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Abstract (100 words)

Improving the high-temperature oxidation resistance of titanium alloys in air is a prerequisite
for extending their use in turbojet engines. A better understanding of the role of atmospheric
nitrogen is required for this purpose. Here, we studied the insertion kinetics of nitrogen in
titanium at 650 °C in air up to 100 h. Moreover, the nitrogen mass gain, and its ratio over the
total mass gain, were quantified as a function of the oxidation duration by using Nuclear
Reaction Analysis. It was found that nitrogen inserts into titanium with a parabolic kinetics and

a rate constant about 1500 times smaller than oxygen.

Keywords: High-temperature oxidation; titanium; nitrogen insertion kinetics; nuclear reaction

analysis; glow discharge optical emission spectrometry

1/18



1. Introduction

Titanium alloys are of great interest to the aerospace industry as a replacement for higher-
density alloys, with the aim of reducing aircraft weight and hence operating costs. They are
currently used, for example, in turbojet engines, for fan and compressor parts, where
temperatures can reach a maximum of about 600 °C [1], [2], [3]. Above this temperature, the
rapid oxidation of titanium alloys makes them unacceptable for the hottest parts of turbo
engines. These parts require materials with a higher oxidation resistance, such as superalloys
based on nickel, cobalt, or iron-nickel systems [4], which have a higher density than titanium.
High-temperature oxidation of titanium leads not only to the formation of an oxide layer on the
surface, but also to the dissolution of oxygen in the underlying metal, which has a major impact
on the mechanical properties [5]. The development of titanium alloys for aerospace applications
is aimed at increasing the service temperature, as well as guaranteeing the thermal stability of

the alloys and their mechanical properties, particularly resistance to creep at high temperatures

(61, [7].

In the last 30 years, several papers have shown a link between the insertion of nitrogen during
oxidation and a better oxidation resistance of titanium alloys at high temperature [8], [9], [10],
[11], [12], [13], [14], [15], [16]. In 1986, Chaze and Coddet [8] reported for the first time the
reduction in the oxidation rate of titanium and its alloys, when oxidized in air, compared with
an oxidation under pure oxygen, for temperatures ranging from 550 to 700 °C. This highlighted
the important role of nitrogen in high-temperature oxidation in air. Inserted nitrogen tends to
accumulate at the oxide-metal interface, which can be explained by a higher diffusion
coefficient of nitrogen than oxygen in the rutile phase of titanium dioxide [17], not yet clearly
determined, whereas the diffusion coefficient of nitrogen is ten times lower than that of oxygen

in titanium [18], [19], [20].
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More recently, Kanjer et al. [10] managed to characterize more accurately than Chaze and
Coddet the oxide-metal interface in commercially pure titanium oxidized for 100 h at 700 °C
in dry air. Using Nuclear Reaction Analysis (NRA), the formation of a discontinuous nitrogen-
rich layer at the oxide-metal interface was shown. More interesting, the same material being
treated by laser shock peening prior to the oxidation, presented a continuous nitrogen-rich layer,
as well as a thinner, more compact, and more adherent oxide scale and thinner a-case zone than
the untreated material. This observation shows that the presence of this continuous nitrogen-
rich zone is associated with an improved oxidation resistance. Kanjer et al. [10] also suggested
that the enhanced adherence of the oxide in the presence of this continuous nitrogen-rich zone
could be explained by the presence of oxynitrides layers located between the oxide and the
nitrogen rich-zone. Indeed, such a layer could allow the Pilling-Bedworth ratio (1.76 for
Ti/TiO2, [21]) to evolve smoothly from the oxide to the metal. This hypothesis, concerning
oxynitrides layers, was verified by Abdallah et al. [13] on Ti6242S alloy oxidized in synthetic
air at 650 °C for 1000 hours. Using Electron Energy Loss Spectroscopy (EELS), they
demonstrated a gradient in nitrogen concentration which reaches a maximum at the oxide-metal
interface, and gradually decreases when moving away from this zone, towards the surface or
the bulk of the material. They reported the formation, beneath the TiO; rutile layer, of a 13 nm-
thick TiOxNy (FCC) oxynitride layer, a 30 nm-thick nitride zone composed of TiN (FCC) and
Ti2N, and finally N-rich a-Ti. The same alloy, oxidized in an N»>-free atmosphere (80% Ar -

20% 0O>), showed an oxide layer five times thicker than that oxidized in air.

The formation of an interfacial layer of TioN phase under the oxide was also shown by Lavisse
and al. [16] for commercially pure titanium oxidized at 700 °C for 5 h in air, as well as for shot-
peened and laser-shock treated titanium. However, only laser-shock treated titanium showed

the formation of a continuous nitrogen rich zone. The protective role of this layer in slowing
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down the diffusion of oxygen into the metal was confirmed by the in-depth micro-hardness

profile along the cross-section.

