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ABSTRACT 

Postoperative infections are one of the most feared 

complications following orthopedic implant procedures. 

bac~erial infections occur in approximately 1-2 % of the 

patients who undergo orthopedic implant surgery. Treatment 

of these infections is typically done by administering 

antibiotics either locally or systemically. Systemic 

release of antibiotics from bone cement has been reasonably 

successfu 1. However, it wou 1 d a 1 so be des i rab 1 e to deve lop 

a method of antibiotic release from porous coated implants 

designed for osseointegration. 

The principal objective of this research was to 

explore the feasibility of using anodizing (electrochemical 

oxidation) as a surface modification technique to 

facilitate the attachment of antibiotics to comercially 

pure titanium (CP Ti) and Ti-6Al-4V orthopedic implant 

materials. In particular the effect of anodizing 

conditions on the characteristics of the oxide coating such 

as thickness, composition and porosity has been 

investigated. Using microbiological methods, the efficacy 

of in-vitro attachment of antibiotics to anodized surfaces 

was determined. 



CHAPTER 1 

INTRODUCTION 

9 

Titanium and titanium alloys are now widely used 

in the field of biomedical materials. Surgical 

experiments as early as 1940 concluded that 

commercially pure titanium (CP Ti) was well tolerated 

by human tissue 1 • Later experiments in the fifties by 

Leventha 12 and by Clarke and Hi ckman3 conf i rmed good 

tissue compatibility as well as outstanding corrosion 

res i stance and inertness j n vivo of titan i um. In the 

mid sixties titanium was included in revised 

specifications for orthopedic implants by both British 

standards and ASTM. The titan i um - 6% a 1 umi num - 4% 

vanadium alloy (Ti-6Al-4V) was later included in these 

specifications in the early seventies. 4 •5 The Ti-

6Al-4V alloy is mechanically stronger than CP Ti while 

mC:'!intaining good biocompatibility and corrosion 

resistance. s This particular alloy is comparable in 

strength to vitallium (Cobalt-Chromium-Molybdenum) and 

316 Stainless steel. Howeve r., the titan i urn alloy is 

less toxic than these other orthopedic materials. CP 

Ti and T;-6Al-4V also have high strength to weight 
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ratios and a modulus of elasticity that is closer 

to bone than Co-Cr-Mo or 316 stain 1 ess stee 1 .7,8 

One of the most fundamental difficulties involving 

orthopedic implant procedures is the possibility of 

infection of the tissue surrounding the prothesis. 

Bacterial infections occur in approximately 1-2 % of 

the patients who undergo orthopedic implant surgery.9 

Bacterial infections often result in the need to 

rt:~operate, or worse, patient fatal i ty. A 1 though many 

different types of bacteria can cause these infections, 

two strains of staphylococcus bacteria are the most 

common pathogens. 

commonly the organism 

tissue adjacent to 

Staphylococcus au reus 

Staphylococcus epidermidis is 

responsible for infections in 

polymeric implant materials. 

is by far the most frequent 

bacterial organism causing 

metallic orthopedic implants. 9 

infections involving 

Gri st ina 10 has proposed that bacteri a 1 and bone 

attachment to metallic implants occur by similar 

mechanisms. Therefore, if the free surface of an 

implant becomes contaminated with bacteria prior to 

bone attachment, the probability of a successful 

orthopedic implant procedure decreases drastically. 
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The metal 1 ic surface and the adjacent tissue may then 

become an internal site for increased bacterial growth 

necessitating its removal. Preventive measures taken 

to reduce the possibi 1 ity of infection are currently 

limited to sterilizing the implant and providing a 

sterile environment for the operation. Antibiotics can 

be either generally or locally administered prior to 

surgery. However, these methods do not compl ete 1 y 

prevent bacteri a already present in the body at the 

time of surgery or airborne bacteria in the operating 

room from causing an infection. 5 

Additional preventive measures that could be 

used to combat infections caused by bacteria would be 

useful. Attachment of antibiotics to orthopedic 

implants prior to surgery could possibly be one such 

preventive measure. This would require the antibiotic 

to be attached strongl y to prevent it from bei ng 

removed during the course of surgery. In addition, the 

antibiotic would have to be slowly released into the 

surrounding tissues and body fluids. Such a procedure 

has been developed by Greco11 et. al. for polymer 

implants such as Gortex. However, there is no 

published report, in open literature, of a method for 
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attaching antibiotics to metallic implants. 

Incorporating antibiotics with metallic implants is 

possible by mixing an antibiotic compound into the 

polymethylmethacrylate (PMMA) cement used to secure the 

prosthes; s to bone. 12-16 Obv; ous 1 y th is techn i que is 

only suitable for implants designed to be secured with 

cement. Many orthoped; c imp 1 ants such as the 

total artificial hip joint are manufactured using a Ti-

6A 1-4V stem and CP Ti beads si ntered to the surface. 17-

19 The beads are usua 11 y 100 to 800 mi crons in 

diameter. This produces pores 100 to 400 microns in 

diameter and a surface with a pore volume of 35 % to 40 

%. The pore coated surface allows the prothes i s to be 

secured by osseointegration or bone ingrowth. Because 

of their increased surface area however, porous coated 

implants may be more susceptible to early infection, 

before tissue ingrowth, than dense materials. 2o 

The purpose of the research reported in this 

thes i s was to invest i gate the poss i bi 1; ty of us i ng a 

surface modification technique to faci 1 itate the 

attachment antibiotics to CP Ti and TI-6Al-4V 

orthoped i c ; mp 1 ants. An ox i de 1 ayer was formed by 

electrochemical oxidation (anodizing) of the surface 
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of the test materials. Antibiotic attachment was then 

att.empted by contro 11 i ng the surface chemi stry of the 

oxide layer. The efficacy of attachment was then 

determined by both in vitro washing and in vivo 

incubation experiments followed by microbiological 

testing. Several analytical techniques were used to 

characterize the oxide layer formed by anodizing. 

These include: scanning electron microscopy (SEM), 

Rutherford backscattering spectroscopy (RBS), x-ray 

photoelectron spectrosco~y (XPS), x-ray diffraction 

(XRD) and Auger electron spectroscopy (AES). 



CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

Material properties 

14 

Titanium is a transition element with an atomic 

number of 22 and a density of 4.51 g/cc. The Ti-6Al-4V 

alloy has a density of 4.30 g/cc. CP Ti has a HCP 

crysta 1 structure (a 1 pha phase) at temperatures up to 

882°C. Above this temperature the microstructure 

consists of BCC beta phase. The Ti-6Al-4V alloy has 

both of these phases as it contains both an alpha 

stabilizer, aluminum and a beta phase stabilizer, 

vanadium. Table 1 lists the compositions and material 

properties of several common implant materials. An 

equi axed alpha-beta mi crostructure can be obtained by 

solution heating to 950°C, quenching and aging at 500 

°C for 8 hours. 5 The resulting microstructure consists 

of approximately 9-12 % beta phase in an alpha matrix. 

This microstructure is ideal for orthopedic implants 

such as the total artificial hip joint as it is both 

strong and ductile. Sintering various size CP Ti beads 

to the surface requi res that the alloy must be heated 

above the beta transition temperature (992°C). This 

results in a coarse beta phase microstructure which, 
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TABLE 1- Composition and material propert; es of 
metallic biomedical implants materials. 21 

316 Cr-Co Cr-Co HtaniUIII Ti-8Al-4V f.lP35N TantalUIII 
atainlellll cast wrought unalloyed ELI unalloyed 

El ... nt at .. l 

hydrogen 0.015 0.0125 0.001 
carbOn 0.03-0.08 0.38 11&)(. 0.05-0.15 0.10 0.08 0.010 
oxygen 0.13 0.13 0.015 
nitrogen 0.07 0.05 0.010 
al~inUil 5.5-8.5 
ai1icon 0.75 1.0 II&)( 0.005 
pnoaphoura 0.03 
sulfur 0.03 
titan1~ reMainder rMa1nder 0.010 
vanadfc.:a 3.5-4.5 
chl'Olli IMI 17.0-20.0 27.0-30.0 19.0-21.0 20 
.anganese 2.0 1.0 aax 2.0 ax 
fran r ... inder 0.75 II&)( 3.0 .. ax 0.30 0.25 0.010 
cobalt I'8IH i nCler I"e1IIainder 35 
niekel 10.0-14.0 2.5 II&)( 9.0-11.0 35 
IIKIl)1ldenUIII 2.0-4.0 5.0-7.0 10 0.010 
tungllten 14.6-16.0 0.030 
niob1U111 0.050 

Haterial Yield atrongth Tenllile IItrength " Elongation Ela.tic Modulus 
(HPa) (HPa) (GPa) 

318 stainless 
ateel, annoaled 207 517 40 

316 .tainles. 
atHl. cold 
worked 689 862 12 200 

Cr-CO. cast 450 655 8 248 

Cr-Co, wrought 379 896 242 

Titaniua, 
Grade 4 465 550 15 110 

Ti-8Al-4V. 
annoaled 830 895 10 124 

TantalUII. 
annealed 140 205 

Tantalu., 
cold worked 345 460 

HP3SH. 
annealed 240-655 795-1000 228 

HP35H. 
cold worked 
and aged 1565 1790 
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upon cooling, transforms to a laminar alpha-beta 

microstructure. Table 2 lists the resulting 

microstructures for porous coated Ti-6Al-4V after 

severa 1 heat treatment schedu 1 es wi th the respect i ve 

fatigue properties. It is evident that the fatigue 

strength is significantly reduced by the application of 

the porous coating. Notches created from adjoining 

beads as well as the resulting microstructure are 

responsible for this sharp reduction in fatigue 

strength22- 25 • 

Biocompatibility of CP Ti and Ti-6Al-4V 

Commercially pure titanium and Ti-6Al-4V are 

proven to be two of the most biocompatable materials 

currently available. This is attributable to its 

corrosion resistance and inertness in the body 

env; ronment. These properties are, in turn, bel ieved 

to be a result of the oxide layer that forms when the 

meta 1 is exposed to oxygen. 26 The natural ox i de is 

rutile. This particular titanium oxide has a density 

of 4.26 glcc and is stoichiometric Ti02 • 

Despite having excellent materials properties for 

bone prosthesis, there have been reports of tissue 



TABLE 2. Microstructure and fatigue properties of 
Ti-6Al-4V25 • 

Heat treatment schedule Resulting Endurance Jimit in MPa 
miorostructure (10 cycles) 

solution heat at 950 °c; argon Quench, EQUiaxed f 567.7 
heat at 500 °c for 8 hours. 

