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A B S T R A C T

The influence of low and steady loading on the oxidation behaviour and oxygen diffusion within Ti6242S was 
investigated at 650 ◦C in air. Electron probe microanalyser (EPMA), secondary-ion mass spectrometry (SIMS) and 
high energy synchrotron X-ray diffraction (S-XRD) were used to quantify the oxygen distribution within the 
oxygen-enriched layer beneath the external oxide scale. Rietveld and peak by peak methods were used to 
evaluate the average response versus the crystal-oriented response of this diffusion process under load. Inter-
estingly, a thermo-mechano-chemical coupling occurs during the creep-oxidation experiment even for moderate 
applied stresses (25-70 MPa) and demonstrates: (i) a decrease of the oxygen concentration at the metal/oxide 
interface, and (ii) a curvature change of the oxygen diffusion profile with load application. A qualitative thermo- 
mechano-chemical approach is proposed to model the modification of the diffusion law of the oxygen within 
Ti6242S due to application of a mechanical loading to explain observed experimental results.   

Ti6242S is used for the manufacture of compressor discs in aerospace 
application due to better high temperature mechanical properties and 
better oxidation resistance compared to Ti-6Al-4V [1]. Its oxidation 
behaviour is yet a limiting factor in the design of structural components 
above 450 ◦C primarily due to the formation of an oxygen-enriched layer 
(ORL) beneath the oxide layer. The ORL demonstrates a brittle behav-
iour [2–4], detrimental to fatigue lifespan [5]. The extension and oxygen 
distribution within the ORL arise from the high solubility limits of ox-
ygen within both α and β phases. Several authors have investigated the 
oxidation behaviour of Ti6242S without applied loading [2,6–8]. 
However, aeronautical components are generally submitted to me-
chanical loading during operative life. Therefore, understanding how an 
external loading could influence the oxidation behaviour is a necessary 
step in the design of aeronautical structural components to improve 
their lifespan. 

Different characterisation techniques are available to probe either 
the local oxygen content with energy dispersive spectroscopy (EDS) [9], 
electron probe microanalysis (EPMA) [7,10–13], secondary-ion mass 
spectrometry (SIMS) [14], electron energy loss spectroscopy (EELS) [9], 
atom probe tomography (APT) [15] or the local mechanical response of 
the material within the ORL related to a given oxygen content using 

nanoindentation [12,13] and microindentation [6,7,16–18]. Oxygen 
insertion also leads to α-titanium lattice expansion which can be char-
acterised by diffraction techniques using synchrotron radiation [17,19]. 
In service, Ti alloys can be exposed at 450 ◦C to 550 ◦C for several hours. 
For such conditions, the ORL spreads within tens of micrometres with an 
oxygen distribution profile gradually decreasing from [25–33] at%. at 
the metal/oxide interface to the nominal oxygen composition in the 
core. The large oxygen concentration gradient in the vicinity of the 
metal/oxide interface and difficulties in accurate positioning of spec-
troscopic analyses at the sub-micron scale lead to difficulties to accu-
rately assess oxygen concentration at the metal/oxide interface. This 
concentration is particularly important for the identification of the co-
efficient of diffusion. While EDS, SIMS, EPMA and other spectroscopic 
analyses inform on the local oxygen content, quantitative analyses find 
difficulties due to surface contamination related to instantaneous for-
mation of a native nanometric TiO2 oxide scale after sample preparation. 
Oxygen distribution profiles and local mechanical property gradients [6, 
7,16–18,20] were reported in the literature. Diffusion profiles can be 
generally interpreted using Fick’s law. However, the influence of 
external loading during high-temperature Ti alloys oxidation on oxygen 
distribution within ORL has been limitedly studied and requires further 



particles. The oxygen concentration within the ORL was measured down 
to a depth of 80 µm using EPMA on a CAMECA SXFive at 10 keV with a 
measurement step of 1 µm (3 profiles per condition). Oxygen as well as 
nitrogen intensity profiles were also measured using SIMS on a CAMECA 
IMS 4FE6. A Cs+ primary ion beam of 10 kV impact energy was 
employed at a current density of 370 nA. The sputter rate was deter-
mined by repeated depth measurement using an Olympus LEX-
TOLS5100 laser scanning confocal microscope. Increase in roughness 
inherent to sputtering limited characterisations to be carried out over 
approximately 20 µm for SIMS analyses. Height maps were then 
exploited using Gwyddion software [23]. 