Aldaz Cervantes [22] has investigated the oxidation of pure and commercially-pure Ti for short
durations at 800 °C under low pressure of different mixtures of oxygen and nitrogen in argon
in order to investigate the influence of nitrogen. As a function of the gas environment, it was
found the formation in the scales of &-Ti:2N, TiN, fcc rocksalt Ti oxynitrides, TioO3; corundum
and Magnéli phases in addition of rutile. In particular, an interfacial N-rich layer was found in

pure titanium at the early stages of oxidation under ultra-high purity Ar (N2:O2=5).

Gobel et al. [23] used isotopic tracers to study the oxidation of pure titanium at 800 °C in dry
and humid air and used secondary neutral mass spectrometry (SNMS) to study the depth-
dependent distribution of nitrogen and oxygen in oxide scales. They showed the formation of a
nitride layer at the interface between the scale and the metal, but the mass gain corresponding

to nitrogen could not be determined by SNMS.

Recently, Optasanu et al. [15] used isotopic labelling to track nitrogen diffusion during titanium
oxidation in air at 700 °C and reported the first measurements of nitrogen mass gain using
nuclear reaction analysis. Their results showed that nitrogen accounted for 16% of total mass
gain in samples oxidized for 5 hours, but only 12.5% in samples oxidized for 20 hours, even

though nitrogen mass gain almost doubled between 5 and 20 hours of exposure.

While the insertion of nitrogen during the high temperature oxidation of titanium in air, and its
tendency to slow down the oxidation rate, is attested by previous works, the mechanisms of
insertion and the limiting-step in this process have not yet been elucidated. To our knowledge,
no study has been published to date on the kinetics of nitrogen insertion during the oxidation
process, which is a fundamental point to investigate the mechanism. Knowledge of these
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kinetics could bring us closer to control this process, and thus indirectly to influence overall
oxidation kinetics. In addition, several studies have suggested a synergistic effect between
certain alloying elements, such as niobium or silicon [24], [25], and nitrogen on resistance to
high-temperature oxidation. Knowing the kinetics of nitrogen insertion in pure titanium will be
very useful in understanding the effect of different alloying elements and the influence of
nitrogen. Finally, measuring the amount of nitrogen inserted can be useful for thermodynamic

simulations of the stability of nitride phases.

The aim of this work is to fill this information gap on nitrogen insertion, so here we address the
study of the kinetics of nitrogen mass gain in commercially pure titanium oxidized at 650°C in
laboratory air from the early stages of oxidation up to 100 hours. Moreover, the goal is to
quantify the nitrogen mass gain as a function of the oxidation duration and its ratio over the
total mass gain. Two main techniques, Glow Discharge Optical Emission Spectrometry
(GDOEYS) and Nuclear Reaction Analysis (NRA), have been used to study the distribution of
nitrogen as a function of the depth in samples oxidized for durations up to 100 h. Nitrogen
quantification was carried out using NRA, which is particularly a well-suited technique for this
end. Unlike other techniques already used to detect the presence of nitride phases in oxidized
titanium alloys, such as atom probe tomography [24], [25], [26] or transmission electron
microscopy [13], NRA is depth-resolved, so characterizations can be carried out from the
surface, without any specific preparation. The detected signal is proportional to the quantity of
nitrogen atoms in the sample, enabling absolute measurement. Other advantages of NRA are
the absence of matrix effects and the ability to easily differentiate between nitrogen and titanium
signals, which can be difficult with other techniques such as EDS/WDS analysis. Grazing
incidence X-ray diffraction analysis and cross-sectional SEM/EDS/WDS observations of
oxidized samples were used to study the crystalline phases formed and the depth localization
of nitrogen, respectively.
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2. Materials & Methods

2.1 Sample preparation

The material used in this study was a 2 mm thick plate of commercially pure titanium, (grade
I, certified purity 99.6%, Goodfellow). Two sets of eleven samples each were prepared from
this plate: small pieces measuring 20 x 10 x 2 mm? (for NRA and SEM analysis) and larger
pieces measuring 20 x 15 x 2 mm?® (for GDOES analysis, which requires samples larger than
10 mm, and for XRD analysis). Cutting was carried out using a SiC GC 150NB34 disc on a
PRESI Mecatome T201A automatic micro-cutting machine. The resulting parts were then hand
polished up to P1200 grit SiC abrasive paper and cleaned with ethanol in an ultrasonic bath for

2 minutes.

For SEM cross-section observation, the oxidized samples were cut using a micro-cutting
machine, then prepared as follows: 1- gold-plated by EDWARDS ScanCoat Six sputtering,
copper-plated by electrodeposition, 2- conductive resin-coated with PRESI Mecapress 3, 3-
automatically polished with SiC abrasive papers to P1200 grit, 4- mirror-polished
(superfinished with 30 nm silica colloidal suspension) and 5- cleaned with ethanol in ultrasonic

bath.

2.2 Oxidation tests

Samples were weighed on Mettler Toledo AB135-S/FACT balance with 0.07 mg accuracy and

their dimensions were measured with a digital calliper IHM 1150 MI with 10 pm accuracy.

The two series of eleven samples were isothermally oxidized in a Magma Therm muffle furnace
at 650 °C in laboratory air. High-temperature exposure durations ranged from 15 minutes to

100 hours. One small and one large sample were taken from the furnace for each exposure
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duration. After measuring their mass, they were studied from the surface by GDOES, NRA and

XRD.

