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Abstract

The role of nitrogen in the oxidation of Ti-2W, Ti-10Al-2W (at.%) and Ti6242S was
investigated using experiments in air and in Ar-20%0,, and two-stage experiments
where the reaction gas was switched from one mixture to the other. When switching
from Ar-20%0, to air, the oxidation rates first increased during a short period, then
decreased. This surge of mass gain following the introduction of air was attributed
to N pickup, forming a nitride layer and a N-enriched zone in the alloy, below the
oxide layer. The subsequent decrease of oxidation rate was attributed to the forma-
tion of nitride and/or N-rich zone, which both act as diffusion barriers for oxygen.
Switching from air to Ar-20%0, caused an increase in the oxidation rate of the
W-containing alloys, which was attributed to the consumption of this barrier. The
gas change had no significant effect on the oxidation rate of Ti6242S, which formed
a much thinner nitride layer in air. The faster the nitride layer grows, the faster it is
consumed when removing N from the reaction gas, probably because of a higher
diffusion rate of N in W-doped TiO, compared to TiO, formed on Ti6242S.
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High Temperature Corrosion of Materials

Introduction

Owing to their high specific mechanical properties, titanium alloys compete with
nickel-based alloys for applications in aircraft engines. Nevertheless, the uses of
these alloys are limited to moderate temperatures (below about 500 °C) because
of insufficient creep resistance and oxygen embrittlement resulting from high-
temperature oxidation. This embrittlement is due to the oxygen uptake in titanium
alloys, which can dissolve much more oxygen (about 33 at.% in «-Ti [1]) than the
concentration of the brittle-to-ductile transition induced by oxygen (below 1 at.%
in Ti64 [2] and 0.5 at.% in Ti6242S [3]). In addition to oxygen dissolution and
diffusion leading to an oxygen-affected zone (OAZ), titanium alloys also form an
oxide scale, mainly composed of rutile TiO,. This oxide is commonly about 5-10
times thinner than the OAZ [4].

One of the most studied ways to reduce the O uptake is to add alloying ele-
ments. Previous studies have shown that some elements such as niobium [5] or
silicon [6, 7] strongly decrease the scaling rate, but do not affect the O enrich-
ment in the alloy. The addition of aluminum decreases both the scaling rate and
the O diffusivity [8, 9]. Tungsten is used to improve the creep resistance of Ti
alloys [10]. Moreover, we recently showed that this element strongly decreases
the oxidation rate in air by decreasing scale thickening and oxygen dissolution
[9]. It was shown that this decrease is due to the formation of a continuous layer
of titanium nitride Ti,N below the oxide scale. It should be noted that the benefi-
cial effects of tungsten disappear during oxidation in Ar-20%0,.

The effect of nitrogen on the oxidation of Ti alloys has mostly been studied
by comparing results obtained in air and in Ar-20%0, [5, 6, 9, 11-14]. Nitro-
gen uptake on pure titanium at 700 °C was analyzed by nuclear reaction analysis
(NRA), which amounted to about 16% of the total mass gain [15]. The oxidation
rate is lowered by the presence of nitrogen in the reaction gas. Three possible
explanations to the effect of nitrogen on Ti and Ti-X alloys (with Si, Cr and Al)
were proposed by Chaze et al. [11]. Since oxide scales formed in air are thin-
ner than those formed in O,, they consider that nitrogen could be incorporated in
the rutile layer and could decrease the oxygen vacancy concentration. The sec-
ond proposed explanation is the decrease of O solubility by N dissolution in the
metal. Dupressoire et al. analyzed a Ti6242S alloy oxidized at 650 °C for 1000 h
in air by atom probe tomography (APT) and transmission electron microscopy
(TEM), and found a N-rich layer with a very low O concentration (about 1 at.%)
below the oxide scale [12]. The third explanation is the formation of nitrides at
the oxide/metal interface, which we identified in W-containing alloys in our pre-
vious study [9]. Therefore, we posit that the lower oxidation rate observed for
Ti—-W and Ti—Al-W alloys in air, compared to Ar-20%0,, is due to both the for-
mation of a continuous nitride layer and to the decrease of the oxygen solubility
in the N-rich layer beneath the oxide scale [9]. To examine this hypothesis, oxida-
tion experiments were conducted by changing the reaction gas from Ar-20%0, to
air and conversely.
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Experimental Procedures
Materials

