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Electrochemical behavior of titanium-based
materials — are there relations to biocompatibility?
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For biomedical applications the physico-chemical properties of oxide layers, always present
in titanium-based materials, are of special interest because the biological system is in direct
contact only with these oxides. Using electrochemical impedance spectroscopy and
galvanostatic polarization it is shown that the different compositions of c.p.-titanium,
Ti6Al4V, and Ti6AI7Nb result in different physico-chemical properties of air formed passive
layers and anodic oxide layers. This may have a direct impact on the biocompatibility of
these materials. Results of impedance spectroscopy distinctly differ in the flatband potentials
as well as in the donor densities of air-formed passive layers with Ti6AI7Nb showing an
approximately 50% smaller donor density than the other materials. Anodic galvanostatic
polarization results in voltage—charge density curves with distinct differences in the Faraday
efficiency ¢ of the oxide formation between Ti6AI7Nb and c.p.-titanium/Ti6Al4V, especially
for low current densities. These effects correlate strongly with the donor densities in the air
formed passive films of the examined materials.

SEM-images of anodic oxide layers show a blister containing surface morphology of the
outer part of the oxide layers for all materials. This morphology is probably caused by
oxygen evolution, a process which relies on the transfer of electrons through the growing
anodic oxide layers and strongly depends on the donor density in the air formed passive
layers. Again, the much more pronounced morphology on c.p. titanium/Ti6Al4V agrees with
the different donor densities in the air formed passive layers on the materials.

These findings correlate with the good biocompatibility of Ti6AI7Nb and suggest that
conduction mechanisms, in air formed passive layers and anodic oxide layers, contribute to

processes that determine the biocompatibility of these materials.

© 2002 Kluwer Academic Publishers

1. Introduction

Titanium-based materials are widely used in modern
implantology due to their excellent corrosion behavior
and favorable mechanical properties. For the applications
as metallic biomaterials the physico-chemical properties
(e.g. extent of electronic conductivity) of the oxide
layers, always present on these materials, are of special
interest because the biological system is in direct contact
only with these oxides. It should be expected that the
different composition of titanium-based materials results
in different physico-chemical properties which may have
a direct impact on the biocompatibility of these
materials.

Passive layers of a thickness of a few nanometers are
formed spontaneously on titanium and titanium-based
alloys (on grinded and polished surfaces about 3 nm [1-
3]) under atmospheric conditions. According to their
physico-chemical behavior these passive layers consist
of a substochiometric oxide of the general formula
Ti; ,O,, showing n-type semiconductor properties
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(band gap in dependence on structure between 3.0 and
3.7eV [4,5)]).

Based on the air-formed passive layers the thickness,
composition, structure, and morphology of resulting
anodic oxide layers can be varied using electrochemical
methods (anodic polarization) in multiple ways. The
properties of these oxide layers have to be taken into
consideration when applying titanium and titanium-
based alloys as metallic biomaterials because they
determine decisively the surface chemistry and thus the
interactions with biological media including the adsorp-
tion of biological molecules.

It should be pointed out here that charge transfer
reactions of adsorbed biomolecules — especially proteins
— and resulting conformational changes are discussed as
a potential reason for immunological reactions caused by
implant surfaces — or better by biomolecules with altered
conformation due to interactions with these surfaces
[6,7].

It was therefore the goal of this study to compare the
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electrochemical and morphological characteristics of air-
formed passive films and anodic oxide layers on different
widely used titanium-based biomaterials (c.p.-titanium,
Ti6Al4V, Ti6Al7TNb). A second aspect was to correlate
the structure and properties of the existing air-formed
passive layers and newly formed anodic oxide layers
with the electrochemical behavior and to draw conclu-
sions for the behavior of these materials as metallic
biomaterials.