2.3 Analysis techniques

Scanning Electron Microscope JEOL JSM-7600F was used to study the cross-section of the
sample oxidized 16 h. Back-scattering electron (BSE) analysis was used to observe the
oxide/metal interface. An energy dispersive spectrometer (EDS, Oxford instruments SDD X-
MAX 80 mm?) was used to map the distribution of titanium and oxygen on cross-sections, while
a wavelength dispersive spectrometer (WDS, Oxford instruments INCA WAVE 700) was used

to map the distribution of nitrogen.

X-ray diffraction was used to identify the crystalline phases present in the samples. Diffraction
patterns recorded in grazing incidence (Binc = 8°) were obtained with a Bruker D8-A25 Discover
goniometer, equipped with a copper anticathode (Akai2 = 1.5419 A) and a LYNXEYES-XE
detector. The detection range of 20 was from 20 to 80° with a step size of 0.03° and an

acquisition time of 6 s per step.

Glow-Discharge Optical Emission Spectroscopy was used to study the in-depth elemental
composition. The spectrometer was a Jobin-Yvon Horiba GD Profiler (U = 600V), calibrated
on aluminium ray with a pure aluminium plate. The size of the zone analysed was 4 mm in
diameter. The distribution of oxygen, nitrogen and titanium was monitored by measuring over
sputtering time the evolution of the intensity of the characteristic radiation for each element:

130.21 nm, 149.26 nm and 365.35 nm respectively.
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Quantification of nitrogen in oxidized samples was studied by Nuclear Reaction Analysis [27],
[28] at CEA Saclay (NIMBE-LEEL Laboratory of CNRS/CEA), France [29], [30]. This
technique is well suited to the detection and quantification of elements, particularly light
elements such as oxygen and nitrogen, with a sensitivity of around 0.1 at.% and an accuracy
around 1% [31]. A deuteron (d+, deuterium ion) microbeam was directed perpendicularly to
the samples surface. The energy of the beam was fixed at 1.9 MeV, the highest deliverable by
the accelerator for deuteron beams, to maximize the cross-section of the nuclear reactions on
4N isotope. At this energy, other light elements such as °0O and 'C also produce nuclear

reactions in these conditions.

Among the various nuclear reactions of the N isotope, the chosen one to quantify nitrogen
concentration is the reaction 14N(d,ou)lzC [16], [15]. This formalism expresses that a high-
energy deuteron (d) reacts with a '*N nucleus to produce a '*C nucleus at its first excitation state
(1) and an alpha particle (o). The detection of backscattered deuterons and particles produced
by the nuclear reactions was set at 170° from the incident deuteron beam using an annular

surface barrier detector.

For 1.9 MeV incident deuterons, the calculated energy released by the nuclear reaction
YN(d,a1)!2C is equal to 9136 keV, and the produced alpha-particle has an energy of 6788 keV
when the reaction takes place at the sample surface. If the reaction takes place under the surface
of the material, both the incident deuteron beam and the emitted alpha particle lose energy. The
PYROLE software [32] can be used to calculate the energy loss of particles through the material
being analysed as a function of incident beam conditions and the nature of the sample. Then,
the energy shift of the detected alpha particles can be used to determine the in-depth localization
of nitrogen. The intensity of the signal (number of the detected events) is proportional to the

concentration of nitrogen atoms inserted in the material weighted by the probability (cross-
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section) of the reaction to occur. The oxide formed above the nitrogen-rich layer is mainly TiOz,
in rutile form, with a known stopping power. We can therefore deduce the depth distribution of
the nitrogen [16], [15]. Although NRA spectra can be directly simulated with the help of
dedicated codes, we have chosen to determine the nitrogen quantity by comparison with a TiN
standard. The concentration profile of nitrogen can be extracted from NRA spectra from the

surface over depths of several micrometres, without any destructive preparation [15].

3. Results and discussion

3.1 Kinetics of the oxidation process over 100 h
Figure 1 shows the variation of the mass gain as a function of square root of time for CP-Ti
samples oxidized in air at 650 °C for 100 h. The results obtained for the two series of samples
(i.e. small and large samples) are similar. The classic Wagner theory of oxidation [21] shows

that for a diffusion driven oxidation process the mass gain follows a parabolic evolution :

Am _ 5 1/2
—~ =k, At (1)

where Am is the mass variation, S the sample surface, t the time and k, the parabolic rate
constant. The Fig. 1 shows a linear evolution of the mass gain with respect to the quare root of
time (R? close to 1 for each series of samples), which corresponds to the equation (1). The
calculated kp value is 53 x 10*mg?cm™h!. This value is consistent with the value of 120 x 10
*mg?cm™*h! reported by Chaze and Coddet [8] for T35 alloy after 40 h of oxidation at 650 °C
in air. The parabolic kinetics is characteristic of the formation of a dense, protective oxide layer,

and suggest a mechanism based on diffusion through the growing oxide layer.
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3.2 Structure and phases of the oxidized samples

The XRD patterns obtained with fixed incident angle of 8° before and after oxidation for 16
and 80 h at 650 °C are presented in Figure 2. The patterns of the oxidized samples show mainly
diffraction peaks assigned to the rutile phase of TiO> and to a-Ti(O,N), which is a solid solution
of oxygen into a-Ti with a possible minor contribution of nitrogen. The relative intensity of
rutile peaks increases between 16 and 80 h of exposure, suggesting that the oxide layer (mainly

composed of rutile TiO2) grows with the high temperature exposure duration.

