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In this study, the oxidation of the surface of a 50/50 (at.%) NiTi alloy was studied by XPS, AES and SEM.
Samples of the NiTi alloy were oxidized at 23°C and high temperatures at an oxygen pressure of 10™* Torr and in
atmosphere. At 10™% Torr of O, and 23°C, titanium was oxidized preferentially while nickel remained in the
metallic form even after 40 min of exposure. At the same oxygen partial pressure and 400 °C, a mixture of TiO,,
Ti,O; and TiQ, was formed, and nickel remained metallic. Eventually, after 40 min of O, exposure, the whole
surface was covered with a layer of TiO,. In atmosphere and at 23 °C, titanium again was oxidized preferentially,
but NiO was detected on the surface after the first minute of air exposure. At a higher temperature of 450 °C,
areas comprising a mixture of NiO and TiO,, and areas consisting of TiO, only were found. Below the top surface
layer, a complete layer of TiO, was detected. Underneath the TiO, layer, a nickel-rich layer was present.

INTRODUCTION

EXPERIMENTAL

The oxidation and corrosion resistance of Ni alloys,
such as NiCo,'® NiCr,*> NiCrFe,* NiAl®7 and
Ni,Al? are closely related to surface chemical reactions
in different environments and at different temperatures.
In a study of an NiCo alloy,? preferential oxidation and
oxygen-induced segregation of Co were observed at
500°C and 10~ * Torr of oxygen. Oxidation of nickel
was detected only after 4500 L (1 L = 10~ ° Torr-sec) of
oxygen exposure. Preferential oxidation followed by
oxygen-induced segregation of Cr was shown by Steffen
and Hofmann* in an NiCr alloy at room temperature
and low oxygen pressures (10°°-10"% Torr). Nickel
remained metallic until after 6-7 L of oxygen exposure.
Preferential oxidation of Co and Cr over nickel is
related to the relative magnitude of their free energies of
formation. The effect of oxygen partial pressure on the
oxidation of NijAl at temperatures above 600°C has
been studied by x-ray photoelectron spectroscopy (XPS)
and Auger electron spectroscopy (AES).2 At low oxygen
pressure, only aluminum oxide was found. At atmo-
spheric pressure, NiQ, NiAl,O0, and Al,O; were
present.

The study of Ti and Ti alloys has gained importance
because of numerous applications of Ti and its alloys in
aerospace, chemical and medical industries.” The excel-
lent corrosion-resistant properties and biocompatibility
of Ti is closely related to the presence of a stable, passi-
vating surface oxide film. Oxidation of Pt,Ti'® at
377°C and 1078 Torr of O, produced a surface oxide
layer composed mainly of TiO,. Oxidation at a higher
temperature (727°C) and at a higher oxygen pressure
(107 Torr) produced a new feature, which was identi-
fied as Ti,®>* indicating the presence of defects or
uncoordinated ions. In another study, the oxide layer
produced by thermal and anodic oxidation of Ti—6Al-
4V has been shown to be composed mainly of TiO,.*!

In this study, we examined the oxidation of NiTi by
XPS, SEM and AES. The effect of temperature and
oxygen pressure on the oxidation kinetics was also
investigated.

To perform these experiments, a 1 cm? coupon (0.1 cm
thick) of a 50/50 (at.%) NiTi alloy was abraded with a
600-grit SiC paper and polished with 0.3 um alumina
paste. Then the sample was ultrasonically cleaned in
methanol. XPS experiments were performed in a VG
Escalab Mk II spectrometer. The Au 4f,,, peak was set
at 83.8 eV. The background pressure of the analysis and
preparation chambers was 10~ and 10~ Torr, respec-
tively. The sample was placed in a stainless-steel sample
holder. Heating was done by putting the sample holder
in a heating probe that is capable of heating up to
800 °C. Sample cleaning and sputtering were performed
by a Commonwealth Scientific 3 cm ion source
mounted in the preparation chamber or by an AG 61
ion gun mounted in the analysis chamber. The 3 cm ion
source was operated at 500 V and 2 x 10~* Torr of Ar
with a beam current of 12.5 mA, while the AG 61 ion
gun was operated at 5 kV and 10™3 Torr of Ar with a
sample current of 3 pA. The sputtering rate of the 3 cm
ion source was calibrated to be 144 A min~! for an Au
standard. At the start of each experiment, the surface
was sputter-cleaned with the 3 cm ion source until the
surface chemical composition became constant.

