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Soft x-ray absorption spectroscopy (XAS) has been used to perform chemical analysis of oxide films

formed after contact with air, both at room temperature and at 750 °C, on three titanium alloys. The alloys
investigated were Ti-13Nb-13Zr, Ti-15Zr-4Nb and Ti-7Nb-6Al. Soft x-ray absorption spectra were
taken at the Ti 2p and O 1s edges. The spectra corresponding to the room-temperature-oxidized samples
are similar for the three alloys and show the presence of native oxide with a small metallic contribution.
For the heat-treated samples, the alloying elements as well as element diffusion play a significant role in
the formation of the oxide layer. In this case, the spectra exhibit clear differences between the TiNbZr
alloys and Ti—-7Nb—-6Al. The oxide layer of the two TiNbZr alloys for the different heat treatment times
is composed of TiO, in the form of rutile. However, for Ti-7Nb—6Al short heat treatments give rise to
the formation of Al,TiOs. By increasing the oxidation time, an Al,O; layer grows on the initial oxide film,
becoming thicker as the exposure time is enhanced. Copyright © 2002 John Wiley & Sons, Ltd.
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INTRODUCTION

Nowadays titanium and its alloys are materials widely
used in technological applications owing to their excel-
lent combination of mechanical properties and corrosion
resistance.l? The main advantage of these materials is the
high strength/weight ratio, which is one of the highest
among the metallic materials. On the other hand, the excellent
corrosion resistance of pure Ti is the result of the spontaneous
formation of a protective native oxide layer on its surface,
called the passive layer.

Mechanical properties of Ti can be improved by alloying
elements and by a microstructural modification through
heat treatments.? The attractive combination of mechanical
properties that can be developed make Ti alloys suitable
for various technological applications in the aircraft and
automotive industry or in biomaterial manufacturing.-°
The continuous need to improve the materials performance
in these activities makes the development of new Ti alloys
an active research field.”
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With regard to surface and corrosion properties, deter-
mination of the chemical composition of the passive layer
formed on new Ti alloys is of high interest.®° This layer
is the result of the strong Ti affinity for oxygen and forms
naturally when the alloy is exposed to air. This passive film
provides, in most cases, an excellent resistance to corrosion.
However, for some applications the protection against the
environment can be improved by generating an oxide layer
by heat treatment.

Soft x-ray absorption spectroscopy (XAS) can provide
significant information on the chemical and electronic
properties of matter.' Recently, this technique has also been
devoted to some more technological materials.!'~1® In soft
x-ray absorption an electron is excited from a core state to
an empty state. The absorption cross-section is measured
by detecting electrons or photons, which escape from the
material after decay of the core hole. Because the core-level
binding energies are well defined for each chemical element,
this technique allows detailed element-specific studies. In
the total electron yield (TEY) mode all escaping electrons
are counted. The sampling depth of XAS in this mode is of
the order of 70~100 A for the transition metal 2p edges.”-18
This range is larger than that of other more surface-sensitive
techniques such as x-ray photoelectron spectroscopy (XPS).
Although XPS in conjunction with ion sputtering is widely
used to perform surface characterization,'”=*! in some cases
this method must be applied carefully because the sputtering
process can lead to reduction of the observed species. This
is especially important in the case of passive and oxide
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layers, where the presence of different metal oxides and
chemical states is expected. In these cases, XAS is a more
suitable technique because, owing to its sampling depth, no
sputtering process can be carried out to study deeper surface
layers. Thus, XAS in TEY mode permits adequate study of
the chemical composition of the passive film of corrosion-
resistant materials whose thickness is typically of the order
of 30-60 A.1214

In the present article, we report on a soft XAS
study of three Ti alloys: Ti—13Nb-13Zr, Ti-15Zr-4Nb and
Ti—7Nb-6Al. The aim of this work is to perform a chemical
analysis of the passive layer formed on these alloys sponta-
neously through air contact at room temperature as well as
at high temperature. By applying XAS at the Ti 2p and the O
1s edges in TEY mode it is possible to obtain information on
these oxides.

