0.153 0.172 
cpTi mach cont RFGDT 0.173 0.106 0.08 0.11 0.167 0.1272 
Ti6Al4V mach cont 0.103 0.108 0.106 0.175 0.059 0.1102 
Ti6Al4V mach cont RFGDT 0.15 0.136 0.218 0.195 0.209 0.1816 
cpTi cast cont 0.562 0.835 0.673 0.676 0.522 0.6536 
cpTi cast cont RFGDT 0.877 0.609 0.682 1.14 0.651 0.7918 
Ti6Al4V cast cont 0.736 0.227 0.393 0.832 0.584 0.5544 
Ti6Al4V cast cont RFGDT 0.578 0.467 0.329 0.711 0.525 0.522 
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Area RMS values of the different samples analysed - 5)lm scan 

Samples I II III IV V Aver 
cpTi mach cant 0.076 0.057 0.061 0.112 0.063 0.0738 
cpTi mach cant RFGDT 0.2 0.051 0.04 0.077 0.05 0.0836 
Ti6A14V mach cant 0.098 0.087 0.122 0.144 0.056 0.1 014 
Ti6A14V mach cant RFGDT 0.146 0.097 0.178 0.138 0.089 0.1296 
cpTi cast cant 0.402 0.214 0.272 0.58 0.14 0.3216 
cpTi cast cant RFGDT 0.512 0.173 0.267 0.497 0.233 0.3364 
Ti6A 14 V cast cant 0.238 0.104 0.381 0.441 0.405 0.3138 
Ti6A14V cast cant RFGDT 0.497 0.297 0.062 0.212 0.166 0.2468 

Surface Area values of the different samples analysed - projected area of 400)lm2 scan 

Samples I II III IV V Aver 
cpTi mach cant 412.7 413.8 418.1 422.5 413.8 416.18 
cpTi mach cant RFGDT 425.5 412.8 410.6 417.8 415 416.34 
Ti6A 14V mach cant 415.8 417.2 415.9 416.7 409.4 415 
Ti6A14V mach cant RFGDT 426.9 420.2 417.2 433.8 427 425.02 
cpTi cast cant 532 568.7 534.1 523.2 50l.6 53l.92 

559.14cpTi cast cant RFGDT 573.2 499.1 602.7 627 .9 492.8 
Ti6A14V cast cant 570.3 434.3 472.1 547.6 517 508 .26 
Ti6AI4V cast cant RFGDT 585.7 559.9 424.8 579 526.9 535 .26 

Surface Area values of the different samples analysed - projected area of 25 )lm2 scan 

Samples I II III IV V Aver 
cpTi mach cant 27.51 26.66 26.72 28.24 2.64 27.15 
cpTi mach cant RFGDT 28.29 26 .01 25.8 26 .58 26.13 26 .56 
Ti6A14 V mach cant 27.26 27.0 27 .9 28.79 25 .6 27.31 
Ti6Al4V mach cant RFGDT 28.6 27.2 27.0 29.3 2l.8 28.04 
cpTi cast cant 36.87 30.87 31.17 35.94 29.43 32.86 
cpTi cast cant RFGDT 40.66 29.42 33 .83 36.42 3l.01 34.2 
Ti6A14V cast cant 3l.88 28.26 36.76 4l.35 36.47 34.94 
Ti6AI4V cast cant RFGDT 39.3 37.71 25.75 29.74 29.45 32.39 

Maximum range values of the different samples analysed - 20)lm scan 

Samples I II III IV V Aver 
cpTi mach cant 0.812 0.963 1.022 1.19 1.22 1.0414 
cpTi mach cant RFGDT 1.24 l.017 0.47 0.897 1.136 0.952 
Ti6AI4V mach cant 0.817 0.949 0.752 l.518 0.602 0.9276 
Ti6AI4V mach cant RFGDT 1.001 1.237 l.137 l.319 1.341 1.207 
cpTi cast cant 4.046 4.607 3.918 4.201 2.93 3.9404 
cpTi cast cant RFGDT 5.856 2.826 4.702 5.448 3.951 4.5566 
Ti6AJ4 V cast cant 4.525 1.152 2.737 4.261 3.83 3.301 
Ti6A14V cast cant RFGDT 3.838 3.509 2.063 4.483 4.477 3.674 
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Maximum range values of the different samples analysed - 5)lm scan 

Samples I II III IV V Aver 
cpTi mach cont 0.699 0.333 0.512 0.647 0.359 0.51 
cpTi mach cont RFGDT 0.917 0.351 0.199 0.423 0.25 0.428 
Ti6A14 V mach cont 0.46 0.463 0.528 0.942 0.242 0.527 
Ti6Al4V mach cont RFGDT 0.972 0.591 0.632 0.616 0.571 0.6764 
cpTi cast cont 1.843 1.152 1.466 2.47 1.14 1.6142 
cpTi cast cont RFGDT 2.516 1.138 1.666 2.108 1.489 1.7834 
Ti6A14V cast cont 1.487 0.51 1.693 2.446 2.124 1.652 
Ti6A14V cast cont RFGDT 2.347 1.846 0.314 1.097 0.972 1.3152 