EPMA analyses demonstrate the role of an external load on the ox-
ygen profiles, i.e., on the concentration at the metal/oxide interface and 
on the apparent diffusion coefficient of O within Ti, Dapp (Fig. 1(a)). 
Oxygen profiles follow a Fick’s law considering the case of diffusion of 
oxygen in titanium with a semi-infinite thickness and a constant oxygen 
concentration within Ti at the metal/oxide interface, Cs: 
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with C0 the bulk concentration, C(x) the oxygen concentration at a 
depth x and exposure duration t. The calculated parameters of the model 
using a least square optimisation are reported in Table 1. A decrease of 
Cs value was found with the application of an external loading, enhanced 
with the applied stress. Similarly, the curvature of the diffusion profile 
evolved with the applied stress, leading to an increase of the effective 
diffusion coefficient. At 70 MPa, the diffusion coefficient is nearly two 
times larger than the one in non-load condition. 

Oxide thicknesses were also measured (Table 1). The thickness of 
oxide for loaded samples seems independent of the applied load value 
considering scattering. Interestingly, the thickness is greater for unloa-
ded sample. The greater air speed in furnace with forced convection 
compared to furnace with natural convection used for loaded samples as 
in Ref. [24] can explain these observations. We evaluate also the ORL 

Fig. 1. EPMA (a), SIMS for 47Ti14N (b) and 47Ti16O experimental data(c)). Fitting of EPMA results are also plotted in (a). Depth data for 47Ti16O were re-adjusted by 
using the position of the maxima for 47Ti14N. 

research. An increase in oxidation rate was observed at the early stage of 
oxidation under bending loading at high temperature for Ti-6Al-4V and 
high-purity titanium materials [21]. This increase in oxidation rate was 
associated with thicker external oxides but the effect of tensile loading 
was not clear on the ORL formation. 

The aim of this work is to investigate the thermo-mechano-chemical 
coupling operating during creep at elevated temperature of Ti6242S 
under oxidative atmosphere without cracking either the oxide scale or 
the ORL. We investigated the effect of static tensile stresses with mod-
erate stress levels (25-70 MPa) on the oxygen diffusion within the ORL 
using EPMA, SIMS, and synchrotron X-Ray diffraction (S-XRD). 

The as-received Ti6242S exhibits a Widmanstätten microstructure 
with α lamellae (2-3 µm) and α colonies with average width of 30 µm 
(Please see Ref. [22] for additional information). The measured chem-
ical composition in mass% is 5.8Al, 2.0Sn,4.3Zr, 1.9Mo, 0.1Si, 0.02Fe, 
0.12O, 0.002N and balance Ti. 

Flat creep samples with a gauge length of 30 mm and a gauge section 
of 5 × 2 mm2 were used for oxidation under loading. The same surface 
finish was applied for creep and non-loaded samples (P600 SiC grit 
paper). The non-loaded sample considered as a reference, was oxidised 
120 h at 650 ◦C in a Nabertherm furnace with forced convection. 
Oxidation under loading at 650 ◦C was performed on a static creep test 
rig under laboratory air and under stresses equal to 25 and 70 MPa for 
120 h These stress levels were chosen not to induce failure and spallation 
of the oxide layer during loading, as confirmed by surface and cross- 
section observations (ThermoFisher Scientific Quanta 450 scanning 
electron microscope (SEM)). Heating was obtained using a halogen 
furnace and temperature was measured at the extremities of the gauge 
length using welded K-type thermocouples. The total deformation 
measured for 25 (resp. 70) MPa sample is 0.2 % (resp. 0.6 %). 