2. Materials and methods

Discs of c.p.-titanium, Ti6Al4V, and Ti6Al7Nb, with
diameters of 10 mm or 16 mm and 2 mm thickness were
used as substrates. Surfaces of all materials were
prepared by polishing to roughness values below
25nm (RMS) on a 100pum length scale. Anodic
polarization was performed with a PGZ 301
(Radiometer, Copenhagen, Denmark), EIS measure-
ments with an IM 6 (Zahner Elektrik, Germany) in
0.133 and 0.0133 M phosphate buffer at different pH
values. For calculation of impedance parameters the
software EQUIVCRT [8] was used. Scanning electron
microscopy (SEM) was performed using a DSM 982
Gemini (Carl Zeiss, Oberkochen, Germany) at low
acceleration voltage (1kV) for characterization of
morphology.

Focused ion beam (FIB) preparation was performed
using a FIB 200 workstation (FEI Company, Hillsboro,
Oregon, USA) with a 30keV Gallium ion beam of a
minimum beam diameter of 8 nm. Before FIB prepara-
tion, samples were coated with 5nm Au/Pd (80/20). To
obtain sharp cutting edges not influenced by the ion
beam, a platinum bar was additionally deposited on the
coated surface directly in the FIB-workstation by ion-
induced deposition from the gas phase.

3. Results
3.1 Semiconductor-electrochemical
properties of air-formed passive layers
For the semiconductor-electrochemical characterization
of the air-formed passive layers on the different materials
impedance spectra were measured in the potential range
between — 500 and 1000 mVgcg in 50mV steps in a
frequency range from 1 Hz to 3kHz. As electrolytes the
following phosphate buffers were used to investigate the
influence of the pH value of the electrolyte as well as the
phosphate concentration: 0.133M, pH=4.4, 7.4, and
9.2; 0.0133M, pH="17.4.

For analysis of the impedance spectra an equivalent
circuit according to Fig. 1 with the ohmic resistance Rq
of the electrolyte solution in series to a charge transfer
resistance R; and a capacity C in parallel was used
similar to literature [7,9].

From the Mott—Schottky plots of the capacity-values
according to the Mott—Schottky—Equation 1

R (PR ¢ DU B
C2 qegN, og)
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Figure 1 Equivalent circuit used for fitting of data from electro-
chemical impedance spectroscopy: Rq, ohmic resistance of electrolyte
solution; R, charge transfer resistance; C, capacity (for explanation see
Pan et al. [9)).

where

C is capacity; Cyc is the capacity of space charge layer
in the n-type semiconductor; ¢ is the charge of electron
(1.602 x 10~ As); N, is the donor density (in n-type
semiconductor); €, is the absolute dielectric constant
(8.86x 10" Fcecm~1); ¢ is the relative dielectric
constant; Ugp is the flatband potential; k& is the
Boltzmann constant (1.38 x 10" 2 WsK ~'; so with T/
g =726 mV important semiconductor properties like the
flatband potential Ugp and the donor density N, of the
air-formed passive layers present on the materials can be
derived as electrochemical parameters [9, 10].

The Mott—Schottky plots of the capacity values in
0.133 M phosphate buffer electrolyte of pH = 7.4 in Fig. 2
show a marked influence of the material composition on
the flatband potential which is determined by the intercept
of extrapolated lines of the 1/C?-plots with the potential
axis. Both alloys show more positive flatband potentials
than c.p.-titanium whereas Ti6Al7Nb has a flatband
potential over 100 mV more negative compared to that of
Ti6Al4V. In Fig. 3 the flatband potentials of all materials
under investigation are plotted as a function of the pH
value and of the concentration of the electrolyte solution.

It is obvious from Fig. 3 that for c.p.-titanium and
Ti6AI7ND no influence on the flatband potential of the
phosphate concentration at pH=7.4 can be detected
(resulting from experiments with phosphate concentra-
tion diminished by a factor of 10). For the alloy Ti6Al4V
the scattering of the flatband potential does not allow
valid statements concerning this phenomenon.
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Figure 2 Mott—Schottky plots for air-formed passive layers on c.p.-

titanium, Ti6Al4V, and Ti6Al7Nb in 0.133M phosphate buffer
electrolyte pH="7.4.