Average height values of the different samples analysed - 20)lm scan 

Samples I II III IV V Aver 
cpTi mach cont 0.535 0.633 0.614 0.779 0.363 0.5848 
cpTi mach cont RFGDT 0.83 0.348 0.241 0.36 0.416 0.439 
Ti6Al4V mach cont 0.509 0.569 0.485 1.151 0.459 0.6346 
Ti6Al4V mach cont RFGDT 0.499 0.627 0.437 0.519 0.579 0.5322 
cpTi cast cont 1.948 2.185 1.821 2.415 1.042 1.8822 
cpTi cast cont RFGDT 3.463 1.245 2.311 2.926 1.102 2.2094 
Ti6Al4V cast cont 2.583 0.509 1.274 1.99 2.35 1.7412 
Ti6Al4V cast cont RFGDT 1.583 1.639 0.905 2.921 2.562 1.922 

Average height values of the different samples analysed - 51lm scan 

Samples I II III IV V Aver 
cpTi mach cont 0.455 0.195 0.126 0.365 0.187 0.2656 
cpTi mach cont RFGDT 0.421 0.244 0.108 0.204 0.114 0.2182 
Ti6Al4V mach cont 0.271 0.312 0.281 0.763 0.106 0.3466 
Ti6Al4V mach cont RFGDT 0.361 0.258 0.359 0.232 0.355 0.313 
cpTi cast cont 0.83 0.429 0.587 1.184 0.377 0.6814 
cpTi cast cont RFGDT 1.495 0.451 0.842 0.91 0.326 0.8048 
Ti6Al4V cast cont 0.626 0.192 0.724 1.055 1.164 0.7522 
Ti6Al4V cast cont RFGDT 0.898 0.811 0.144 0.501 0.572 0.5852 
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ADDENDUM D 

Line Analysis - 20pm scans 

Ra values of20llm scan line analysis 

00 
w 

I II 
cpTi mach cont 0.04 0.06 

cpTi mach cont 0.1 0.10 
RFGDT 
Ti6Al4V mach cont 0.09 0.07 

Ti6A14 V mach cont 0.16 0.10 
RFGDT 
cpTi cast cont 0.54 0.30 

cpTi cast cont 0.53 0.71 
RFGDT 
Ti6Al4 V cast cont 0.52 0.50 

Ti6Al4V cast cont 0.32 0.44 
RFGDT 

III IV V VI VII 
0.06 0.18 0.18 0.20 0.16 

0.09 0.07 0.07 0.06 0.07 

0.06 0.09 0.08 0.09 0.10 

0.10 0.08 0.07 0.11 0.03 

0.17 0.22 0.52 0.48 0.53 

0.78 0.51 0.60 0.46 0.33 

0.57 0.17 0.18 0.20 0.22 

0.46 0.28 0.40 0.39 0.19 

VIII IX X XI XII XIII XIV V Aver 
0.09 0.12 0.20 0.11 0.10 0.8 0.09 0.13 0.12 

0.04 0.05 0.13 0.05 0.09 0.15 0.12 0.08 0.08 

0.69 0.05 0.14 0.13 0.12 0.05 0.03 0.03 0.08 

0.10 0.21 0.18 0.13 0.12 0.13 0.14 0.14 0.12 

0.52 0.32 0.26 0.69 0.56 0.28 0.16 0.50 0.40 

0.66 0.42 0.62 0.79 1.16 0.68 0.42 0.20 0.59 

0.16 0.33 0.42 0.58 0.82 0.29 0.43 0.43 0.39 

0.08 0.30 0.52 0.26 0.51 0.39 0.30 0.24 0.34 

 
 
 