CONCLUSIONS

Surface composition after sputter-cleaning

Figure 1 shows XPS spectra of the NiTi surface after
the sample was sputter-cleaned in the preparation
chamber with the 3 cm ion source at room temperature
for 15 min (all spectra shown are in arbitrary units). The
surface chemical composition was calculated using the
peak areas corrected with empirically derived sensitivity
factors.'? The surface Ni concentration (55 at.%) is
slightly higher than that of the bulk, indicating prefer-
ential sputtering of Ti (surface concentration of Ti was
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Figure 1. (a) An XPS spectrum of a sputter-cleaned NiTi surface;
(b) Ni 2p spectrum for the same surface; (c) Ti 2p spectrum for
the same surface.

41 at.%). In addition, a small amount of oxygen (4 at.%)
was found. The binding energy of Ni and Ti was mea-
sured to be 852.8 and 453.8 eV, respectively. These
results agree well with published values for these
metals,’* and there is no binding energy shift detected
for either Ni or Ti. This is contrary to a previous soft
x-ray appearance-potential study of NiTi alloys, which
has reported that the binding energy of both Ni and Ti
is shifted to a higher value as compared to those
obtained in pure metals.'*

Low oxygen pressure (10~* Torr O,) oxidation

Room temperature. After the surface of the alloy was
sputter-cleaned with the 3 cm ion source for 15 min, the
surface still had a small amount of oxygen associated
with TiO, . The sample was then exposed to 10™* Torr
of O, for various lengths of time. The oxygen concen-
tration increased fairly rapidly during the first minute
and stayed approximately constant afterwards, while
the Ti/Ni concentration ratio was not changed signifi-
cantly even after 40 min of oxygen exposure. However,
a close examination of the Ti 2p spectra, as shown in
Fig. 2, indicates that oxidation of Ti has occurred with
the appearance of two new peaks —one at 454.3 eV
indicating the formation of TiO, and the another at
458.2 eV indicating the presence of TiO,. The binding
energies of different titanium oxides available in the lit-
erature are summarized in Table 1. Most of the TiO,
and TiO, was developed during the first 10 min of
oxygen exposure, and the amount grew very slowly
afterwards. Oxidation of Ni was not detected even at
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Figure 2. Ti 2p spectra of a sputtered-cleaned NiTi surface after
different oxygen exposures at room temperature.

the end of the 40 min of oxygen exposure. The free
energy of formation AG (298 K) of NiQ, TiO and TiO,
is —50.6, —118.3 and —212.6 kcal mol~*, respectively,
and these thermodynamic data strongly suggest that the
oxidation of Ti is a much more favorable process than
the oxidation of Ni, Preferential oxidation of one of the
components in various alloys has been observed in
many systems, including NiCo," NiCr,* NiCrFe,*
NiFe,'* SnPb,'® Pt,Ti'"17!8 and Fe-18Cr-3Mo.'?

Table 1. A summary of binding energies of titanium oxides
from the literature

Material Ti 2p,,; eV Reference Comments

Ti 453.8 13 Pure metal
453.8 This work NiTi
455.2 15 Pt Ti
456.0 16 Pt,Ti

TiO 4542 20 TiO, on Rh
454 .4 This work NiTi

Ti,0, 4556 10 Pt,Ti, TiO, present
4557 20 TiO, on Rh, TiO, present
456.6 21 TiO; on Pt, TiO, present
456.7 This work NiTi, TiO, present
456.8 17 Pt,Ti, TiO, present