Four samples were extracted from oxidised specimens to analyse 
oxygen distribution within the ORL, i.e., S-XRD, EPMA and SIMS ana-
lyses. For EPMA, samples were first electroplated using copper to pre-
serve the external oxide layer during sample preparation, then cross 
sectioned and ground with SiC grit papers down to 1 µm diamond 



extension with a cut criteria proposed by Shenoy et al. [6]. These au-
thors defined the brittle-to-ductile transition concentration of oxygen in 
titanium at 0.5 at. %. ORL extension was found greater for crept samples 
(Table 1). 

SIMS profiles evidenced the occurrence of nitrogen at the metal/ 
oxide interface more prominent with the external load and related with 
a minimum of oxygen content (Fig. 1(b) and (c) after adjustment). In 
addition, the position of the nitrogen maxima is coherent with oxide 
thickness measured in Table 1. This finding is in accordance with the 
literature, reporting that nitrogen decreases the oxygen concentration at 
the metal/oxide interface by nitride formation or by competitive inter-
stitial sites occupation [9,25]. Both the nitride precipitates and the 
larger interstitial site occupancy by nitrogen act as a diffusion barrier for 
oxygen and subsequently decrease oxygen dissolution within the 

Ti6242S [15]. In addition, the oxide scale growth is slower in the 
presence of nitrogen at the metal/oxide interface. Moreover, a modifi-
cation of the oxygen profile can be observed in/beneath the oxide scale 
with load application in Fig. 1 (c). 

S-XRD measurements were performed on the P21.2 beamline at the
Deutsches Elektronen-SYnchrotron (DESY) in Hamburg. A schematic 
illustration is presented in Fig. 2 to clarify the experimental method for 
sample positioning, scanning and data analysis. Sample surface was 
ground with SiC paper up to P600 grit paper and a special attention was 
paid on the parallelism of the faces. 

The sample was carefully positioned and slightly tilted so that the 
beam line and the sweep direction are parallel to the metal/oxide 
interface. Samples were illuminated by a monochromatic X-ray beam of 
82 keV (wavelength of 0.015028 nm) with a cross section of 7 × 2 μm2. 
During X-ray radiation, the sample was swept parallel to the metal/ 
oxide direction along 1 mm at each analysed depth to increase the 
analysis volume. Diffraction analyses were performed each micrometre 
from the external scale to the sample core. Calibration of the sample 
distance to the 2D detector were done using a TiC calibrant. 2D dif-
fractograms were then angularly or partially integrated to obtain 1D 
diffractograms, analysed using FullProf software [26]. The variation of 
α-titanium lattice parameters in ORL was calculated using Rietveld 
refinement for fully integrated rings and peak by peak method for 
partially integrated rings. 

The variation of the mean lattice parameters c and a of the hexagonal 
close-packed α-titanium phase within the ORL was assessed as a function 
of the distance from the metal/oxide interface (Fig. 3). These 

σ [MPa] 0 25 70 

Dapp x 1016 [m2.s−1] 0.94 ± 0.4 2.5 ± 0.3 2.2 ± 0.6 
Cs [at. %] 23.7 ± 2 15.7 ± 2 9.1 ± 2 
eoxyde [μm] 2.8 ± 0.7 1.9 ± 0.3 2.0 ± 0.2 
ORL EPMA [µm] 23 ± 2 36 ± 1 31 ± 4 
Dsynchrotron-a x 1016 [m2.s−1] 

Dsynchrotron-c x 1016 [m2.s−1] 
1.7 ± 0.1 
1.8 ± 0.1 

3.2 ± 0.1 
3.3 ± 0.1 

3.8 ± 0.1 
4.6 ± 0.1  

Fig. 2. Schematic illustration S-XRD measurements Rietveld analyses on fully integrated diffractograms. Partial integration method is also illustrated on Debye- 
Scherrer rings and used for peak by peak method. 