2 hr. soak at 1250 °C; slow cool. Lamellar 393.8 

2 hr. soak at 1250 °C; slow cool. Coarse acicular 487.5 
through beta transus; Argon quench 
2 hr. anneal (low alpha-beta region); 
Argon quench. 

2 hr. soak at 1250 °c; Argon QuenCh; Fine acicular 494.4 
4 hr. anneal (high alpha-beta region); 
Argon quench. 

Porous coated. 
Lamellar 

Coarse acicular 

Fine acicular 

* Microstructure of Ti-6Al-4V samples used 
in this study. 

139.5 

160.6 

161. 6 

.. 

17 
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discoloration around Ti and Ti alloy implants. In 

tissues adjacent to i mpl ants the Til eve 1 s have been 

found to be 40 times higher than normal. 27 ,28 However, 

there are usually no visible indications of implant 

corrosion. Titanium ions are bel ieved to be released 

from the thin oxide layer either by leaching or by 

abrasion due to micromotion between the implant and the 

surrounding bone. To date, these high tissue 

concentrat ions have not been proven to be detri menta 1 

or of any clinical significance. 27 

Release of elements from other implant materials 

such as 316 SS and Co-Cr-Mo can cause allergic or 

hypersens it i ve react ions in some pat i ents. Compounds 

of Ni, Cr and Co are known skin sensitizers. Formation 

of these compounds fo 11 ow; ng release from the imp 1 ant 

is the suspected cause of prosthesis loosening in 

several cases. 7 

Postoperative bacterial infections 

The possibility of a deep infection following 

orthopedic bioprosthesis surgery is easily one of the 

most feared post ope rat i ve comp 1 i cat ions. Wh i 1 e the 

infection rate is low, the development of such can have 
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severe consequences. Imp 1 ant loosen i ng due to bone 

resorption, loss of bone and concern for the health of 

the pat i ent may requ ire that the imp 1 ant be removed. 

Another prosthesis can often be installed after the 

bacterial infection is successfully treated. 

While many organisms may be responsible for these 

deep infections, staphylococcus aureus is still the 

most common pathogen for metallic implants. Other 

organisms are found less often but may be equally 

difficult to isolate and successfully treat. A list of 

commonly found bacteria is displayed in table 3. 

Treatment of these infect ions is usua 11 y done by the 

administering of antibiotici. Antibiotic doses given 

prior to surgery has been shown to reduce the incidence 

of infection. 12 Desp; te th is, such treatments are not 

always successful in preventing or eliminating 

bacterial infections and a better method for reducing 

the possibility of these complications is being 

actively pursued. 

Perhaps a better technique would be to administer 

antibiotics post operatively. An ideal method would be 

to release antibiotics as close to the implant as 

possible. In this manner a high local concentration of 
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TABLE 3. Infectious organisms cultured from 
infected hip implants. 9 

Organisms 

Staphyiococcus-micrococcus group 
(coag. + and -) 

Anaerobic bacteria (Peptococcus, 
Bacteroides, Corybebacterium, 
Veillonella, Propionibacterium) 

Streptococcus 

Candida albicans 

Mycobacterium tuberculosis 

Citrobacter 

Salmonella group 

Psudomonas aeruginosa 

Escherichia coli 

Streptococcus group 0 
(enterococcus) 

Proteus group 

Klebsiella 

% occurance 

47.0 

17.0 

3.5 

0.5 

0.5 

0.4 

0.4 

17.0 

3.8 

3.5 

2.7 

2.5 
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antibiotics could be achieved without the patient 

suffering from adverse side effects. Greco, Harvey and 

Trooskin have developed such a method for polymer 

implants. 11 This approach consists of coating the 

implant with a cationic surfactant, tridodecylmethyl 

ammonium chloride (TDMAC). The implant is then treated 

in an antibiotic solution. The antibiotic compound is 

selected from a group consisting of penici 11 in, 

oxacillin ticarcillin, carbenicillin, and cefotoxin. 

Following this, the polymer prosthesis is washed in 

distilled water and immersed in a slurry of particulate 

insoluble cationic exchange compound such as sepharose

cm. This step removes any TDMAC molecules that are not 

already attached to an antibiotic. Finally the polymer 

is once again rinsed in DI water leaving the 

antibiotics attached to the implant via the TDMAC 

structure. After implantation the antibiotic has a 

half life of about 12 hours when exposed to plasma. 

In contrast, the only developed method for 

releasing antibiotics post operatively is by mixing 

ant i b; ot; cs with a po 1 yme r bone cement used to secu re 

the implant. Th i s procedure was deve loped by Buchholz 

and Engelbrecht and has since been extensively 
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researched using a variety of antibiotics. 9 ,12-16 

Typically, 0.5 to 2.0 grams of gentamicin are added to 

40 grams of methy 1 methacra 1 ate cement powder. After 

installation of the prosthesis and polymerization of 

the cement, the antibiotics are then released into the 

surrounding tissue. The rate of antibiotic release 

varies from one type of cement to another but, in 

general, the initial rate of release is high and then 

decreases with time. This creates a high concentration 

of antibiotic in the immediate area following the 

operation. Gentamicin containing Palacos cement is 

capable of supplying a gentamicin concentration in the 

exudate from the deep wound drainage of 29-64 

micrograms/ml. during the first day after operation. 

Therapeutically useful concentrations can still be 

found around the imp 1 ant site for severa 1 months. 14,16 

Desp i te the exce 11 ent success rate of th i s 

technique there are still several unanswered questions 

and concerns. First are the effects on the properties 

of the PMMA cement. Also, the choice of antibiotics 

that can be used are limited due to the polymerization 

temperature of the cements (approximately 95°C). 

Lastly, since it is clear that the rate of antibiotic 
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re 1 ease is dependant on the type or brand of cement, 

the method of antibiotic transport is not yet known. 

This technique is currently not FDA approved but 

attempts are presently being made to get approval for 

the process. For an implant designed for 

osseointegration, a method of releasing antibiotics 

into the tissue adj acent to the prosthes is is a 1 so 

desired. To permit this, the surface of the implant 

would most likely have to be modified. Since the 

excellent biocompatibility and corrosion resistance of 

titanium and titanium alloys have been 1 inked to the 

natural oxide that forms on the surface, increasing the 

thickness of this oxide layer may render these desired 

properties. A thick oxide layer could be formed on the 

surface by electrochemical oxidation or anodizing. By 

then controlling the surface chemistry of the oxide to 

yield a net charge on the surface, antibiotics of 

opposite charge could then be attracted to the titanium 

oxide layer. 

Antibiotic background 

Antibiotics are commonly used to combat diseases 

caused by bacterial microorganisms. There are 
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presently 5 classes of antibiotics: beta-lactams, which 

includes the penicillin and cephalosporin families, 

aminoglycosides, tetracyclines, macrolides and 

polypeptides. Of these, the beta-lactam and 

aminoglycosides are most commonly administered for the 

treatment or prevention of deep infection following 

orthopedic implant procedures. Many of these 

antibiotics either have a carboxyl group, which ionize 

to give a net negative charge, or an amine group which 

can be protonated and thus create a net positive 

charge. The structures and recommended doses for the 

antibiotics revellent to this study are given in table 

4. 

Anodizing of titanium and titanium alloys 

Titanium and its alloys behave like valve metals. 

Like other valve metals, the surface of titanium can be 

oxidized electrochemically. In this process a titanium 

anode is electrically connected to the positive side of 

a DC power source and placed in a tank with a suitable 

electrolyte. A cathode is also immersed in the tank and 

is connected to the negative side of the supply. When 

power is supplied to the cell an oxide layer is formed 



Table 4. Structure and doses of selected antib;otics29 ,30 

CLASS 

Beta-lactam 

Tetracyclines 

Aminoglycosides 

GENERIC NAME 

Penicillins 

Penic; 11 i n-G 

Penicillin-V 

Ampi clll in 

CeQhalosQor1ns 

Cefadroxil 

Tetracycline 

Gentamicin 
sulfate 

STRUCTURE 
0 

R-~-NH-CH - CH~'c(CHIII 
P, 11 ~I O_N_CHCOOH 

R,",-

o-CH.-

o-0-CH.-

o-CH-
- I 

N~ 

0 ....... s, II , 
AI-e-"H.-~H-~H I~H, 

CO~N. 'e 
'c~ ..... R, 

I 
COOH 

R, R, 

~~H- -C><, 
"H, 

R, R. 

H H 

25 

DOSE 

3000 mg/day 

1500 mg/day 

2000 ms/day 

2000 mg/day 

2000 mg/day 

3 mg/kg/day 



on the anode. 

26 

At the cathode hydrogen reduction and 

evolution take place. 

Several models have attempted to explain the 

growth of passive fi lms on metal substrates. The 

first was proposed be Cabrera and Mott in 1949. 31 ,32 It 

assumes that the presence of a high electric field 

causes cations in the metal to move through the oxide 

fi 1m. Upon reaching the fi 1m solution interface, the 

cations are then hydrolyzed increasing the film 

th i ckness. 80th the tota 1 potent i a 1 drop ac ross the 

film and the field strength are assumed to be constant. 