TABLE I Flatband potentials and defect densities of c.p. titanium, Ti6Al4V, and Ti6Al7Nb in phosphate buffer solutions of varying pH and

concentrations
Electrolyte c.p.-titanium Ti6Al4V Ti6Al7Nb

Urp [mVgeg] 0.133M pH=4.4 66 + 17 477 + 74 346 + 14
0.133M pH=7.4 —44 + 21 296 + 12 165 + 24
0.0133M pH=7.4 —64 + 11 413 + 67 172 + 57
0.133M pH=9.2 —222+32 280 + 49 —-5+21

N, [em 3] 0.133M pH=4.4 (1.5240.08) x 102 (1.85+0.27) x 10%° (7.7840.16) x 10"
0.133M pH=7.4 (1.48£0.06) x 10%° (1.5840.04) x 10%° (8.6440.28) x 10"
0.0133M pH=7.4 (1.3240.04) x 102 (1.1540.07) x 10%° (7.99+0.57) x 10"
0.133M pH=9.2 (1.6240.12) x 10 (1.5840.03) x 10% (9.784+1.07) x 10"

In general the flatband potentials of all materials under
investigation become more negative with increasing pH-
value of the electrolyte solution. But only the graphs of
the alloys Ti6Al4V and Ti6Al7Nb in the pH-region
between 4.4 und 7.4 give a slope of — 60 mV/pH which
is expected from the theory [10]. The slopes for c.p.-
titanium are —99 and —37mV/pH in the pH-regions
higher and lower than 7.4, respectively. For both alloys
slopes of —9mV/pH (Ti6Al4V) and —94mV/pH
(Ti6Al7Nb) were found in the pH-region between 7.4
and 9.2.

Donor densities of the air-formed passive layers have
been calculated for all materials from the slopes of the
straight parts of the Mott-Schottke plots anodic from the
flatband potential according to Fig. 2 for all electrolyte
conditions with the assumption of a unified relative
dielectric constant of 50 (in analogy to Pan
et al. [9]). The values are plotted in Fig. 4 versus the
pH of the electrolytes similar to Fig. 3. In general no
distinct dependence for N; on the pH can be shown. All
donor densities for the materials c.p.-titanium and
TiAl6V4 are in the range of 1.5x10*cm~3 and do
not significantly differ from each other. The values for
Ti6Al7Nb are remarkably lower with around
8 x 10" cm ~3, reaching only about 50% of the others.
Table I summarizes the values of Upz and N, of all
investigated materials as a function of the electrolyte
conditions.
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Figure 3 Flatband potentials of air-formed passive layers on c.p.-
titanium, Ti6Al4V, and Ti6Al7Nb as function of pH and concentration
of phosphate buffer electrolyte.

3.2. Formation of anodic oxide layers by
galvanostatic polarization

Figs. 5 and 6 give potential-charge density plots for
galvanostatic formation of anodic oxide layers for
different current densities and of all materials. The
straight lines for the Faraday efficiency € of the oxide
formation with a slope of 2.5mC V ~! cm ~ 2 are based on
results by Dyer and Leach [11] as well as own
investigations with high current densities, where & can
be assumed to be 100% (data not shown). Under the
given experimental conditions a Faraday -efficiency
below 100% can be attributed only to oxygen evolution
as an anodic parallel reaction. This oxygen evolution has
a charge transfer by electrons through the anodic oxide
layer as a absolutely prerequisite, occurs according to

6 H,0 >0, +4 H;0" +4¢" (2)

and has been proven to take place with a Clark cell
experiment (data not shown).