Tungsten-containing model alloys were fabricated in an electric arc furnace (see
experimental details in [9]). Their compositions were measured by inductively cou-
pled plasma-optical emission spectroscopy (Spectro Ciros) for the major elements
and by fusion/gas analysis (Inductar) for oxygen and nitrogen. The results are listed
in Table 1. These compositions were chosen to obtain near-a alloys. The solubil-
ity of W in the a phase is very low (maximum 0.20 at.% at 740 °C) [16], but add-
ing small quantity of W does not change significantly the § fraction. Tungsten was
added in small quantities to avoid an excessive increase in alloy density. Aluminum
was also added due to its presence in almost all Ti-based alloys and because it sta-
bilizes a-Ti. Experiments were also performed on wrought Ti6242S as a reference
commercial alloy for high-temperature use. The amount of native oxygen and nitro-
gen in Ti6242S was measured by fusion/gas analysis at Eurofins EAG Laboratories
(Tournefeuille, France), and the results are included in Table 1. The microstructure
of the model alloys mostly consists of lamellar @ phase with very small § fraction
(about 2 vol.%). The microstructure of Ti6242S is duplex, composed of lamellar and
globular a-phase in a f-phase matrix (see observations in ref [9]). Vande Put et al.
showed that the microstructure of the Ti6242S alloy had no effect on the overall
mass gain and oxygen dissolution rates for a given f fraction [17]. The same obser-
vation was done for Ti64 alloy [18]. Nevertheless, a large amount of § may affect
the oxidation kinetics as the oxygen solubility and diffusivity are different in @ and f
phases [1, 19].

Samples for oxidation experiments were cut from ingots as thin plates of approxi-
mately 13 x8x2 mm?, and a 2.5 mm diameter hole was drilled for suspension using
an alumina rod. Prior to oxidation, the samples were ground using P600 SiC papers
on the faces, edges and corners to limit scale spallation. They were finally cleaned in
ethanol in an ultrasonic bath and dried in air. The samples were weighed three times
using a SARTORIUS LA75 3200D balance with an accuracy of + 20 pg.

Experiments and Characterization

Oxidation tests were carried out at 650 °C in three different apparatus. Interrupted
tests in laboratory air were performed in a CARBOLITE CWF1300 furnace with
natural convection. The experiment was interrupted for weighing at intermedi-
ate exposure times. Interrupted tests in Ar-20%0, were performed in an oxidation

Tablg 1 Alloy compositions, in Alloy Ti Al Zr Mo Sm Si W O N
atomic percent (at.%)
Ti-2W base - - - - - 20 038 o001
Ti-10Al-2W base 97 - - - - 21 051 001
Ti6242S base 105 2.1 1.0 07 02 - 0.228 0.009
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bench with a gas velocity of 1.2x 107 m.s™!, corresponding to a gas flux of 51

mL.min~!. Continuous weighing tests with changes in the reaction gas between syn-
thetic air and Ar-20%0, were carried out in a SETARAM TAG24s thermobalance,
which has an excellent mass stability over time (better than 0.5 pg/h). Heating and
cooling rates were set at 60 °C.min~!. The reaction gas was switched at high tem-
perature by pumping the old gas out down to 2x 1072 mbar, and then filling the reac-
tion chamber with the new gas at 200 mL.min~!. This operation took 15 min. Oxi-
dation during the filling can presumably be neglected. The difference of buoyancy
between air and Ar-20%0, can also be neglected (about 0.01 mg.cm™). After the
filling operation, the gas flux was set to 20 mL.min"!, corresponding to a gas veloc-
ity of 1.0x 1073 m.s™!.

After oxidation, copper was electrodeposited on the samples to protect the oxide
layer. Cross sections were then cut, mounted, ground with P600 and P1200 SiC
paper and then automatically polished down to 1 um diamond solution. They were
rinsed with water between each diamond solution, cleaned into ethanol under ultra-
sounds and dried in air. The polished sections were observed using a FEI Quanta
450 Scanning Electron Microscope (SEM) and a JEOL JSM 7800F Prime FEG-
SEM. From the cross-sectional SEM images, the oxide or nitride scale thicknesses
were measured by calculating the ratio between the oxide/nitride surface area and
the length of the oxide scale.

