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Oxide films formed on titanium exposed to a phosphate- 
buffered saline solution with and without hydrogen perox- 
ide (H202) addition were investigated by means of electro- 
chemical impedance spectroscopy (EIS) and X-ray photo- 
electron spectroscopy (XPS). The oxide growth at the 
titaniumielectrolyte interface was monitored in situ by daily 
EIS measurements during periods of several weeks. The 
results suggest that the oxide film can be described by a 
two-layer model with a barrier inner layer and a porous 

outer layer. H,O, addition results in an increased dissolu- 
tionloxidation rate that leads to an enhanced oxide growth 
of the porous outer layer. As a result, the total oxide film 
can reach a thickness corresponding to an interference blue 
color. Based on XPS results, H,Oz addition furthermore 
seems to facilitate the incorporation of phosphate ions 
into the thicker porous layer. This observation may be re- 
lated to the so-called osseointegration properties of tita- 
nium. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

Titanium is one of the most important materials for 
biomedical and dental applications. Similar to many 
other corrosion-resistant materials, a protective oxide 
film spontaneously forms on titanium in air or in 
most aqueous solutions. The physiochemical and 
electrochemical properties of the oxide film and its 
long-term stability in biological environments are de- 
cisive factors for the biocompatibility of titanium.'" 
Passivity of titanium is normally due to a few nanom- 
eter (1 nm = l o p 9  m) thick film of amorphous tita- 
nium d i ~ x i d e . ~  This invisible oxide film is very resis- 
tant to corrosion and forms a kinetic barrier for the 
dissolution of titanium into s ~ l u t i o n . ~  The growth of 
the titanium oxide film obeys the high-field theory, 
i.e., the thickness of the oxide film depends on the 
potential difference across the film.6 Accordingly, the 
natural oxide growth under open-circuit conditions 
has been suggested to be a weak function of time 
with a very low expected oxide growth rate.7 The use 
of various surface analytical techniques has revealed 
that the surface film on titanium is essentially a thin 

"To whom correspondence should be addressed. 

layer of TiO, before and after clinical autoclaving and 
also upon anodic oxidation treatment, during which 
the oxide thickness increases with anodizing poten- 
tial.%*' In vitro investigations have shown that the 
oxide film formed on titanium and its alloys after 30- 
60 days of immersion in artificial physiological solu- 
tions is only several nanometers thick. 11-13 

These observations are in contrast to some clinical 
observations, showing that the surface film formed 
on titanium implants in the human body after some 
years reached a thickness far beyond the nanometer 
range. l4 Auger electron spectroscopy studies have re- 
vealed that both the thickness and nature of the oxide 
layer formed on titanium implants change with im- 
plantation time, as evidenced from the oxide thick- 
ness and the incorporation of mineral ions, such as 
calcium and phosphate ions, into the oxide.15 The 
incorporation of mineral ions into the oxide film is 
believed to be important for the "osseointegration" 
behavior, which can lead to direct bone-titanium con- 
tact and strong bonding that in turn can contribute to 
the load bearing capacity of titanium implants." Oc- 
casionally, titanium compounds have been found in 
tissues adjacent to titanium implants and were re- 
ported to be unrelated to wear processes. These find- 
ings are not consistent with the slow oxidation of 
titanium reported for in vitro exp~sure . '~ -*~ 

To explain the unexpectedly high in vivo oxidation/ 
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corrosion rates of titanium sometimes found, the ef- 
fect of H202 generated in the biological system dur- 
ing implantation has been suggested to be of great 
importance. In support of this conjecture an increase 

Genera] 

in oxidationkorrosion rate of titanium with increased 
H,02 concentration has been Alterna- 
tively, a titanium oxide needle model was proposed 
to account for the relatively high amounts of titanium 
ions released.22 

More recently, a mechanism has been suggested 
based on passive dissolution of titanium and prefer- 
ential molecular adsorption. A specific feature of the 
model is the gradual transition from titanium metal 
through near-stoichiometric oxide, calcium, and 
phosphorus substituted hydrated oxide, adsorbed li- 
poproteins and glycolipids, proteoglycans, collagen 
filaments, and bundles to ~ e l l s . ~ ~ , ~ *  Due to the incor- 
poration of phosphate ions into the titanium oxide 
film, it has been demonstrated that titanium exhibits 
a superior ability to form a surface calcium phosphate 
layer similar to apatite in neutral electrolyte solution. 
This property may be one cause for the biocompati- 
bility of titanium,11,12 and it can be enhanced by cal- 
cium ion implantation treatment of titanium im- 
p l a n t ~ . ~ ~ ' ~ ~  

