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In the present work, the oxide layers developed at elevated temperature on three
vanadium-free titanium alloys, of interest as implant biomaterials, were studied by
Rutherford backscattering spectroscopy, elastic recoil detection analysis, and scanning
electron microscopy. The chemical composition of the alloys investigated, in wt%, was
Ti–7Nb–6Al, Ti–13Nb–13Zr, and Ti–15Zr–4Nb. Upon oxidation in air at 750 °C, an
oxide scale forms, with a chemical composition, morphology, and thickness that
depend on the alloy composition and the oxidation time. After equal exposure time, the
Ti–7Nb–6Al alloy exhibited the thinnest oxide layer due to the formation of an
Al2O3-rich layer. The oxide scale of the two TiNbZr alloys is mainly composed of Ti
oxides, with small amounts of Nb and Zr dissolved. For both TiNbZr alloys, the role
of the Nb-content on the mechanism of the oxide formation is discussed.

I. INTRODUCTION

Titanium and titanium alloys have been widely used in
medical applications due to their excellent corrosion re-
sistance and mechanical properties. Among all commer-
cially available alloys, Ti–6Al–4V has been the most-
used titanium alloy for artificial hip joints for many
years. Despite the exceptional properties of this alloy,
recent investigations report on the release of metallic
ions from surgical implants, which could induce harmful
effects.1–5 The results of different studies indicate that
metallic vanadium is strongly toxic to cells, and alumi-
nium has been associated with potential neurological dis-
orders.6–8 Thus, much research effort is being devoted to
develop vanadium-free alloys with improved biocompat-

ibility and similar corrosion resistance and mechanical
properties to Ti–6Al–4V alloy.9–15

The biocompatibility of metallic biomaterials is re-
lated to their corrosion resistance in biological systems.
The excellent corrosion behavior of titanium-based al-
loys in aggressive environments is achieved due to the
formation of a stable, tightly adherent, passive layer.16–19

This layer is nothing but the surface oxide film generated
spontaneously by reaction with oxygen from the atmos-
phere. A possible approach to improving the corrosion
resistance of titanium alloys would be to increase the
thickness of the outer oxide layer. This can be easily and
economically attained by subjecting the titanium alloys
to an oxidation treatment at elevated temperature.

In previous works, three Ti alloys without V, of com-
position (in wt%) Ti–7Nb–6Al, Ti–13Nb–13Zr, and Ti–
15Zr–4Nb, were selected as potential biomaterials, and a
thick oxide coating was developed on their surface by
thermal oxidation.20,21 Several properties of these alloys,
including corrosion behavior, surface topography, and
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microstructure, were investigated both before and after
the oxide layer was grown.20–24 The chemical composi-
tion of the outermost layers is of particular importance to
evaluate a biomaterial, since these surface layers will be
in direct contact with biological tissues. Consequently,
surface chemical analysis was also performed on the Ti
alloys, both with and without thermal treatment, by x-ray
photoelectron spectroscopy (XPS) and x-ray absorption
spectroscopy (XAS).25–27 XPS is a surface-sensitive
technique, which provides information on the chemical
composition of the last atomic layers (∼10–20 Å). On the
other hand, the sampling depth of XAS, which reaches in
total electron yield mode of 70–100 Å, gives comple-
mentary information for deeper surface layers.

Although the outermost surface is certainly a critical
factor in the evaluation of new biomaterials, the deter-
mination of the complete in-depth chemical composition
of the oxide scale is also important. This composition
will influence the diffusion of ionic species toward the
surface and hence the toxicity and biocompatibility of the
material.28,29 The goal of the present investigation is to
use spectroscopic techniques with larger sampling depth
than XPS and XAS to analyze the in-depth chemical
composition of the oxide scale with the aim of under-
standing activity of the different alloying elements dur-
ing thermal oxidation. Thus, we have performed a ther-
mal treatment on three V-free titanium alloys: Ti–6Al–
7Nb, Ti–13Nb–13Zr, and Ti–15Zr–4Nb. Subsequently,
their oxide scales were studied by Rutherford backscat-
tering spectroscopy (RBS), elastic recoil detection analy-
sis (ERDA), and scanning electron microscopy (SEM).