After 80 h of oxidation, new peaks can also be distinguished in the XRD pattern (Fig. 2 and S1)
at around 39.2°, 42.6° and 69.0°. Two of these, at 39.2° and 69.0°, could correspond to XRD
peaks reported for tetragonal titanium nitride TioNo.gs (ICDD 04-002-0574), while the very
weak peak at 42.6° could correspond to a XRD peak of titanium oxynitride TiNo.6700.23 (ICDD
04-006-2333). However, the intensity of these peaks is very low, and the proximity of peaks of
the main phases (TiO; and a-Ti(O,N)) makes difficult their clear assignment. The quantity and
size of nitride grains remain uncertain, but the formation of titanium nitrides has already been
reported by Optasanu et al. [15] for CP-Ti oxidized at 700 °C for short oxidation durations (20
hours), and by Lavisse et al. [16] for shot-peened and laser-shock peened CP-Ti oxidized at
700 °C for 10 hours. Moreover, Abdallah et al. [13] and Dupressoire et al. [12], [14] reported

the formation of nitrides and N-rich a-Ti zones in Ti6242S oxidized for 1000 h at 650 °C in air.

Figure 3.a, e, f, and g show a SEM cross-section image in BSE mode of a sample oxidized for
16 hours at 650 °C in air. The oxide scale (labelled “Ox” in Fig. 3.a) has an inhomogeneous
thickness ranging from about 300 nm to 1.3 uym (Figs 3.f and 3.g). SEM observations at lower
magnification are given as Supplementary Information (Fig. S2.a). They show alternating thin
and thick zones in the oxide scale all along the cross-section of the sample. Between the oxide

layer and the underlying metal, a dark grey zone is visible in Figure 3.a. Higher magnification
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images (Figs. 3.f and 3.g) of thin and thick zones in the oxide scale, suggest the presence of
porous oxide close to the oxide-metal interface. The formation of voids at the metal-oxide
interface has been reported by Aldaz Cervantes [22] in CP-Ti oxidized at 800 °C for short
durations (up to 25h) under low partial pressures of different mixtures of oxygen and nitrogen,

but the mechanism of void formation has not been elucidated.

Figures 3.b, 3.c and 3.d show the spatial distribution of, respectively, oxygen (in light blue),
nitrogen (in green) and titanium (in yellow) on the cross-section analysed by EDS for oxygen
and titanium and by WDS for nitrogen. It is interesting to note that nitrogen is heterogeneously
distributed, with the highest concentration beneath the oxide layer in areas where it is thinner,
on the metal side, down to a depth of around 500 nm. This is in line with the results reported
by Kanjer et al. using NRA [11] who showed the formation of a discontinuous nitrogen-rich
layer at the oxide-metal interface in CP-Ti oxidized at 700 °C. In addition, a detailed
observation (Fig. 3.e) of the oxide-metal interface in regions of higher nitrogen content reveals
the presence of smaller grains, with sizes ranging from 20 to 100 nm. These observations are in
agreement with those reported by Kitashima et al [33] who showed for the near-a titanium alloy
TKT 41 oxidized at 750 °C the formation of recrystallized fine grains in the substrate near the
oxide-metal interface. The concentration of nitrogen was higher in these recrystallized grains
forming nitrogen-rich areas, while the concentration of oxygen was smaller in the recrystallized
grains compared to the non-recrystallized grains. A similar result is observed here as there is

less oxygen in nitrogen-rich zones than deeper in the titanium.

Under the nitrogen-rich zone (Fig. 3.c), the signal attributed to nitrogen in the WDS spectra
recorded to map the sample cross-section is extremely weak. It does, however, appear slightly
higher than in and above the oxide layer. This result needs to be treated with great caution, as

the energy of the Kq X-ray line of nitrogen (0.392 eV) is so close to that of titanium (0.452 V)
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that it is extremely difficult to discriminate a very weak nitrogen signal when the titanium signal

is so dominant.

3.3 Elemental composition profiles by GDOES

GDOES analysis was carried out on the surface of all samples. The size of the GDOES analysis
zone was 4 mm in diameter, giving an average elemental composition over both thin and thick

oxide layer zones observed by SEM.

Figure 4.a displays the evolution of the intensity of radiation characteristic of nitrogen (A = 149
nm), oxygen (A = 130 nm) and titanium (A = 365 nm), as a function of the erosion duration for
the sample oxidized for 15 minutes. This figure shows that nitrogen is detected, and so inserted
into titanium, from the first stages of oxidation (15 minutes) with a location between an oxygen-
rich zone and a titanium-rich zone which are likely to be respectively the oxide and the metal.
This result agrees with the state of the art concerning the localization of nitrogen at the
oxide/metal interface during titanium oxidation [8], [10], [11], [13], [15] as well as with our

SEM observations.