Tio, 457.9 21 TiO, on Pt
458.2 20 TiO, on Rh
458.2 This work NiTi
458.6 A TiO, on Pt, Ti3* present
458.8 20 TiO, on Au
458.8 This work Ti3* present
459.0 17 Pt,Ti, Ti** present
4591 20 TiO, on Rh, Ti** present
459.4 10 Pt,Ti, Ti®* present
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400°C. The surface chemical composition of the alloy
was studied by exposing a sputter-cleaned surface to
10~* Torr of oxygen at 400°C for various lengths of
time. Figures 3 and 4 show the Ni 2p and Ti 2p XPS
spectra of the alloy, respectively, after different oxygen
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Figure 3. Ni 2p spectra of a sputtered-cleaned NiTi surface after
different oxygen exposures at 400 °C and 10-* Torr of oxygen.
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Figure 4. Ti 2p spectra of a sputtered-cleaned NiTi surface after
different oxygen exposures at 400 °C and 10-* Torr of oxygen.

exposures. It was found that the Ti peak increased and
the Ni peak decreased as a function of oxygen exposure.
At the end of the 40 min of oxygen exposure, an almost
complete layer of TiO, was formed at the surface. It is
interesting to note that Ni remained metallic even after
40 min of oxygen exposure, as shown in Fig. 3. On the
contrary, in the Ti 2p spectra new peaks emerged, indi-
cating the presence of different kinds of titanium oxides.
Using the VG-5000 peak-synthesis program, three
peaks were resolved and the peak positions were mea-
sured to be 454.4, 456.7 and 458.8 eV. The peaks at
454.4, 456.5 and 458.8 eV are identified as TiO, Ti, 0,
and TiO,, respectively, according to the available liter-
ature values of these oxides as summarized in Table 1.
It has been reported by Paul et al.'® that oxidation of
Pt,Ti at 737°C and 10~ Torr of O, produced surface
with some Ti** ions, while oxidation at 377 °C produc-
ed only TiO, in the form of islands. The presence of
Ti** is explained by the formation of a higher portion
of defects or uncoordinated ions in the surface region.
These observations can be compared with those that we
observed during the oxidation of NiTi at room tem-
perature and 400 °C at low oxygen pressure. The forma-
tion of Ti,O; was only observed at 400°C and not at
room temperature. As shown in Table 1, we would like
to point out that a significant shift in the binding energy
of Ti** has been reported if Ti** is present. Our results
also indicate that the presence of Ti** in the Ti oxide
layer shifts the Ti 2p peak for Ti** to a higher binding
energy, as reported previously.'®!7-2%21 However,
during room-temperature oxidation, Ti** was not
detected and the Ti 2p peak for Ti** was measured to
be at a binding energy of 458.2 eV.

It can be concluded that oxygen-induced segregation
of Ti is followed by preferential oxidation of the Ti at
high temperatures. The diffusion rate of Ti at this tem-
perature must be high enough to consume the available
surface oxygen, thus preventing the oxidation of Ni
even after 40 min of oxygen exposure. Preferential oxi-
dation of one of the components, together with oxygen-
induced segregation of the component with the larger
oxygen affinity, has been reported for a few systems,
including NiCr,* NiCrFe,* NiFe'® and SnPb.'¢

Atmospheric oxidation

Room temperature. Figures 5 and 6 show the Ni 2p and
Ti 2p XPS spectra of the alloy, respectively, after
various lengths of time in air. The oxygen concentration
on the surface increased fairly slowly after a rapid rise
during the first minute of air exposure. A key difference
between low-pressure oxidation and atmospheric oxida-
tion is the appearance of NiO after the first minute of
air exposure (as shown in Fig, 5), while at low oxygen
pressure, Ni remains metallic even after 40 min of expo-
sure.

