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Abstract

The addition of Si is known to improve the oxidation resistance of pure titanium and
titanium alloys. However, most past studies concern the influence of relatively large
Si contents (0.35-8 wt%), which is often incompatible with a good ductility because
of the presence of TisSi; precipitates. This study focuses on the influence of the Si
content on the high-temperature resistance of near-alpha alloys from the family of
Ti6244 alloy (6% Al, 2% Sn, 4% Zr 4% Mo-wt%) with small proportions of Si. The
silicon addition was found to improve the high-temperature oxidation resistance of
near-alpha Ti-Al-Sn-Zr-Mo family alloys by decreasing the oxidation rate and the
oxide scale thickness, as well by producing a denser oxide scale. Rutile and alumina
were detected within the oxide scale by XRD and Raman spectrometry. The pres-
ence of Si is associated with the presence of larger quantities of N at the oxide/metal
interface.
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Introduction

The use of titanium alloys in aeronautic industries is continuously growing
thanks to the interesting mechanical and chemical properties as the good spe-
cific strength, good oxidation resistance up to 550 °C for pure titanium and about
600 °C for titanium alloys. The French ANR Project ALTITUDE (2019-2023-1JL
Université de Lorraine, ICB Université de Bourgogne, TIMET France, SAFRAN
and ONERA) has the general objective to design a new alloy able to reach 650 °C
in service, to guarantee improved mechanical properties and high-temperature
oxidation resistance. One of the ways to improve the high-temperature oxidation
resistance is to finely tune the contents of the alloying elements.

Silicon is known as improving the oxidation resistance of pure titanium [1-5]
and titanium alloys (TA6V) [6]. However, most of the studies in the literature
investigate the influence of quite large Si contents (0.35-8 wt%). Generally, such
high Si contents are incompatible with good ductility because of the presence of
brittle TisSi; precipitates. At high temperatures, these precipitates effectively hin-
der dislocations movement which improves the creep behavior of titanium alloys.

Chaze and Coddet [1] studied the oxidation of Ti-Si alloys with 0.25, 0.5 and
1 wt% of Si at temperatures between 550 °C and 750 °C for exposures up to 500 h
in air and several thousands of hours in air. They reported that the increasing Si
content promotes the oxidation resistance of the alloys by decreasing the mass
gain, the oxide thickness as well the oxygen diffusion zone into the metal beneath
the oxide layer. Vojtek et al. [2] have studied higher silicon contents (2 and
8 wt%) and mentioned that there are no significative differences in terms of mass
gain between the two silicon contents. For 8% wt of silicon, the oxide present dis-
persed SiO, particles, which seems to delay the recrystallization of the rutile and
then the stratification of the oxide scale, leading to denser oxide layers. Habazaki
et al. [7] have studied the anodization of Ti-6%Si alloy and have reported that the
silicon is not evenly distributed into the oxide scale but rather close to the inter-
face oxide/metal and conclude that the Si atoms are relatively immobile into the
oxide. Valenza et al. [5] have observed finely dispersed SiO, particles within the
rutile layer of oxidized Ti-XT (Ti-0.45%Si wt%).

Several studies have pointed out the role of the nitrogen in the oxidation of
the titanium and titanium alloys in air. Chaze and Coddet [8] have shown that
titanium and some binary alloys oxidize slower in air than in pure oxygen. Recent
works have reported the quantities of nitrogen involved into the oxidation in air
for pure titanium [9] and shown the strong correlation between the nitrogen quan-
tity involved and the total mass gain for near-alpha titanium alloys [10].