II. EXPERIMENTAL

Three Ti-based alloys of composition (in wt%) Ti–
7Nb–6Al, Ti–13Nb–13Zr, and Ti–15Zr–4Nb were pre-
pared by arc melting and then casting in a copper coquille
under high vacuum. The specimens were cut from as-cast
ingots by electrospark-erosion. Before the oxidation
process, the sample surfaces were abraded and polished
using diamond pastes with successively smaller particle
size. In the final stage of this process, colloidal silica was
used to ensure a surface free of mechanical deformation.
After polishing, the specimens were ultrasonically
cleaned with acetone before oxidation. The material
in this state is labeled as the “as-received” sample. At this
point, some specimens were isothermally oxidized in
air in a tube furnace at 750 °C for exposition times of
90 min, 6 h, and 24 h.

The surface composition of the outer layers of the
as-received and oxidized samples was characterized us-
ing two ion beam analysis techniques, RBS and ERDA.
Additionally, the microstructure of the oxide layers was
investigated by means of SEM equipped with energy

dispersive x-ray microanalysis (EDX). Metallographic
preparation included mounting the samples in bakelite
and polishing by the conventional method. For the cross-
sectional views, the surface of the oxidized samples was
previously coated with a mixed layer, composed of a thin
sputtered gold layer and a thicker electrolytically depos-
ited copper layer, to avoid scale loss during metallo-
graphic preparation.

RBS and ERDA experiments were performed using
the 5 MeV tandem accelerator of the Centro de Micro-
análisis de Materiales (CMAM), at the Universidad Au-
tónoma de Madrid.30 For the RBS technique, the energies
of the analyzing He+ ions were 2, 3.035, and 5.61 MeV,
respectively. At greatest energy level, the analyzed depth
reached 4 × 1019 atoms/cm2, and the sensitivity for oxy-
gen and carbon increased two orders of magnitude.
ERDA experiments were also carried out using 28 MeV
Si5+ ions. Finally, the RBS and ERDA spectra were fitted
using the RBX code.31

III. RESULTS AND DISCUSSION

Figure 1 shows top views of the surface of Ti–7Nb–
6Al, Ti–13Nb–13Zr, and Ti–15Zr–4Nb after thermal
treatment at 750 °C for 24 h. As can be observed, the
surface morphologies are different for the three samples.
This diversity is mainly related to the different bulk
chemical compositions of the alloys, which not only lead
to different oxide layer compositions, but also to ! and "
phase distributions.25–27 After oxidation, the surface of
Ti–6Al–7Nb alloy presents an anisotropic corrugated
structure with well-defined groove borders between re-
gions, as observed in the SEM image of Fig. 1(a). This
structure looks similar to the lamellar (!−") bulk micro-
structure observed for the as-received sample22 and dif-
fers from the granular structure along randomly oriented
lines shown in Fig. 1(b) for Ti–13Nb–13Zr. Finally, the
Ti–15Zr–4Nb alloy exhibits a locally homogeneous sur-
face, with a polygonal microstructure of prevailing hex-
agonal shape [Fig. 1(c)].

Figure 2 shows cross-sectional views of the Ti–7Nb–
6Al, Ti–13Nb–13Zr, and Ti–15Zr–4Nb alloys oxidized
for 24 h at 750 °C. These SEM micrographs show clear
differences in the thickness and compaction of the oxide
scales formed on the three alloys. The Ti–7Nb–6Al alloy
developed a thin, compact, and homogeneous scale about
2 #m thick, whereas the TiNbZr alloys present a much
looser and thicker scale, around 10 and 25 #m thick for
Ti–13Nb–13Zr and Ti–15Zr–4Nb, respectively. Addi-
tionally, both TiNbZr alloys clearly show pores and lon-
gitudinal fissures at the metal–oxide interface.