Rp values of 20flm scan line analysis 

00 
~ 

cp Ti mach cont 

cpTi mach cont 
RFGDT 
Ti6Al4V mach cont 

Ti6Al4 V mach cont 
RFGDT 
cp Ti cast cont 

cpTi cast cont 
RFGDT 
Ti6Al4V cast cont 

Ti6Al4V cast cont 
RFGDT 

I 
0.14 

0.19 

0.18 

0.39 

1.30 

1.10 

1.08 

1.04 

II 
0.13 

0.23 

0.17 

0.26 

1.16 

1.17 

0.96 

1.15 

III 
0.18 

0.30 

0.20 

0.23 

0.44 

1.63 

0.94 

2.08 

IV 
0.24 

0.17 

0.25 

0.18 

0.87 

1.34 

0.33 

0.91 

V 
0.24 

0.19 

0.16 

0.27 

1.06 

1.36 

0.36 

1.46 

VI 
0.29 

0.16 

0.20 

0.42 

0.88 

1.23 

0.42 

1.03 

VII 
0.29 

0.18 

0.26 

0.08 

1.18 

0.090 

0.39 

0.34 

VIII 
0.16 

0.17 

0.13 

0.18 

0.86 

1.06 

0.26 

0.32 

IX 
0.24 

0.13 

0.12 

0.35 

0.79 

1.29 

0.83 

0.95 

X 
0.37 

0.52 

0.28 

0.32 

1.01 

1.32 

0.78 

1.10 

XI 
0.20 

0.13 

0.25 

0.39 

1.53 

1.94 

1.21 

0.71 

XII 
0.28 

0.18 

0.22 

0.32 

1.06 

2.67 

2.18 

1.08 

XIII 
2.36 

0.30 

0.09 

0.38 

0.61 

1.74 

0.64 

1.19 

XIV 
0.28 

0.44 

0.08 

0.29 

0.38 

1.93 

1.23 

0.68 

V 
0.47 

0.30 

0.09 

0.55 

1.55 

0.75 

0.82 

0.60 

Aver 
0.25 

0.24 

0.18 

0.31 

0.98 

1.47 

0.83 

0.98 

 
 
 



--

Rpm values of 20 )lm scan line analysis 

00 

VI 


I II III IV V VI VII VIII IX X XI XII XIII XIV V Aver 
cpTi mach cont 0.07 0.07 0.08 0.11 0.13 0.14 0.11 0.08 0.06 0.24 0.13 0.12 0.09 0.09 0.12 0.11 

cpTi mach cont 0.12 0.16 0.16 0.08 0.09 0.11 0.08 0.07 0.08 0.16 0.07 0.11 0.17 0.13 0.11 0.11 
RFGDT 
Ti6A14 V mach cont 0.12 0.10 0.09 0.11 0.08 0.10 0.09 0.09 0.05 0.09 0.10 0.11 0.06 0.03 0.04 0.08 

Ti6A14 V mach cont 0.24 0.14 0.12 0.10 0.16 0.12 0.02 0.07 0.13 0.23 0.25 0.17 0.16 0.13 0.16 0.15 
RFGDT 
cpTi cast cont 0.75 0.60 0.28 0.33 0.78 0.50 0.54 0.58 0.37 0.45 0.67 0.58 0.31 0.18 0.64 0.50 

cpTi cast cont 0.53 0.72 0.72 0.64 0.43 0.50 0.46 0.62 0.58 0.73 0.98 1.19 0.59 0.54 0.25 0.63 
RFGDT 
Ti6A14V cast cont 0.63 0.58 0.66 0.16 0.17 0.20 0.17 0.17 0.43 0.28 0.56 0.69 0.38 0.55 0.43 0.40 

Ti6A14V cast cont 0.50 0.64 0.71 0.46 0.46 0.53 0.13 0.09 0.28 0.61 0.45 0.31 0.50 0.44 0.35 0.43 
RFGDT 

-

 
 
 



Rt values of 20 !lm scan line analysis 

00 
0\ 

I II 
cpTi mach cont 0.26 0.29 

cpTi mach cont 0.52 0.63 
RFGDT 
Ti6Al4V mach cont 0.40 0.40 

Ti6Al4V mach cont 0.76 0.51 
RFGDT 
cpTi cast cont 2.85 l.95 

cp Ti cast cont 2.41 4.27 
RFGDT 
Ti6Al4V cast cont 3.61 2.25 

Ti6A14V cast cont 1.84 2.20 
RFGDT 

III IV V VI VII 
0.34 0.68 0.69 0.89 0.65 

0.59 0.32 0.32 0.32 0.35 

0.40 0.44 0.34 0.40 0.48 

0.56 0.45 0.48 0.62 0.14 

1.30 2.35 3.86 l.94 2.02 

4.10 2.28 2.35 2.52 l.77 

2.82 0.77 0.76 0.88 0.94 

3.06 l.68 2.69 2.09 0.92 

-

VIII IX X XI XII XIII XIV V Aver 
0.41 0.50 0.84 0.56 0.65 0.39 0.47 0.74 0.56 

0.36 0.30 0.77 2.82 0.40 0.67 0.75 0.54 0.47 

0.5 0.27 0.55 0.53 0.50 0.24 0.21 0.26 0.40 

0.47 0.75 0.82 0.69 0.68 0.86 0.71 l.04 0.64 

l.91 l.53 1.97 3.06 2.63 l.28 0.87 2.68 2.15 

2.74 2.76 2.67 3.75 5.07 2.38 2.32 l.64 2.87 

0.81 l.66 l.78 3.32 3.69 1.96 2.30 2.42 2.00 

0.60 1.43 2.39 1.47 2.44 2.15 2.00 l.26 1.88 

 
 
 