The slopes of the potential-charge density graphs as a
measure for the Faraday efficiency of the oxide formation
in Fig. 5 show only slight differences for the current
density of 6.37mAcm~2 with a sequence of
Ti6Al7Nb > c.p.-Titan > Ti6Al4V. For the lower cur-
rent density of 1.27mA cm ~2 in Fig. 6 distinct differences
appear between Ti6A17Nb and c.p. titanium/Ti6Al4V. For
the two materials mentioned last a Faraday efficiency
close to zero is observed already at potentials <10 Vgcg,
which means that the whole charge passed through the
system consists nearly completely of electrons transferred
through the oxide and consumed by reaction (2).
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Figure 4 Defect densities of air-formed passive layers on c.p.-titanium,
Ti6Al4V, and Ti6AI7Nb as function of pH and concentration of
phosphate buffer electrolyte.
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Figure 5 Potential—charge density plots of anodic oxide formation with
i=637mAcm 2 on c.p--titanium, Ti6Al4V, and Ti6A17Nb: Faraday
efficiency € = 100% corresponds to 2.5mCV~!cm 2,
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Figure 6 Potential—charge density plots of anodic oxide formation with
i =1.27mAcm~?2 on c.p.-titanium, Ti6Al4V, and Ti6Al7Nb: Faraday
efficiency € = 100% corresponds to 2.5mCV ~!cm 2.

3.3. Scanning electron microscopic
investigations of anodic oxide layers

SEM investigations of anodic oxide layers with a
formation voltage of 80 Vg and a current density of
6.37 mA cm ~ 2 for all materials investigated are shown in
Figs. 7-9. In general a surface morphology containing a
blister-like structure that is accompanied by a porosity of
the outer part of the oxide layers can be observed for all
materials. It is obvious that the number of blisters is
much higher on the materials c.p.-titanium and Ti6Al4V
than on the alloy Ti6Al7Nb. Fig. 10 visualizes position
and origin depth of blisters for an anodic oxide layer on
Ti6Al4V polarized with 6.37 mA cm ~2 up to 80 Vg, in
a FIB cross preparation. Apparently the blisters originate
almost completely at a distinct depth of about 40% of the
total thickness of the oxide layer.

4. Discussion

The flatband potential of a semiconductor electrode
corresponds to the point of zero charge (PZC) at the pH-
value (and composition) of the given electrolyte solution
[10]. The values of Ugg in Table I are thus directly
related to the isoelectric point (IEP), which can be
determined in electrokinetic measurements.
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Figure 7 SEM image of surface morphology of anodic oxide layer
formed on c.p.-titanium with i = 6.37mAcm 2 to U = 80 V.

Figure 8 SEM image of surface morphology of anodic oxide layer
formed on Ti6Al4V with i = 6.37mAcm =2 to U = 80 Vgcg.

T W P T Ny N R
NI e ..-.\_,v'- .Jg.x"‘_\__.

Smm

Figure 9 SEM image of surface morphology of anodic oxide layer
formed on Ti6A17Nb with i = 6.37mAcm =2 to U = 80 Vgcg.



Figure 10 SEM image of anodic oxide layer on Ti6Al4V formed with
i =6.37mAcm 2 to U = 80 Vgcg: FIB cross section preparation (top,
platinum bar; middle, porous oxide layer; bottom, Ti6Al4V substrate).

Corresponding IEP-values have been determined by
RoBler et al. [12] for c.p.-titanium and Ti6Al4V in KCI-
electrolytes of varying concentrations for both air-
formed passive layers and in the case of Ti6Al4V
additionally anodic oxide layers produced in phosphate
buffer pH="7.4. For all systems comparatively similar
IEP-values of 4.5 + 0.1 (c.p.-titanium) and 4.3 + 0.1
(Ti6Al4V) were measured.