Although rutile is a protective coating at room tem-
perature, its behavior dramatically changes at tempera-
tures above 500 °C. At this temperature, a rutile scale
becomes permeable to inward oxygen diffusion, favoring
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FIG. 1. Top-view SEM micrographs of Ti–7Nb–6Al, Ti–13Nb–13Zr,
and Ti–15Zr–4Nb alloys after heat treatment performed at 750 °C in
air for 24 h.

FIG. 2. Cross-sectional SEM micrographs of the oxide layer formed
after heat treatment at 750 °C for 24 h in air on Ti–7Nb–6Al, Ti–
13Nb–13Zr, and Ti–15Zr–4Nb.
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the further oxidation of the alloy. It is well known that
the addition of Al notably improves the oxidation resis-
tance of Ti due to the growth of an outer Al2O3-rich
layer.32–34 This layer retards the growth of the oxide
scale considerably, since it hinders inward oxygen diffu-
sion. This effect can even be enhanced by the presence of
other elements like Nb.35 According to previous x-ray
diffraction (XRD) data, the oxide scale of Ti–7Nb–6Al
alloy is composed of TiO2 in rutile form and alpha-
alumina, while the oxide scales of the two oxidized
TiNbZr alloys are mainly composed of TiO2 in the rutile
form.20 In these XRD measurements, Nb and Zr oxides
were not detected due to their dissolution in the TiO2

and/or Al2O3 lattice forming solid solutions.
To understand the mechanisms of oxide formation,

thermodynamic properties must be taken into account.
The curves of the standard free energies of formation
of oxides versus temperature, i.e., the well-known
Ellingham/Richardson diagrams,36 show that Ti and Zr
oxidation are thermodynamically less favored than Al or
Nb oxidation. The high activity of Al during oxidation of
the Ti–7Nb–6Al alloy leads to the formation of the alu-
mina-rich scale observed on this sample. However, after
oxidation, the two TiNbZr alloys show a scale composed
mainly of TiO2, counter to the thermodynamic expecta-
tion. This can be explained considering that the activity
of different alloying elements during oxidation is a func-
tion of both the concentration of these elements and the
element diffusion tendency along the oxide layer. In both
TiNbZr alloys, during the first stages of the oxidation
process, the huge Ti content leads to the initial formation
of a TiO2 outer layer. After this first period of the thermal
process, the oxidation rate is mainly controlled by ion
diffusion through the oxide scale. Because Nb and Zr
oxides were hardly detected by XRD, Ti diffusion inside
this oxide layer seems to be favored, promoting a con-
tinuous growth of the TiO2 layer as the oxidation time is
increased.

As mentioned, the oxide layer thickness of both TiNbZr
alloys after the 24-h thermal treatment is much larger
than that of the oxidized Ti–7Nb–6Al alloy. To compare
samples with similar oxide layer thickness, the oxidation
time for the TiNbZr alloys was diminished to 6 h. As can
be seen in Fig. 3, the oxide layer thickness of both alloys
is considerably lower than that obtained after 24 h oxi-
dation and closer to that of the Ti–7Nb–6Al shown in
Fig. 2. In the case of the Ti–13Nb–13Zr alloy oxidized
for 6 h, the scale is more uniform than that for longer
times, with no longitudinal fissures and with a thickness
of ∼3–4 #m. On the other hand, for the same oxidation
time, the Ti–15Zr–4Nb alloy already shows a rather in-
homogeneous layer with uneven thickness values, which
exceeds 10 #m in some points. In this case, some fissures
are visible along the sample, parallel to the metal/oxide
interface. Since the main difference between both alloys

is the Nb-content, the lower oxidation kinetics of the
Ti–13Nb–13Zr alloy was associated with its higher Nb
content. This result is in agreement with previous works,
which report a considerabe improvement of the Ti oxi-
dation resistance by addition of Nb.37,38