EXPERIMENTAL

Three titanium alloys with chemical composition (wt.%)
Ti—-13Nb-13Zr, Ti—-15Zr-4Nb and Ti—-7Nb-6Al were selec-
ted for the present study. Although the alloys will be
named as determined by the weight per cent composition,
the value of the atomic per cent composition is also
important to interpret the results. Thus, for Ti—-13Nb-13Zr,
Ti-15Zr-4Nb and Ti-7Nb-6Al the compositions (at.%)
are Ti-7.8Zr-7.7Nb, Ti—-8.7Zr-1.3Nb and Ti-10.4A1-3.6Nb,
respectively. The alloys were prepared by arc melting
and subsequent casting in a copper coquille under high
vacuum. The oxidation samples were cut from as-cast
ingots by electrosparl-erosion. The surfaces of these samples
were abraded and polished using diamond pastes with
successively finer particle size. In order to ensure a surface
free of mechanical deformation, this process was finished
with colloidal silica. The material in this state was termed
‘as received’. At this stage, some samples were isothermally
oxidized at 750°C in air for three different exposure times:
90 min, 6 h and 24 h.

The XAS measurements were carried out at the VLS-PGM
soft x-ray monochromator at the Berliner Elektronenspe-
icherring fiir Synchrotronstrahlung (BESSY). The monochro-
mator resolution at the Ti 2p edge was better than 100 meV.
The XAS spectra were obtained at the Ti 2p and the O 1s
absorption thresholds by recording the total yield of elec-
trons from the sample surfaces, i.e. in TEY mode. The base
pressure in the ultra high vacuum (UHV) chamber during
the measurements was better than 2 x 107! mbar.

RESULTS

Quantitative analysis by XAS

Figure 1shows the survey spectra of the as-received and heat-
treated Ti—-7Nb-6Al alloy. In this figure different spectral
features can be observed, which correspond to different
absorption edges. Taking into account the binding energies of
the core-level electrons, the determination of the absorption
thresholds was easily done. Thus, the features located at
~458 eV and ~531 eV correspond to the Ti 2p and O 1s edges,
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Figure 1. Broad XAS spectra of the as-received and
heat-treated Ti—7Nb-6Al alloy.

Table 1. The Ti 2p/O 1s ratio for the near-surface region
obtained for Ti-7Nb-6Al, Ti-13Nb-13Zr and Ti-15Zr-4Nb at
different oxidation times

Oxidation time Ti-7Nb-6Al Ti-13Nb-13Zr Ti-15Zr-4Nb

As-received 5.99 6.99 7.02
90 min 1.79 6.31 6.32
6 h 0.65 6.15 6.30
24 h 0.26 6.13 6.28

respectively. From these spectral data, a simple calculation
can be made to estimate the Ti 2p/O 1s ratio for the near-
surface region. The Ti/O values obtained for the as-received
sample and heat-treated samples are presented in Table 1.
For Ti-7Nb-6Al, the data show a strong Ti/O decrease
when the heat treatment is applied, which continues with
increase of exposure time. This behaviour, which is clearly
observed in Fig. 1, suggests that other elements different to
Ti are being continuously oxidized. For the TiNbZr alloys
the survey spectra were also measured, and the calculated
Ti 2p/Os 1s ratios exhibit similar behaviour that changes
only slightly for the different spectra, in contrast with the
Ti-7Nb-6Al case. In the two TiNbZr alloys, the Ti/O ratio
obtained for all heat-treated samples is very similar, varying
from 6.32 to 6.13 (see Table 1). However, the as-received
sample exhibits a Ti/O value of ~7, which is slightly higher
than that of the heat-treated samples. For both TiNbZr alloys,
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these results suggest an initial change of the surface chemical
composition when the oxidation treatment starts, with almost
no variation on increasing the oxidation time.

The quantitative data extracted from the survey spec-
tra suggest a different oxidation behaviour between the
Ti—7Nb-6Al and TiNbZr alloys. In order to clarify the dif-
ferent phenomena that are taking place in these Ti alloys
during thermal exposition at 750°C, a more detailed study
of the Ti 2p and O 1s absorption edges was performed.