Rtm values of 20 )lm scan line analysis 

00 
-...J 

I II III IV V VI VII VIII IX X XI XII XIII XIV V Aver 
cpTi mach cont 0.15 0.15 0.18 0.26 0.27 0.30 0.23 0.16 0.16 0.52 0.25 0.24 0.17 0.19 0.26 0.23 

cpTi mach cont 
RFGDT 

0.29 0.32 0.30 0.17 0.16 0.21 0.18 0.17 0.18 0.32 0.15 0.20 0.29 0.26 0.22 0.23 

Ti6A14V mach cont 0.27 0.21 0.20 0.22 0.16 0.23 0.24 0.24 0.14 0. 20 0.2 1 0.2 0.15 0.10 0.12 0.19 

Ti6Al4V mach cont 
RFGDT 

0.45 0.31 0.22 0.24 0.26 0.26 0.04 0.14 0.28 0.49 0.45 0.40 0.39 0.33 0.40 0.31 

cpTi cast cont 1.31 1.02 0.65 0.73 1.45 1.13 1.04 1.07 0.80 1.06 1.48 1.14 0.59 0.42 1.34 1.02 

cpTi cast cont 
RFGDT 

1.42 1.62 1.55 1.25 0.82 0.98 0.86 1.54 1.13 1.53 1.78 2.11 0.85 0.85 0.57 1.26 

Ti6Al4 V cast cont 1.25 1.44 1.58 0.33 0.34 0.42 0.38 0.38 0.84 0.69 1.13 1.25 0.80 1.04 1.18 0.87 

Ti6Al4 V cast cont 
RFGDT 

1.06 1.34 1.32 0.96 0.99 0.96 0.29 0.18 0.45 1.09 0.93 0.75 0.93 0.96 0.77 0.87 

 
 
 



ADDENDUM 

Line - 5pm scans 

scan 

 
 
 



Rp values of 5)..lm scan line analysis 

00 
'D 

I II III IV V VI VII VIII IX X XI XII XIII XIV V Aver 
cp Ti mach cont 0.08 0.08 0.13 0.09 0.06 0.08 0.11 0.07 0.12 0.16 0.20 0.24 0.13 0.12 0.09 0.09 

cpTi mach cont 
RFGDT 

0.18 0.50 0.38 0.10 0.03 0.06 0.10 0.07 0.05 0.06 0.08 0.05 0.05 0.08 0.12 0.12 

Ti6Al4V mach cont 0.10 0.11 0.08 0.08 0.07 0.08 0.16 0.15 0.24 0.09 0.11 0.14 0.10 0.09 0.11 0.11 

Ti6Al4 V mach cont 
RFGDT 

0.22 0.28 0.16 0.17 0.19 0.15 0.10 0.04 0.04 0.28 0.30 0.28 0.16 0.16 0.16 0.16 

cp Ti cast cont 0.48 0.60 0.59 0.64 0.48 0.33 0.37 0.73 0.53 l.10 l.04 l.16 0.19 0.24 0.21 0 .2 1 

cp Ti cast cont 
RFGDT 

0.45 0.63 0.90 0.18 0.43 0.27 0.37 0.41 0.31 0.06 0.88 0.87 0.41 0.17 0.22 0.22 

Ti6Al4 V cast cont 0.68 0.25 0.41 0.23 0.17 0.19 0.73 0.72 0.56 0.60 0.62 l.22 0.40 0.49 0.52 0.52 

Ti6Al4V cast cont 
RFGDT 

0.51 0.73 0.48 0.37 0.59 0.34 0.09 0.10 0.07 0.26 0.26 0.24 0.32 0.25 0.20 0.20 

 
 
 



Rpm values of 5/J-m scan line analysis 

\0 
o 

I II III 
cpTi mach cont 0.03 0.03 0.08 

cpTi mach cont 0.04 0.15 0.10 
RFGDT 
Ti6Al4V mach cont 0.04 0.07 0.04 

Ti6Al4V mach cont 0.07 0.12 0.07 
RFGDT 
cpTi cast cont 0.14 0.22 0.27 

cpTi cast cont 0.22 0.32 0.33 
RFGDT 
Ti6Al4V cast cont 0.19 0.16 0.17 

Ti6Al4V cast cont 0.27 0.26 0.22 
RFGDT 

- -

IV V VI 
0.05 0.04 0.04 

0.02 0.01 0.03 

0.05 0.04 0.06 

0.07 0.07 0.05 

0.13 0.19 0.07 

0.06 0.12 0.11 

0.08 0.07 0.07 

0.14 0.19 0.14 

- - - -

VII VIII IX X XI XII XIII XIV V Aver 
0.03 0.02 0.03 0.03 0.05 0.07 0.04 0.05 0.05 0.04 

0.05 0.02 0.02 0.03 0.03 0.02 0.03 0.05 0.04 0.04 

0.08 0.08 0.10 0.07 0.05 0.07 0.03 0.03 0.03 0.06 

0.04 0.01 0.01 0.12 0.07 0.11 0.08 0.09 0.07 0.07 
I 

0.11 0.21 0.17 0.36 0.35 0.37 0.06 0.08 0.13 0.19 

0.19 0.15 0.13 0.30 0.23 0.26 0.09 0.03 0.04 0.17 

0.28 0.23 0.20 0.19 0.22 0.34 0.12 0.17 0.27 0.18 

0.02 0.03 0.03 0.13 0.10 0.06 0.16 0.11 0.10 0.13 

 
 