We focus in this study on the influence of the Si content on the high-temperature
oxidation resistance of near-alpha alloy Ti6244 (6% Al, 2% Sn, 4% Zr 4% Mo-wt%)
and two of its variants containing small proportions of 0.11 wt% and 0.22 wt% of Si.
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Table 1 Composition of the Alloy Alwt% Snwt% Zrwt% Mowt% Siwt%
alloys
Ti6244 5.8 2.1 4.1 3.8 0
Ti6244-0.11%Si 5.6 2 4 3.7 0.11
Ti6244-0.22%Si 5.7 2.1 4.1 3.7 0.22

Table 2 Oxidation results for Ti6244, Ti6244-0.11%Si, and Ti6244-0.22%Si alloys

Alloy Oxidation time (h) Temperature k, (x1071 g2/cm4~s) Ea(kJ /mol)
(§(®)

Ti6244 10000 560 25+0.1 208 + 6

5000 600 7.6+0.6

3000 650 47+3

50 700 83.5+0.1 208 + 6
Ti6244-0.11%Si 10000 560 1.9+0.1

5000 600 6.7+0.5

3000 650 275+0.4

50 700 752+0.1 190 +3
Ti6244-0.22%Si 10000 560 1.9+0.1

5000 600 57+03

3000 650 27.20.9

50 700 66.2 +0.1

Experimental Procedures

Three different alloys were manufactured by TIMET (France): Ti6244 (with
no Si), Ti6244 with 0.11 wt% of Si (here called Ti6244-0.11%Si) and Ti6244
with 0.22 wt% of Si (here called Ti6244-0.22%Si). The alloys were produced by
TIMET (France) in the form of small ingots synthetized by vacuum arc remelting.
The measured compositions of these alloys were made by inductively coupled
plasma (ICP) and verified by X-Ray fluorescence. The compositions are given in
Table 1. The main role of the alloying elements is: the Al hardens and strength-
ens the a -Ti phase, the Mo enhances the mechanical strength, the Zr reduces the
brittleness, the Sn enhances the creep resistance and strengthens the a-Ti phase,
while the Si increases the resistance to creep.

The ingots are beta-forged, rolled and solution treated in beta-phase at
1015 °C, followed by air cooling to room temperature to obtain a lamellar
microstructure, then aged for 2 h at 650 °C and subsequently air-cooled. Cylin-
drical rods about 12 mm diameter are lathe machined. Two-mm-thick samples
are wheel-cut. The samples are polished up to P600 grit, then ultrasonic cleaned
in ethanol, dried, measured and weighted and then oxidized in muffle furnace
under atmospheric air or in TGA under dry air. The conditions of oxidation, with
durations and temperatures are presented in Table 2. Investigations by scanning
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electron microscopy (SEM) in BSE mode, X-ray diffraction (XRD), Raman spec-
troscopy, microhardness, secondary ion mass spectrometry (SIMS) and nuclear
reaction analysis are made. The SIMS measurements are made on a NanoTOF II
apparatus (ULVAC-PHI). The TOF analyses are done using Bi32Jr primary ions in
40 x 40 pm? area at 30 keV. Cs* ions in 200 x 200 pm? (at 2 keV and 2nA) are
used before analysis for sputtering purposes. The microhardness HV, is made
with a Vickers penetrator using 20 g of load for 10 s at maximum load. Nitrogen
quantifications are made by nuclear reaction analysis which is produced by high-
energy deuterium ions (here 1.9 MeV) beam techniques at LEEL lab from CNRS/
CEA Saclay, France. The nuclear reaction used in this work is "*N(d, a1)'*C. The
investigated zone is 200 x 200 um?. Details about this technique can be found in
some of our previous works [9-11].

Raman spectroscopy was made using a Renishaw Invia device with a laser
excitation source at 532 nm and a microscope objective at X100 magnification.
The Raman fingerprint of TiO, in both rutile and anatase phases is detected in
the 1001000 cm™' range. The laser excitation at 532 nm can also give rise to the
strong photoluminescence of Cr** ions inserted in octahedral sites in the alpha-
alumina lattice. The spectrum of this photoluminescence can be easily identified
by the narrow R1, R2 lines at 691.9 nm and 693.4 nm, respectively. This spectral
range corresponds to a Raman shift around 4350 cm™! in the spectra obtained with
a laser at 532 nm, which is quite far from the fingerprint of TiO,. The cross sec-
tion of samples oxidized for 3000 h was analyzed in both spectral ranges. Line
profiles through the oxidation layer and maps displaying the integrated inten-
sity over the baseline were obtained for the Raman signals of rutile and anatase
phases of TiO,, and the photoluminescence of A,0;: Cr**. The integrated inten-
sity of these three signals was normalized to easily compare the profiles for each
sample, except for the anatase phase in Ti6244 due to its extremely low signal.