Thus the rate determining step is the emission of metal 

cations into the film. This model was later revised by 

Fehlner and Mott who assumed that anion transport was 

responsible for film growth. 32 ,33 The rate determining 

step was then assumed to be the emi ss i on of an an i on 

from the environment into the film at the film-solution 

interface. Th is is un 1 ike 1 y and is not sUPIJorted by 

experimental evidence. 32 

A defect model for the growth of passive films was 

proposed by Chao, Lin and Macdonald. 34.35 The fi 1 m is 

assumed to be a high 1 y defect i ve structure contain i ng 

anion vacancies, cation vacancies, electrons and holes. 
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Anion vacancies are created at the metal-film interface 

and consumed at the film-solution interface. The 

reverse occurs for cation vacancies. The movement of 

cation vacancies however, only contributes to metal 

dissolution. Oxide layer growth occurs by anion 

migration inward. This is in agreement with radio 

tracer stud i es. 32,36 Assumpt ions of th i s mode 1 are: (1) 

a constant electric field strength within the film and 

(2) the potential drop across the film is a linear 

funct i on of vo 1 tage and pH. Ana 1 ys is of anod i ca 11 y 

grown ox i des on titan i urn and titan i urn alloys has been 

extens i ve 1 y stud i ed. 26,37-59 The th i ckness of the ox ide 

1 ayer was found to be ali near funct i on of app 1 i ed 

potential. Anodizing rates between 20 A/V and 30 A/V 

have been reported. 42-48 The fi na 1 ox i de 1 ayer 

th i ckness is a 1 so dependant on the anod i zing time and 

electrolyte pH. Initially, the oxide layer is observed 

to grow quite rapidly. As time increases, the rate of 

anodizing slows down considerab1y.44 This behavior is 

thought to be due to a decrease in the anodizing 

efficiency as the oxide layer thickens. For 

sufficiently thick oxide layers the anodizing 

efficiency ;s between 10 % and 20 %. Additional 
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reactions such as peroxide formation, oxygen gas 

evolution, and titanium dissolution consume 80 % to 90 

% of the applied current. 47 Other process variables 

such as electrolyte concentration, and temperature do 

not have an effect on the oxide layer thickness,42,48 

The oxide layer formed on titanium and the Ti-6Al-

4V alloy by anodizing is found to consist of mainly 

Ti02' This analysis has been repeated by many 

investigators using XPS, AES, photo current 

spectroscopy and Raman spectroscopy. 26,41-43,48,50 For 

oxides on the alloy surfaces, aluminum is present as 

. A1 3+ while vanadium is present as V3+ and V5+,48 This 

suggests that the all oyi ng elements are ; ncorporated 

into the film as oxides. 

The crystal structure of the oxide films has been 

reported to be either amorphous, anatase or rutile and 

depends on the potential, electrolyte, current density, 

and time or specific quantity of electr;city.26,51.52 

For unalloyed titanium, the oxide formed by anodizing 

at low current dens i ti es in 1 M H2S04 is amorphous 

below 50 volts,44 If higher voltages are used, the 

oxide formed is anatase. In phosphoric acid the films 

are anatase if formed at more than 100 volts. 48,50 
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Increasing the current density to 50 A/m2 using M 

H2S04 , a mixture of rutile and anatase can be formed. 

This is then converted with increasing time to·rutile. 

However, it should be noted that the maximum potential 

is dependant on both the current density and the 

electrolyte used. 52 Analysis of anodic oxides formed 

on the alloy by electron diffraction indicate that 

rutile and anatase are formed above 70 volts. 48 In 

contrast, other investigations have reported this oxide 

to be amorphous up to an anodizing voltage of 100 

vo 1 ts. 42 

In addition, the current density, maximum 

potential, and electrolyte are also responsible for the 

morphology of the surface after anodizing. Three 

distinctly separate oxide surface features can be 

present following electrochemical oxidation. These 

structures are: (1) substrate reproduction (2) 

microporous and (3) cone formation. 52 Subtle 

differences exist between the oxide formed on CP Ti and 

titanium alloys. For example, the porosity of the 

oxide is dependant on the underlyin& grain structure. 

Therefore the Ti-6Al-4V alloy oxide has more pronounced 

heterogeneities.4235 
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For anodic oxides formed on CP Ti or Ti-6Al-4V 

substrates at low voltages, the substrate reproduction 

morphology is produced. If electrochemically polished 

such that the individual grains are visible, the oxide 

formed duplicates the existing grain patterns. 26 ,52 

Since the oxide is formed at low voltages, the crystal 

structure is amorphous and usua 11 y 1 ess than 1500 A 

thick. The oxide is uniform but varies in appearance 

from grain to grain because of different crystal 

ori entat ions. 26 

The second morphology, a microporous structure, is 

obtained if a sufficiently high current density and 

vo 1 tage are app 1 i ed to the samp 1 e . Th is requ i res a 

current density of 50 A/m2 or more and a voltage higher 

than the spark i ng potent i a 1 of the ox i de. Th i sis on 

the order of 80 to 100 V. 52 An ox; de formed under 

these conditions has pores of 0.1 to 0.2 microns and 

may have a pore volume of up to 30 %. Again the 

resulting crystal structure of the oxide on unalloyed 

titanium is a function of the maximum potential. This 

structure may be amorphous, anatase or rutile. As the 

applied voltage increases the oxide transforms from 
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this mixture to rutile only at 180 V using a 1 M H2S04 

electro 1 yte. 53 

A third morphology reported by Delplancke and 

Winland is characterized by the formation of porous 

strati fi ed cones. 45 Th i sis observed for una 11 oyed 

titanium anodized at low current densities (i < 50 

A/m2) after the maximum cell potential (20-100 V) is 

reached. Analysis 

spectroscopy indicate 

this oxide is anatase. 

by x-ray diffraction and Raman 

that the crystal structure of 

The mechanism for the formation 

of con i ferous structures is uncertain but is bel i eved 

to be due to a pitting phenomena. 52 

Most investigations on the anodization of titanium 

have used H2S04 or H3P04 electrolytes. Analysis of the 

oxide layers by XPS and AES clearly show anions from 

solution are incorporated into the film. 26 ,42,43 The 

concentration of sUlfur in the oxide is found to 

increase from the oxide surface to the metal/oxide 

interface. 52 Sulfur is also present in several valance 

states. 51 Anion incorporation studies by Barakat et. 

al. using both glow discharge spectrometry and nuclear 

microanal ysi s show sulfur and p hos pho rou s 

concentrations are directly proportional to anodizing 
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concentrat i on. 54,55 

density and 
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electrolyte 

Anion incorporation into the oxide layer also 

occurs when the Ti-6Al-4V alloy is anodized. In 

addition, the concentration of aluminum and vanadium in 

the oxide layer also vary with oxide layer depth. 

Although difficult, XPS analysis of the oxide films for 

a 1 umfnum and vanad i um i nd i cate that the concentrat ion 

of these elements increases in the same manner as the 

sulfur concentration. The concentration profile of 

these elements is dependent on the electrolyte and 

anodizing voltage. 48 SIMS analysis of the oxide have 

shown that the concentration of vanadium in the oxide 

to mimic the vanadium concentration of the bulk 

al1oy.42 
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Both CP Ti and the Ti-6Al-4V ELI alloy were used 

in this investigation. These samples were provided by 

DePuy Inc. In addition, anodizing clips used to 

connect the sample to the power supply were also 

machined from the Ti-6Al-4V alloy. A similar cathode 

clip electrically connected the Ti-6Al-4V cathode plate 

to the power source. 

Anodizing electrolytes were made from analytical 

grade sulfuric acid and distilled water. The etchant 

for titanium and the titanium alloy was produced with 

analytical grade nitric and hydrofluoric acid (125 ml 

48% HF and 300 ml 69% HN03 from ASTM specification 

8-481-68) . 

Antibiotics used in this study were purchased from 

Lilly pharmacuticals and Sigma Chemical in powder form. 

Antibiotics tested were: penicillin-G, ampicillin, 

penicillin-V, ticarcillin, tetracycline, cefadroxil 

and gentamicin sulfate. These antibiotics were 

reconstituted using sterile water, a sodium citrate

citric acid buffer or a potassium phosphate buffer. 
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Both buffers were prepared using analytical grade 

reagents. 

Blood plasma, citrated whole blood for in vitro 

studies and rabbits for in vivo testing were obtained 

from University Medical Center, University of Arizona. 

Staphylococcus aureus bacteria and Mueller Hinton 

plates for bacteria cultures were obtained from the 

Microbiology and Immunology Department, University of 

Arizona. 
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CHAPTER 4 

EXPERIMENTAL METHODS 

Anodizing of CP Ti and Ti-6Al-4V 

CP Ti and Ti-6Al-4V alloy samples were prepared 

for anodization according to a modified version of ASTM 

specification 8-481-68. The procedure used was as 

follows: 

1. Cut sample to approximate desired size. 

2. Grind sample to exact size with a wet Zro2 
1" belt. 

3. Polish surfaces to 600 grit using wet SiC 
paper. 

4. Rinse thoroughly with distil'led water. 

5. Degrease in acetone. 

6. Rinse in distilled water. 

7. Etch in HF/HNOa solution for 30 seconds. 

8. Rinse in distilled water. 

Prepared samp 1 es were then i mmed ; ate 1 y connected 

to a Hewlett Packard 100 watt power supply (model # 

6634A) via a Ti-6Al-4V alloy clip and immersed in a 2 

liter electrolyte bath. The cathode plate was 

similarly connected and immersed in the electrolyte 3" 
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from the anode. The maximum current and potential was 

preset prior to the start of anodization. Electrolyte 

temperature was maintained by a constant temperature 

water bath. Circulation of the anodizing electrolyte 

was accomp 1 ; shed with an ove rhead st i r re r . Upon 

completion of anodization the samples were removed from 

the bath, rinsed with distilled water, dried and stored 

in air until use or analysis was preformed. 