The TiNbZr alloys

Figure 2 represents the Ti 2p XAS spectra of the as-
received and heat-treated Ti-13Nb-13Zr alloy. The solid
lines through the data points serve as a guide to the eye. The
Ti 2p spectra correspond mainly to Ti 2p — 3d transitions.
The spectra consist of two multiplets, one of them located
at energies lower than ~461 eV and the other at energies
higher than ~461 eV. These multiplets are separated, to
a first approximation, by the spin-orbit splitting of the Ti
2p core hole. Owing to the crystal-field effects, the Ti 3d
states split into two orbitals, t; and e,. Consequently, this
is reflected in the XAS spectra by an additional splitting of
each multiplet into two features, resulting finally in four
main peaks clearly observed in Fig. 2. As can be observed
in this figure, the Ti 2p spectra of the three treated samples
are similar whereas the as-received sample spectrum differs
from them. The spectral shape of the heat-treated samples
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Figure 2. Titanium 2p soft x-ray absorption spectra of the
as-received and heat-treated Ti-13Nb-13Zr alloy.
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is typical of TiO,, as can be deduced by comparison with
previous works.?2% The shoulder of the e, band, located at
~459.2 eV, indicates that TiO, is in the form of rutile. This
shoulder is the result of the oxygen octahedron distortion
in rutile, which causes an extra splitting in the e; orbital.
The as-received alloy spectrum is broader than the spectra
of the three heat-treated samples and also shows a shift of
the peak onset. Both characteristics are indications of the
presence of metallic titanium.?* Because the probe depth of
XAS in TEY is larger than the thickness of the passive layer
in these materials (30-60 A), the metallic contribution from
the substrate in the as-received Ti 2p spectrum is expected.
The spectral shape is, however, very similar to that reported
previously for the native oxide of FeTi alloys,? confirming
the native oxide contribution. As mentioned above, Ti and
its alloys develop a protective oxide layer on the surface
that is responsible for their excellent corrosion resistance.
Nevertheless, it is important to determine as precisely as
possible the composition of this native oxide layer.

The O 1s XAS spectra of the as-received and heat-
treated Ti—13Nb-13Zr alloy are displayed in Fig. 3. These
spectra originate mainly from transitions into unoccupied
states with O 2p character hybridized with metal states.
Therefore, the spectral features can be related qualitatively
to empty bands of primarily metallic character. Interpretation
of the O 1s XAS spectrum must be done carefully because
the possibility of oxide mixtures leads to peak overlap.
However, as mentioned above, qualitative information can
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Figure 3. Oxygen 1s soft x-ray absorption spectra of the
as-received and heat-treated Ti—-13Nb-13Zr alloy.
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be extracted from these data, which would complement
the results obtained on the Ti 2p XAS spectra. The O 1s
spectra can be divided into two regions. The first region
at 525-536 eV is attributed to the O 2p weight in states
of predominantly transition-metal d-character. This spectral
region is quite sensitive to the local symmetry and to the
ligand coordination. The second region at 536-548 eV is
attributed to oxygen p-character hybridized with metal s-
and p-states and is sensitive to long-range order. All heat-
treated samples exhibit the typical O 1s spectrum of rutile
(TiO,),*+26-2 which nicely agrees with the Ti 2p spectra
discussed previously. Thus, the two peaks observed in the
first region, with an energy separation of ~2.6 eV, are
assigned to the ty; and e, orbitals of TiO,, respectively. On
the other hand, the as-received sample shows a different O 1s
spectral shape. In order to estimate the main contributions to
the native oxide composition, this spectrum was compared
with that found in previous works for TiO,, TiO, Ti,Os, ZrO,
and Nb,Os5.26?7 The spectrum of the as-received Ti13Nb13Zr
alloy presents features that are similar to those of Ti,O3,
although a mixture of different titanium oxides is also
possible. Additionally, a small contribution of Zr and Nb
oxides cannot be excluded. In a previous work performed on
the passive layer of these Ti alloys by XPS, the presence of
Zr oxides was observed but no Nb emission was detected.’
However, owing to the different probing depth of XAS and
XPS, a comparison of the results obtained by both techniques
should be done carefully.

Both O 1s and Ti 2p XAS spectra of the Ti—-13Nb-13Zr
heat-treated samples indicate that the oxide layer formed on
this alloy is rutile (TiO;). Thus, the previous Ti/O calculation
could help to confirm the presence of metallic titanium in the
Ti 2p XAS spectrum of the as-received sample. The relative
Ti 2p/0O 1s absorption intensity obtained for the 24-h heat-
treated alloy would correspond to TiO,, as deduced from
the XAS spectral shapes. As mentioned above, the calculated
Ti/O ratio gives a slightly higher value for the as-received
sample. This result would indicate that for this sample there
is Ti 2p emission of non-oxidized Ti, i.e. of metallic titanium.

For the Ti—-15Zr-4Nb alloy, the Ti 2p and O 1s XAS
spectra of the as-received and heat-treated samples are
shown in Figs 4 and 5, respectively. In these figures, the
same behaviour as in the Ti-13Nb-13Zr alloy is observed.
All heat-treated Ti—-15Zr—4Nb samples exhibit the typical
spectrum of rutile (TiO,). The as-received alloy spectrum is
quite similar to that of the Ti—-13Nb-13Zr sample, showing
a small metallic contribution and the native oxide shape,
suggesting also a Ti,O; layer and not excluding the presence
of other Ti, Zr or Nb oxides. Again, the Ti/O ratio for this
sample is slightly higher than that corresponding to TiO..
This confirms once more the contribution of metallic Ti from
the region below the passive layer.