Table. 1 
Diffusion coefficient and Cs values identified from EPMA and synchrotron an-
alyses. The accuracy of the diffusion coefficient values was estimated consid-
ering the scattering in experimental oxygen profiles with different least-square 
method fittings.  



measurements aimed at calculating in a similar way the variation of the 
c/a ratio and the lattice volume. An increase in all the crystallographic 
parameters was found with the increase in oxygen content, as already 
reported in the literature [17,19]. Interestingly, an anisotropic expan-
sion of the crystallographic structure due to oxygen insertion is illus-
trated by the evolution of the c/a ratio, c being 1.6 times more sensitive 
than a. The c/a ratio is nearly 1.609 at the oxide/metal interface and 
different for loaded and non-load samples while it stabilises at 1.598 far 
from the ORL. These ratio are close to values from Ref. [27] observed on 
Ti-O systems with various oxygen contents. The non-loaded sample 
exhibits higher lattice parameters, i.e., a, c, and volume, at the metal/-
oxide interface compared to the crept samples. As for the oxygen dis-
tribution, the curvature of the crystallographic parameter profiles 
decreases with the application of the external loading. A linear relation 
between local oxygen content and a & c lattice parameters (Vegard’s 
law) did not to reproduce the measured evolutions, contrary to evolu-
tions reported in Ref. [17] (Fig. 3 (a) and (b)). 

The different complementary analyses evidenced a decrease in oxy-
gen content and lattice parameter values at the metal/oxide interface 
under stress associated with a modification of oxygen and lattice pa-
rameters profile curvature. Furthermore, the presence of nitrogen in the 
vicinity of or at the metal/oxide interface was also evidenced and 
affected by the external load. Dapp values for unloaded sample obtained 
from both techniques are in agreement with literature [2,6,24,28]. 
Differences in diffusion coefficients with load increase shown in the 
present paper is with the scatter reported in the open literature. 
Considering this scattering, it is difficult to conclude on loading effect on 
oxygen profile. We investigated the influence of local α-cells orientation 
on lattice expansion by partially integrating Debye-Scherrer rings (see 
Figs. 2 and 4 (a)) to complete Rietveld method. From the best of the 
authors’ knowledge, such an approach was never reported to study 
α-titanium cells expansion within ORL. α-lattice parameter values were 
calculated using {0002} (resp. {1010}) position for c (resp. a) parameter 
and Bragg relationship using the peak by peak method [29]. This 
method allows us to study the orientation influence on α-cell expansion 
by considering particular α-cell population as only one diffraction peak 

is used for lattice calculations contrary to Rietveld method’s, which is an 
“average” analysis as all peaks are considered. Two α-cell populations 
are studied: α cells with c axis nearly parallel (1) and perpendicular (2) 
to the metal/oxide interface, i.e., the loading direction. The results of the 
peak by peak method is illustrated in Fig. 4 (a) and (b) for the unloaded 
sample and highlights that the Rietveld results are included between the 
two considered populations. The maximum values of lattice parameters 
at the metal/oxide interface and the shape of their profile were found to 
be sensitive to the considered populations. 

For unloaded sample, the expansion on the a and c axis seems easier 
if those directions are parallel to the interface metal/oxide, see Fig. 4 (a) 
and (b). This observation is also testable for loaded samples. Interest-
ingly, the load application leads to a decreased expansion on both di-
rections a and c if those directions are close to the parallel to the loading 
direction (see Fig. 4 (c) & (f)). If the directions a and c are close to the 
perpendicular to the loading direction, application of 70 MPa leads to a 
greater expansion on both directions (see Fig. 4 (d) & (e)). These results 
deserve more investigations but demonstrate the influence of local 
texture, and thus local crystallographic orientation, for determining 
diffusion coefficients. With these new considerations, the loading in-
fluence on the lattice parameter gradient within ORL remains difficult to 
assess. This relative influence may be explained by the low applied 
loads. Regarding α-cell expansion with oxygen [16,27,30] and nitrogen 
[31] content in literature, we observe that both parameters a and c
obtained with Rietveld method vary slightly in this study compared to
local oxygen content.