To gain further insight into the mechanisms and kinet-
ics of the oxide scale formation, it is essential to know
the in-depth composition profile along the oxide layer.
RBS and ERDA are suitable techniques because they are
not destructive and their depth sensitivity is on the order
of the oxide thickness. As mentioned in the experimental
details, each sample was measured with RBS at three
different ion energies and also with ERDA. The experi-
mental data were then fitted, assuming that the in-depth
composition varies smoothly, and the various elemental
fractions were represented by error-function type curves.
The composition profiles were then optimized to find the

FIG. 3. Cross-sectional SEM micrographs of the oxide layer formed
after heat treatment at 750 °C for 6 h in air on (a) Ti–13Nb–13Zr and
(b) Ti–15Zr–4Nb.
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best fit for all four experimental spectra. Figure 4 shows,
as an example, the result of the fit for the 3.035 MeV
RBS spectrum of the Ti–7Nb–6Al alloy oxidized at
750 °C for 90 min. The points correspond to the experi-
mental RBS data while the solid line through the data
points represents the results of the fitting procedure using
the RBX code. This analysis was carried out simulta-
neously for the different ion beam spectra, so the three
different RBS signals measured with He+ ions of 2,
3.035, and 5.61 MeV, respectively, combined with the
ERDA data obtained using 28 MeV Si5+ ions, were in-
volved at the same time in the fitting procedure. Thus, the
best experiment–theory fit result gives rise to a particular
element concentration depth profile. This method was
applied for all samples studied both as-received and ther-
mally oxidized, generating the element concentration
depth profiles for each specimen.

Figure 5 exhibits the elemental depth profile for as-
received and oxidized Ti–7Nb–6Al alloys as a result of
the fitting procedure described above. For all samples,
the same curve assignment is used. Thus, the solid,
dashed, dotted, and dash-dotted lines correspond to Ti,
O, Al, and Nb depth profiles, respectively. The conver-
sion from atoms per square centimeter to a length scale in
microns was accomplished by assuming an ideal mixing
of the most stable compounds for the elemental profile at
each depth value and by using a standard density value
for each of these compounds. We estimate the error in the
depth values to be within a 10% of the real values. In the
case of the as-received sample, since the passive layer

formed spontaneously in contact with air is only on the
order of several nanometers, the signal obtained for the
different elements remains constant throughout the depth
of the material. In this case, the values exhibited are close
to the chemical composition of the alloy, as can be seen
in Table I. In Table I, the atomic percentage composition
is shown for the as-received alloys as derived from the
sample preparation (named “nominal bulk concentra-
tion”), the as-received alloys as deduced from the ion
beam analysis techniques (labeled as “bulk concentra-
tion”), and the surface of the 24 h oxidized samples
(called “full oxidized, surface concentration”), as the
most external elemental composition values obtained
from the RBS analysis, i.e., the values shown in Figs. 5–7
for 0-#m depth for the 24-h oxidized samples.

The depth profiles obtained for the heat-treated
samples in Fig. 5 clearly show the gradual formation of
an oxide layer, which becomes thicker in a continuous
way as a function of the oxidation time until it a maxi-
mum value for 24 h. We have selected, as an estimate for
the oxide layer thickness, the depth at which the oxygen
decreasing curve meets the Ti rising curve, which, in the

FIG. 4. RBS spectrum obtained with 3.035 MeV He+ ions on the
Ti–7Nb–6Al alloy oxidized at 750 °C for 90 min. The solid line
through the data points represents the result of the fitting procedure
performed simultaneously on this spectrum and those obtained by
three complementary ion beam techniques on the same sample (see
text).

FIG. 5. Element concentration depth profiles obtained from RBS and
ERDA for the as-received and oxidized Ti–7Nb–6Al alloys.
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case of the Ti–7Nb–6Al alloy oxidized at 750 °C for
24 h, has an approximate value of 1.8 #m, in agreement
with the value observed in the SEM image of Fig. 2.
Regarding the evolution of the elemental concentration

curves, all samples present a higher Al content near the
surface, gradually decreasing with depth to a minimum
value, to increase again to approximately the bulk con-
centration. The concentration of Al near the surface is
about twice the bulk composition for the sample oxidized
for 24 h. As both the thickness of the Al rich layer and
the Al content near the surface increase with oxidation
time, it can be concluded that Al diffuses toward the
surface. Therefore, the thermal oxidation induces the for-
mation of a surface alumina rich layer, which decreases
the inward diffusion of oxygen, improving the oxidation
resistance of the Ti–7Nb–6Al alloy. Figure 5 also shows
an inner Al depleted layer, similar to that observed in
other Al-containing alloys after thermal oxidation.39,40