3 a) 650°C 06 b) 700 °C
Ti6244
= *  Ti6244-0.11%Si =
£, A Ti6244-0.22%Si €04
S~ S~
L ==g ad
E | g 3 Ti6244
%) - Y
1 e T $02 ——Ti6244-0.11%Si
S | W » 3 —— Ti6244-0.22%Si
|
o ————————————————— 0 —————————————
0 1000 2000 3000 0 10 20, 30 40 50
time (h) time (h)

Fig. 1 Mass gain per unit surface: a during long oxidation tests at 650°C in muffle furnace (the dashed
lines are guides for the eyes) and b during short oxidation in TGA at 700 °C in dry synthetic air
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Results and Discussion

Long-duration oxidation tests under laboratory air are made in muffle furnace at
various temperatures: 560 °C, 600 °C and 650 °C for 10,000 h, 5000 h and 3000 h,
respectively. The mass gain graphic is presented in Fig. 1 (a) for long exposure at
650 °C, with each point representing an individual sample. As reported, the mass
gain during the exposure at 650 °C up to 3000 h shows parabolic kinetics for the
alloys containing Si. At the opposite, mass gain of the alloys without Si seems to
have a parabolic behavior up to 1500 h but suggests a breakaway before 3000 h
of exposure. The mass gain after 3000 h at 650 °C is 2.35 mg/cm? for Ti6244 and
about 1.7 mg/cm? for Ti6244-0.11%Si and Ti6244-0.22%Si. This confirms the
beneficial effect of the presence of silicon on minimization of the oxidation rate.
However, the difference in behavior is not very different between the two alloys
containing silicon, which suggests that, for exposures up to 3000 h at 650 °C,
small amounts of silicon are sufficient to assure a protective oxide layer. The cal-
culated parabolic constants kp are listed in Table 2, with standard errors. For the
6244 sample, the parabolic constant k, was calculated using data up to 1500 h
(before breakaway).

To investigate the influence of the silicon on the oxidation kinetics at higher tem-
peratures, TGA oxidation experiments were performed. To assure reasonable oxida-
tion times, compatible with TGA analysis, the alloys were exposed at 700 °C (heat-
ing rate 50 °C/min) for 50 h under dry synthetic air flow of 40 ml/min. The kinetics
presented in Fig. 1b show parabolic behavior. One can remark that the increasing
silicon content decreases the mass gain, and that up to 50 h no breakaway is experi-
enced. For the TGA analysis at 700 °C, the oxidation parabolic constant k;, presented
in Table 2 was calculated using a complete parabolic function [12] by excluding the
first 16 h of oxidation to avoid the transitory period. Thus, using all the data from
560 to 650 °C (to respect the same oxidation atmosphere, i.e., atmospheric air) one
can calculate the activation energies (see Table 2). The standard error of the acti-
vation energy calculated using the tunnel technique is given. One can remark that
the presence of silicon lowers the activation energy but that there is no difference
between both alloys containing Si. These activation energies are compatible with
those reported in literature for titanium and similar near-alpha titanium alloys [1, 8].

The first row of Fig. 2 shows the oxide scale morphology for the three alloys
studied here after 3000 h of exposure at 650 °C in air. On the metal side, both
titanium phases alpha (gray) and beta (white) can be observed. The structure is a
typical Widmanstitten obtained by the thermal treatment after forging. The alpha
phase is enriched in Al while the beta one is enriched in Mo. One must mention
that oxide scale thickness is not constant along the sample surface, which makes
difficult to give a precise thickness of the layer. The measured oxide scale thick-
nesses made using several micrographs for Ti6244, Ti6244-0.11%Si, and Ti6244-
0.22%Si are 4.7 + 0.5pum, 3.4 £0.3pm, and 2.8 £0.5um, respectively. The oxide is
layered and seems denser on the alloys containing Si. Other authors [1, 5] have
shown that the rutile presents a fine dispersion of SiO, which is supposed to mod-
ify the stress relaxation process and then produce denser oxide layers.
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Fig.2 SEM images of cross section of oxidized alloys at 650 °C in air for 3000 h with EDS mappings
and red insets with zoomed Ti and Al mapping for Ti6244 alloy