 



\0 

Rt values of 511m scan line analysis 

I II III IV V VI VII VIII IX X XI XII XIII XIV V Aver 
cpTi mach cont 0.15 0.16 0.32 0.23 0.21 0.24 0.21 0.13 0.16 0.33 0.39 0.46 0.20 0.18 0.24 0.24 

cpTi mach cont 0.32 0.82 0.55 0.20 0.06 0.20 0.19 0.12 0.10 0.16 0.17 0.13 0.16 0.18 0.22 0.24 
RFGDT 
Ti6Al4V mach cont 0.25 0.29 0.13 0.20 0.16 0.26 0.31 0.40 0.37 0.45 0.47 0.34 0.42 0.17 0.17 0.29 

Ti6Al4V mach cont 0.39 0.50 0.43 0.27 0.38 0.30 0.20 0.11 0.10 0.42 0.41 0.43 0.38 0.34 0.32 0.33 
RFGDT 
cpTi cast cont 0.91 1.46 1.18 0.95 0.83 0.55 0.77 1.31 0.89 1.76 1.79 2.16 0.30 0.55 0.47 1.06 

cpTi cast cont 1.21 1.69 2.23 0.29 0.72 0.54 0.75 0.92 0.72 1.33 1.34 1.54 0.60 0.36 0.41 0.98 
RFGDT 
Ti6Al4V cast cont 0.94 0.58 0.89 0.41 0.34 0.35 1.45 1.34 1.04 1.28 1.10 2.37 1.37 1.11 1.21 1.05 

Ti6Al4V cast cont 0.97 1.17 1.16 1.02 0.96 0.70 0.20 0.18 0.15 0.56 0.53 0.48 0.59 0.61 0.57 0.66 
RFGDT 

- _ ~L --­ - ~ - - - - - - - - -­ - -­ -­ - '-----­ - - -

 
 
 



Rtm values of 5J.lm scan line analysis 

I II III IV V VI VII VIII IX X XI XII XIII XIV V Aver 
cpTi mach cont 0.06 0.07 0.17 0.12 0.10 0.12 0.07 0.05 0.06 0.10 0.12 0.15 0.07 0.08 0.10 0.10 

cpTi mach cont 
RFGDT 

0.07 0.28 0.20 0.05 0.05 0.08 0.12 0.06 0.05 0.08 0.07 0.04 0.07 0.11 0.10 0.10 

Ti6A14V mach cont 0.08 0.13 0.12 0.09 0.14 0.11 0.17 0.17 0.19 0.21 0.12 0.18 0.06 0.06 0.07 0.13 I 

Ti6A14V mach cont 
RFGDT 

0.16 0.23 0.18 0.13 0.15 0.12 0.08 0.03 0.04 0.21 0.14 0.25 0.19 0.21 0.14 0.15 

cpTi cast cont 0.32 0.48 0.62 0.26 0.35 0.13 0.24 0.42 0.30 0.68 0.68 0.73 0.12 0.20 0.02 0.37 

cpTi cast cont 
RFGDT 

0.53 0.67 0.70 0.13 0.26 0.22 0.35 0.29 0.27 0.56 0.46 0.51 0.15 0.07 0.08 0.35 

Ti6A14 V cast cont 0.37 0.28 0.31 0.1 6 0.15 0.16 0.54 0.46 0.35 0.41 0.47 0.65 0.28 0.37 0.55 0.37 

Ti6A14V cast cont 
RFGDT 

0.55 0.43 0.45 0.33 0.34 0.35 0.06 0.07 0.06 0.22 0.21 0.13 0.34 0.22 

-

0.19 

'----­

0.26 

\0 
N 

 
 
 



ADDENDUM F 

Spreadsheet for the Depth profile and Chemical analysis 

....... 