The absolute GDOES signal intensity of different elements cannot be compared, but it is
possible to compare the profile of a single element for different samples. Figure 4.b displays
nitrogen profiles obtained for samples oxidized for 15 minutes, 2 h, 16 h, and 100 h. It shows
that the longer the oxidation, the deeper the nitrogen is localized. The corresponding profiles
obtained for titanium and oxygen over sputtering time are given as Supplementary Information
(Figures S3 and S4). They show that nitrogen is localized at the metal/oxide interface for all
high-temperature exposure durations studied here. At the oxide/metal interface, the oxygen
signal decreases sharply, while the titanium signal increases sharply. The signal corresponding

to nitrogen is observed at the intersection of the oxygen and titanium profiles, i.e. at the
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metal/oxide interface. The sharpness of the variation in oxygen and titanium profiles at the
interface in figures S3 and S4 decreases for longueur oxidation durations. This can be explained
by the effect of a longer erosion time required for sputtering of a thicker oxidation layer. As the
oxide layer thickens for longer exposure durations, the nitrogen is progressively localized
deeper. This localization of nitrogen is consistent with the WDS mapping of nitrogen
distribution (Fig. 3.c) in the sample oxidized 16 h which shows that the nitrogen is mainly

localized at the oxide/metal interface in the metal side.

Figure 4.b also shows a broadening of nitrogen concentration profiles with increasing oxidation
time. At first glance, this broadening suggestss an increasing presence of nitrogen in the
oxidation layer forming an TiOxNy oxynitride, or in the form of a solid solution Ti(N), as
observed by Abdallah et al. in Ti6242S oxidized for 1000 h at 650 °C under air [13]. The WDS
mapping of the nitrogen distribution (Fig. 3.c) in a sample oxidized for 16 h does not allow us
to assess the validity of this explanation. Moreover, the GDOES concentration profiles of
titanium and oxygen (Figures S3 and S4) also show a broadening at the oxide-metal interface.
The variations observed in the thickness of the oxide layer for 16 h of oxidation (Fig.3 and S2)
may at least partly explain these effects, but we cannot neglect the effects due to sputtering over
increasingly long durations. The depth-resolution of GDOES profiling has been investigated in
several works which have shown a progressive loss of depth resolution due to the effects of

sputtering as crater shape, roughness and preferential sputtering [34], [35], [36].

To study the kinetics of nitrogen insertion as a function of oxidation duration, the nitrogen
profiles obtained by GDOES were integrated over the full duration of erosion. The values
obtained, give a qualitative evolution of the quantity of nitrogen inserted. They are given in
Figure 5 as a function of the square root of the oxidation time, t'/. It shows that nitrogen amount
increases approximately linearly with t'2, despite a certain dispersion of values for shorter

oxidations. This variation corresponds to a parabolic kinetics law for nitrogen insertion. A
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similar analysis was carried out for oxygen insertion by integrating oxygen GDOES profiles.
The results are given in Figure S5 as a function of the square root of the oxidation time. They
also show roughly a linearly variation. This is in line with the variation in total mass gain (Fig.

1), which shows parabolic kinetics as a function of exposure time.

3.4 Quantifying nitrogen mass gain by NRA

GDOES analysis enabled us to obtain the evolution of the relative amount of nitrogen over the
oxidation time. Ion beam analysis (IBA) was carried out to determine the nitrogen mass gain,

using deuterons at 1.9 MeV as the incident beam and a TiN standard as the reference.

The nuclear reaction spectra show in the 1.4 — 10 MeV range different nuclear reactions of
oxygen, nitrogen, and carbon (Fig. S6). They are given in Figure 6.a for oxidized samples and
TiN standard in the 4 — 10 MeV range, where only nuclear reactions of N are found. Among
them, the N(d,a1)!>C nuclear reaction was chose here to quantify nitrogen mass gain. This
reaction has the dual advantage of having both a high effective cross-section, and a higher in-
depth resolution than the '*N(d,po)'°N reaction, thanks to higher energy losses for alpha
particles than for protons of the same energy [27], [28]. For each nuclear reaction, the highest
energy observed in the spectrum of the TiN standard corresponds to particles coming from the
sample surface. For the '“N(d,o;)!?C reaction, the maximum energy of o particles detected is

6788 keV. The lower the energy, the deeper the particles have been produced.

A zoomed view of the NRA spectra in the range of the '“N(d,oi1)!?C nuclear reaction is given
in Figure 6.b. The energy spectra were used to calculate the depth distribution of the particles
emitted, considering the stopping power of rutile. In addition, the intensity of NRA spectra
compared to that of the TiN standard, taking into account the ratio of their respective stopping

power, enables quantification of the nitrogen mass per unit volume. The results are given in
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Figure 7 which shows the nitrogen concentration profile versus the depth for the samples
oxidized for 15 min, 2 h, 16 h and 100 h. For the sample oxidized for 16 h, the depth of nitrogen
insertion can be compared with the thickness of the oxidation layer in cross-section SEM views
(Fig. 3.a,f,g), which varied from 300 nm to 1.3 um in different areas. These values agree with

the depth of nitrogen insertion shown in Fig. 7.