Analyzing the EDS maps of Ti6244 and Ti6244-0.22%Si (Fig.2), the predom-
inant component of the oxide scale (a few um thick) is primarily titanium oxide.
Aluminum oxide is predominantly present in a thin layer approximately 200 nm
thick on the outer surface of the oxide, as well as in the cracks visible as light gray
strips in the middle of the oxide scale in the EDS map of aluminum. Interestingly,
the presence of a very thin layer of titanium, together with oxygen, is observed
above the top alumina layer for Ti6244. This very thin layer is visible in the zoomed-
in titanium mapping of the red insets shown in Fig. 2 for Ti6244. If present, this
layer would be thinner for Ti6244-0.22%Si. This kind of TiO,/Al,0,/TiO, layering
was also observed by Ke et al. on Ti-5Al after oxidation at 600 °C and 800 °C for
96h [13]. The oxide layer of the Ti6244 sample seems to be more stratified, with
intermediary alumina strips for than for the other two alloys. The acceleration of the
kinetic observed in Fig. 1.a for this alloy can probably be related to this stratifica-
tion. The low Si content within the alloys, as well as the fact that the cross section
of the samples was polished using Si-containing particles (SiC paper and colloidal
silica for the super-finishing step), makes in this case the detection and the localiza-
tion of the Si after oxidation hazardous and must be deeper investigated. Moreover,
the Si is present in the metal in the form of nanometric TisSi; precipitates located at
the a/f phases interface as well as at grain boundaries as shown by several studies
[14, 15]. Chaze and Coddet [1] detected SiO, particles in the oxide scale by MET
in TiSi alloys. Valenza et al. [5] have detected a fine dispersion of SiO, within the
rutile for Ti-4.5%Si after oxidation at 800 °C.

The Ti6244 and Ti6244-0.22%Si oxidized at 650 °C for 3000 h were investigated
by XRD in theta—theta mode and in low-angle incidence mode at a grazing angle of
4°. The XRD patterns recorded in theta—theta mode presented in Fig. 3 reveal the
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theta-theta . M Ti6244 grazing incidence at 4°

Ti6244-0.22%Si

e Ti
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Fig.3 XRD patterns for Ti6244 and 6244-0.22%Si after oxidation for 3000 h at 650 °C in theta—theta
mode (left) and grazing incidence at 4° (right)

—  ALOsCr* — TiO, Rutile --- TiO, Anatase
Ti6244 Ti6%44-0. 11 %S‘i Ti6244-0.22%§i

Intensity (arb. u.)

Intensity (arb. u.)

Intensity (arb. u.)
1

S X (em)
Metal ™ &
- -
(a) (c)

Metal 10 um I Al,O3 : Cr3* TiO2 Rutile
photoluminescence
(d) (e) )

Fig.4 a, b, c Evolution of the integrated intensity of the Raman signals of the rutile and anatase phases,
as well as the intensity of alpha-Al,Os: Cr** photoluminescence, along the cross section of the oxide
scale for Ti6244, Ti6244-0.11%Si, and Ti6244-0.22%Si alloys oxidized for 3000 h at 650 °C. d Cross-
sectional optical micrography of Ti6244 sample oxidized for 3000 h at 650 °C, e mapping of the alumina
photoluminesence and f mapping of rutile Raman signal in the selected area of the cross section

presence of rutile, slightly distorted alpha titanium and suggest small amounts of
anatase and alumina. Also, the presence of a small quantity of Ti,N is suggested, as
already mentioned on Ti6242S alloy by Abdallah et al. [17]. The grazing incidence
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mode shows mainly the rutile and confirm the presence of Ti,N, especially in the
Ti6244-0.22%Si alloy.