Analysis of anodized Co Ti and Ti-6Al-4V 

Anodized samples were analyzed for thickness, 

stoichiometry, composition and morphology of the oxide 

layer. Several analysis techniques were employed; 

scanning electron microscopy (SEM), Rutherford 

backscattering spectroscopy (RBS), x-ray photoelectron 

spectroscopy (XPS), x-ray diffraction (XRD) and Auger 

electron spectroscopy (AES). 

Scanning electron microscopy was preformed using a 

JEOL SEM. Samples were mounted in brass holders. No 

carbon or gold~palladium surface coatings were used to 

reduce sample charging as this was not necessary. 

RBS analysis was preformed in the Physics 

Department, University of Arizona. The ion beam 
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consisted of 4He non-condensible gas with a energy of 

1892 KeV. 

XPS analysis was preformed in the LESSA facility, 

Departme~t of Chemistry, University of Arizona using a 

Vacuum Generator ESCALAB Mk II. Additional XPS 

analyses were done in the Optical Sciences Department, 

University of Arizona, with help from Mr. Ken Cornett. 

AES analysis was preformed under the direction of 

Mr. Gary Chandler of the Materials Science and 

Engineering Department, University of Arizona. The 

instrument used was a Perkin Elmer PHI 600 scanning 

auger microprobe. 

X-ray diffraction was preformed on 

instrument in the Materials Science and 

Department at the University of Arizona. 

a GE XRD 

Engineering 

Antibiotic attachment to anodized titanium 

Microbiological evaluation was accomplished by 

treating anodized pins in an antibiotic solution 

fo 11 owed by in vitro wash i ng tests. The pH of the 

antibiotic solutions was adjusted by reconstituting 

theantibiotic powders with sterile buffers. For 

anionic antibiotics, a sodium citrate-citric acid 
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buffer was selected. This allowed the pH of antibiotic 

solutions to be varied from 3.5 to 5. A potassi um 

phosphate buffer was used for cationic antibiotics. 

Here the pH of the solution was varied from 7 to 8.5. 

In vitro testing was carried out as follows: 

1. Sterilize all pins in a steam autoclave at 
121°C and allow to cool to room 
temperature. 

2. Place sterile pins in reconstituted 
antibiotic solution for a specified time. 

3. Sterilize treated pins and all necessary 
glassware. 

4. Wash pins in sterile water or blood 
plasma bath at 37°C for various times. 

5. Remove from plasma bath and place in 
Mueller Hinton plates inoculated with 
staph. aureus. 

6. Incubate for 24 hours at 37°C. 

7. Measure zone of inhibition around the pin 
and pin length. 

Several in vivo antibiotic attachment tests were 

also preformed using similar anodizing and antibiotic 

attachment methods. Intramedullary placement of 

antibiotic treated pins was preformed as follows: 

1. Following a midline incision and 
parapatellar arthrotomy, the knee was 



flexed and the patella was dislocated 
laterally. 

2. The distal femur was reamed with a 
7/64" drill bit. 
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3. Control and treated pins were then 
carefully placed into the intramedullary 
canal and the patella was reduced. 

4. The rabbit was then sacrificed with 
euthanasia mix and the pins removed by 
splitting the cortices with an oscillating 
saw. 

5. The pins were gently washed in sterile 
water, placed in inoculated petri dishes 
and incubated at 37°C for 24 hours. 

6. Pin lengths and zone areas were measured 
in the same manner as in the in vitro 
tests. 
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Rutherford Backscattering Spectroscopy was used ~o 

determine the thickness and stoichiometry of the oxide 

layer on CP Ti and the TI-6Al-4V alloy following a 

variety of different anodizing conditions. For both 

the CP Ti and the Ti-6Al-4V alloy RBS detected the 

presence of titan i urn at channe 1 # 740 and oxygen at 

channel # 370 but did not detect any of the alloying 

elements or elements incorporated into the oxide layer 

from the anodizing process. 

Analysis by RBS indicated all anodized samples had 

some oxide layer present on the surface. Since no 

indication of a surface oxide layer was seen for the 

etched samp 1 es , an ox ide 1 aye r th i ckness of 35A was 

assumed. The stoichiometry of the oxide on the 

anodized samples was calculated by using the deficiency 

method. 6o The thi ckness of the ox ide 1 ayer was 

calculated by determining the thickness of the surface 

layer corresponding to one channel width and then 

multiplying this thickness by the number of channels 

covered by the oxide layer. Assuming a Ti02 density of 
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3.89 g/cc, an incident energy of 1892 keY and a 

incident angle of 1700 this works out to be 22 

A/channel. Measurement of the oxide layer thickness on 

the titanium samples is limited to thickness of 

micron due interference of the oxide shelf with the 

oxygen peak at channel # 370. A schematic illustration 

of the necessary values used for these calculations is 

shown in figure 1. 

RBS spectra were of three different shapes and are 

shown in figure 2. After anodizing for 5 minutes at 75 

volts in 5% H2S04 and 25°C the oxide layer is 

approximately 1600 A thick and is stoichiometric Ti02 • 

Anodization for 1 hour results in the oxide layer being 

composed of this 1600 A TiOz layer and an oxide 

sublayer. The sublayer oxide is either a suboxide 

(TiOz_x ) or the result of nonuniform oxidation. For the 

former case, continued anodization causes this sublayer 

to further oxidize and finally result in Ti02 • For 

the latter, continued anodization causes the nonuniform 

oxide layer to gradually increase in thickness until 

after 2 hours, the oxide layer has a minimum thickness 

of 1 micron. The oxide layer thickness on CP Ti 

and Ti-6Al-4V alloy samples anodized for various times 



(J) 
I-
Z 
::J 
0 
u 

1200 '. ,' .. ,. ..... 
.. ~ .. . .... _! 

1000 ". 

. ......... - ..... 

800 
T i i nterfoce 

600 

400 --r--'~'" T i sur f oce 
········i 

200 

0 
......... 

200 300 400 500 600 800 
CHANNEL NUMBER 

Figure 1. 
A schematic i I I istratian of values used in the calculation 
of oxide layer thickness and stoichiometry by the 
deficiency method. 



2000'~ --~-------------------------------------, 

1800 

1600 

1400 

(f) 1200 
r-z 
~ 1000 
u 

800 

600 

400 

200 

1. Unanod i zed 
2. 5 min. anodize 
3. gO min. anodize 

~ 4. 120 min. anodize 

\, 
.~, 

.\ 
\' ., ", '~, ........ " ' ... ., ....... 

'", '---, '" , 
'" I-I -----------__ . 

......... _ '---_:0 
· ........ ·4 ................. _ 5-----{ 

'-. I -'_1 .~'-
0' =! 
o 1 00 200 300 400 500 600 700 800 gOO 1000 

CHANNEL NUMBER 

Figure 2. 
RBS spectra for Ti-6AI-4V samples anodized 
in 5Z sui furic acid at 75 vol ts .l>

e.> 



q----------------------------------------, 
I 
I o 

\ , 

(~q\ 
~\ \ 

(<I iJ 

.. \ , \ \\,\ 
0<:0 

UU 

LOLO 
(\J,," 

, ' , , 
\ \ , , 

'. , 
\ '0 , , 

" , , , 
" , 
\ I 
, I 
" , 
, I 
',1 , \ 

0<0 
;, 
" \, 
:' 
" :' ., 
:' ., 
" :, 
'0 
',\ 

~ " 

", .\ 
U » 

~~LO 
I I (\J 

o\~\ 
o <Q, 

cr:cr: 
<D<DI-

I 

1-1-

<J 0 

0.. 
U 
o 

' .. ":'~~:: .... 
"::' .. 

.~ .. , 
.. :-:. ... 

.~.,,, ..... .. ... ~ 
". ", 

a 
o 
(") 

o a 

C) 

L---~~~~~--~~~~~~--~~~~O~~--~ C) 

a a a 0 a 
CJ CJ CJ CJ a a a a 0 
C\..l 

CSH0t11S8N!:I) SS3N~JIHl t13A!:Il 30IXO 

-.- -.-~-.------

".., 

Z -L: 
'-' 

W 
2: 
....... 
I-

CD 
Z 
I--t 

N 
........ 
0 
0 z 
a: 

c 

00 
ru 

I-

0.. 
W 

>0 
'<::T> 

I 
-[0 
a: r-. 
<0 

, -oJ 
.- 0 
l

n 
'--au 

• 0 Moo .- u 
00,

,,, :J) L 

--::J a... O'+-

:::3 a:; 
CD 00 
·-l£N LL 0::1..0 

44 



45 

is displayed in figure 3. Calculated values for the 

th i ckness of the ox i de 1 ayer were made assumi ng the 

entire oxide is Ti02 and that no suboxide is formed. 

Two distinct slopes are present for both CP Ti and the 

Ti-6Al-4Y alloy. For very short anodizing times (t < 5 

min) the oxide layer grows very rapidly. However, as 

the time of anodizing increases beyond 60 seconds the 

rate of oxide layer growth decreases sharply. 

The temperature effect on the rate of anodi zi ng 

for the Ti-6Al-4Y alloy is also shown in figures 3 and 

4. In general, the oxide layer grows at a faster rate 

as the temperature ;s increased. Current vs. time 

plots for electrolyte temperatures between 5 °c and 55 

°c are shown in figure 5. Raising the electrolyte 

temperature greatly increases the quantity of 

electricity required to electrochemically oxidize the 

samples at a constant voltage. Anodizing at higher 

temperatures was attempted, but was unsuccessful as the 

current requirements for these conditions exceeded the 

maximum capacity of the power supply. The oxide layer 

growth rate was not found to be dependant on the 

concentration of the electrolyte in the range of 1-20 % 

H2 S04 • 
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The relationship between the oxide layer thickness 

and the anodizing voltage was determined by varying the 

voltage in the range 25-85 V. This was found to be 20 

A/V for CP Ti and 23 A/V for the Ti-6Al-4V alloy in 5% 

H 2S0 4 at 25°C (f i g 6). 