In previous electrochemical measure- 
ments, surface sensitive angular-resolved X-ray 
photoelectron spectroscopy (XI'S), and scanning 
tunneling microscopy gave clear evidence that the 
passive film formed on titanium in a phosphate- 
buffered saline (PBS) solution exhibits a two-layer 
structure after shorter times of exposure or when 
anodized at potentials of biological relevance. The 
inner layer is a compact, near-stoichiometric oxide 
close to TiO,; the outer layer is porous, nonstoi- 
chiometric, and rich in hydroxylated compounds. 
The addition of H202 in the solution results in an 
increased thickness of the outer layer. A bluehiolet- 
blue color has been observed on titanium when ex- 
posed for some weeks to the PBS with additions of 
H202, an observation which may be of significance 
with respect to clinical observations of thick oxide 
layers and dark pigmentation on titanium im- 
p l a n t ~ . ~ ~ , ~ ~  

As a continuation of the previous work, this article 
presents the results from further investigations of the 
enhanced oxide growth on titanium due to an H202 
addition to PBS solution. The metal/electrolyte inter- 
face was characterized by electrochemical impedance 
spectroscopy (EIS)28 measurements in order to obtain 
in sifu oxide film characteristics during a long period 
of exposure. After exposure, the films were analyzed 
using angular-resolved XI'S. The detailed analysis of 
the EIS data is published elsewhere,29 and the main 
results are discussed here in combination with the 
results from other techniques. 
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EXPERIMENTAL 

General aspects of specimens, solution prepara- 
tion, and experimental set-up were described previ- 
0 u s 1 y . ~ ~  The specimens were made from a commer- 
cial pure titanium rod (grade 1, Johnson Matthey). 
The surface was successively wet abraded up to 2400 
grit paper, then cleaned with deionized water, etha- 
nol, and acetone prior to each exposure. The compo- 
sition of the PBS solution is given in Table I. It was N2 
deaerated and shielded from light by an aluminum 
foil packing of the electrochemical cell, because pre- 
vious observations have shown these to be necessary 
conditions for the blue color on titanium to appear, 
especially during earlier periods of exposure. A rela- 
tively high initial H202 concentration of 100 mM was 
chosen to obtain the blue color under free immersion 
conditions within practical exposure times. During 
the exposure period, the H202 concentration was 
checked regularly by using the VACUette ampoule 
test (CHEMetrics), which is based on the formation of 
a red thiocyanate complex. Gas bubbles, formed on 
the titanium surface due to decomposition of H202, 
were removed by gently shaking the electrochemical 
cell prior to the EIS measurements. The long expo- 
sure test was repeated three times at room tempera- 
ture. 

EIS 

EIS measurements were performed using an Im- 
pedance/Gain-Phase Analyzer (Solarton 1260) cou- 
pled to a Potentiostat-Galvanostat System (EG&G 
Parc, Model 273A) that was connected to a conven- 
tional three-electrode electrochemical cell. The EIS 
spectra were obtained at the open-circuit potential of 
the titanium sample in PBS solution, using a small ac 
perturbation with an amplitude of 10 mV and a fre- 
quency range from 0.005 Hz to 1 kHz. The impedance 
behavior of titanium immersed in PBS solution was 
expressed in Bode plots with the impedance modulus 
and the phase angle plotted versus frequency. Data 
registration and analysis were performed with a com- 
puter. The EIS data were interpreted using a non- 
linear least squares fit procedure developed by 
Boukamp .30 

TABLE I 
Composition (@L) and pH of PBS Solution 

NaCl Na,HPO, .12H,O KH,PO, PH 

8.77 3.58 1.36 7.2 - 7.4 
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XPS 