The nitrogen concentration profiles (Fig. 7) integrated over the depth provided the values of the
nitrogen mass gain per surface area given in Table 1 together with their ratio over the total mass
gain for the different oxidation durations. This ratio appears to be highest at the start of the
oxidation process, decreasing after a few hours of exposure and stabilizing at around 2.5% after
around 15 hours. The values obtained for the shortest oxidation durations should be treated with
caution, however, given the very low mass of nitrogen inserted and the heterogeneities observed
in the thickness of the oxide layer and in the location of the nitrogen (Fig.3.c). Despite this, the
results suggest that nitrogen insertion is most rapid during a short transient exposure period of
a few hours as also remarked in GDOES analysis (Fig. 4). A similar result was reported in a
previous work [15] for CP-Ti oxidized at 700 °C. The ratio of nitrogen mass gain (also
determined by NRA) to total mass gain decreased from 16% to 12% when the oxidation time
was increased from 5 to 20 hours. Oxidation at a higher temperature leads in this case to a
higher mass fraction of inserted nitrogen relative to the total mass gain, but as in the present
study, the percentage of nitrogen in the mass gain decreases slightly with increasing oxidation

duration.

The variation of the nitrogen mass gain (Table 1) is shown in Figure 8 as a function of the
square root of the time of exposure, together with a linear fit according to the equation (1). As
with the GDOES results (Fig. 5), the nitrogen mass gain for short oxidations lies slightly above

the fitted line, but the overall experimental values fit well with linear variation up to 100 h. It
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can be concluded that after a short transient period of a few hours, nitrogen insertion kinetics is

parabolic up to 100 h, which agrees with the results of the GDOES analysis (Fig. 5).

The slope in the linear fit in Fig. 8 corresponds to a parabolic rate constant k, = 35 x 107
mg?cm™h!. This value is 1500 times smaller than the parabolic rate constant obtained for the
total mass gain (kp =53 x 10 mg? cm™h™!). As nitrogen mass gain represents only a few percent
of total mass gain, we can assume that oxygen mass gain kinetics is also parabolic as a function
of exposure time, with nearly the same k; value. Therefore, nitrogen insertion kinetics is around

1500 times slower than oxygen at 650 °C.

These results can be compared with those reported by Optasanu et al. [15] for CP-Ti oxidation
at 700 °C in synthetic air for short exposure durations (5 and 20 h). Nitrogen mass gain was
determined from NRA analyses as in the present article. From the nitrogen mass gain values at
5 and 20 h and assuming parabolic insertion kinetics, a k, value of 90 x 107 mg? cm™ h™! can

be estimated, slightly higher than that obtained here at 650 °C.

As shown in many previous works [8], [13], [14], [15], [22], the insertion mechanisms of
oxygen and nitrogen into titanium at high temperatures are in competition. Under the conditions
of this work, CP-Ti in air at 650°C, the oxidation is governed by an anionic diffusion
mechanism through the oxide scale followed by diffusion through the metal. The presence of a

nitride layer at the oxide/metal interface interferes with the diffusion of oxygen in the metal.

As regards diffusion of oxygen, the results obtained here show that the kinetics of the oxygen
mass gain is parabolic, which corresponds to a diffusion driven process according to the classic
Wagner theory of oxidation [21]. In the metal, the oxygen dissolves into the octahedral sites of
titanium forming a solid solution. As far as nitrogen diffusion is concerned, the results obtained
in this work show that nitrogen mass gain kinetics are also parabolic, but with a parabolic rate

constant is 1500 times smaller compared to oxygen. The nitrogen occupies the same kind of
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octahedral sites as oxygen when dissolved in titanium, which reduces the number of free sites
free to be occupied by oxygen. However, the kinetics of nitrogen mass gain seems too slow
compared to that of oxygen for this mechanism to explain the slower oxidation in air compared
to pure oxygen. According to the literature, the nitrogen seems to diffuse faster than the oxygen
in rutile [17] and almost two decades slower than oxygen in titanium [37], which leads to an
progressive accumulation of nitrogen at the oxide/metal interface. The diffusion length of
oxygen in titanium is much greater than that of nitrogen. In this work, the results of XRD and
EDS-WDS analysis have shown the formation of an interfacial layer of tetragonal Ti>No g4,
which agrees with the observations reported in other works [13], [22]. The tetragonal structure
of TixN (rutile type structure) can be promoted by a possible epitaxial relationships with the
tetragonal structure of rutile and the hcp structure of CP-Ti [38]. The formation of nitrides can
also provide a mechanical accommodation layer between the oxide and the metal by decreasing

the mechanical stress gradients.

