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The surface of the oxide layers formed after oxidation in air at 750°C of three titanium alloys has
been characterized by several techniques. The investigated alloys were Ti-7Nb-6Al, Ti-13Nb-13Zr
and Ti-15Zr-4NDb, with potential applications as biomaterials. XPS experiments showed that, after 24 h
exposure, the surface of the Ti—-7Nb-6Al alloy is mainly formed of Al,O3, with a minor presence of TiO,,
and absence of Nb oxide. On the other hand, the surface of both Ti—-Nb-Zr alloys is mainly composed of
TiO,, with some amount of ZrO, and Nb,Os. An enrichment of the Nb signal is observed in both samples
with respect to the bulk composition. The topography and surface morphology of the oxidized alloys
were investigated by atomic force microscopy. A more regular surface topography was observed for the
Ti—-7Nb-6Al alloy than for the Ti—-Nb-Zr alloys and, consequently, a higher potentiality in biomedical
applications. Finally, in order to get in-depth information of the oxide scale, Rutherford backscattering
spectroscopy experiments were also performed. The results obtained with this technique confirm those
obtained by XPS, and can help to understand the mechanism and kinetics of the oxide film formation.
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INTRODUCTION

Commercially pure titanium as well as the Ti—-6A1-4V alloy
are conventional biomaterials widely used because of their
biocompatibility and corrosion resistance.!> However, there
exists a scientific controversy on the cytotoxicity of elemental
vanadium.>* For this reason, new vanadium-free Ti alloys
are currently being evaluated for biomedical applications.> 8

The biocompatibility of metallic biomaterials strongly
depends on the ion release caused by the corrosion process
in the presence of the physiological human fluid. Implant
alloys are materials that typically feature the formation of a
native surface oxide film, the passive layer, which protects
them from corrosion. The protective character of this passive
layer depends on several properties, such as compactness,
film continuity, ionic conductivity, etc. Pure titanium, as
well as titanium alloys, exhibits excellent biocompatibility
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as a consequence of the highly protective character of the
passive layer.

The native oxide formed on Ti alloys consists of a mixture
of different titanium sub-oxides as well as other oxides
that depend on the Ti alloy composition® A possibility
to improve the corrosion resistance of these alloys and,
therefore, their biocompatibility, is to increase the thickness
of the surface oxide layer. This can be made by high-
temperature oxidation, which, in general, promotes Ti
diffusion to the surface, reducing thus the presence of non-
protective oxides. This procedure usually leads to an increase
in the corrosion resistance with respect to the native oxide
layer.

The objective of this work is to perform a surface
characterization of three different vanadium-free titanium
alloys, Ti-6Al-7Nb, Ti—-13Nb-13Zr and Ti—15Zr-4Nb, after
an oxidation treatment at 750°C for 24 h. The composition
of the outer layers of the oxide films formed on the
alloys during the thermal process was determined by XPS.
Additionally, the topography and surface morphology of
the oxide layer, also important for using these materials
in biomedical applications, were studied by atomic force
microscopy (AFM). Finally, in order to get more insight into
the mechanisms and kinetics of the oxide film formation,
Rutherford backscattering spectroscopy (RBS) and elastic
recoil detection (ERD) experiments were also performed,
giving in-depth information of the oxide scale.
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EXPERIMENTAL

The chemical compositions, in wt%, of the three titanium
alloyswere: Ti-7Nb-6Al, Ti—-13Nb—-13Zr and Ti-15Zr—4Nb,
which in at.% COI'I'eSpOI’Id to Tig5‘gA11[).5Nb3.6, Tig4‘5Nb7'7Zr7‘8
and Tigg 1Zrs7Nb, 3, respectively. These alloys were prepared
by arc melting and then casting in a copper coquille under
high vacuum. The specimens were cut from as-cast ingots
by electrospark-erosion. With the aim of obtaining a two-
phase («+ B) microstructure, which ensures satisfactory
mechanical properties, the alloys were annealed above the
B-transition temperature at 1100 °C for 1 h and aged at 700 °C
for 1 h. The samples were abraded and polished using dia-
mond pastes of successively finer particle size. In the final
stage of this process, colloidal silica was used to ensure a
surface free of mechanical deformation. Then, the samples
were ultrasonically cleaned in acetone. Finally, the samples
were isothermally oxidized at 750 °C in air for 24 h.