Auger electron spectroscopy 

Auger spectra in the energy range of 30-1000 eV 

were collected for both anodized and as etched CP Ti 

and Ti-6Al-4V alloy samples. All anodized samples were 

electrochemic~l1y oxidized at 75 volts in 5% H2S04 at 

25°C for various times. For all of the CP Ti samples 

the major titanium peaks at 381 eV (L2.3M2.3M2.3) and at 

414 eV (L2•3M2•3V) are present. In addition, the major 

oxygen peak at 508 eV (KVV) ;s also found. Prior to a 

quick clean-up sputter the as received sample spectras 

had a large amount of carbon contamination as well as 

some fluorine contamination from the etching process. 

The Ti-6A l-4V alloy samples produced simi lar spectra 

with additional peaks from aluminum at 63 eV and 

vanadium at 473 eV. Sulfur from the H2S04 electrolyte 

was found to be present on anodized samples as well as 

some carbon contamination very near the sample surface. 



2000~------------------------------------------~~ 

f\ 
({) 
L 
o 
0:::: 
I-

ill 1500 z 
a: 
~ 

({) 
({) 
w 
2 1000 
u 
f-l 

I 
I-

0:::: 
W 
>a:: 
--.J 

w o 
f-l 

X 
o 

500 

o Ti -6AI-4V 
6 CP Ti 

0 .. ········ 
6' 

.~.-

..-
~. ~ .... 

o~---~----~--~----~--~----~--~----~--~--~ 

o 10 20 30 40 50 60 70 80 90 
ANODIZING VOLTAGE 

Figure 6. 
RBS anal8sis of anodized Ti-6AI-4V and CP Ti showing oxide layer 
layer thickness as a function of anodizing voltage. Anodizing 
conditions: 5 min. in 5Z sulfuric acid at 25 degrees C 

100 



!!II '.'. r 

L _-'-_ I /_! 
I I, ! ,Irfrf ~) --- -- --~E; 

ta ' i' ; -"- :---I±'-~ L .. ~ 
a _. ,. _.. . j I _ .. L.j._ .. -1. 

I I' I I 
11- -_.; - --- ,'-- -] .1 
~ U~ l~O 3'~ ... Sll U' UI IU 110 len 

i. 
A rlllUI[ ["[lC::Y. ty 

B 
. II' '1f. nD 4f1 Ut ,n ~II In !II IU3 

ulltnc [lit.". [V 

c 

~ lI[t SUllvtv " Z • IAI Z 53 ,. If f. Dun f r sr •• " •• I ... '.!'O . , .' .. , 

-± I. 