450°C. Figures 7 and 8 show the survey and Ni 2p XPS
spectra, respectively, when the sample was exposed to
air at 450 °C for various lengths of time. After 1 min in
air at 450°C, there was a large increase in oxygen con-
centration and the Ni/Ti surface concentration ratio
decreased approximately from 1.4 to 0.7. The binding
energy of the Ni 2p peak shifted from 852.8 to 855.2 eV,
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Figure 5. Ni 2p spectra of a sputtered-cleaned NiTi surface as a
function of time at atmospheric pressure and room temperature.

indicating the formation of NiO. However, as shown in
Fig. 8, we can still observe a low-energy shoulder in the
Ni 2p peak, revealing the presence of metallic Ni after
the first minute; while complete oxidation of Ti to TiO,
was achieved within the same time. The binding energy
of the Ti 2p peak for Ti** was measured to be at 458.2
eV, suggesting the formation of a ‘defect-free’ TiO,.
However, in this case, we did not observe the formation
of a complete surface layer of TiO, even after 1 h.
Figures 9(a) and (b) show scanning electron micro-
graphs of the surface before and after the first minute in
air. After the first minute, patches of dark and light
areas appeared on the surface. AES point analysis on
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Figure 6. Ti 2p spectra of a sputtered-cleaned NiTi surface as a
function of time at atmospheric pressure and room temperature.
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Figure 7. XPS spectra of a sputter-cleaned NiTi surface after dif-
ferent atmospheric exposures at 450°C and the resulting surface
after 20 s of Ar* sputtering with the 3 cm ion gun.

the dark and light areas, as shown in Fig. 10, suggests
that the dark areas are composed of TiO; only and the
light areas are a mixture of NiO and TiO,. The pre-
sence of this mixture of NiO and TiO, on the top
surface may explain for why we did not observe the for-
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Figure B. Ni 2p spectra for a sputtered-cleaned NiTi surface after
different atmospheric exposures at 450 °C.
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(b)

Figure 9. (a) SEM micrograph of a sputter-cleaned surface. The
scratch was artificially introduced on the surface to mark a particu-
lar area for analysis. (b) SEM micrograph of the surface shown in
(a} after 1 min in air at 450 °C.
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Figure 10. AES point analysis on a dark area and light area.
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Figure 11. An XPS depth profile of a sample that has been oxi-
dized in air at 450°C for 1 h.
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Figure 12. A schematic diagram showing oxidation processes at
different oxygen exposures and temperatures.
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mation of a complete layer of TiO, on the surface, since
these areas may act as barriers for Ti diffusion.

XPS depth profiling was performed on the sample
that had been oxidized in air at 450°C for 1 h; the
results are shown in Fig. 11. After 20 s of Ar sputtering
(approximately equal to the removal of 48 A of Au) with
the 3 cm ion gun, only TiO, was found on the surface,
as shown in Fig. 8. This result suggests that a complete
layer of TiO, was formed underneath the top layer,
which comprises areas containing TiO, only and areas
consisting of a mixture of TiO, and NiO. After 100 s,
the nickel concentration was approximately twice as
high as that of titanium. These data tend to indicate
that a nickel-rich layer is present underneath the TiO,
layer, although preferential sputtering of the titanium
can contribute partially to the increase of the nickel
concentration.

CONCLUSIONS

(1) At low oxygen pressure (10~ * Torr of oxygen) and
room temperature, Ti is oxidized to form TiO, and

TiO,, while Ni remains in the metallic form even
after 40 min of oxygen exposure.

(2) At 400°C and 10~ * Torr of oxygen, oxygen-induced
Ti segregation is accomplished with selective oxida-
tion of Ti, resulting in a surface almost fully covered
with TiO, .

(3) The results from low-pressure oxidation and atmo-
spheric oxidation are very similar, except that the
formation of NiO is observed after the first minute
of air exposure.

(4) At 450°C and atmospheric pressure, areas compris-
ing a mixture of NiO and TiO,, as well as areas
comprising TiO, only, are formed at the surface.
Under this layer, a complete layer of TiO, is found.
Below the TiO, layer, a nickel-rich layer is present.

Figure 12 presents a summary of the oxidation pro-
cesses at different temperatures and oxygen pressures.
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