The XAS spectra of the TiNbZr alloys suggest that in both
cases the passive layer formed spontaneously by air contact is
composed mainly of Ti;O3. The Nb and Zr incorporation into
the passive film cannot be excluded, although its contribution
would be very low. For all heat-treated samples, even for
the shortest treatment time, i.e. 90 min, the spectra reveal an
oxide film formed by TiO, in the form of rutile.

Copyright © 2002 John Wiley & Sons, Ltd.
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Figure 4. Titanium 2p soft x-ray absorption spectra of the
as-received and heat-treated Ti—-15Zr—4Nb alloy.

The TiNDbALl alloy

The Ti 2p XAS spectra of the as-received and heat-treated
Ti-7Nb-6Al alloy are shown in Fig. 6. All heat-treated alloy
spectra are very similar, but their shape is different to that of
the spectra of heat-treated TiNbZr alloys. For instance, the
shoulder of the e; peak is not observed. A comparison of
these spectra with those of previous works leads to the
conclusion that they correspond to AlLTiOs.? Thus, the
oxidation process of Ti-7Nb—-6Al promotes the formation of
AL TiOs, contrary to TiNbZr alloys where TiO, was formed.
The as-received Ti-7Nb-6Al alloy spectrum is, however,
similar to that of TiNbZr alloys.

Figure 7 represents the O 1s XAS spectra of the as-
received and heat-treated Ti—7Nb-6Al alloy. In contrast
with the TiNbZr alloys spectra, for the heat-treated samples
abroad feature at ~540 eV is observed. As mentioned above,
this energy region can be assigned to O 2p states hybridized
with Ti 4s and 4p states. On the other hand, Al 3s and 3p
states hybridized with O 2p states also should be present in
this case. By comparing the spectral shape of the heat-treated
samples with that of previous works, it can be concluded that
this broad structure corresponds to Al,O;.’ The intensity
of this feature increases on increasing the treatment time.
Additionally, two peaks appear at ~531 eV and ~533.5 eV,
which correspond to the e; and t,, orbitals, respectively, of
the Ti 3d states hybridized with O 2p states. Taking into
account the Ti 2p spectra, these peaks would correspond
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Figure 5. Oxygen 1s soft x-ray absorption spectra of the
as-received and heat-treated Ti—15Zr—-4Nb alloy.

to the AL TiOs emission, which decreases on increasing the
treatment time. These results suggest that the early state
of oxidation promotes the formation of an ALTiOs layer
on the material. As the exposure time increases, an Al,O;
layer grows on the previous oxide, suggesting a favoured Al
diffusion by the thermal process. Afterwards, by increasing
the heat treatment time, this Al,O; layer becomes thicker, as
deduced from the continuous enhancement of the Al 4s—4p
feature corresponding to Al,Os. In previous works on other
metallic materials also having low Al content, preferential
Al O; formation by heat treatment was also observed.?!
As can be seen in Fig.7, the native oxide spectrum of
Ti—7Nb-6Alis similar to that of TiINbZr alloys. Additionally,
an emerging feature relative to O 2p hybridized with Al 4s
and 4p states can be observed. This spectral shape suggests a
passive layer formed mainly by Ti;O; with a small Al,TiOs
contribution. Again, the presence of other Ti oxides cannot
be excluded.

As for the TiNbZr alloys, the Ti/O ratio calculated
from the survey spectra can give additional information
about the Ti-7Nb-6Al oxidation process. In contrast to
TiNbZr alloys, where the Ti/O ratio was slightly higher for
the as-received sample than for the heat-treated samples,
the Ti—-7Nb-6Al spectra exhibit a strong Ti/O decrease as
oxidation proceeds. Also, the Ti/O value further decreases
on increasing the oxidation time. This is an indication of
the continuous oxidation of elements other than Ti. In the

Copyright © 2002 John Wiley & Sons, Ltd.
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Figure 6. Titanium 2p soft x-ray absorption spectra of the
as-received and heat-treated Ti-7Nb—-6Al alloy.

early stage of oxidation, the Ti/O decrease can be associated
with the formation of the AL TiOs layer on the material.
As the treatment time increases, an ALL,O; layer grows on
the AL TiOs film, leading to a new strong decrease of the
Ti/O ratio. Finally, as the Al,O; layer becomes thicker the
Ti/O ratio decreases again. Thus, this behaviour suggested
from the Ti/O estimation is a confirmation of the oxidation
mechanism concluded from the Ti 2p and O 1s spectra.