The nitride interfacial layer acts as a barrier, slowing the diffusion of O* ions through the oxide.
Optasanu et al. [15] have shown the nitrogen at the interface is continuously renewed due to the
oxidation of nitrides by the flow of oxide ions. This leads to the formation of rutile, and releases
nitrogen that can escape as a gas, probably promoting the formation of porosities, or diffuse
inward over short distances into the metal to form new Ti2No.g4. Nitrogen remains consequently
at the oxide/metal interface, which is progressively shifted inward. Nitride oxidation requires a
certain amount of activation energy, allowing Ti-N bonds to be broken and Ti-O bonds to be
formed. This induces an increase in oxygen partial pressure at the nitride-oxide interface,
resulting in a decrease in oxygen flow through the oxide layer to the oxide/nitride interface, and

consequently slowing down the oxidation rate.
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All this suggests that the flow of oxygen through the oxide layer governs the kinetics of the
nitrogen remaining at the interface, but at the same time the interfacial nitride oxidation reaction

induces a decrease of the flow of oxygen which slows down the oxidation.

4. Conclusions

This work investigated the insertion of nitrogen into commercially pure titanium oxidized at
650 °C in air from the early stages of oxidation up to 100 h. The main objectives were to

quantify the nitrogen mass gain and determine its kinetics.

The insertion of nitrogen from the earliest stage of oxidation (15 min) and its location at the
oxide-metal interface were shown by NRA and GDOES analysis. Cross-sectional SEM
observations of samples oxidized for 16 h confirm the localization of nitrogen at the oxide-

metal interface, in agreement with previous works.

The following conclusions can be drawn from this study:

e In the early stages of oxidation, 15 minutes, nitrogen mass gain is estimated from NRA
results at 2.3 x 10 mg cm™, and it increases up to 18.7 x 10 mg cm™ for an exposure
time of 100 h.

e Below 2h of exposure, the ratio of nitrogen mass to total mass gain can be roughly
estimated at around 6-9%. After 2h of exposure and up to 100 h, this ratio decreases and
stabilizes at around 2.5%.

e After a short transient period, the kinetics of nitrogen mass gain is parabolic up to 100 h.
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e The parabolic rate constant for the nitrogen mass gain, kp, = 35 x 107 mg?cm™ h'l, is
about 1500 times smaller than the parabolic rate constant obtained for the total mass
gain kp, =53 x 10 mg? cm™* h!.

e Assuming that oxygen insertion follows a parabolic kinetics analogous to the total mass
gain, largely due to oxygen mass gain, one can conclude that nitrogen inserts into CP-

Ti about 1500 times more slowly than oxygen at 650 °C in air.

Finally, a description of the oxidation process of CP-Ti in air has been proposed, in which the
nitride layer formed at the oxide-metal interface is the key factor in slowing the oxidation rate

of titanium.

The results underline the value of using ion beam analysis techniques such as NRA to study the

role of nitrogen in the high-temperature oxidation of titanium alloys in air.
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FIGURE CAPTIONS

Figure 1 - CP-Ti mass gain (mg cm™) as a function of square root of time at 650 °C in air for
small samples in black circle (samples used for NRA), and large samples in red square (samples

used for GDOES).

Figure 2 - Grazing incidence XRD patterns obtained for CP-Ti before oxidation and after 16
and 80 h at 650 °C in air. The incidence angle was 8°.

Figure 3 - SEM cross-section images of CP-Ti oxidized in air at 650°C for 16 hours: (a) BSE
image, (b,c,d) element distribution in the same area: (b) EDS mapping of oxygen, (c) WDS
mapping of nitrogen (d) EDS mapping of titanium, (e) enlarged view of part of image (a) with
enhanced contrast, (f) and (g) high-magnification images of the oxidation layer in the thin and

thick areas, respectively.

Figure 4 - (a) GDOES profiles of oxygen, nitrogen, and titanium over sputtering time for the
sample oxidized for 15 minutes, and (b) GDOES profiles of nitrogen over the sputtering time
for samples oxidized for 15 min, 2 h, 16 h and 100 h. The multiplicative factors, O(x3) and

Ti(/200), are only used to ensure a good visibility of the profiles.

Figure 5 - Variation in the relative amount of nitrogen calculated by integrating the profiles

obtained by GDOES, as a function of the square root of the oxidation time.

Figure 6 - (a) Nuclear reaction spectra of CP-Ti samples oxidized for 15 min (in green), 2 h (in
orange), 16 h (in red) and 100 h (in black), and of a pure TiN standard (intensity divided by 4).
Incident beam: deuterons with an energy of 1.9 MeV. Detection at 170°, annular detector. (b)

Enlarged view of Figure 6.a in the range of the "*N(d,a1)!*C nuclear reaction.

Figure 7 - Evolution of nitrogen concentration (mg cm™) over depth from the surface of the
sample, calculated from NRA profiles, for CP-Ti samples oxidized in air at 650°C from 15 min

to 100 h.

Figure 8 - Nitrogen mass gain (mg cm™), calculated from nitrogen NRA profiles, over the

square root of the oxidation time in air at 650°C.
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Highlights

Highlights

e Nitrogen insertion in CP-Ti oxidized at 650°C in air was studied up to 100 h

e Nuclear Reaction Analysis provided nitrogen depth profiles and mass gain

e 2.5% of the total mass gain corresponds to nitrogen in 100h-oxidized samples

e The kinetics of nitrogen mass gain as a function of time is parabolic up to 100 h

e Oxygen insertion is also parabolic with time, but 1500 times faster than nitrogen
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Table (Editable version) Click here to access/download;Table (Editable
version);Tables1_PACOREL_Rev1.docx

TABLES

Table 1. Nitrogen mass gain, calculated from nitrogen NRA profiles, and its ratio over total

mass gain for different oxidation times for CP-Ti at 650 °C in air.