.-

~~~ J-. 
1---~. 

" t 
""=" ~1 

J,c ... " ~I 

-] 
I' 

I 1 -- --f---
I 

I 

, 
III zel ,.1 411 SI. n. 71t 

rltctnC tHtl'Y, .tv 
eo. '12 Ira. 

D 

Figure 7. Auger spectra for CP Ti and Ti-6Al-4V alloy 
A. etched Ti-6Al-4V B. 30 hr anodized Ti-6Al-4V 
C. Etched CP Ti D. 30 min. anodized CP Ti 01 

o 



51 

Several representative auger spectras are shown in 

figure 7. 

By sputtering into the oxide layer, information 

concerning the stoichiometry throughout the oxide layer 

and the ox ide 1 aye r t.!'! i ckness can be acqu ired. The 

stoichiometry of the oxide can be determined by 

def in i ng a va 1 ue Q wh i ch compares the re 1 at i ve peak 

amplitude ratios of the Ti (L2,aM2,aM2,a) peak and the 

oxygen (KVV) peak. Since these ratios are dependent 

upon the beam parameters of the instrument, sensitivity 

factors for the elements were used to get normalized Q 

values. This allows the Q values from one spectra to 

be compared to other spectras for the various samples. 

Normalized Q values are defined as follows: 

Amplitude of Oxygen peak (508 eV) 

Oxygen sensitivity factor (beam kev) 

Q= ---------------------------------------------------
Amplitude of Titanium peak (381 eV) 

Titanium sensitivity factor (beam keV) 

For Ti02' the normalized Q value should be close 

to unity. For Ti 20a and TiO this ratio should be 0.72 

and O. 51 respect i ve 1 y . Accurate Q val ues throughout 

the th i ckness of the ox i de 1 ayer can on 1 y be obta i ned 

."---~~~--- ~ 
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if the oxide is of a uniform thickness and if 

sputtering does not selectively remove more oxygen than 

titanium. 

Similar ratios can also be defined for alloying 

elements and 

Whi le these 

information 

ions incorporated 

additional ratios 

on the stoichiometry 

into the oxide layer. 

do not yield any 

of the compounds 

present, they do serve as a means of determi ni ng the 

concentrations of the elements relative to titanium. 

An approximate thickness of the oxide layer can be 

obtained by sputtering through the oxide using beam 

parameters which cause a known sputtering rate. Again, 

as with accurate estimations of the oxide 

stoichiometry, this requires that the oxide be of 

uniform thickness. For anodized films a sputtering 

rate of 85-90 A/min. is obtained for Ar ions at 3.0 

keY and 0.1 mA/cmz. 

Results from the Auger analysis of CP Ti are shown 

in figure 8. The Q values for the oxide layer appear 

to be consistent with that of TiOz for the etched and 

anod i zed samp 1 es . Spectra taken after initial 

sputtering with Ar ions are also consistent with TiOz' 

As the sputtering time increases the O/Ti ratios tend 
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to slowly decrease. This is followed by a sharp 

decrease after prolonged sputteri ng after whi ch the 

normalized Q values are no longer consistent with any, 

single, stoichiometric titanium oxide. 

For the unanodized sample the oxide layer is 

1 arge 1 y removed after sputter i ng for approx ; mate 1 y 40 

seconds corresponding to an oxide layer thickness of 55 

A. The oxide layer on a CP Ti sample anodized for 5 

min. is removed after sputtering for 20 min. This 

translates into an oxide layer thickness of 1700 A. 

Only a very slight decrease in Q was observed for the 

CP Ti sample anodized for 121 hr. even after Ar 

sputtering for 190 minutes. Photographs of this sample 

taken before the sputtering process show that the oxide 

1 ayer present is composed of con i ca 1 shaped pill ars. 

Because the oxide is of nonuniform thickness much of 

the oxide layer remains even after prolonged sputtering 

(fig. 9). 

The normal i zed SITi va 1 ues for CP Ti decrease 

slightly as the time of sputtering increases. By 

comparing the plots for the different samples, the SITi 

ratios, throughout the depth of the layer, are seen to 

increase with the anodizing time. 



A 

B 

Figure 9. Auger photographs of anodized CP Ti surface 
before and after Ar sputtering. Anodizing 
conditions: 75 volts in 5~ H2S04 at 25°C for 
121 hr. A. As anodized B. 130 min Ar sputter. 
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Auger analysis of the oxide layer formed on the 

Ti-6Al-4V alloy (fig. 10) also show the normalized Q 

values to be very close to unity indicating the oxide 

layer is composed of Ti02. As the oxide layer is 

sputtered away the value of Q approaches zero. With 

increasing anodizing time (2-30 hr) the time necessary 

to sputter through the oxide is lengthened. As wi th 

the anodized CP Ti samples, the transition from T;02 to 

Ti is gradual and is not consistent with the presence 

of TiO or Ti 20a • 

Normalized SITi ratios For the anodized layers on 

the Ti -6A l-4V alloy tend to increase wi th anodi zi ng 

time and decrease slightly with sputtering time. The 

VITi ratios are simi 1 ar for all alloy samples in that 

only a slight increase ;s observed with sputtering. In 

contrast, significant increases in the A1ITi ratios are 

seen as the oxide layer is progressively removed 

indicating that the concentration of aluminum near the 

oxide surface is considerably less than the 

concentration in the bulk of the sample. 
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X-ray photoelectron spectroscopy 

Commercially pure and Ti-6Al-4V alloy samples were 

ana 1 yzed by x-ray photoelectron spectroscopy pri or to 

and after anod i zat i on to determ1 ne what elements were 

present on the sample surface and within the oxide 

layer. 

A total scan of etched CP Ti is shown in figure 11 

shows the presence of 

nitrogen in the sample. 

peaks from carbon and 

titanium, oxygen, carbon and 

As wi th Auger spectra the 

nitrogen are due to surface 

contamination. A similar spectra, with the addition of 

aluminum peaks, was obtained for the Ti-6Al-4V alloy. 

No vanadi um peaks were observed for the alloy due to 

; nterference wi th the oxygen peak at 530.6 eV. For 

both etched samp 1 es the pos it i on of the titan i urn 2 P1l2 

and 2P3/2 peaks shifts to lower binding energies after 

Ar sputtering (fig. 12) suggesting the presence of 

lower valence states of titanium in the native oxide. 

By utilizing a peak deconvolution program (fig 13) the 

oxide layer may be considered to be comprised of Ti02' 

Ti 203 and TiO. Since the oxide layer is on the order 

of 35 A., it is th in enough to comp 1 ete 1 y remove by 

sputtering. After the oxide is removed, the titanium 
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Figure 11. X-ray photoelectron spectra of sample materials 
after etching. A. CP Ti B. Ti-6Al-4V 
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2P1/2 and 2P3/2 peaks are located at 460.0 eV and 453.6 

eV, respectively which are characteristic of the 

titanium metal. 

Samp 1 es anodi zed in 5% H2S04 at 75 vo 1 ts were 

characterized by spectra similar to the etched samples. 

Sulfur was detected in some samples anodized for longer 

than 1 hour. Sputter depth profiles, again, closely 

resemb 1 e those obta i ned for the etched samp 1 es . The 

titanium 2P1/2 and 2P3/2 are initially located at 464.2 

eV and 458.5 eV respectively. After sputtering, the 

1 ocat; on of these peaks sh; fts to progress i ve 1 y lower 

binding energies, indicating the presence of multiple 

titanium valence states. For the anodized samples the 

oxide layer is uniform but too thick to be completely 

removed by Ar sputtering. Sputtering results for CP Ti 

anodized for 5 min are shown in figure 14. 

Scanning electron microscopy 

The morphology of the oxide layer formed by 

anodizing was examined with a scanning electron 

microscope. In addition several samples were cross 

sectioned so that the oxide-metal interface could also 

be observed. Gold-palladium or carbon coating was not 
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necessary as charging of the surface was minimal. The 

oxide formed at 75 volts in 5% H2 S04 at 25°C was 

selected for detailed analyses. 

The surface of CP Ti and Ti-6A l-4V alloy samples. 

etched in HF/HNOa prior to anodizing shown in figure 15 

are characterized by shallow pits up to 2 microns in 

diameter. These pits are a result of the etching 

process that removes any surface contamination present 

after the polishing operations. 

As the CP Ti samp 1 es are anodi zed under 

potentiostatic conditions (25-75 V) the surface becomes 

covered with cone shaped pillars. Pillar growth 

proceeds outward from the sample surface. The onset of 

these features occurs after anodi zing for 30 mi n. The 

size and number of these cones increases with the time 

of anodizing and at about 25 hours the entire surface 

is covered (figure 16). The cones have a maximum 

height and diameter of 10 microns. Continued 

anodization for 120 hours results in some of these 

cones being dislodged and removed from the sample 

surface. This leaves part of the surface still covered 

with the conical shaped structures and other areas with 

10 micron diameter pores. 
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A 

B 

Figure 15." SEN photographs of etched sample materials: 
A. Cp Ti B. Ti-6Al-4V alloy. 
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c o 

Figure 16. SEM photographs of anodized CP Ti. Anodizing 
conditions: 75 volts in 5~ H2S04 at 25°C. 
A. 30 min. anodize B. 1 hr. C. 5 hr. D. 30 hr. m 

m 
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The T i -6A l-4V alloy a 1 so deve lops these con i ca 1 

shaped pillars upon potentostatic anodization. 

However, the time necessary for these pillars to 

completely cover the sample surface is reduced to 5 

hours under identical anodizing conditions. After 15 

hours these structures become dislodged and are removed 

from the sample surface. At 30 hours the surface is 

characterized by an extremely porous oxide and is 

devoid of cone shaped pillars (fig 17). Continued 

anodization does not change the morphology of the 

surface even after 240 hours. The concentration of the 

electrolyte (1-20% H2S04 ) used does not affect the 

morphology of the sample surface. However increasing 

the electrolyte temperature decreases the time of cone 

formation and removal. This phenomena is also directly 

dependant on the anodizing voltage. 

A cros~ 'section of a Ti-6Al-4V alloy sample 

anodized in 5% H2 S04 at 75 V for 2 hours yields 

additional information about the oxide and cone growth 

(f i g . 18) . The ent ire ox i de appears to be at 1 east 

micron thick. However, areas covered with cones have a 

much thicker oxide as the cone grows both outward from 

and into the bulk of the sample. This appears to be 

-------- ---------- -
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Figure 17. SEM photographs of anodized Ti-6Al-4V. Anodizing 
conditions: 75 volts in 5% H2S04 at 25°C. 
A. 30 min. anodize B. 1 hr. C. 5 hr. D. 30 hr. 
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Figure 18. SSM photographs showing cross-section of 
anodi zed Ti-6A 1-4V alloy. 'Anodi zing 
conditions: 75 volts in 5% H2SO4 at 250C 
for 2 hr. 

69 
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the resu 1 t of some areas on the samp 1 e surface be i ng 

more anodic in nature, similar to pitting corrosion. 

X-ray diffraction 

X-ray diffraction was used to determine the 

crystal structure of the oxide following the anodizing 

process. Both CP Ti and the Ti-6Al-4V alloy samples 

were analyzed with a GE XRD diffractometer at 25 and 50 

KVP using copper K alpha radiation from 6-1300 of 2 

theta. 

For both etched and anodi zed CP Ti samp 1 es the 

peaks present were cons i stent wi th that of t i tani um. 

No indication of any oxide layer was observed for 

samples anodized for 5 hours in 5% H2S04 at 25, 50, 75 

and 90 volts. Similar XRD patterns were obtained for 

the Ti-6Al-4V alloy with the exception of one 

additional peak inherent to the alloy. Again, there 

were no peaks present for the oxide phase. 

Microbiological evaluation 

Antibiotic attachment to titanium surfaces 

anodized under different conditions 

using many different antibiotics 

was investigated 

and anodizing 
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conditions. Following anodic oxidation the pins were 

washed in distilled water and sterilized in a steam 

autoclave at 121°C. Antibiotic solutions were 

produced' by reconstituting powdered antibiotics in 

either sterile water or sterile buffer solutions. The 

pins were then immersed in the antibiotic solutions for 

various times. After removal the pins were either 

washed in blood plasma, whole blood or placed in 

rabbi ts to determi ne the effi cacy of ant i bi ot i c 

attachment. 

Three different types of antibiotics were used in 

this study, these included beta-lactams tetracyclines 

and amino-glycosides. Initial attachment tests 

preformed by immersing the anodized pins in a 

reconst i tuted ant i bi ot i c so 1 ut i on and then wash i ng in 

sterile water, indicated that antibiotics from all of 

these groups can be attached to the titanium oxide 