XPS analysis was made with a KRATOS AXIS HS 
spectrometer with both data registration and curve 
fitting implemented by a computer. An A1 K, X-ray 
source was used, and it was focused on a small area 
of about 500 X 800 pm2 in the center of the sample 
surface. The system was regularly calibrated with Au 
and Cu standard samples; and the photoelectron en- 
ergy of the hydrocarbon CIS peak was assumed to be 
at 284.6 eV, and was used as an internal standard to 
determine the binding energy of other photoelectron 
peaks. A linear subtraction of the background was 
employed and a Gaussian distribution of the photo- 
electron energy was assumed for the purpose of mea- 
suring the XI'S signal intensity and for multicompo- 
nent data deconvolution, respectively. The atomic 
concentration of the elements in the titanium surface 
region was obtained after correction of the signal in- 
tensity with tabulated atomic sensitivity factors.31 
The composition and chemical binding information 
from different depths ( 6 - 7  nm) into the surface re- 
gion were obtained by varying the take-off angle of 
the analyzed  photoelectron^.^^ 

RESULTS 

Visual appearance of titanium surface 

In the present work, when the titanium sample 
was exposed to the PBS solution with an initial H,O, 
concentration of 100 mM, deaerated by pure N, gas 
and shielded from light, the blue color appeared on 
the titanium after 1 4  weeks of exposure in a conven- 
tional glass electrochemical cell. This phenomenon 
seems to be influenced not only by the presence, but 
also by the decomposition process of H,O,; that is, 
when the decomposition process is quicker, the time 
for the blue color to appear is shorter. By contrast, no 
coloration was observed on titanium samples when 
exposed to PBS solution without H,O, addition, even 
after more than 1 month of exposure. In the latter 
case, the sample surface appears light yellowish 
(straw-yellow) after exposure. 

EIS measurements 

The EIS spectra obtained for titanium and their 
variation with time of exposure demonstrate a signif- 
icant influence of the H,O, addition in the PBS solu- 
tion. Detailed data interpretation using the equiva- 

lent circuit approach is given elsewhere,29 only main 
results are briefly discussed herein. 

When titanium is exposed to PBS solution without 
the addition of H,O,, its EIS spectra exhibit behavior 
typical of a thin passive titanium oxide film, i.e., a 
near-capacitive response illustrated by a phase angle 
close to -90". This behavior does not change signif- 
icantly with exposure time (see Fig. 1). Similar spectra 
for passive films on titanium have been reported pre- 
viously by other authors.33 However, when titanium 
is exposed to PBS with added H,O,, the spectra are 
different and vary significantly with exposure time 
(Fig. 2). After a certain time of exposure, a second 
time constant can clearly be resolved in the spectrum. 
This demonstrates that the introduction of H,02 into 
the solution modifies the passive film on titanium 
and the electrochemical properties of the film change 
as the exposure proceeds. The EIS spectra can be in- 
terpreted in terms of a two-layer model of the oxide 
filmz9 and can be represented by electrical equivalent 
circuits similar to those proposed for unsealed and 
sealed anodized aluminum oxide layers, respec- 
t i~e ly . , ' ,~~  Fi gure 3 shows schematically the oxide 
film under different exposure conditions as specified 
in the figure caption. 

Without H,O,, the spectra can be fitted to the 
equivalent circuit for an unsealed oxide film [see Fig. 
3(A)]." The contribution from the porous outer layer 
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Bode plots for titanium exposed in the PBS so- 
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Figure 2. Bode plots for titanium exposed in the PBS so- 
lution with H,O, addition having an initial concentration of 
100 mM. (A) 1 day; (B) 30 days. 

to the impedance response in this case is rather small, 
probably due to a thin outer layer and good conduc- 
tivity of the electrolyte in the pores. The resistance of 
the inner layer is about 5 MR cm2. This implies a high 
corrosion resistance, indicating a very low rate of dis- 
solution/oxidation of titanium. The capacitance asso- 
ciated with the inner layer decreases slightly with 
time of exposure and approaches a steady-state value 
of around 10 pF/cm2 after 1 week of exposure. A 
slight decrease of the capacitance with time of expo- 
sure indicates a slow growth of the oxide film on 
titanium and a long-term stability in PBS solution 
without H20,. 