Results
From Ar-20%0, to Air

Experiments with a change of reaction gas from Ar-20%0, to air were performed
to examine the influence of nitrogen on pre-oxidized samples. Samples were first
oxidized in Ar-20%0O, during 16 h, and then in air during 30 h. The mass changes
obtained by thermogravimetry are shown in Fig. la (solid lines). The blue dashed
line corresponding to a change of gases after only 10 h for Ti-2W alloy. When
switching from Ar-20%0, to air, the oxidation rates first increase during a short
period of time, and then decrease to reach a lower value than in Ar-20%0,. The
mass change followed parabolic kinetics in each sample, before and after the change
of reaction gas. The kinetics were analyzed using the complete parabolic law [20]:

asaf3) o (2]

where A and B are coefficients which depend on interfacial reaction kinetics and on
the transient regime before the pure parabolic regime and k, the parabolic rate con-
stant. Table 2 gives the parabolic constants k, before and after the change of reac-
tion gas obtained by fitting Eq. 1 to the experimental data. In Ar-20%0,, the oxida-
tion rate of Ti-2W is much higher than that of Ti-10A1-2W and Ti6242S, as already
reported in our previous study [9].
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Fig. 1 a Sample mass gain versus square root of time for Ti-2W (blue lines), Ti-10Al-2W (black line)
and Ti6242S (red line) oxidized at 650 °C for 16 h in Ar-20%0O, and 30 h in air (solid lines), or for 10 h
in Ar-20%0, and 10 h in air (dot line). b Zoom on Ti-10A1-2W: in blue, mass gain versus square root of
time, and in black, the derivative of the blue line versus the square root of time

Table 2 Parabolic rate constants kP[IO"7 mg? - cm™ - s~!] for each sample before and after the change
of reaction gas

Alloys k, before the change (Ar- k, after the change (air) (k, Ar-
20%0,) 20%0,)/
(kp air)
Ti-2W 83+3[0-10h] 1.4 [11-20 h] 59
72+5[0-16 h] 1.5 [17-30 h] 48
Ti-10A1-2W 15+4 [0-16 h] 0.3 [18-30 h] 50
Ti6242S 22 +2[0-16h] 1.9 [18-30 h] 12

Table 3 Height and duration of mass change surge following the gas change. The oxide scale thicknesses
were estimated from our previous study [9]

Alloy Height of the surge (mg. Duration of the surge ~ Oxide scale thickness at the
cm™?) (min) reaction gas change (um)

Ti-2W (10 h) 0.027 13.2 1.55

Ti-2W (16 h) 0.031 26.4 1.81

Ti-10A1-2W 0.012 30.4 1.04

Ti6242S 0.015 11.6 0.94

After the change of reaction gas, the k, value of Ti62428 is the highest. The oxi-
dation rates of the W-containing alloys are the most affected by the change of reac-
tion gas. Indeed, the k, ratios for these alloys are much higher than that measured for
Ti6242S (Table 2).

An increase in the oxidation rate is observed for a short period after the change
of reaction gases in Fig. la. Table 3 gives heights and durations of this mass gain
surge. The main characteristics of the surge are defined as follows. The derivative
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of the mass gain before the change is extrapolated to longer durations until it inter-
sects the derivative curve after the gas change (in red in Fig. 1b). This gives the time
required to reach the same instantaneous oxidation rate as before the change. The
tangent of the mass gain curve before the change (in green in Fig. 1b) is extended to
the end of the gas change in the thermobalance. The height of the surge is defined
as the difference in mass between the extensions of the green curves in Fig. 1b. The
duration of the surge is defined by the duration between the end of the gas change
and the time when the mass gain derivative curve reaches its top (Fig. 1b).

The increase of oxidation rate appeared very quickly in each case, in less than a
dozen of minutes after the end of the furnace’s filling. The surge is the highest for
Ti-2W and the shortest for Ti6242S. The surge lasts up to half an hour for Ti-10Al-
2W. Table 3 also gives the oxide scale thickness at the gas transition, calculated
from data obtained in a previous study [9]. It should be noticed that there is a corre-
lation between the thickness of the oxide scale and the height of the surge.