The chemical composition of the oxide layers formed
on the titanium alloys was studied by XPS, RBS and ERD.
The XPS spectra were recorded under ultra-high vacuum
(UHV) conditions with a VG-CLAM hemispherical electron
energy analyser using Mg K, x-rays as the excitation source.
Previously to the measurements, sample surfaces were
cleaned by ion sputtering using 5keV Ar ions for 1 min.
For such short sputtering time, possible side-effects, such
as changes in the surface composition and roughness, are
not relevant for the conclusions of this work. XPS spectra
were then analysed by a least-squares-fit procedure using
standard Gaussian—Lorentzian lines and the corresponding
integral background.

RBS and ERD measurements were carried out using the
new 5 MeV tandem accelerator of the Centro de Microanalisis
de Materiales (CMAM), at the Parque Cientifico de Madrid.
For RBS, the energy of the analysing He' ions was
2MeV, and 5.61 MeV, respectively. At the latter energy
the analysed depth reached 4 x 10" atoms/cm® and the
sensitivity for oxygen and carbon increased by two orders
of magnitude. The samples were also characterized by ERD
using 28 MeV Si’" ions. The measurements were evaluated
by the RBX code.’

AFM measurements were performed under ambient con-
ditions and in contact mode with a commercial microscope!®
using rectangular Si3Ny cantilevers (NT-MTD, 0.6 N/m nom-
inal spring constant).

RESULTS AND DISCUSSION

Figure1 shows Ti 2p core-level emission of the three
oxidized alloys. The dashed sub-spectra represent the signal
corresponding to the Ti 2p; , emission and the dotted curves
represent the Ti 2p, , emission, with a spin-orbit splitting of
5.7 eV. Both signals correspond to the oxidized component,
Ti*"."' From Fig.1 it can be observed that there is no
signal corresponding to either elemental titanium or other
titanium sub-oxides. Therefore, it is clear from these Ti 2p
photoemission spectra that the chemical state of titanium in
the oxidized layer of the three alloys is mainly the oxidized
Ti** state.

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 1. Ti 2p spectra of Ti-7Nb-6Al, Ti-13Nb-13Zr and
Ti-15Zr-4Nb oxidized at 750 °C for 24 h. The dashed
sub-spectra represent the 2p3» emissions for Ti*t and the
dotted sub-spectra represent the corresponding
2p4,2 emissions.

Figure 2 represents the Nb 3d emission, where the same
procedure was applied. For the Ti—7Nb-6Al oxidized alloy
no Nb 3d emission could be detected, indicating the absence
of Nb oxides at the surface of the oxide layer. For the two
TiNbZr oxidized alloys, the sub-spectra located at 207.5 eV
BE, represented by the dashed curve, correspond to the Nb
3ds/, emission and the sub-spectra located at 210.2 eV BE
show the Nb 3d;/, signal. Both emissions clearly indicate
that the chemical state of Nb in both oxidized layers is
Nb>+ 11

Al 2p emission from the Ti-7Nb—-6Al oxidized alloy and
Zr 3d emission from the two TiNbZr oxidized alloys were
also measured by XPS (not shown). For Ti-7Nb-6Al, the
Al 2p emission corresponded to the AI** oxidized state and
for both TiNbZr alloys, the Zr 3d signal corresponded to the
Zr** oxidized state.

Table 1 shows the quantitative surface atomic composi-
tion of the three oxidized Ti alloys as obtained from the
analysis of the XPS spectra. As mentioned above, for all
alloying elements the XPS analysis showed only the pres-
ence of the higher oxidation state, i.e., Ti*t, AI**, Nb®* and
Zr*t, without the presence of other sub-oxides or elemental
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Figure 2. Nb 3d spectra of Ti-7Nb-6Al, Ti-13Nb-13Zr and
Ti—-15Zr-4Nb oxidized at 750 °C for 24 h. The dashed
sub-spectra represent the 3ds,»> emissions for Nb5* and the
dotted sub-spectra represent the corresponding

3d3/2 emissions.