The introduction of H20, into the PBS solution re- 
sults in distinct changes in the EIS spectra (see Fig. 2). 
During the earlier stage, the results from data fitting 
to the same equivalent circuit as above, reveal that 
the inner layer has a high capacitance and a low re- 
sistance. This indicates that the native barrier layer is 
severely attacked and may be partially dissolved and/ 
or become defective [Fig. 3(B)]. Then the resistance 

Ti TiO, 

Inner Outer layer 

- 
Solution 

T I  Tio, 

Inner Outer layer 

\ 

Hydrates or 
precipitates 

Ti TiO, 

Figure 3. Schematic representation of the oxide film 
formed on titanium exposed in the PBS solution. (A) with- 
out H,O,; (B) with H,O,, earlier stage; (C) with H202, later 
stage, when blue color appears. 

case without H202, so that the dissolution/oxidation 
rate of titanium is expected to be much higher in the 
presence of H202. In the later stage, when the blue 
color appears on the titanium surface, the obtained 
spectra are easily fitted to the two-layer model pro- 
posed for a sealed anodized oxide film on aluminum 
[Fig. 3(C)].34 The contribution of the outer porous 
layer to the spectra appears significant and exhibits a 
low capacitance of 3 kF/cm2, indicating a thick outer 
layer. The resistance of the compounds inside pores 
of the outer layer increases with exposure time, 
which may be due to a gradual hydration or incorpo- 
ration of ions and some precipitation process. The 
evolution of the spectra reflects the pronounced two- 
layer feature of the film and the development of a 
thick outer porous layer where the incorporation of 
ions may be facilitated. 

increases and the capacitance decreases rapidly with 
time of exposure, suggesting a regrowth of the inner 
layer and/or a self-healing p r o ~ e s s . ~  During this 
stage, the low frequency limit of the impedance is 
approximately 100 KR cm’, which reveals a much 
lower corrosion resistance compared to that in the 

xps 

Samples that were exposed for 2 weeks in the PBS 
solution with and without H202 addition, respec- 
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tively, were analyzed by XPS. The blue color only 
appeared on the sample exposed to PBS with H,O,. 

In agreement with other studies,'-13 the survey 
XI'S spectra from both surface films on titanium ex- 
hibit peaks from titanium and oxygen representative 
of titanium oxide and a peak from carbon. As op- 
posed to previous results from short time expo- 
s u r e ~ , ~ ~  the metallic titanium peak could not be de- 
tected. This suggests that the oxide film thickness 
exceeds about 7 nm, the information depth of actual 
 photoelectron^.^^ In addition, the survey spectra ex- 
hibit peaks from nitrogen and phosphorus, in partic- 
ular the spectrum from the blue sample. 

Narrow spectra of C1, show a shoulder with a bind- 
ing energy of around 287 eV on the higher binding 
energy side of the main hydrocarbon peak, which can 
be assigned to carbon bonded with oxygen or nitro- 
gen.31 Hydrocarbon species due to surface contami- 
nation are seen in large amounts and have been de- 
ducted from the total composition to simplify the fol- 
lowing quantitative analysis. Nitrogen is present with 
a binding energy of 399.5 eV, and may originate from 
organic contamination or from ammonium. The spec- 
tra of Ti2,3,, reveal titanium to be present essentially 
as Ti(IV) with a binding energy of 458.3 eV. No at- 
tempt was made to further deconvolute the peak and 
the titanium oxide is considered to be mainly TiO,. 
The narrow spectra of 01, can be deconvoluted into 
three components, which may be assigned to oxygen 
in titanium dioxide, to hydroxide or hydroxyl groups, 
and to water or phosphate, respectively. l3 Quantita- 
tive analysis of the different oxygen containing spe- 
cies seems to be difficult, partly because oxygen may 
originate from species at different probing depths. 
The I',, peak has a binding energy of 133.0 eV, which 
can be assigned to some phosphate or pyrophosphate 
compound.31 It originates most likely from phos- 
phate in the PBS solution, and is incorporated as 
phosphate ions into the oxide film. The same obser- 
vations have been reported in other studies, demon- 
strating the specific feature of titanium Ad- 
ditionally, a peak having a binding energy of 138.5 eV 
has been observed on the blue surface, which may 
originate from Pb(I1) as oxide or as some other com- 
pound. Its presence may be the result of contamina- 
tion of the electrolyte, from which it is incorporated 
into the titanium oxide layer. 