The depth at which the Al content is minimum in this
depletion zone increases with oxidation time, with ap-
proximate values of 0.2, 0.3, and 0.6 #m for 1.5, 6, and
24 h, respectively. Also the thickness of the depletion
zone increases with oxidation time, with approximate
values of 0.5, 1, and more than 2 #m for 1.5, 6, and 24 h,
respectively. The increase of the depletion zone thickness
and the depth of the minimum Al concentration with

TABLE I. Elemental concentration values for the three Ti-alloys: bulk
nominal composition, bulk composition of the as-received specimens
as determined by RBS-ERDA, and surface composition of the samples
oxidized at 750 °C for 24 h, as obtained from the outermost concen-
tration given by RBS-ERDA.

O Ti Al Nb

Ti–7Nb–6Al
Nominal bulk concentration (at.%) $ $ $ 86.0 10.4 3.6
Bulk concentration (at.%) 1.7 83.4 11.6 3.3
Full oxidized, surface concentration (at.%) 60.4 18.6 21.0 0

Ti–13Nb–13Zr
Nominal bulk concentration (at.%) $ $ $ 84.5 7.8 7.7
Bulk concentration (at.%) 1.7 83.9 7.2 7.2
Full oxidized, surface concentration (at.%) 67.9 30.7 0 1.4

Ti–15Zr–4Nb
Nominal bulk concentration (at.%) $ $ $ 90.0 8.7 1.3
Bulk concentration (at.%) 3.4 86.2 8.2 2.2
Full oxidized, surface concentration (at.%) 70.1 29.2 0 0.7

FIG. 6. Element concentration depth profiles obtained from RBS and
ERDA for the as-received and oxidized Ti–13Nb–13Zr alloys.

FIG. 7. Element concentration depth profiles obtained from RBS and
ERDA for the as-received and oxidized Ti–15Zr–4Nb alloys.
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oxidation time is the consequence of Al diffusion to the
surface during oxidation.

It is also worth mentioning the behavior exhibited by
niobium. In the as-received material, this element is pres-
ent in a rather low concentration, keeping a constant
value as a function of the alloy depth similar to the nomi-
nal Nb atomic percentage of the alloy. For the oxidized
specimens, however, although the values at deeper levels
are similar to that of the as-received sample, the outer-
most region of the oxide layers clearly shows Nb deple-
tion. The Nb content grows up gradually from zero as a
function of depth until it reaches the bulk value at the end
of the oxide layer, similar to the results found in previous
works on other alloys.38 In a previous work by XPS on
the Ti–7Nb–6Al alloy oxidized at 750 °C for 24 h, it was
unexpectedly found that Nb was not present at the sur-
face, i.e., the Nb 3d XPS signal was negligible.27 The
present results obtained by means of ion beam analysis
techniques support this experimental evidence, giving an
evolution of the Nb concentration as a function of depth
due to their extreme sampling depth. As mentioned
above, Nb addition has been shown to improve the oxi-
dation resistance of Ti alloys.35,37,38 Although the
mechanisms to explain this improvement are not yet
clear, Nb as substitutional cation in the rutile lattice
seems to reduce the diffusion rate of oxygen-ion vacan-
cies.37 As this protective mechanism for Nb is not asso-
ciated with the formation of Nb oxides, it would be com-
patible with a slight increase of Nb concentration through
the scale, as observed in Fig. 5.