Titanium nitrides Ti,N was identified by cross-sectional SEM imaging (Fig. 2)
below the oxide scale in Ti-2W, and confirmed by XRD (not presented here), but
no nitrides was identified on SEM images in Ti-10Al-2W and Ti6242S. The other
phases identified by XRD were the @ matrix and rutile TiO,, which were common
across all the samples.

From Air to Ar-20%0,

Figure 3a shows the mass gain obtained by discontinuous weighing for oxidation
with a change from air to Ar-20%0,. Data obtained from single-gas experiments in
our previous study [9] are shown for comparison.

We first note the good reproducibility of the oxidation rates obtained in air. At
the end of the oxidation test in air, a layer of titanium nitrides was observed under
the oxide scale in Ti-2W and Ti-10A1-2W, but not in Ti6242S [9]. Dupressoire et al.
evaluated the nitride thickness in a Ti6242S alloy oxidized at 650 °C for 1000 h
between twenty and a hundred of nanometers [12].

Figure 3a shows that the oxidation rate of the W-containing alloys increases by
several dozen hours after changing the reaction gas. The delay after the change is
comprised between 50 and 120 h. No change of oxidation rate was observed for
Ti6242S. Table 4 gives the k, values before and after the change of reaction gas, with
the comparison of oxidation rates obtained in single-gas experiments in our previous
work [9]. Oxidation rates obtained after the change of reaction gas are very close

Fig.2 SEM-FEG images (BSE mode) of oxide scales for alloys oxidized at 650 °C for 16 h in Ar-20%0,
and 30 h in air for a Ti-2W, b Ti-10A1-2W and (c) Ti6242S. Red area in (a) indicates the nitride Ti,N
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Fig.3 a Sample mass gain versus square root of time for Ti-2W (blue line), Ti-10Al-2W (black line)
and Ti6242S (red line) oxidized at 650 °C for 500 h in air (squares), for 500 h in Ar-20%0O, (circles) and
500 h in air followed by 170 h in Ar-20%0, (triangles). b-e SEM images (secondary electron SE mode)
of oxide and nitride layers for Ti-2W b and ¢ and Ti-10Al-2W d and e before the change b and d and
after the change c, e of reaction gas. Red dotted lines indicate the nitride/metal interface

to those obtained previously for oxidation only in Ar-20%0,, except for Ti6242S
which follows the same oxidation kinetics as in air. Cross-sectional observations,
presented in Fig. 3b-e, show the evolution of the nitride layer after 500 h in air and
after an additional 170 h in Ar-20%0,. Ti6242S observations are not presented due
to the absence of visible nitrides. A considerable decrease of nitride thickness is vis-
ible, to such an extent that the continuity of the nitride layer is lost in the two alloys.

Discussion
From Ar-20%0, to Air

The surge observed after switching from Ar-20%0O, to air is necessarily due to nitro-
gen. There are three possible contributions to the mass gain associated with this
surge: nitrogen dissolution in the oxide scale, nitrogen in a nitride layer and nitro-
gen dissolution in the metal. The first assumption cannot be valid, as the excess of
mass would correspond to a very high concentration of nitrogen in the oxide (about
10 wt.% N in TiO,), which was never observed experimentally. Moreover, there is
no significant difference between the surge heights observed for the same alloy (Ti-
2W) when the gas change was performed at two different oxide scale thicknesses
(after 10 or 16 h), which dismisses the hypothesis that the excess mass is due to N
dissolution in the oxide. Concerning the dissolution of N in the metal, by integra-
tion of the concentration profile obtained after 1 h at 650 °C (given a N diffusivity
of about 8 x 107"® m%.s~! [21, 22]), and assuming a concentration at the oxide/metal
interface equal to 20 at.% (as measured by APT and TEM-EDS in Ti6242S [12]),
the mass gain from nitrogen dissolution in a-Ti is estimated to be about 0.01 mg.
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cm~2. This value is consistent with the surge heights measured for Ti-10Al-2W and
Ti6242S. This suggests that the excess mass could be due to N dissolution in a-
Ti. In the case of Ti-2W, however, the excess mass is larger. We conclude that the
surge reflects both N in the nitride layer and N dissolution in the metal. The average
thickness of titanium nitrides in Fig. 2a is about 250 nm, which corresponds to a
mass gain of N of about 0.02 mg.cm™2. This value is consistent with the difference
between the measured excess and the estimated nitrogen dissolution in the alloy.