surface by carefully controlling the oxide surface 

chemistry. However, only ampicillin from the 

penicillin group and gentamicin sulfate from the 

aminoglycoside family were partially retained by the 

Ti02 surface after in vitro blood plasma washing tests. 

Since it is necessary to sterilize orthopedic 
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sterilized is 
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to surgery an antibiotic that can be 

essent i a 1 . Ant i bi ot i cs that can 

temperatures are limited to certain 

cephalosporins and aminoglycosides. Figures 19-21 show 

in vitro test results for gentamicin sulphate, 

cefadroxil (a cephalosporin) and ampicillin attached to 

anodized and unanodized Ti-6Al-4V surfaces. These 

results were obtained using one pin for each washing 

time. The porous oxide layer formed by anodizing for 

30 hours in 5% H2S04 at 75 volts definitely retains the 

gentami c in sul phate for longer peri ods than the 

unanodized pins. However, sterilization of the pins 

following antibiotic treatment does have adverse 

effects on the quantity of antibiotics available to 

combat staph. aureus bacteria. Results for cefadroxil 

indicate this antibiotic is not suitable for steam 

sterilization and its attachment to the titanium oxide 

surface is of insufficient strength. The attachment of 

amp; c ill in is better than cefadroxi 1, however, th; s 

antibiotic cannot be sterilized in a steam autoclave. 

Increasing the pH of the gentamicin sulfate 

solution and the time of immersion did not 

significantly increase the zone area/pin length ratios 
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during in vitro testing of anodized Ti-6Al-4V pins. 

Sterilizing the antibiotic treated pins in the 

gentamicin sulfate solution did not yield improved 

results over sterilizing out of the antibiotic 

solution. For both methods of sterilization the 

antibiotic was retained for a period of 144 hours. 

These results are plotted in figure 22. Ti-6Al-4V pins 

anodized for 1/2 hour and then treated in a similar 

fashion did not fair as well as all of the antibiotic 

was removed after 24 hours in a circulated blood plasma 

bath at 37°C (fig. 23). Identical gentamicin sulfate 

treatments preformed with anodized CP Ti pins, plotted 

in figures 24 and 25 indicate that the antibiotic can 

be successful 1 y attached and retai ned to the surface 

but, in general, did not do as well as the oxidized Ti-

6Al-4V pins. Additional antibiotic attachment tests 

were preformed in vivo using rabbits. The protocol 

and results of these tests are given in table 5. 

Successful attachment was only obtained by first 

treating the anodized pins with TDMAC and then with 

gentamicin sulfate. 
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TABLE 5. Protocall for in vivo antibiotic attachment tests 
for Ti-6Al-4V ELI anodi zed in 5% H2SO. at 75 volts 
for 30 hours. 

Test • of rabbits TOHAC/Ant ibiot Ie so Jut io~ pH-buffer TOHAC/ Post antibiotic lone ares/pln length (cl2/ell 
concentrat ion. antibiotic treaIDent 'before procedure after procedure 

athchlant steril izat Ion 
tlle-tup I8Iperature. 

0.0030 g/ll;pln 8. S-phosphste 12 hr./5 °c 121°C 2.80 0.00 
gemJlcin sulfate 

0.0030 gIll/pin 
genlumn sulfate a. S-phosphm 12 hr ./25 "C 121°C 2.80 0.00 

0.0030 g/ll/Pln 4.S-c1tm IZ hr./Z5 "C MS· 0.00 0.00 
cefadroxi I acjd 

0.0250 g/I/pin Tom 8.0-phosphate 2 hr. I 25 "C 
0.Ou30 glil/pjn 
micillin B.O-phosphate 12 hr./2S "C IS 3.90 0.00 

0.0200 g/l/PlD TDHAC 8. a-phosphate 2 hr.l 25°C 
0.0030 glil/pjn 
gentuicin sulfate 8. a-phosphate 12 hr.125 "C HS 2.80 0.40. 

0.11, 
0.15·· 

• not sterilized aftar antibjotlc trement. 
U Noraaltzed inhibition areas for anooized pins vith active antibiotic. 
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RBS data collected from anodized samples of CP Ti 

and the Ti-6Al-4V alloy are, in general, in good 

agreement with the findings of 

efforts reported in the literature. 

previous research 

The th i ckness of 

the oxide layer is definitely a function of the maximum 

potential and the time of anodizing. Differences in 

the anodizing rate of CP Ti and the Ti-6Al-4V have also 

been previously reported and were observed in 

study. However, it shou 1 d be noted that 

differences are very small and ~n the whole 

materials are electrochemically similar. 

this 

these 

both 

The anodizing rate is also dependent on the 

electrolyte temperature. Since the current necessary 

to ma i nta ina constant potent i ali s a funct; on of the 

electrolyte temperature, this result is not surprising. 

Increasing the temperature of the electrolyte increases 

the mobil ity of the ions in solution and therefore 

decreases the res i st ; v i ty of the electro 1 yts. Using 

Ohm's law, V = IR, if the resistance decreases and the 

potential is held constant the current must naturally 

increase. This means that the amount of charge passed 

---~--- ._-----_. - - -
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per unit of time increases and, from the Faraday 

equation, the oxide layer will grow at a faster rate. 

The efficiency of anodizing however, decreases with 

increasing electrolyte temperature. At 55°C, 93 % of 

the current passed does not go towards ox i de 1 ayer 

growth, but is consumed in other reactions such as 

oxygen evolution, 

format ion. 47 A 

titanium dissolution and peroxide 

plot of the current efficiency for 

several electrolyte temperatures is shown in figure 26. 

For both materials anodized between 1 and 2 hours 

the RBS spectra indicate that there is a near surface 

Ti02 layer on top of what appears to be a suboxide 

(Ti02_X ) layer represented in figure 2 as curve #3. For 

samples anodized for less than 15 minutes, RBS analysis 

does not show the presence of this suboxide layer. 

Samples anodized for longer than 2 hours in the case of 

Ti-6Al-4V or 3 hours in the case of CP T; also do not 

show any suboxide layer but the Ti02 layer is too thick 

to be analyzed by RBS. In contrast, non-stoichiometric 

subsurface oxides are indicated for all samples 

analyzed by AES and several titanium valence states are 

indicated for all samples analyzed by XPS. 

_. __ ._--
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The discrepancy in these results can be explained 

by a combination of non-uniform oxidation and 

preferential argon sputtering during depth profile 

analysis by AES and XPS. SEM analysis clearly 

indicates that the oxide layer grows rather uniformly 

in the in it i a 1 stages of anod i zat ion. As the time of 

anodization increases beyond 30 minutes, the oxide 

layer starts to develop conical oxide pi llars which 

grow both out from the oxide surface and into the bulk 

of the sample. Because of this, the oxide layer has a 

dup 1 ex structure; in some areas the ox i de ; s 

approximately 1700 A thick where pillar growth does not 

occur and up to 1 micron thick where the oxide pillars 

are located. The analysis cross section of RBS is 

about 2 mm2 • Beyond a depth of 1700 A, th i s 1 arge 

analysis cross section allows He ions backscattered 

from both the bulk titanium and the titanium oxide to 

be collected. When this occurs, the Ti signal 

intensity from the collected He ions will be less than 

that for metallic titanium. As a result, the spectra, 

below a depth of 1700 A, is not consistent with either 

titanium metal or Ti02 • 
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Depth profile analysis by AES also indicates 

that there is a non-stoichiometric oxide layer beneath 

a Ti02 layer. AES results for short term anodized 

samples show a thin Ti02 layer and some underlying 

Ti02~ layer in which the value of x approaches 2 as the 

time of argon sputtering is increased. 

oxide layer by sputtering is known to 

Removi ng the 

preferentially 

remove more oxygen than other elements with greater 

atomic weights61 • As the time of argon sputtering is 

increased, so does the damage to the oxide layer. 

Therefore the presence of a subox; de ; n short term 

anodized samples analyzed by AES and XPS could be an 

artifact of the sputtering process. AES data for 

long term anodized samples (t > 2 hours) also indicate 

some suboxide form within the depth of the oxide layer. 

Again, the effects of argon sputtering must be 

considered. In addition, the nonuniform thickness of 

the oxide layer, leads to nonuniform argon sputtering. 

This allows some sections of the oxide to be completely 

removed in wh i 1 e in other areas it remains intact. 

Overall, these samples behave similar to the short term 

anodized samples with the exception that the time 

necessary to completely sputter through the oxide is 
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increased both by the presence of a th i cker ox i de and 

an inc rease in the roughness of the samp 1 e su rface 

caused by the growth of conical pillars. 

Analysis by XPS of both materials before and 

fo 11 ow; ng e 1 ectrochemi ca 1 ox i dat ion reveals that the 

ox ide cou 1 d be composed of a T i 02 oute r 1 aye r and an 

inner oxide layer composed of TiO, Ti 20:3' and Ti02. 

Wi th the exception of the presence of a 1 umi num in the 

T;-6Al-4V alloy samples and sulfur in some anodized 

samples, the results obtained by progressively 

sputtering away the oxide layer are virtually identical 

from one samp 1 e to another. In general, all samples 

had an oxide layer of Ti02 which upon sputtering showed 

evidence of the presence of many different titanium 

oxides. In an effort to further understand the effect 

of Ar sputtering on stoichiometry of titanium oxide, a 

sample of Ti02 powder was compressed into a small 

pellet and analyzed in a similar fashion by XPS. 

Following sputtering, this sample also showed peaks for 

different titanium oxides (figure 27). A comparison of 

this sample with that of an unanodized Ti-6Al-4V alloy 

sample shown in figure 13 reveals that in the vicinity 

of the Ti 2p1/2 and 2p3/2 peaks the spectra look 
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remarkably similar. 
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This is strong evidence that the 

presence of titanium oxides other than TiOz are in fact 

artifacts introduced by argon sputtering. 

Specific differences between AES and XPS analyses 

may be reconc i 1 ed by cons i der; ng the methods emp 1 oyed 

to cal cul ate the stoi ch; ometry of the ox; de. In AES 

analysis, stoichiometry is determined by comparing 

normalized OITi ratios to calculated values for the 

various titanium oxides. The signals of the elements 

present within the oxide layer originate from a maximum 

depth of 20 A. If preferential sputtering occurs, the 

strength of the oxygen signal in a stoichiometric oxide 

will decrease with sputtering time. The resulting Q 

ratios may not be consistent with any titanium oxide. 

An oxide of nonuniform thickness will, after sputtering 

for a SUfficient time, be stripped of the oxide layer 

in some areas. This allows the metallic titanium 

surface to give off Auger electrons which increase the 

strength of the titanium signal. In this case, the 

resulting OITi ratios may also not be consjstent with 

any stoichiometric oxide. 

In XPS analysis one can determine the titanium 

oxidation state by observing the location of the 
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titanium 2Pt/2 and 2P3/2 peaks. The creation of an 

oxygen deficient titanium oxide layer by Ar sputtering 

broadens these titanium peaks so that they cover a much 

larger energy range. The actual 10caOtion of the peaks 

; s not cons i stent wi th anyone t i tani urn ox i de but can 

be deconvoluted as a summation of 3 stoichiometric 

oxides. As the sputtering time increases so to does 

the amount of preferential oxygen depletion. This 

results in an increase in the quantity of lower 

titanium valence states present within the oxide layer. 

The concentration of alloying elements in the 

oxide layer can only be picked up by auger electron 

spectroscopy. RBS is not sensitive enough for either 

a 1 umi num or vanad i urn and XPS can detect a 1 umi num but 

the presence of oxygen interferes with the detection of 

vanadium. Consequent 1 y, the valence states of these 

elements in the oxide layer could not be determined. 

Auger analysis of alloying elements in oxide layer 

grown on Ti-6Al-4V alloy surfaces indicated that the 

concentration of vanadium relative to titanium remained 

vi rtua 11 y constant th roughout the depth of the ox i de 

layer. Aluminum, on th9 other hand, was observed to 
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increase in concentration as the analysis proceeded 

from the samp 1 e surface to the ox ide/meta 1 interface. 

This is in agreement with some previous research 

efforts 48 and contradi ctory to others42 • Di fferences in 

analytical methods and anodizing techniques are the 

likely factors responsible for the discrepancies in 

these findings. The concentration profiles for these 