The results of our investigations cannot be compared
directly with that of RoBler et al. [12] for two main
reasons. One is based on the possible differences
between the PZC and the IEP due to specific adsorption
of ions which was not excluded completely for chloride
by RoBler et al. The second reason follows from the
variability of the open circuit potential that could not be
determined in the investigations of RoBler ef al. as a
function of the pH value and the composition of the
electrolyte in the electrokinetic measurements due to
limitations of the experimental equipment.

It is discussed in the literature that the open circuit
potential of metallic biomaterials in vivo is determined
by the normal redox potential of biological systems
(350-550 mVgcg) [13]. That means that the in vivo status
of metallic biomaterials is given by a potential and the
pH value of the ‘electrolyte’. From that follows that the
PZC derived from the flatband potential (characterized
by a pH value and the potential) is much better
comparable to the situation in vivo.

Considering the absolute values of the flatband
potentials as well as their pH-dependence for investi-
gated titanium-based materials in Fig. 3 shows that
flatband potentials in the region of the in vivo redox
potential occur only for the both alloys and at pH values
below the physiological one. For Ti6Al7Nb a flatband
potential of 350 mVgcg occurs at a pH of about 4.2, for
Ti6Al4V at a pH of about 6.5.

For semiconductor electrodes the difference between
the open circuit potential (of a oxide covered implant)
and the flatband potential of that oxide describes the
extent of band bending (conduction band and valence
band) in the oxide close to the surface [10]. This extent of
band bending gives a measure for the concentration of
mobile charge carriers. For n-type semiconductors the

concentration of electrons is diminished for U > Upp.
Thus the difference between the open circuit potential
and the flatband potential gives a measure for the rate of
charge transfer processes by electrons. From Fig. 3 it
follows that this rate should increase in the order
Ti6Al4V > Ti6AI7TNb > > c.p.-titanium.

In literature the flatband potential for the system
titanium/anodic oxide layer has been systematically
investigated predominantly in acid solutions until now.
Torresi et al. [14] produced oxide layers in 0.5M
sulphuric acid with potentials up to 45 Vg and
determined the Upp of these layers to be —540mVgcg.
The Upp was found to be mostly independent from the
polarization rate (SmVs~! —9Vs~!). Kudelka et al.
[15] applied varying oxide formation potentials (1.8—
9.8 Vgcp) at titanium grains of different orientation with
a polarization rate of 20mV s~ ! in the same electrolyte
like Torresi et al. For titanium grains of different
orientation they determined the flatband potentials to
be in the range of — 350 and —100 mV g¢g. Ohtsuka and
Otsuki [16] determined the flatband potential in 0.1 M
sulfuric acid and pointed out that the values become
more negative with increasing polarization rate
(+20mVgeg at 5mVs~! and —850mVgey at
500mVs~!). These investigations show clearly that
the flatband potential is a sensitive marker for the oxide
properties and influenced markedly by the preparation
conditions of the oxide layers. As a consequence, it is
essential for comparative investigations with different
materials to use identical substrate preparation proce-
dures as has been done in this work.

In the case of the formation of anodic oxide layers, that
is, for potentials far anodic from the flatband potential,
the electronic conductivity of the resulting oxide layer is
determined decisively by the donor density. In this
context Blackwood and Peter [17] generated anodic
oxide layers on titanium in 3M sulphuric acid using
polarization rates between ImVs~! and 1Vs~!. These
investigations indicated that the photocurrent decreases
with increasing polarization rate as a function of the
potential by 5-30%. The donor density decreases
concomitantly by one order of magnitude from
50 x 10" to 5x 10" cm 3. Investigations of Ohtsuka
and Otsuki [16] with anodic oxide layers on titanium in
0.1M sulphuric acid confirm this results. The donor
density is inversely proportional to the logarithm of the
polarization rate and decreases between 1mVs~! and
1Vs~! from about 33 x 10" to 9 x 10" cm —3.