Cross sections of the three alloys oxidized at 650 °C for 3000 h were also ana-
lyzed by micro-Raman spectroscopy (Fig. 4), which confirmed the dominant pres-
ence of rutile in the oxide scale. The anatase phase was almost absent in the oxide
scale for Ti6244, but its proportion increased with Si content. In a very high spectral
range, very intense photoluminescence of Cr’* ions was observed in alpha-alumina.
Figure 4a, b, ¢ shows the evolution of the integrated intensity of the Raman signals
of the rutile and anatase phases, as well as the intensity of alpha-Al,0,: Cr** pho-
toluminescence, along the cross section of the oxide scale. It is worth recalling the
very high sensitivity of photoluminescence for the detection of alpha- Al,0;: Cr**.
It was found that alumina is mainly present in the outer part of the scale, in agree-
ment with the EDS maps, but is also present throughout the thickness of the oxide.
For Ti6244, EDS maps showed a very thin layer of titanium oxide above the top alu-
mina layer, but Raman spectra do not show the presence of rutile at the extreme sur-
face, maybe due to a poor crystallization of this titanium oxide thin layer. Figure 4e,
f shows Raman maps of the distribution of rutile and alumina throughout the cross
section of Ti6244 alloy oxidized for 3000 h at 650 °C. They agree with the profiles
shown in Fig. 4a, and they show the presence of alumina in the cracks formed in the
oxide scale.

Figure 5 shows the microhardness profiles, which reveal the extent of the oxygen
diffusion zone, since the oxygen dissolved into the hexagonal lattice of the alpha tita-
nium hardens the metal. As observed, there are no significative differences between
the three alloys in terms of oxygen depth of penetration into the core of material.
The same conclusion was drawn by Valenza et al [5] on Ti-XT (Ti-0.45%Si) alloy
compared to pure Ti during oxidation in air at 800 °C. The oxygen diffusion length
at 650 °C after 3000 h is about 200 um while at 600 °C this is about 100 um. The
silicon seems to reduce the hardness of the metal close to the interface with the
oxide at 650 °C. One of the reasons of this behavior can be the modification of the
solubility of the oxygen into the metal, but this hypothesis must be confirmed by
further analyses. Valenza et al. [5] found by tomography that there is no difference

600 °C, 5000 h 650 °C, 3000h
1600 1600
ATI6244 N ATi6244
1400 1400
* Ti6244-0.11%Si  Ti6244-0.11%Si
— 1200 = 1200 |a
g © Ti6244-0.22%Si S i - %Si
S1000 |2, 6 S0 A © Ti6244-0.22%Si
z S
% 800 5 800 |9
S *9% g
5 600 (< ° 600 * "
I} ® o > =
T 400 aadha T 400
200 200
0 T T T 1 0 T T T 1
0 50 100 150 200 0 100 200 300 400

Depth (um) Depth (um)

Fig. 5 Microhardness profiles for Ti6244, Ti6244-0.11%Si, and Ti6244-0.22%Si after oxidation for 5000
h at 600 °C and 3000 h at 650 °C. The standard error for hardness measurements is 19 HV
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in solubility between Ti-4.5%Si and pure Ti after oxidation at 800 °C in oxygen.
They also evidenced a layer of about 10 nm of TisSi; at the interface oxide/metal.

A rapid calculation based on the density of the rutile (4.25 g/cm®) shows that 1
um thick of dense TiO, rutile represents 0.169 mg/cm?* of oxygen. This indicates
that, in the hypothesis of a dense rutile scale, after exposure at 650 °C for 3000 h,
the oxygen contained into the oxide layer is about 0.8, 0.6 and 0.44 mg/cm? for
Ti6244, Ti6244-0.11%Si and Ti6244-0.22%Si, respectively. The difference between
the total mass gain and the oxygen mass contained into the oxide scale is diffusing
into the metal (in the hypothesis that the nitrogen quantity is negligible):

(A_m) _<%> _<%>
S Jag \ S o S/ oxide

Here, the diffused oxygen quantities become 1.5, 1.1 and 1.26 mg/cm? in Ti6244,
Ti6244-0.11%Si and Ti6244-0.22%Si, respectively.
The quantity of oxygen contained into the diffusion zone can be calculated with