Detailed spectra of the photoelectrons at varying 
take-off angles reveal compositional information from 
different depths of the surface film ranging from 
monolayer sensitivity (low take-off angle) to lower 
surface sensitivity (high take-off angle). Figure 4(A- 
D) illustrate the in-depth variation of the concentra- 
tion (in atom %) of titanium, carbon, nitrogen, and 
phosphorus (as phosphate) after deduction of the hy- 
drocarbon component. The surface film on the blue 
sample exhibits an outer layer containing higher con- 

centrations of carbon and nitrogen and lower concen- 
trations of titanium and phosphorus. The sample 
without blue color does not exhibit the same variation 
in in-depth distribution and suggests that ions may 
be more easily incorporated in the surface film of the 
blue sample. It should be remembered that the ap- 
parent low atomic concentration of phosphorus in the 
outer surface layer of the blue sample does not nec- 
essarily imply a lower total amount of phosphorus in 
the film, because the information depth of this tech- 
nique is small in comparison to the total film thick- 
ness. 

The XI'S results demonstrate that H202 addition in 
the solution results in a significant change in the com- 
position of the outer layer of the oxide film on tita- 
nium, where relatively large amounts of mineral ions 
have been incorporated with phosphate ions detected 
deeper inside. These XPS observations are in agree- 
ment with the EIS investigation, supporting the two- 
layer model proposed for the oxide film formed on 
titanium in the solution.27 The sample without blue 
color exhibits less pronounced two-layer features. 

DISCUSSION 

H,O, enhanced oxide growth 

The measured capacitance of a dielectric oxide layer 
is commonly used to estimate its thickness. This is 
done by assuming the oxide layer to be a parallel- 
plate capacitor and using the equation: 

C = ErJId (1) 
where E is the dielectric constant of the oxide, e, is the 
dielectric permittivity of vacuum, and C, A,  and d 
denote the capacitance, surface area, and thickness of 
the oxide layer, respectively. With C values obtained 
from EIS measurements and using a dielectric con- 
stant E = 65 for Ti02,27 a surface roughness factor of 
1 for the barrier-type inner layer and 1-2 for the po- 
rous outer layer, estimated oxide thicknesses are 
given in Table 11. 

As inferred from Table 11, the oxide thicknesses 
range from around 10 k 2 nm (PBS without HZO2) to 
around 30 k 10 nm (PBS with H,O,). These thickness 
data can be compared with 20 and 50 nm, respec- 
tively, when the estimates are based on the principle 
of the interference minima appearing in the reflec- 
tance spectra of the oxidized metal surface (A. 
Hugot-Le Goff, personal communication, 1994). Tak- 
ing various experimental errors and assumptions into 
account, the EIS results are in satisfactory agreement 
with the interference results. Hence, there is ample 
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Figure 4. In-depth distribution of the oxide film on titanium formed in the PBS solution with and without H,O, addition, 
after deduction of hydrocarbon. (A) titanium as Ti(1V); (B) carbon-(bonded with oxygen or nitrogen); (C) nitrogen; (D) 
phosphorus. The surface sensitivity increases with decrease in take-off angle. 

evidence that oxide films formed on titanium in PBS 
solution consist of an inner and outer layer with a 
total oxide film thickness that increases with the in- 
troduction of H,02. 

The enhanced oxide growth may be explained by 
the increased rate of dissolution/oxidation due to 
H,O, addition in the solution. Aqueous metal corro- 
sion can result in either dissolution of metal ions into 
the electrolyte or precipitation of a film of corrosion 
products or both. Titanium exhibits a strong ten- 
dency to passivate due to the formation of a stable 
titanium dioxide film on the ~ u r f a c e , ~ ~ , ~ ~  and it has 
been reported that the loss of titanium metal can be 
attributed mainly to the growth of the oxide.7 The 
corrosion rate may be either under charge transfer 

TABLE I1 
Estimated Thickness (nm) of Oxide Film on Ti in 

PBS Solution 
~~ 

Titanium Inner Outer Total Optical 
Sample Layer Layer Thickness Measurement* 

Yellow color 
(PBS without 

Blue color 
H*OJ 6 2.5 - 5.0 8.5 - 11.0 20 

(PBS with 

Thickness based on EIS results as well as on optical mea- 

*A. Hugot-Le Goff, personal communication, 1994. 