\0 
w 

MATER FABRIC SURFACE TREAT DEPTH P M2Ti M2C M20 M2AI 
1 1 1 1 2.8 11 .23 37.7 45.82 0.1 
1 1 1 2 4.2 21 .64 2075 56A4 0.1 
1 1 2 1 4.2 7.19 41A7 43.62 5.2 
1 1 2 2 7.7 12.97 19.94 52 .73 9.69 
1 1 3 1 5.6 8.78 29.53 51A3 5.78 
1 1 3 2 8A 14.73 15.12 55.91 7A7 
1 2 1 1 6.3 5.26 23.6 53 .62 12.71 
1 2 1 2 6.3 9.21 15.09 57.86 12.93 
1 2 2 1 5.6 4.29 3731 43.96 10A8 
1 2 2 2 8A 14.59 15.52 56 .3 8.22 
1 2 3 1 5.25 7.09 25.6 52.96 9.84 
1 2 3 2 8A 12.91 2309 51.31 7.97 
2 1 1 1 1.925 10.27 3683 48 .68 104 
2 1 1 2 2.8 18.8 21 .77 56 .69 1.18 
2 1 2 1 6.3 4.19 36 .68 43.83 8.68 
2 1 2 2 6.65 12.97 14.94 55 .26 9.77 
2 1 3 1 6.3 5A9 29.2 52.19 9A7 
2 1 3 2 7 13.73 1605 55A9 9.2 
2 2 1 1 5.95 5.61 28.67 51A2 9.61 
2 2 1 2 7A 6.16 25 .31 55 .36 10.53 
2 2 2 1 4.2 8.35 32.68 47.7 801 
2 2 2 2 5.6 9.87 14.86 55A5 1509 
2 2 3 1 5.95 4.84 28.93 52 .24 10 11 
2 2 3 2 8A 12.61 _ ~5~94 56.55 10.85 

- - -

M2Na M2Zn M2Pb M2Ca M2N M2V M2Zr 
0 2.72 0.52 0.62 1.38 

0 0.1 0.8 0.37 

0 OA9 0.36 
0 0.32 
0 1A1 0.97 

0 0.38 
4.58 0.23 
4.74 0.35 0.17 

222 0.21 OA7 107 

4A7 0.39 0.51 

3.33 0.66 0.52 
3.04 0.5 0.93 0.25 

0 207 0.34 0.32 OA6 0.89 

0 0.1 0.67 

5.9 0.24 OA8 
6.16 0.18 0.31 OA 

0 0.65 0.75 
0 0.3 

3.27 OA4 077 0.21 

1A9 103 0.12 

2.17 0.14 0.2 0.74 

3.51 0.06 0.35 

2.35 OA9 0.6 OA4 
3.22 OA1 OA1 

- - - - '----­ -

 
 
 



Spreadsheet for Surface topography 

Area analysis 

MATER FABRIC SURFACE TREAT M3Ra M3RMS 
1 1 1 1 0.14 0.17 
1 1 1 2 0.09 013 
1 2 1 1 0.52 0.65 
1 2 1 2 0.65 0.9 
2 1 1 1 0.09 0.11 
2 1 1 2 0.14 0.18 
2 2 1 1 OA5 0.55 
2 2 1 2 OA1 0.52 

M3HEIG M3RAN 
0.58 1.04 
OA5 0.95 
1.88 3.94 
2.21 4.56 
0.63 0.93 
0.53 1.21 
1.74 3.3 
1.92 3.67 

M3SUR M3Ra 1 M3RMS 1 M3HEIG 1 M3RAN 1 M3SUR 1 
416.18 0.06 0.07 0.27 0.51 27.15 
416.34 007 0.08 0.22 OA3 26.56 
531 .92 0.26 0.32 0.68 1.61 32.86 
559.14 0.27 034 0.8 1.78 34.2 

415 0.08 0.1 035 0.53 27.31 
425.02 0.11 0.13 0.31 0.68 28.04 
508.26 0.09 0.31 0.75 1.65 34.94 
535.26 0.2 0.25 0.58 132 32.39 

\0 
.j::. 

Line analysis 

MATER FABRIC SURFACE TREAT LARA LARTM 
1 1 1 1 0125 0.237 
1 1 1 2 0.089 0.233 
1 2 1 1 0.126 0.314 
1 2 1 2 OA07 102 
2 1 1 1 0.085 0.199 
2 1 1 2 0.126 0.314 
2 2 1 1 0.392 0874 
2 2 1 2 0.344 0.87 

LART LARPM 
0.561 0.114 
OA78 o 117 
0641 0.151 
2.152 0.508 
OA01 0.089 
0.641 0.151 
2.001 OA09 
1.885 OA36 

LARP LARA 1 LARTM 1 LART 1 LARPM 1 LARP 1 P SUR A 
0.254 0.053 0.102 0.245 0.046 0.123 10404 
0.243 0.056 0.1 0.244 0.048 0.131 10408 
0311 0.077 0.154 0.337 0.076 0.184 132.75 
0.983 0.264 0.376 1063 0.195 0.584 139.78 
0.183 0.074 0.132 0.298 0.06 0.118 103.75 
0.311 0.077 0.154 0.337 0.076 0184 106.25 
0.833 0.246 0.371 1.057 0.189 0.523 127.06 
0.98 0.1~8 _ 0.268 0.661 013~ _ 0.326 _ 133.81 