The subsequent decrease in oxidation rates could be due to the formation of
nitrides, which acts as an oxygen diffusion barrier. Oxygen and nitrogen fit into the
same interstitial sites (octahedral sites) in a-Ti [23]. There is therefore a competition
in the dissolution of these species, as shown in [12]. The species that diffuses the
slowest (N) accumulates at the oxide—metal interface, and occupies octahedral sites
where O can no longer enter. This layer enriched in N is thus expected to act as an O
diffusion barrier.

Figure 4 schematically illustrates the evolution of oxygen and nitrogen concentra-
tion at each major step of the reaction process. Before the reaction gas change (1 in
Fig. 4), the mass gain stems from two contributions: oxide scale growth and oxygen
enrichment in the alloy. After the change from Ar-20%0, to air, nitrogen diffuses
also through the oxide scale and accumulates in the alloy just beneath the oxide
scale by replacing O (2 in Fig. 4). This can lead to the precipitation of a nitride layer
(3a in Fig. 4), as seen in Ti-2W alloy, or not (3b in Fig. 4). As oxidation contin-
ues in air, the mass gain stems from oxide growth, nitride growth when applicable
and O and N enrichment in the alloy. The presence of the nitride layer and of an
N-enriched zone in the alloy both contribute to reducing oxygen dissolution in the
alloy and overall mass gain.

From Air to Ar-20%0,

As described in the Results section, the oxidation rate increases several dozen hours
after the gas is changed from air to Ar-20%0,. This is consistent with the loss of
continuity of the nitride layer, observed in Fig. 3c and e. Note that in air or in Ar-
20%0,, the oxide grows by oxidizing the nitride layer when present [15]. In air, the

Ar20%0, TiO, a-Ti Time (h) Air TiO; (TN oTi Air TiO,  oTi  [ED]
08 . 4 9 T % % 49
Ti-2w Ar20%02 | Air
0.74 f g
4
0.6 4
— 3 Cy Cy
05 -
o4
(,, 7
To3 Air TO, % oti S A TO,  ori G
<
~— ~—
0.2 4
0.1
C\] Cy
0.0 ~_ o K
0 5 6 7 e P N - .

Fig.4 Schematics of the evolution of oxygen and nitrogen concentration in each scale depending on time
for Ti-2W oxidized at 650 °C for 16 h in Ar-20%0, and 30 h in air
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nitrogen released by the nitride oxidation is in a chemical potential gradient which
makes it diffuse through the nitride layer to grow the nitride at the nitride/a-Ti inter-
face (Fig. 5a). During further oxidation in Ar-20%O0,, the oxidation of the nitride
layer continues to release N. However, the large decrease of N partial pressure in the
gas (the Ar-20%0, gas mixture may contain very low N impurities) is expected to
reverse the chemical potential gradient in the oxide scale (Fig. 5b and c). Nitrogen
may then diffuse either through the oxide scale toward the gas and exit the sample,
or through the nitride layer toward the alloy if there is a local supersaturation at the
oxide/nitride interface.

In air, the growth of the nitride scale is controlled by the lowest N flux between
the oxide and the nitride. In air, oxide scales thicknesses of Ti-10AI-2W and
Ti62428S are similar (1.4 um vs. 1.1 um from our previous study [9]). Yet, the nitride
layer is much thicker in Ti-10A1-2W than in Ti6242S, referring to Dupressoire et al.
who identified a nitride layer of about 10 to 100 nm thickness after 1000 h at 650 °C
in Ti6242S [12]. Assuming a constant value of N diffusivity into the nitride for all
alloys, this result shows that the N diffusivity in the oxide is lower for Ti6242S than
for Ti-10AI-2W.