An interesting point revealed in Fig. 5 is the extent of
the oxygen inward diffusion. Even the as-received
sample shows a non-negligible, constant O-content in the
whole analyzed depth, as is shown in Table I. The oxi-
dized Ti–7Nb–6Al alloys show oxygen enrichment at the
surface, which is larger for longer oxidation times, as is
obviously expected. Additionally, the amount of bulk
diffused oxygen, below the oxide scale, also increases
with oxidation time. Such an increase in oxygen disso-
lution with oxidation time and temperature has also been
observed in previous work.37

Figure 6 shows the elemental depth profiles for the
as-received and oxidized Ti–13Nb–13Zr alloy. In this
case, the solid, dashed, dotted, and dash-dotted lines cor-
respond to Ti, O, Zr, and Nb, respectively. Again, the
as-received sample (bottom curve) exhibits concentration
values, which are in accordance with the nominal com-
position percentages of the alloy (see Table I). Due to the
similar atomic concentration of Nb and Zr (13% in
weight in both cases and close atomic number), the Nb
line is almost indistinguishable from Zr in all curves
shown in Fig. 6. For the oxidized samples, the surface Nb
contribution is rather low but not zero (see value for
24 h oxidation in Table I), in contrast to the oxidized
Ti–7Nb–6Al case. This result is again in agreement with

previous XPS results on this alloy, where a low but non-
zero Nb emission could be detected at the surface.27 As
can be observed in Fig. 6 for all oxidized samples, the
low initial Nb concentration grows up slowly with depth
until the bulk value is reached. In contrast to Nb, the Zr
surface concentration is zero in all cases (see Table I),
but just below the outermost surface, a small peak is
observed [see, e.g., the inset in Fig. 6(c)], which at some
point even surpasses the Nb concentration. This small
intensity enhancement abruptly drops to the Nb values
for a sample depth of ∼0.25 #m. This result reveals the
existence of a Zr segregation zone at an intermediate
layer just underneath the oxidized alloy surface. On the
other hand, the surface Zr concentration, which is lower
than the Nb one, is again in agreement with previous
XPS results, where the Zr emission at the surface is lower
than the Nb signal.27 It is important to emphasize that
although the results show a good correlation, the differ-
ent sampling depths of RBS and XPS provide informa-
tion of different surface regions.

For the Ti–13Nb–13Zr alloy, the oxide layer is com-
posed mainly of Ti oxide, since neither Nb nor Zr oxides
are present in the XRD pattern. This result suggests that
although Nb oxidation should be thermodynamically
promoted, the high amount of Ti in the alloy causes the
formation of an oxide layer mainly composed of Ti. As
the amount of Nb and Zr near the surface is lower than
the bulk composition, it was concluded that diffusion of
these elements through the scale is rather low. At the
surface of the oxidized samples, only small amounts of
Nb and no Zr were observed, revealing that Nb oxidation
is favored against Zr. This result agrees with the Elling-
ham/Richardson diagrams, which show that Nb oxidation
is more thermodynamically favored than Zr oxidation.
However, the observation of Zr segregation at an inter-
mediate layer suggests that Zr diffusion inside the oxide
layer is also not negligible.

For all oxidized samples shown in Fig. 6, the Ti and O
surface concentration values are similar, independent of
oxidation times. This is in agreement with previous XAS
results, where in all cases, formation of a TiO2 surface
layer was observed.26 The thickness of the oxide layer
becomes larger for longer oxidation exposures. Thus, the
6-h oxidized Ti–13Nb–13Zr alloy shows a thickness of
∼3 #m, which is in agreement with the SEM observa-
tions shown in Fig. 3. Finally, the oxide scale thickness
for the 24-h heated sample has a value of approximately
13 #m, as can be deduced from Fig. 6, which again
nicely agrees with the micrograph shown in Fig. 2.