- - - - -­ - -­

 
 
 



Spreadsheet for % attachment efficiency and proliferation 

Surface Time Fibro Osteo 
I I 37.81 
I 2 60.91 129.09 
I 14 95.36 156.36 
I 28 131.38 52.83 
2 1 26.78 
2 2 31.06 108.41 
2 14 141.78 113.84 
2 28 120.04 59 .29 
3 1 35.05 
3 2 47.26 103.13 
3 14 137.26 143.64 
3 28 135.4 24.24 
4 I 36.46 
4 2 47.26 89.02 
4 14 144.61 148.18 
4 28 44.42 39.54 
5 I 43.06 
5 2 44 .76 108.48 
5 14 96.88 112.73 
5 28 51.25 114.55 
6 I 58.6 
6 2 35.28 105.77 
6 14 102.92 100.91 
6 28 37.28 25.45 
7 I 44.11 
7 2 40.88 95.86 
7 14 138.94 220.0 
7 28 56.05 56.46 
8 I 37.66 
8 2 52.32 72.73 
8 14 186.2 135.45 
8 28 67.34 200.0 
9 I 32.41 
9 2 48.07 67.27 
9 14 160.68 182.73 
9 28 95.7 150.0 
10 I 
LO 2 96.82 
10 L4 243.64 
10 28 47.47 
I I I 45.26 
11 2 56.71 L14.55 
II 14 126.65 192.73 
11 28 39.07 55.43 
12 I 39.91 
12 2 42.8 69.82 
12 14 113.89 190.9 1 
12 28 54.48 174.55 
13 I 45.52 
13 2 58.01 113.81 
13 14 115.72 187.67 
13 28 126.96 27.27 
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ADDENDUM H 

XPS Spectra 
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SURFACE TOPOGRAPHY OF MACHINED AND CAST TITANIUM AND 

TITANIUM ALLOYS USED IN DENTISTRY. 


L.c. Carneiro, S.l. Botha, P.L. Kemp* and T. von Moltke** 

Centre for Stomatological Research, *Department of Prosthetics, School of Dentistry 

and **Department of Material Science and Metallurgical Engineering, 


University ofPetoria. 


Surface roughness of prefabricated titanium implants has been reported to alter the 
phenotypic expression of cells. Therefore, preparation of these surfaces and cleaning 
procedures adopted for implants should aim at maintaining the elemental composition 
without modifying surface topography. With the introduction of cast titanium, an 
alternative method of implant fabrication was developed, but little is known of the 
surface characteristics of these cast metals. 

This study aimed to determine and compare the surface topography of cast and 
machined titanium surfaces manufactured from both pure titanium and titanium alloy as 
well as the effect of Radio Frequency Glow Discharge (RFGD) treatment on surface 
topography of these materials. 

Circular machined and cast discs of 6.35mm diameter and 2mm thick were fabricated in 
duplicate from titanium (Grade 3) and titanium alloys (Grade 5 and 23). One sample 
from each group was RFGD treated and the other served as control. Surface topography 
was determined using the Atomic Force Microscope (Topometrix TMX 2010 
Discoverer). On each sample five scans were performed of range of 20/!m and 5/!m . 
Data from the different scans were compared and specific properties of the surface 
topography were calculated. 

Results show that for both scanned areas the average R. value for cast samples was 
higher compared to the machined surfaces thereby confirming that the cast samples had 
a larger surface area than the machined surfaces. Similarly, other results (RMS and 
average height) were higher for cast samples. For both scan ranges no differences were 
noted between results for neither the titanium and titanium alloys nor for samples that 
were radio frequency glow discharged treated. The averages of the line analysis of the 
different measurements for the different scans done also show that cast samples are 
rougher than machined samples. Rtrn values indicate a consistent surface finIsh for 
machined and cast surfaces; 237-314/!m and 870-1020/!m respectively. The cast 
surfaces had a very high Rt value as compared to machined surfaces (2000/!m vs 
600/!m) indicating a very large difference between the highest and lowest peak for the 
cast samples. The low Rpm as compared to the high Run indicates a plateau surface seen 
in both the machined and cast samples. 

It can be concluded that the method of fabrication determined the surface topography. 
Furthermore, RFGD treatment did not significantly modify the surface topography of 
these materials. The surface roughness of cast samples was probably related to the 
method of investment removal. 