As argued in the Results section, the increase of oxidation rates following the
switch to Ar-20%0, is due to a loss of continuity of the nitride layer. This increase
is observed for the model alloys but not for Ti6242S. Based on these results, the
question which arises is which diffusion mechanism is the limiting step of nitride
consumption. Three different processes can be the limiting step: O or N diffu-
sion through the oxide scale, or N diffusion through the nitride. The nitride disso-
lution at the nitride/metal interface is not considered due to the low N diffusivity
in the a phase. Ti-10A1-2W and Ti6242S have almost the same oxidation rates in
Ar-20%0, (Fig. 3a) with similar oxide scale thicknesses (3.6 um vs. 3.4 pm from
our previous study [9]). We conclude that the kinetics of nitride consumption is not
controlled by O diffusion in the oxide for these two alloys. On the contrary, this is
likely the controlling mechanism for Ti-2W, for which the O diffusivity through the
oxide scale is higher than for the other alloys. This induces a fast nitride consump-
tion rate for Ti-2W, and the released N exits the sample through the oxide scale due
to a higher outward flux of N compared to the inward flux. For Ti-10Al-2W and

After change After change
(a) Before change (b) Thick nitride (© Thin nitride
. . . . Z
Air TiO, Ti)N  o-Ti Ar-20%0, TiO, Ti)N  o-Ti Ar-20%0, TiO, = o-Ti

Fig.5 Oxygen and nitrogen concentration profiles a before the change (in air), b after the change with a
thick nitride (like Ti-2W and Ti-10A1-2W) leading to nitride consumption, ¢ after the change with a thin
nitride (like Ti6242S)
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Ti62428S, assuming a constant value of N diffusivity in the nitride for all alloys, the
flux of N through the nitride layer is higher in a thinner nitride (Ti6242S) than in the
thicker nitride (Ti-10A1-2W). As said before, the N diffusivity in the oxide is lower
for Ti6242S than for Ti-10A1-2W. There is therefore a competitive effect between
the inward N diffusion through the nitride and the outward N diffusion through the
oxide, illustrated in Fig. 5b and c. In Ti-10Al-2W, the outward N flux is higher than
the inward flux, leading to a large nitride consumption and thus to the increase of &,
with increasing O uptake. In Ti62428S, the inward diffusion of N which leads to the
growth of the nitride layer at the nitride/alloy interface is higher than the outward
diffusion through the oxide scale, leading to a limited nitride consumption. The O
diffusion barrier and the mass gain kinetics are maintained. All these results can be
summarized as “if the nitride growth is fast, its consumption is fast as well.”

Conclusion

Oxidation tests with changes of reaction gases were performed at 650 °C on three
different alloys (Ti-2W, Ti-10Al-2W and Ti6242S), in order to better understand
how nitrogen influences the oxidation mechanism in titanium alloys. It was shown
that when switching from Ar-20%0O, to air, the decrease in the oxidation rate is pre-
ceded by an increase in the rate lasting less than one hour. This increase in mass was
attributed to nitrogen uptake in the metal below the oxide scale, and the duration of
the surge was attributed to the time needed to reach nitrogen saturation in the alloy
below the oxide scale.

Nitride formation was observed only in the Ti-2W alloy. In the Ti-10A1-2W alloy,
no nitride layer was observed. Two explanations are possible: either a nitride layer
formed but was too thin to be observed by SEM, or the zone below the oxide scale
saturated in nitrogen acted as a diffusion barrier for oxygen, explaining the decrease
in the oxidation rate. The switch from air to Ar-20%0, showed an increase in the
oxidation rate for W-containing alloys. This is consistent with the loss of continu-
ity of the nitride layer due its fast oxidation. The nitride layer is oxidized quickly in
W-enriched alloy because of the high diffusivity of the released nitrogen through the
oxide scale. Conversely, the absence of any visible change in Ti6242S after switch-
ing from air to Ar-20%0O2 indicates the preservation of the effectiveness of the oxy-
gen diffusion barrier. This may be due to the fact that nitrogen diffusion is slow in
the oxide grown on Ti6242S. The nitrogen produced at the oxide/nitride interface
during nitride oxidation is more prone to diffuse inward through the thin nitride than
outward through the oxide layer.
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