elements suggests that aluminum is rather easily 

discharged into the electrolyte upon anodizing. In the 

anodized layer, both species are believed to be present 

in oxidized valence states; aluminum as A1 3+, and 

vanadi um as V3 + and V5+. Thus, the measured 

concentration profile for Al may be a result of A1 3 + 

being dissolved into solution. 

As with aluminum and vanadium the amount of 

sulfur present in the oxide could only be determined by 

AES analysis. The concentration of sulfur in oxides 

formed on both the Ti-6Al-4V alloy and CP Ti for 

similar anodizing conditions, appears to be about the 

same. This concentration was found to be a function of 

the time of anodizing which is in agreement with 

previous investigations55 • Depth profiles of the oxide 

for sulfur reveals that the concentration of this 
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element relative to titanium decreases sl ightly with 

the depth of the oxide layer. This result is to be 

expected since, during anodizing, a sulfate ion 

concentration gradient exists from the 

electrolyte/oxide interface to the oxide/metal 

interface. The sulfur concentrations for alloy samples 

anodized for 2 hours or longer, are similar to the 

concentrations of the alloying elements. Because the 

sulphate species is negatively charged in solution, it 

will naturally be attracted to a positively charged 

surface. This will, in turn, cause a significant 

amount of sul fur to be incorporated into the oxi de 

layer. 

The ox i de 1 ayer formed by anod i zing was observed 

to be uniform in thickness for short anodizing times. 

For longer anodizing times (t > 30 min.) the oxide 

layer was not uniform and consisted of conical shaped 

pillars protruding from the· sample surface. This is 

consistent with the observations of Deplancke and 

Winland for the electrochemical oxidation of titanium 

under low current dens it i es (i < 50 A/m2). The growth 

of these pill ars is a resu 1 t of some sites. on the 

sample surface being more anodic than the surrounding 
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areas. Clearly, this phenomena is similar in nature to 

pitting corrosion with the exception that the overall 

size of the co 1 umns and the resu 1 t i ng pits are much 

smaller. 

Differences in the surface morphology for the Ti-

6Al-4V alloy and CP Ti occur after anodizing for 

extended times. If anodized for longer than 15 hours, 

the oxide pillars on the Ti-6Al-4V alloy start to 

dislodge from the sample surface and completely 

disappear after 30 hours. This is not the case for CP 

Ti in which the majority of conical oxide pillars are 

still present after anodizing for 120 hours. The 

differences here are likely a result of differences in 

electrochemical behavior caused by the addition of 

alloying elements. However the exact cause of pillar 

dislodging in the case of the alloy material could not 

be determined. 

The porous oxide layer obtained for the Ti-6Al-4V 

alloy may not be useful for osseointergration as the 

pores are too small 

adequate fixation 

( 10 mi crons) . 

of the 

In order to have 

implant through 

osseointegration, pores of 100-400 microns are believed 

to be optimum. 
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X-ray diffraction was used to determine the 

crystal structure of the oxide phase formed by 

anod i zing. Prev i ous research efforts have determi ned 

that the crystal structure of the oxide was a function 

of the anodizing voltage48 ,5o. Attempts to determine 

the structure of the oxide by XRD were not successful 

as no characteristic peaks for the oxide were present 

in any of the diffraction scans. Difficulty in 

obtaining a XRD pattern for titanium oxides formed by 

electrochemical oxidation has been previously 

reported44 • The main drawback of us i ng thi s techni que 

"is that it is primarily for bulk analysis. The oxide 

layer is simply not thick enough to produce any 

characteristic peaks, and thus, its crystal structure, 

could not be properly identified. 

Antibiotic attachment to anodized titanium oxide 

surfaces was successful only during in vitro testing, 

Unanodized pins treated with antibiotics did not have 

any zone of inhibition after washing in whole blood or 

blood plasma for more than 8 hours. Similar results 

were obtained for both materials following anodizing 

for 1/2 hour. Using a thick porous oxide layer created 

by long term anodizing, one anionic antibiotic, 
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ampicillin, was attached successfully and remained 

active after 24 hours of in vitro washing in blood 

plasma. This suggests that the thickness and t:'e 

porosity of the oxide layer are critical in keeping any 

antibiotic attached to the oxide surface. Other 

anionic antibiotics such as penicillin and cefadroxil 

did not provide zones of inhibition soon after exposure 

to blood or blood plasma. Schematic di agrams of both 

good and poor attachment of antibiotics are shown in 

figure 28 in the form of inhibition zones. 

Attachment of gentamicin sulfate, a cationic 

antibiotic to the Ti02 surface proved to be superior to 

any of the anionic antibiotics used in this study. By 

creating a porous oxide layer on Ti-6Al-4V pins, a 

significant amount of antibiotic was retained after 

wash i ng for 144 hours ina blood plasma bath. 

Inhibition zones for CP Ti treated with gentamicin 

sulfate were smaller than those obtained for the alloy, 

again indicating the importance of a porous surface. 

Gentamicin sulfate attachment to the oxide surface 

is possible by two different means: (1) precipitation 

and retainment within the pores of the oxide layer and 

(2) electrostatic attachment to the oxide layer with 
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subsequent multilayer formation. The former case is 

unlikely as the time necessary for the antibiotic to 

di ffuse out of the 10 mi cron pores shou 1 d be of the 

order of a few seconds assuming a diffusivity of 10-6 

cmZ /sec. The i soe 1 etri c poi nt of TiOz is known to 

occur around a pH of 6. Immersing the oxide coated pin 

in a gentamicin sulfate solution at a pH of 8.5 will 

yield a negatively charged oxide layer. The positively 

charged antibiotic could then be attracted to the 

surface by electrostatic forces. The initial 

antibiotic layer would be strongly attached to the 

oxide surface. Succeeding antibiotic layers would most 

likely be bound to the first layer by weak hydrophobic 

bonding forces and hence, are susceptible for easy 

removal from the surface. The absorption model seem to 

agree we 11 wi th the experi menta 1 resu 1 ts obtained in 

this study. Initially the normalized inhibition zone 

areas are qu i te 1 arge but are s 1 owl y reduced as the 

exposure time to blood plasma is increased. Schematic 

illustrations of the attachment of different 

antibiotics are shown in figures 29 and 30. The failure 

of the beta-l actam ant; b; ot; cs to p rov; de a zone of 

inhibition &fter in vitro testing was most likely due 
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Figure 29. Schematic illustration of antibiotic attachment to 
titanium oxide surfaces. A. Ampicillin (anionic) 
attachment. B. Gentamicin sulfate (cationic) 
attachment. 
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to either removal of the antibiotic by protein binding 

or, poor antibiotic stability in acidic solutions. 

The protein binding capacity of penicillin-G and 

penicillin-V is 60-80%, while ampicillin is around 

20%. When exposed to blood plasma, a zone of 

inhibition was obtained for ampicillin indicating that 

protein-antibiotic interactions do play a role in 

determi n i ng the amount of active ant i bi ot i cs retained 

by the pins. 

Electrostatic attachment of penicillins to the 

TiOz surface is possible at a solution pH of less than 

6. Unfortunately, most penicillins are not strongiy 

acid resistant. In strong acidic solutions (pH<3) 

penicillin undergoes a complex series of reactions 

leading to a variety of inactive degradation 

products~. In addition, penicillin salts are not 

soluble in citric acid buffers at a pH of less than 

4.5. Thus, the pH window for penicillin attachment is 

small and the attachment is poor. 

Several "time zero" in 

rabbi ts were also preformed. 

vivo experiments using 

Ant i bi ot i c treated pi ns 

were inserted in the distal femur intramedullary canal 

and removed following euthanasia. Except for one case, 
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Small zones of 

inhibition were present for anodized pins first treated 

ina cat ion i cant i sept i c so 1 ut i on (pH = 8. 0) and then 

immersed in a gentamicin sulfate solution (pH = 8.0). 

These negative results are intriguing as it is 

difficult to anticipate the hematology of the bone 

marrow being significantly different that of whole 

blood. However, a decrease in the pH of blood during 

trauma has been p rev i ous 1 y reported. One poss i b i 1 i ty 

is that a significant drop in pH might lead to 

desorption of the antibiotic by nullifying the 

electrostatic bond to the oxide surface. Further 

investigations to improve in vivo performance are 

warranted. 
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The formation of anodic oxide films on CP Ti and 

Ti-6Al-4V alloy surgical implant materials was 

investigated. Characterization of the oxide layers was 

preformed usi ng Rutherford backscatteri ng spectroscopy 

(RBS), auger electron spectroscopy (AES), x-ray 

photoelectron spectroscopy (XPS), 

scanning electron microscopy (SEM) and x-ray 

diffraction (XRD). RBS studies revealed that the 

thickness of the oxide layer ;s a function of anodizing 

time, potential and electrol~te temperature. AES 

analysis indicated that the concentration of aluminum 

was observed to increase with depth of the anodized 

layer while the concentration of vanadium remained 

virtually 

thickness. 

constant throughout the oxide layer 

XPS analysis indicated that Ar sputtering 

of the t; tan i um oxi de 1 ayers can 1 ead to preferent i a 1 

removal of oxygen from the films. 

The morphology of the oxide layer, analyzed with a 

SEM, was observed to lIndergo drasti c changes as the 

time of anodizing increases. The initially uniform 

oxide layer developed conical shaped oxide pillars 



103 

following 1/2 hr. of anodization. After anodizing for 

extended times, profound differences in the morphology 

of the oxide layers formed on CP Ti and Ti-6Al-4V were 

evident. A porous oxide layer, created after the oxide 

cones were removed from the surface, was obtained for 

the alloy material. A porous oxide was not obtained 

for CP Ti in the range of anodizing variables 

investigated. 

Attachment of antibiotics to the titanium oxide 

layer to provide systemic protection from postoperative 

infections was studied using several antibiotics. 

Gentamicin sulfate produced the most promising results, 

as enough antibiotic remained active during 140 hours 

of in vitro washing to provide sufficient inhibition 

zones against staphylococcus au reus bacteria. 



APPENDIX 

Rutherford backscattering spectrometry analysis 
of the stoichiometry and thickness of the titanium oxide 
layers were calculated as follows: 

Stoichiometry = 

where 

No 
, 

Z HTi 
= * ------- - 1 

Nr; 
, 

Y H'r; 

Kn Er; (Eo> ETi (Kr; Eo> 
Z= ----------- + ------------

cos ell 

y= ----------- + -----------
cos ell 

~= incident energy, 1892 keY. 

KTi= kinematic factor for titanium, 0.7170. 

ETi = energy loss cross section for titanium, 
dependent on energy. 

EO= energy loss crosssection for oxygen. 

CP = Incident angle of He ions, 180°. 

92 = Collection angle of He ions, 170°. 

No'/NTi '= number of oxygen atoms relative to titanium 
atoms. 

HTi= Height of pure titanium signal. 

H'Ti= Heigth of titanium + oxygen signal. 
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For the thickness of th~ oxide, a depth scale was 
first determined assuming the density of Ti02 was 3.89 g/cc. 

where 

and 

+ ------------------
cos 92 

Molecular weight of Ti02 

No : 2 (Nr; ) 

For Ti02 with a density of 3.89 g/cc and a molecular 
weight of 79.90: 

Nr;: 2.93 X 1022 atoms/cm3 

No: 5.86 X 1022 atoms/cm3 

For a thickness (t) of 1 A 

(Nt)r; : 2.93 X 10 '4 atoms/cm2 

(Nt)o : 5.86 X 10 '4 atoms/cm2 

The corresponding energy width for Ti in Ti02 is 
81.7 eV/A for a beam energy of 1892 keV at normal 
incidence. This means 1 channel: 1.815 keV and the 
resulting depth scale for T; in Ti02 is 22 A/channel. 



The binding energies of titanium and several 
stoichiometric titanium oxides is given below. 
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OXIDE LINE BINDING ENERGY (eV) 

Ti02 2P3/2 458.9 
2P1/2 464.6 
3s 62.0 
3P3/2 37.5 

T;203 2P3/2 457.2 
2P1/2 462.9 

TiO 2P3/2 455.2 
2p1/2 461.0 

Ti 2P3/2 453.6 
2P1/2 460.0 
3P3/2 58.2 
3s 32.5 

° 1s 530.6 

c* 1s 285.0 

* Reference energy 
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