IroC~1f 1C:: nliDQ l'I !I.I l)nnl) 	 hnq 

Table 1 
-~ - -­ - _. -­ -­ --­ f- ­ - ­ -­d urfiace topogra btainedphy obtalled trom a LUiJ,m scan 

Ti-alloy, 
cast, 

RfOD 

Ti,mach T~ mach, 
RFOD 

Ti-alloy, 
mach 

Ti-alJoy, 
macb, 
RFOD 

T~cast Ti, cast, 
RFGD 

Ti-alJoy, 
cast 

AverageofRa(~m) 0.140 0.Q98 0.088 0.144 0.520 0.647 0.450 0.412 

Average area of RMS (~m) 0.172 0.127 0.110 0.182 0.654 0.792 0.554 0.522 

Average surface area (~m') 416.180 416.340 415.000 425.020 531.920 559.140 508 .260 535.260 

Average height (~m) 0.585 0.439 0.635 0.532 1.882 2.209 1.741 1.922 

pograpl 
Ii. mach Ti, mach, Ti-alloy, Ti -alloy, Ti. cast Tit cast, Ti-alloy, Ti-el1oy. 

RfOD mach mach, RfGD cast cast, 
RfOD RfOD 

Average ofRa (~m) 0.060 0.070 0.080 0.110 0.260 0.270 0.090 0.200 

A verage area of RMS (~m) 0.070 0.080 0.100 0.130 0.320 0.340 0.310 0.250 

Avcrage surface area (J.UTll) 27.280 26.560 27.980 28.00 32.860 34.270 34.940 32.390 

Average height (~m) 0.270 0.220 0.350 0.310 0.680 0.800 0.750 0.580 

Table 2: A f rfilce to hv obtained fr 

a. 	 b. .. 

:'.". _.{~t:·"f::):'fl~:;;< 
_. ~ ... " . ! ,. "::;;." ,~.../.. -' 

'" ;1' :1':'.' '. ~ ('r"­

ii""'''''~ .. 
",' " ;_ ,;i;" 	 / .t" 

{r'1,< :./' , • 
,:/.,:.:; .r 

c. 	 d. 

Figure 1: 	 AFM 20llm scans of: a.) Pure Ti, machined sample; b.) Ti-alloy, machined 
sample; c.)Pure Ti, cast sample; d.) Ti-alloy, cast sample, 
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X-RAY SPECTROSCOPY OF DIFFERENTLY CHARACTERISED 

MACHINED AND CAST TITANIUM AND TITANIUM ALLOYS. 


L.c. Carneiro, SJ. Botha, P.L. Kemp* and T. von Moltke** 

Centre for Stomatological Research, *Department of Prosthetics, School of Dentistry 

and **Department of Material Science and Metallurgical Engineering, 


University of Petoria. 


Surface contaminants are inherently related to the surface preparation procedures that 
are used when manufacturing implants. The outermost atomic layer of the implant 
surface is a key factor in bio-acceptability. Radio Frequency Glow Discharge (RFGD) 
treatment has been promoted as a method for cleaning, as well as sterilizing metal 
surfaces for biological use. The aim of this study was to analyze the chemical 
composition after RFGD treatment on differently characterized machined and cast 
Titanium (Ti) and Titanium alloy (Ti-alloy) sufaces. 

Circular discs of 6.35nun diameter and 2mm thick were fabricated from Titanium 
(Grade 3) and Titanium alloy (Grade 5) by machining and casting. The samples were 
characterized by blasting with 250f.1m or IIOf.1m Aluminium-Oxide particles and acid 
etching (enhanced). The control group was not blasted with Aluminium-Oxide or acid 
etched. RFGD treatment was performed on the surface of one of the samples in each 
group while the others were analyzed as only enhanced samples. The chemical 
composition was determined using a Perkin-Elmer - PHI 5400 X-ray photoelectron 
spectrometer. 

Results of the average values of elemental chemical composition is given in Table I. It 
is evident that RFGD treatment removed the impurities - Zn, Pb, N and V Pure Ti, 
machined samples, that were not enhanced had no Al, but a significant concentration of 
Al ranging from 1-15 percent was detected on all the other machined, cast and enhanced 
surfaces. Machined pure Ti and Ti-alloy that were RFGD treated, showed no Ca on the 
surface, but Ca (0.06-1.03%) was found on all other surfaces that were analyzed. 
Sodium was found on all the cast samples and is probably introduced to the surface by 
the technical process of cast sample preparation. RFGD significantly reduced C 
concentrations on the surface and therefore increased the 0 and Ti elemental 
concentrations. This may be advantageous for the formation of optimal TiO or Ti02 
surfaces that promote bio-acceptability and osseo-intergration. 

Although RFGD treatment can be promoted as a method of preparing metallic surfaces 
for biological and clinical application, especially because of the increase in elemental Ti 
and 0 on the surface, its use in the removal of Al introduced by surface characterization 
is apparently restricted. Furthermore, acid etching did not influence the Al content 
probably because the Aluminium oxide particles were embedded onto the surface. If it 
is found that bio-acceptability is restricted then further investigation is required to 
facilitate elimination of the AI surface that was introduced by Aluminium-Oxide 
sandblasting and the Na that was introduced by cast sample preparation techniques. 
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