Table 1. Atomic percentage of the alloying elements at the
surface of the oxide layer of Ti-6Al-7Nb, Ti-13Nb-13Zr and
Ti—-15Zr-4NDb after heat treatment at 750 °C for 24 h, as
obtained from the XPS analysis

Alloys

cq. at. %
Oxidized at
750°C for24h  Ti(Ti*") Al(AI*Y) Nb(Nb°*) Zr (Zr*)
Ti—-6Al-7Nb 13+3 8743 — —
Ti-13Nb-13Zr 7143 — 2642 3+1
Ti-15Zr-4Nb  80+3 — 15+2 5+1

components. This is the expected result for the formation
of stable oxide layers at elevated temperatures. According
to the atomic composition shown in Table 1, there is a Nb
surface enrichment for the TiNbZr alloys, whereas both Ti
and Zr intensities decrease with respect to the bulk com-
position. In the case of the Ti-6Al1-7Nb, the decrease of Ti
is much more pronounced (from 86% in the bulk to 13%
at the surface of the oxide layer). But in this case it is Al
the element that segregates at the surface, increasing from
10.5% to 87% after oxidation. Surprisingly, no Nb is observed
at the surface. This illustrates the different oxidation kinet-
ics of the alloys. The diffusion of ionic species inside the
oxide layer during the high-temperature treatment must

Copyright © 2004 John Wiley & Sons, Ltd.

Oxide growth on Ti—-Nb-Zr and Ti—Nb-Al alloys

play an important role, even more important than other
thermodynamic considerations.?

To get more insight into the oxidation mechanisms,
we have performed RBS experiments. This non-destructive
technique can give information on the in-depth composition
up to probing depths of the order of micrometres. Previous
SEM studies® revealed a thickness of approximately 2, 10
and 25 um for the oxidized Ti—-7Nb-6Al, Ti—13Nb-13Zr and
Ti-15Zr-4Nb alloys, respectively. Thus, the probing depth
of RBS seems to be very suitable for the study of these oxide
layers. To illustrate this, we show in Fig. 3 the elemental
depth profile of the Ti—-7Nb—-6Al oxidized sample obtained
after fitting the RBS and ERD data assuming two in-depth
concentration levels separated by a variable-width boundary.
The thickness of the oxide layer can be taken as the boundary
position between inner and outer oxygen concentration
levels. As can be seen in Fig. 3, this boundary is centred
at ~1.6 x 10" at/cm?, which approximately corresponds to
2.5 um, being in agreement with previous SEM observations.
Figure 3 also shows Al surface segregation as well as Nb
depletion. These observations agree with the XPS results
commented on above, and can help the understanding of the
formation of the oxide layer. The maximum Al content at
the surface determined by RBS is lower than that observed
by XPS, but this can be explained by the large difference in
probing depth between both techniques, XPS being much
more surface sensitive. Al segregation depth extends over
approximately 0.5 pm. RBS results on TiNbZr alloys also
show a good correlation with XPS data. A more detailed
analysis will be published elsewhere.

In order to characterize the surface topography of the
oxide layers formed on these alloys, AFM was performed
on the three oxidized samples. As an example, Fig.4
shows a representative AFM image of the surface of
the Ti-7Nb-6Al oxidized alloy. This figure exhibits a
regular surface topography with granular structure. The
roughness, given by the root-mean-square value taken over
several images, is ~200 nm for this oxidized alloy. AFM
images of the Ti-13Nb-13Zr and Ti-15Zr-4Nb oxidized
alloys give mean roughness values of 120 and 220 nm,
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Figure 3. Element concentration depth profile as obtained by
RBS for the Ti-7Nb—-6Al alloy oxidized at 750 °C for 24 h.
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Figure 4. AFM topographic image of Ti—-7Nb-6Al oxidized at
750°C for 24 h.

respectively. The topography of the Ti-15Zr-4Nb alloy
is quite irregular,'® making this alloy not very convenient
for biomedical applications. On the other hand, the more
regular topography and large roughness of the oxidized
Ti-7Nb-6Al alloy make it the most appropriate for these
applications.

CONCLUSIONS

The surface composition and topography of three vanadium-
free titanium alloys oxidized at 750°C for 24h were
studied by XPS, RBS-ERD and AFM. For Ti-13Nb-13Zr
and Ti-15Zr-4NDb oxidized alloys, the surface was composed
mainly of TiO,, with smaller amounts of Zr and Nb oxides. In
both cases an enrichment of Nb at the surface is observed with
respect to the bulk composition. The Ti-7Nb-6Al oxidized
alloy shows a large increase of the Al concentration at the
surface, and an absence of Nb. RBS measurements confirm

Copyright © 2004 John Wiley & Sons, Ltd.

these results and give an estimate for the Al segregation
depth of about 0.5 um. Finally, the AFM images exhibit
for the oxidized Ti—7Nb-6Al alloy a more regular surface
topography than the two Ti—Nb—Zr oxidized alloys.
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