The various analyses carried out seem to highlight two effects never 
observed for such moderate applied stresses (25-70 MPa). External 
loading had a concomitant effect on (i) the oxygen and nitrogen con-
centrations at the metal/oxide interface and (ii) the shape of the diffu-
sion profile and extension of the ORL due to a larger apparent diffusion 
coefficient. It is not currently possible to dissociate the relative contri-
butions of the apparent diffusion coefficient and of the nitrogen segre-
gation on the oxygen concentration at the metal/oxide interface. Fig. 5 is 
a schematic illustration of the qualitative contribution of applied 
loading on the stress and oxygen distribution in the ORL due to the 
concomitant action of the elastic gradient JO−Mechan and of the oxygen 

Fig. 3. Variation of the lattice parameters of the α-titanium phase as a function of the metal/oxide interface: a (a), c (b), c/a ratio (c) and, volume (d).  



flux JO-Chem. For the first effect, we only focus on the elastic mechanical 
contribution. In the presence of an external stress, the hydrostatic stress 
influence the global equilibrium, as reported for hydrogen diffusion in 
stressed zirconium [32]. The increase of oxygen content in titanium is 
known to increase Young Modulus E values, as reported by Baillieux 
[33]. In ORL, this leads to a Young Modulus and stress gradients induced 
by a core-shell effect, as illustrated in Fig. 5 (a). This core-shell effect will 

progressively unload the sample core with a growing ORL. An additional 
contribution due to the elastic gradient JO−Mechan can be added in the 
Fick’s law. Qualitatively, this additional contribution leads to a decrease 
of the oxygen profile curvature as illustrated in Fig. 5 (b) and then to an 
increase of Dapp and to a decrease of Cs with increased exposure time. 
The dissolved nitrogen or nitrides formation under the oxide scale will 
only influence Cs (see Fig. 5 (b)). 

Fig. 4. Comparison of peak by peak and Rietveld methods on parameters a (a) and c (b) for unloaded sample. Influence of tensile stress on peak by peak results 
considering different α-cell populations for parameters a (c & e) and c (d & f). 

Fig. 5. Schematic illustration of oxygen profile, elastic energy U, Young modulus E and stress level σ within ORL (a) and how oxygen profile can be influenced by 
nitrogen presence and/or load application (b). 



To summarize, this study highlights the effects of a moderate load on
the diffusion of O within Ti with (i) a decrease of the oxygen concen-
tration at the metal/oxide interface due to nitrogen segregation and/or 
nitride formation, (ii) a modification of the shape of the oxygen and 
lattice parameters (a & c) profiles due to a larger effective diffusion 
coefficient value under moderate loading, and (iii) an anisotropic evo-
lution of the lattice parameters (orientation of α-titanium cells regarding 
the metal/oxide interface). 
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[18] N. Vaché, D. Monceau, Oxygen diffusion modeling in titanium alloys: new 
elements on the analysis of microhardness profiles, Oxid. Met. 93 (2020) 215–227. 

[19] J. Baillieux, D. Poquillon, B. Malard, Observation using synchrotron X-ray 
diffraction of the crystallographic evolution of α-titanium after oxygen diffusion, 
Philos. Mag. Lett. 95 (2015) 245–252. 

[20] Y.T. Lee, G. Welsch, Young’s modulus and damping of Ti6Al4V alloy as a function 
of heat treatment and oxygen concentration, Mater. Sci. Eng. A 128 (1990) 77–89. 

[21] Y. Zhang, G.R. Ma, X.C. Zhang, S. Li, S.T. Tu, Thermal oxidation of Ti-6Al–4V alloy 
and pure titanium under external bending strain: experiment and modelling, 
Corros. Sci. 122 (2017) 61–73. 
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[30] J.L. Murray, H.A. Wriedt, The O-Ti (Oxygen-Titanium) system, J. Phase Equilibria 
8 (1987) 148–165. 

[31] H.A. Wriedt, J.L. Murray, The N-Ti (Nitrogen-Titanium) system, Bull. Alloy Phase 
Diagrams 8 (1987) 378–388. 

[32] A.T. Motta, L. Capolungo, L. Chen, M. Nedim, M.R. Daymond, D.A. Koss, 
E. Lacroix, G. Pastore, A. Simon, M.R. Tonks, B.D. Wirth, M.A. Zikry, Hydrogen in 
zirconium alloys: A review 518 (2019) 440–460. 

[33] J. Baillieux, Effets De l’oxydation sur le Comportement Mécanique de Structures 
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