[16]:
<A_m> Mo
S g Paloyyy

alloy

{ (c(x) — co)dx )

with M and My, the molar mass of oxygen and alloy, p,,, the density of the
alloy, c(x) the atomic oxygen concentration into the alloy and ¢, the atomic oxygen
concentration at the core of the metal. By taking the ¢, = 0 and assuming that the

)

concentration follows a classical conjugated error function c(x) = ¢, erfc<

then:

Am> My X
— fi d.
(B2) = by e C(NE) x @

alloy 0

Knowing that

® 1
[ erfc(x)dx = —
0 N (3)
It follows:
/ cserfc< al )dx =2 \Di @)
0 24/ Dt N
Then:

(A_m> o 2 /D )

. p alloy
S/ aiff M, alloy \/;

The diffusion length depends on the diffusion coefficient and the exposure time
as [3]:
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Ly =4V Dt (6)
which gives:
(A_m) _, Mo o
S dift palloy Malloy 2 \/; diff (7)

This equation allows us to estimate the cg from the mass balance (Eq. 1). Based
on the hardness profile after 3000 h at 650 °C (Fig. 3), the length of diffusion
can be estimated at ~210 um, which corresponds to an effective diffusion coeffi-
cient of ~ 2.55 x 107'°m? /s, calculated from Ly = 41/D.q X t [3]. From eq. (7),
one can estimate the maximum concentration of the oxygen into the alloys as:
17.7 at%, 13 at% and 14.8 at% for Ti6244, Ti6244-0.11%Si and Ti6244-0.22%Si,
respectively. These results agree with the hardness profile after exposure at 650°C
for 3000 h (see Fig. 3.), where one can remark higher hardening for Ti6244 close
to the oxide/metal interface compared with the other two alloys. We must remark
that the microhardness profile does not perfectly fit an error function, and because
the oxide scale is not 100% dense, the previous concentrations must be consid-
ered only qualitatively. Deeper investigations are needed to precisely measure the
oxygen concentration profiles.

Our previous investigations [10] have shown that the mass gain of near-alpha
titanium alloys is strictly correlated with the nitrogen quantity involved into the
oxidation process. Here, the beginning of the oxidation at 650 °C was investi-
gated by SIMS to highlight the nitrogen insertion at the first moments of oxida-
tion. Figure 6 shows the nitrogen profile for Ti6244 and Ti6244-0.22%Si after
25 h of exposure at 650 °C in atmospheric air. One can clearly see that, compara-
tively, the nitrogen quantity is much higher in the sample containing 0.22% of sil-
icon than in the sample without that element. Several works in the literature have
shown that the nitrogen is located at the oxide/metal interface [9-11, 17, 18].
Here one can see that the nitrogen peak of Ti6244-0.22%Si is the most intense
and is located closer to the sample surface than for Ti6244, which agrees with a
smaller thickness of the oxide scale for Ti6244-0.22%Si as shown in Fig. 2. Other
nitrides or oxynitrides [17] can be present in the samples, but the angular resolu-
tion of the laboratory XRD technique used here is not sufficient to confirm them.

Fig.6 Nitrogen profiles
obtained by SIMS in erosion
mode after 25 h at 650°C. The
number of cycles is proportional
to the depth from the outer
oxide surface

Ti6244
——Ti6244-0.22%Si

counts (a.u.)

0 10 20 30 40 50 60
number of cycles
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The nuclear reaction analysis was used to quantify and localize the nitrogen. It
allows to quantify and locate the nitrogen in the depth of the material. Indeed, the
energy of the alpha particles produced by one high-energy deuteron when encoun-
ters one "N isotope can allow to calculate the depth at which the reaction occurs.
The number of reactions recorded is proportional to the nitrogen concentration and
to the probability of the nuclear reaction to occur (effective cross section of the reac-
tion). Thus, quantitative nitrogen profiles can be deduced, as shown in Fig. 7. By
integration of the signal, one can calculate the total nitrogen quantity in terms of
mass gain, which in this case is 52 pug/cm?, 77 pg/cm? and 83 pg/cm? for Ti6244,
Ti6244-0.11%Si and Ti6244-0.22%Si, respectively. However, one must precise that
given the fact that the Al nuclear reactions give small signals in regions close to
those of "“N(d,a1)'?C and also that alumina is present into the whole oxide thick-
ness (as detected by Raman), the nitrogen quantities are probably slightly overes-
timated within the oxide region. But, as observed in Fig. 7 in the range 0.5-1 um
depth, the signal of a dense and pure alumina (which is always present on the top of
the rutile layer of these alloys) is small, which makes us consider that the quantifica-
tion uncertainties given by the Al interferences are negligible compared to the inte-
grated value. From Fig. 7, one can also remark that the nitrogen is located closer to
the surface of the sample for the alloys containing silicon, which is expected, since
those samples present a thinner oxide scale, as seen on the SEM images.