Table 1
Oxidation time Nitrogen mass gain Nitrogen mass gain vs.
(h) (10* mg cm?) total mass gain
(%)
0.25 2.3 6.1
0.5 2.9 4.8
1 4.0 8.7
2 2.8 7.8
4 4.1 3.3
8 7.6 3.6
16 9.0 2.8
32 10.6 2.8
64 12.8 2.2

100 18.7 2.5
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1. Structure and phases of the oxidized samples

1.1 X-Ray diffraction

Grazing incidence X-ray diffraction was used to identify the crystalline phases present in

the oxidized samples. The incidence angle was 6inc = 8°.

Figure S1 shows a zoomed view of grazing incidence XRD patterns obtained for Ti-CP
after 16 and 80 h at 650 °C in air, in the regions where diffraction reflections of titanium
nitride phases can be expected. After 80 h of oxidation, new peaks can also be distinguished
in the XRD pattern at around 39,2°, 42,6° and 69,0°. Two of these, at 39.2° and 69.0°,
correspond to the positions of XRD peaks reported for tetragonal titanium nitride Ti2No.g3
(ICDD 04-002-0574), while the very weak peak at 42.6° corresponds to the position of an
XRD peak of titanium oxynitride TiNo.700.23 (ICDD 04-006-2333).

Intensity (arb. u.)
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Figure S1. Zoomed view of grazing incidence XRD patterns obtained for CP-Ti after 16 and 80 h at

650 °C in air. The incidence angle was 8°.
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1.2 SEM cross-section images

Figure S2.a shows a low-magnification SEM cross-section image in BSE mode of a sample
oxidized for 16 hours at 650°C in air. From bottom to top of the image, one can see the Ti
metal substrate, the oxidation layer, the sputtered gold layer and the thick layer of
electrodeposited copper. Figure S2.b shows a high-magnification SEM cross-section image

in BSE mode of the same sample oxidized for 16 hours at 650°C in air.

_.".‘. y-f R I P
), "' r~‘ {}v' o'f
1‘

Figure S2. (a) Low-magnification, and (b) high magnification cross-section images in BSE mode of
CP-Ti oxidized in air at 650 °C for 16 hours. The area corresponding to the SEM images given in

Figure 3 is shown in red.
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2. Elemental composition profiles by GDOES

Glow-Discharge Optical Emission Spectroscopy was used to study the in-depth elemental
composition. The spectrometer was a Jobin-Yvon Horiba GD Profiler (U = 600V), calibrated
on aluminium ray with a pure aluminium plate. The size of the zone analysed was 4 mm in
diameter. The distribution of oxygen, nitrogen and titanium was monitored by measuring the
evolution over sputtering time of the intensity of the radiation characterizing each element:
130.21 nm, 149.26 nm, and 365.35 nm, respectively.

GDOES profiles of titanium, nitrogen, and nitrogen over the erosion time obtained for the
samples oxidized 15 min, 2 h, 16 h and 100 h are shown in Figures S3 (nitrogen and titanium)

and S4 (oxygen and titanium).

GDOES oxygen profiles were integrated over the duration of erosion for the different oxidation
times. Figure S5 shows the obtained values, normalized to that of the sample oxidized for 100 h,
as function of the square root of the oxidation time. It provides the evolution of the relative

concentration of oxygen.

Ti-2h

N-2h
5 — Ti-16h 7
—— N-16h
—— Ti-100h
—— N-100h

Intensity (arb. u.)
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Figure S3. GDOES profiles of titanium and nitrogen over the erosion time for the samples oxidized
15 min, 2 h, 16 h and 100 h.
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Figure S4. GDOES profiles of oxygen and nitrogen over the erosion time for the samples oxidized
15 min, 2 h, 16 h and 100 h.
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Figure S5. Total mass gain and relative amount of oxygen, calculated from GDOES profiles of oxygen,

as a function of the square of the oxidation time.
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3. Quantifying nitrogen mass gain by NRA

lon beam analysis was carried out using deuterons at 1.9 MeV as the incident beam and a TiN

standard as the reference. The detection of backscattered deuterons and particles produced by

the nuclear reactions was done at 170° from the incident deuteron beam using an annular barrier

detector.

Figure S6 shows nuclear reaction spectra of CP-Ti samples oxidized for 15 min (in green), 2 h

(in orange), 16 h (in red) and 100 h (in black), and of a pure TiN standard (intensity reduced by

4).
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Figure S6. Nuclear reaction spectra of CP-Ti samples oxidized for 15 min (in green), 2 h (in orange),
16 h (in red) and 100 h (in black), and of a pure TiN standard (intensity divided by 4). Incident beam:

deuterons with an energy of 1.9 MeV. Detection at 170° in front of the annular detector.
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