Apart from the influence of the polarization rate,
spatially resolved investigations of Kudelka et al. [15]
showed a correlation between the grain orientation in the
metal, the oxide thickness at a given potential, the donor
density, and the Faraday efficiency of the oxide formation
for potentials > 4 Vg for polycrystalline titanium in
1N sulphuric acid. In this study (000 1) orientations in
the metal correspond with thinner oxide layers, higher
donor densities, and lower Faraday efficiencies of the
oxide formation compared to (x xx 0)-oriented metal
grains.

The literature discussed above indicates, that the
influence of the current density on the Faraday
efficiency of the oxide formation (difference between
Figs. 5 and 6) is in analogy to the influence of the
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polarization rate and determined by the donor density in
the forming oxide layers which may be influenced by
the grain orientation.

Additionally the differences in the behavior of
Ti6Al7Nb and c.p.-titanium/Ti6Al4V in Fig. 6 can be
explained by the differences in the donor densities of the
air-formed passive layers that are the origin for the
formation of the anodic oxide layers.

Furthermore, the oxygen evolution as the anodic
parallel reaction offers an explanation for the formation
of blisters that originate at a distinct depth within the
oxide layers. It seems evident that the depth of the
formation of oxygen in the oxide layer is bound to a
sufficient electronic conductivity of the underlying part
of the oxide layer.

For interpretation of the depth of blister formation/
oxygen evolution in the anodically formed oxide layers
the transfer numbers of titanium and oxygen ions in
passive layers (f1ys+,%o-) have to be considered first.
Khalil and Leach [18] measured those numbers for
different current densities (6/50mAcm~2) with
tris+ = 0.35/0.39 and fo- = 0.65/0.61. Based on that
a two layer character is generally accepted for the
formation of anodic oxide layers in neutral electrolytes
[7,9]. This is explained by simultaneous oxide growth at
the phase boundaries metal/oxide and oxide/electrolyte,
to an extent that is determined by the transfer numbers
trj#+ and fo - . This two layer character should result in an
inner phase boundary between that oxide formed due to
the transport of oxygen ions and that formed due to the
transport of titanium ions. Formation mechanisms should
follow solid state reactions (phase boundary metal/
oxide) and dissolution-precipitation reactions (phase
boundary oxide/electrolyte).

Combining the results from the SEM investigations
(Fig. 10) and the aspects discussed above it is obvious
that the depth of the origin of the blisters in the cross
section of the oxide layer in Fig. 10 is generally identical
with the inner phase boundary formed by the two parts of
the oxide layers, resulting from different formation
mechanisms.

Comparing the different morphology (blister density)
of the anodic oxide layers on the investigated materials
the distinct differences between c.p. titanium/Ti6A14V
and Ti6Al7NDb correlate well with the different donor
densities in the air formed passive layers of those
materials. This indicates that the donor densities in the
inner part of the anodic oxide layers correlate to those of
the air-formed passive layers on the same materials. As a
consequence the formation mechanisms of the inner part
of the anodic oxide layers and of air formed passive
layers seem to be similar in general.

5. Conclusions

Distinct differences in the physico-chemical properties
of air formed passive layers and anodic oxide layers
formed in neutral electrolytes on c.p.-titanium, Ti6Al4V,
and Ti6Al7Nb could be demonstrated by electrochemical
and morphological investigations.
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These findings offer additional aspects for the
explanation of the good biocompatibility of Ti6Al7Nb
and suggest that conduction mechanisms, both in air-
formed passive layers and anodic oxide layers, contribute
significantly to processes that determine the biocompat-
ibility of these materials. In the case of an inflammatory
response to an implant with an associated decrease of the
pH-value in the surrounding tissue, a significant increase
in the electronic conductivity of the passive layer is
expected. This is especially true for Ti6Al4V, and may
have consequences for possible redox reactions with
adsorbed biomolecules. Ti6Al7Nb shows favorable
conditions related to low electronic conductivity of the
oxide due to the low donor density under physiological
conditions and especially in case of anodic oxide layers.
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