H20,) 1 20-40 21.0-41.0 50 

surements. 
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control or under mass transport control or both, so 
that the net corrosion rate may be a complicated func- 
tion of different  resistance^.^^,^^ When titanium is ex- 
posed to PBS without added H,O,, the observed high 
film resistance indicates a low corrosion rate, which 
implies a low rate of dissolutiodoxidation, and thus a 
high stability of the passive film. When H,O, is in- 
troduced into the solution, the relatively low resis- 
tance at the low frequency limit observed within a 
short period of exposure indicates a high corrosion 
rate, which may include both a high titanium disso- 
lution rate and a high oxide growth rate. As the oxide 
thickness increases and the concentration of H,O, de- 
creases, the oxide film resistance increases, and the 
oxide growth rate decreases with time of exposure. 

An alternative way of expressing the role of H,O, is 
by means of an increased electrode potential upon 
H202 in t rod~ct ion ,~~ which results in an enhanced 
oxide film growth rate according to the high-field the- 
0ry.7,39 

Appearance of blue color 

Previous studies have shown that a blue or violet- 
blue color can appear on titanium as the result of 
either oxidation of titanium or reduction of its oxide. 
By thermal oxidation or electrochemical anodization, 
a thick oxide film can be produced that may appear 
blue when it reaches a certain thickness due to inter- 
ference effects4' A blue color has also been observed 
on titanium implant samples with a 10-fold increase 
in oxide thickness due to fluorine contamination in 
the preparation process.8 A characteristic blue or vi- 
olet-blue color of a low-valence titanium oxide, such 
as Ti,O, or Ti305,35 has also been observed when 
Ti(1V) in the oxide film was partially reduced to Ti- 
(111), either by electrochemical cathodic reduction4143 
or hydrogen gas reduction at elevated tempera- 
t ~ r e . ~ ~ ~  When sufficient hydrogen is introduced 
into the oxide, a blue color can be observed even if 
titanium is still present mainly in a Ti(1V) state,44 de- 
spite changes in physicochemical,42 optical,47 and pho- 
toelectrochemical properties of the oxide film.4s50 
Upon reduction, the color is often associated with 
nonstoichiometry of the oxide film.45r5*r52 

Due to N, deaeration, the partial pressure of oxy- 
gen gas in the PBS solution is relatively low. Never- 
theless, the PBS solution represents an oxidizing en- 
vironment in which a passive oxide film on titanium 
can form spontaneously. Without H,02 addition, the 
oxide film is a very thin, highly protective TiO, layer 
that appears light yellowish. With H,02 addition, the 
oxide film formed on titanium exhibits a relatively 
low corrosion resistance that leads to an enhanced 

dissolutiodoxidation rate of titanium. The estimated 
thickness of the oxide film is in the range where in- 
terference effects can cause the appearance of blue 
color.40 Although Ti(II1) may be formed as an inter- 
mediate during the oxidation process of titanium and 
be present in the interfacial region between the metal 
and the dioxide film,7,53 the reduction of Ti(1V) in the 
oxide to Ti(II1) in such an oxidative environment 
seems unlikely. Present XI'S observations verify that 
the oxide mainly contains titanium as Ti(1V). In sum- 
mary, the present results favor interference effects as 
the main cause for the observed blue color on tita- 
nium exposed to PBS solution with H,02 addition. 

Although hydrogen evolution seems unlikely in 
this neutral solution, hydrogen may still be generated 
during some reactions in the presence of H,O, and 
then be introduced into the titanium oxide film. Di- 
rect evidence has been reported of hydrogen present 
in titanium oxide films after hydrogen gas or electro- 
chemical cathodic  treatment^.^^,'^ Hydrogen has also 
been found in anodically oxidized TiO, films." The 
decrease in corrosion resistance of titanium oxide 
formed in PBS solution with H202 addition is proba- 
bly associated with the defect structure and/or non- 
stoichiometry of the oxide in which hydrogen has 
been incorporated. Hence, hydrogen and concomi- 
tant changes in the oxide cannot be excluded as an 
additional cause for the observed blue color on tita- 
nium. Further investigations are needed to fully elu- 
cidate this issue. 