As already mentioned in a previous work [10], the oxidation resistance is
improved when the nitrogen content is high for quasi-alpha titanium alloys in the
family of Ti6242S. Here, the silicon is responsible for both, the oxidation resist-
ance, and the nitrogen mass gain. Thus, one can confirm that the silicon promotes
the nitrides formation, as remarked by the XRD analyses. The presence of a big-
ger quantity of nitrogen can produce a slowdown of the oxidation by two mecha-
nisms: the formation of nitrides that can partially block the oxygen diffusion toward
the metal and the occupation of the octahedral sites of the titanium lattice by the
nitrogen. Moreover, the presence of nitrides and their location (on the metal side, as
shown in [9]) suggests that in the regions with nitrides, the oxidation process follows
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Fig. 7 Nitrogen concentration profile obtained by nuclear reaction analysis
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a modified reactional path, which can affect the kinetics. The nitrogen released dur-
ing the oxidation process diffuses further into the metal on short distances to form
other nitrides [9]. Moreover, on the metal side, both nitrogen and oxygen occupy the
same octahedral sites of the titanium lattice. As the nitrogen atom is bigger than the
oxygen, its diffusion coefficient is about two decades smaller than that of oxygen
[19]; thus, by occupying the same sites, it impedes the oxygen flux. Also, the fact
that the Ti/Ti,N reaction has a lower Pilling—-Bedworth ratio (1.06) than that of the
Ti/Ti0, rutile reaction (1.765) strongly suggests that these nitrides can play the role
of an accommodation layer that lowers the stress. The fact that the Si-containing
alloys exhibit denser oxide scales, as seen in Fig. 2, tends to confirm this hypothesis.

Conclusion

This article investigates the oxidation behaviors of three titanium alloys with dif-
ferent contents of silicon as alloying element: the reference Ti6244 alloy (6% Al,
2% Sn, 4% Zr, 4% Mo-wt%), Ti6244-0.11%Si alloy (6% Al, 2% Sn, 4% Zr, 4% Mo,
0.11% Si) and Ti6244-0.22%S:i alloy (6% Al, 2% Sn, 4% Zr, 4% Mo, 0.22% Si).

The thermogravimetric analyses and SEM observations show that the presence
of silicon slightly decreases the mass gain and reduces the oxide scale thickness but
does not have significant influence on the depth of penetration of the oxygen into the
material with subsequent hardening. However, at 650°C, the presence of Si seems to
reduce the maximum concentration of the oxygen into the metal, as suggested by the
microhardness profiles. The microhardness profiles allowed to check the mass bal-
ance between the total mass gain, the oxygen contained into the oxide and the oxy-
gen contained into the diffusion zone. The micrographic analysis with subsequent
EDS mapping showed the oxide morphology composed of a thin layer of TiO,, fol-
lowed by a thin layer of Al,O5 and a thick layer of TiO,. Raman analysis showed
that both alumina and rutile are detected in the oxide scale. The nuclear reaction
analysis revealed that the Si favors the insertion of larger quantities of N at the inter-
face oxide/metal. It also seems to lower the hardness of the solid solution close to
the oxide/metal interface, which suggests lower oxygen concentrations, but does not
seem to modify the oxygen diffusion coefficient into the metal, since the length of
diffusion is not affected. The Ti,N formed at the oxide/metal interface, which has
lower molar volume than TiO,, becomes probably an adaptation layer that delays the
stratification of the oxide scale by lowering the stress level.
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