DISCUSSION

For the three titanium alloys, the XAS experiments of the
as-received samples show a passive layer formed mainly
by Ti;Os. The high atomic per cent of Ti in the Ti alloy
composition promotes the preferential formation of Ti,O3 on
the alloys. In the Ti-7Nb-6Al alloy, the presence of a small
amount of AL, TiOs was also observed. Furthermore, a small
contribution of other oxides in these passive layers cannot be
excluded.

For the oxide layers formed on the alloys by heat
treatment, the XAS experiments suggest a different oxidation
behaviour for the TiNbZr alloys and for Ti—-7Nb—6Al. In the
case of the TiNbZr alloys the oxide layer formed on the
material is mainly rutile (TiO,). However, for Ti-7Nb-6Al
the early stage of the oxidation process leads to the formation
of an Al,TiOs layer. Then, on increasing the treatment time,
Al O3 grows on this initial film.

Surf. Interface Anal. 2002; 33: 570-576
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Figure 7. Oxygen 1s soft x-ray absorption spectra of the
as-received and heat-treated Ti—-7Nb-6Al alloy.

Ellingham’s diagram—standard free energies of forma-
tion of oxides as a function of temperature—shows that Al
and Zr oxidation is thermodynamically favoured compared
with Ti oxidation.* However, the TiNbZr alloys exhibit by
a preferential oxidation of Ti heat treatment, as observed by
XAS. This unexpected behaviour reveals that other important
parameters should be taken into account to determine the
oxidation behaviour: the atomic composition of the substrate
and the alloying element diffusion inside the oxide layer. In
the TiNbZr alloys, the high content of Ti in the substrate com-
pared with that of Zr leads to the initial formation of rutile
(TiO,) in the oxidation process. Then, as the XAS results
reveal, on increasing the treatment time Ti diffusion inside
the TiO, layer is favoured with respect to Zr diffusion from
the substrate to the surface. This effect leads to continuous
growth of the TiO, layer. Thus, although the oxidation of
Zr is thermodynamically favoured versus Ti oxidation, the
composition of the alloys and the element diffusion inside
the oxide layers determine the oxidation behaviour.

For Ti-7Nb-6Al, the oxidation process thermodynami-
cally favours Al oxidation versus Ti oxidation. However, the
high content of Ti compared with Alin the alloy composition
gives rise in the initial oxidation process to the formation of
an AL TiOs layer. As the oxidation time increases, the XAS
spectra exhibit the presence of an Al,Oj3 signal that increases
continuously. This result indicates that the diffusion of Al

Copyright © 2002 John Wiley & Sons, Ltd.
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inside the AL, TiOs layer is larger than that of Ti. Further-
more, as mentioned above, for Ti—-7Nb-6Al the oxidation
treatment thermodynamically promotes the Al oxidation,
leading to the observed formation of the Al,O; layer.

CONCLUSIONS

In order to perform a chemical analysis of the passive and
oxide layers formed on Ti-13Nb-13Zr, Ti—15Zr-4Nb and
Ti-7Nb-6Al alloys, the XAS spectra were measured. The
passive films studied were formed spontaneously on the
alloys through air contact at room temperature. The oxide
layers were obtained by thermal treatment at 750 °C for three
different exposure times. To carry out this investigation, O 1s
and Ti 2p XAS spectra were measured. The XAS spectra of as-
received samples were similar for the three alloys, suggesting
the presence of the native oxide composed mainly of Ti,Os.
Furthermore, the presence of a small AL, TiOs contribution
was observed in the case of the Ti—-7Nb-6Al alloy.

The spectra of the heat-treated samples are similar for
TiNbZr alloys but Ti—-7Nb-6Al has a different behaviour.
The oxide film formed on the TiNbZr alloys is clearly TiO; in
the form of rutile. The high Ti content in the alloy composition
as well as the favoured Ti diffusion inside the oxide layers
are the main factors responsible for the TiO, film formation.

In the case of the Ti—-7Nb-6Al alloys, the presence of Al
in the chemical composition leads to a different oxidation
tendency. In this sample, as oxidation proceeds, the small
AL TiOs contribution of the native oxide layer becomes
larger. On increasing the treatment time an AL, O; film grows
on the initial oxide layer, becoming continuously thicker.
Thus, the formation of Al,O3 on this alloy is favoured by the
thermal treatment.

The results of this work show the importance of
both the alloying elements and the element diffusion
in the oxidation behaviour of Ti alloys. Furthermore,
this investigation confirms that XAS is an appropriate
technique to provide information on the chemical and
electronic properties of passive and oxide layers. The
different oxidation mechanisms between TiNbZr alloys
and Ti—7Nb-6Al have been determined clearly by this
spectroscopic technique.
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