Properties of titanium oxide films formed and 
clinical relevance 

The oxide film formed on titanium in aqueous so- 
lution is frequently described as a single TiO, layer. 
However, there is substantial evidence that the oxide 
film in many exposure conditions exhibits a two-layer 
structure.5G58 Ion incorporation into the oxide and its 
influence on oxide thickness has also been re- 
p ~ r t e d . ~ ~ , ~ '  It was recently found that localized cor- 
rosion (e.g., pitting) of titanium in a saline solution 
can be observed by using electrochemical techniques 
with high lateral resolution, such as scanning electro- 
chemical microscopy (SECM) .61r62 Previously, the 
present authors found evidence that the oxide film 
formed on titanium in PBS solution exhibits a two- 
layer structure, in which the thickness of the porous 
outer layer is increased by H20, additions. Nanome- 
ter-scale STM mapping revealed a higher rugosity, 
most likely due to an enhanced localized dissolution 
effect.63 The present results provide further evidence 
of the two-layer structure. Changes in EIS spectra 
during long time exposures are in accordance with 
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the formation of a thicker outer layer upon H202 ad- 
dition. 

Titanium implants with a porous outer oxide layer 
are expected to promote ion incorporation and mo- 
lecular absorption, which can result in strong adhe- 
sion between the implant and adjacent tissue.16 In 
vitro incorporation of ions such as POZ+ and Ca2+ 
into titanium oxide and the formation of a surface 
region of calcium phosphate have been 
and have been suggested to explain the osseointegra- 
tion property of titanium.26 Ion incorporation may 
also contribute to the observed in uiuo oxide growth of 
titanium implants, l4,I5 and, more importantly, may 
provide a gradual transition from metal to living 

This work presents further evidence that 
ion incorporation is enhanced by an H202 addition in 
the solution and phosphate ions, detected by XI’S, 
originate from compounds present inside the oxide 
film rather than from surface contamination. Present 
conclusions are so far only based on a limited number 
of experiments and must be followed by more exten- 
sive investigations before safer conclusions can be 
drawn. 

Currently the most accepted model of the interface 
between a titanium implant and its biological sur- 
rounding can be described as an interface with a 
gradual transition from titanium metal through near- 
stoichiometric oxide, nonstoichiometric, or calcium 
and phosphorus substituted hydrated oxide or even a 
calcium phosphate layer, to adsorbed  specie^.^^,^^ It 
is known that H202, generated by the inflammatory 
response, is present in vivo and its concentrations 
ranging from 1 to 330 mM have been used for in vitro 

Although the present H202 con- 
centration may be substantially higher than under 
most in viuo conditions, it nevertheless shows that the 
oxidant H,O, plays an important role in forming a 
relatively thick, porous, outer layer essential for such 
an interface. H,O, addition in PBS solution results in 
enhanced oxide growth and facilitated phosphate ion 
incorporation, which may be related to the well- 
documented osseointegration of titanium implants. 
This observation may also explain the better perfor- 
mance of H,O, treated titanium implants (P. 
Tengvall, personal communication, 1993). A de- 
creased corrosion resistance of titanium upon H20, 
introduction may also account for the clinical finding 
of relatively large amounts of titanium ions released 
into adjacent tissue.22 Further studies are needed be- 
fore the clinical relevance of the present findings can 
be established. 

CONCLUSIONS 

Based on a combined EIS and XPS study of tita- 
nium in PBS solution, the following conclusions have 
been drawn: 

(1) In H202 free PBS, titanium forms a passive film 
with high corrosion resistance and with tita- 
nium essentially present as Ti(1V). 

(2) H,O, addition in PBS results in an enhanced 
growth rate of the oxide film with titanium still 
present mainly as Ti(IV). 

(3) The results favor the hypothesis that optical in- 
terference effects are the main cause of the ob- 
served blue color on titanium exposed to PBS 
solution with H202 addition, although hydro- 
gen induced changes of the oxide properties 
cannot be excluded as an additional cause. 

(4) H202 addition also leads to a decrease in disso- 
lutionloxidation resistance of titanium in PBS 
solution and to a more pronounced two-layer 
structure of the oxide. 

(5) The incorporation of phosphate ions into the 
oxide film is facilitated by H,02 addition, prob- 
ably due to a thicker and more porous outer 
layer of the oxide film. 

(6) The observed effects of H,02 on the growth 
and characteristics of titanium oxide formed in 
PBS may be in accordance with clinical obser- 
vations of enhanced oxide growth and of os- 
seointegration properties of titanium implants. 
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