The elemental depth profiles of the as-received and
oxidized Ti–15Zr–4Nb alloys are represented in Fig. 7.
Again, the same assignment as in the previous case is
used, with the solid, dashed, dotted, and dash-dotted lines
corresponding to Ti, O, Zr, and Nb profiles, respectively.
The as-received curves indicate concentration values that
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resemble those of the base alloy, as can be also seen in
Table I. This alloy is rather similar to Ti–13Nb–13Zr in
the sense that it has the same alloying elements. How-
ever, the relative concentration is different, and this has
major implications. Thus, Ti–15Zr–4Nb has a lower "-
phase/!-phase ratio due to a lower relative amount of the
"-stabilizer niobium. Among others, this lower Nb-
content is responsible for a different oxidation kinetics,
which leads to a thicker oxide layer for Ti–15Zr–4Nb
than it does for Ti–13Nb–13Zr, as discussed above and
observed in the SEM cross-sectional views of Figs. 2 and
3. Accordingly, the data exhibited in Fig. 7 indicate a
thicker oxide layer for the oxidized Ti–15Zr–4Nb alloy.
For an oxidation time of 1.5 h, the oxide layer is ∼4 #m
thick, and for 6 h it is already thicker than 13 #m. This
result is just within the error limit of the SEM observa-
tion, since for the 6 h oxidized Ti–15Zr–4Nb alloy, the
cross-sectional view reveals an oxide layer thickness to
some extent larger than 10 #m. However, as mentioned
before, this oxidized layer is inhomogeneous, showing
fluctuating thickness values, which range from 10 to
∼15 #m. Another difference with the Ti–13Nb–13Zr is
the absence of a Zr-rich zone underneath the surface
region, although in both cases the surface Zr content is
zero. Again, this effect could be related to a lower
amount of Nb in this alloy. As already stated, in TiNbZr
alloys, the oxidation is more favored for Nb than for Zr,
and Nb diffusion along the oxide layer seems to be pro-
moted. However, the lower Nb-content in the case of
Ti–15Zr–4Nb as compared to that of Ti–13Nb–13Zr
leads to a lower surface Nb concentration. Thus, for the
24-h-oxidized Ti–15Zr–4Nb sample, the surface Nb con-
tribution is not zero, in accordance with previous XPS
results,27 although it is lower than in the case of the
oxidized Ti–13Nb–13Zr alloys.

IV. CONCLUSIONS

The oxide layer formed during oxidation at 750 °C on
three vanadium-free titanium alloys of composition Ti–
7Nb–6Al, Ti–13Nb–13Zr, and Ti–15Zr–4Nb was studied
by SEM, ERDA, and RBS. The combination of SEM and
ion beam analysis techniques, (ERDA and RBS) was
used to study and interpret the effects of the different
alloying elements on the oxidation behavior.

Concerning the oxide layer thickness, excellent agree-
ment between SEM observations and RBS-ERDA results
was found. The lowest thickness was observed on the
oxidized Ti–7Nb–6Al alloys, where the formation of an
outer Al2O3-rich layer greatly retards the growth of the
oxide scale. The two TiNbZr oxidized alloys exhibit
much thicker scales, mainly composed of Ti oxides,
which are less homogeneous and can exhibit some fis-
sures at the oxide layer/alloy interface.

All as-received alloys show elemental concentration

values in accordance with the nominal values. After oxi-
dation, the evolution of the different element depth pro-
files was related with both thermodynamic properties and
diffusion ability. For Ti–7Nb–6Al oxidized alloy, surface
Al segregation is clearly observed for all oxidation times,
followed by an Al depletion region. It was concluded
that, as both the size of the Al-rich layer and the Al
content near the surface increase with oxidation time, Al
diffuses toward the surface. On the other hand, the Nb
concentration increases as the material depth increases
from zero at the surface to the bulk value.

For both TiNbZr alloys, some Nb contribution but no
Zr was measured near the surface. The presence of Nb at
the surface of the oxide scale agrees with the thermody-
namic expectation of preferential Nb oxidation against
that of Zr. Zr diffusion seems to be less favored than Nb
diffusion during the thermal processes; however, the dif-
ferent Nb-content in both TiNbZr alloys affects substan-
tially their oxidation mechanisms. Nb as substitutional
cation in the rutile lattice seems to reduce the diffusion
rate of oxygen-ion vacancies, improving the oxidation
resistance.
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