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H I G H L I G H T S

∙ Improved correlative mechanical mi-

croscopy in O-graded Ti using wedge-cut 

sample compared to conventional cross-

section samples.

∙ Better identification of the spatial depen-

dence of the Young’s modulus in Ti-O 

system.

∙ The anisotropic elastic response of ag-

gregates with different sets of crystallo-

graphic orientations and ORL extensions 

was evaluated using finite element sim-

ulations.

∙ Short oxidation exposure is detrimental 

for the mechanical integrity of oxidized 

Ti-alloys due to greater average stresses 

but also maximal values.

∙ Adherent TiO 2 

oxide induced greater but 

more homogeneous stress concentration 

at the metal/oxide interface under a 

given pre-oxidation condition.
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A B S T R A C T

High-speed nanoindentation mapping (HSNM), electron backscatter diffraction (EBSD), electron microprobe anal-

yses (EPMA), and high resolution – microscale laser induced breakdown spectroscopy (HR–µLIBS), were used to 

characterize the evolution of the elastic anisotropy of a commercially pure titanium (CP-Ti) having a gradient of 

oxygen concentration. CP-Ti samples were pre-oxidized in air at 655 

◦ C for 120 h to create a 35 µm-deep gradi-

ent of oxygen within Ti, the oxygen-rich layer (ORL). Wedge-cut samples were prepared to spread the ORL over 

hundreds of micrometers instead of tens of micrometers for cross-sections. EPMA and HR–µLIBS were used to 

quantify the oxygen distribution within the ORL in a relative and absolute manner, respectively. The Vlassak-Nix 

theory was used for inverse identification of the stiffness matrix terms as a function of the oxygen content. The 

stiffness matrix as a function of the oxygen concentration was used to simulate the stress–strain distribution at
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the sub-grain level in the ORL under tensile macroscopic loading. Configurations with and without external oxide 

were numerically tested to investigate the role of the oxide layer on the stress distribution within the ORL as well 

as the crystallographic texture.

1. Introduction

Titanium and its alloys are highly valued metallic materials in in-

dustry due to their superior specific properties such as low density, 

high mechanical strength, good corrosion resistance and their ability to 

maintain their properties at high temperatures. For these reasons, they 

are widely used for manufacturing aircraft structures, engines and crit-

ical components [1,2]. They are also used in the biomedical industry, 

especially for bone implants and medical devices due to their biocom-

patibility and corrosion resistance [3,4]. In the energy field, titanium is 

used in nuclear reactors, geothermal pipes and secondary circuits of heat 

exchangers due to its corrosion and erosion resistance [5]. However, 

titanium and its alloys have a significant drawback: their ability to cap-

ture and dissolve oxygen, making them particularly sensitive to oxygen 

embrittlement. Upon contact with oxygen in air or water, a passive ox-

ide layer, mainly titanium dioxide (TiO 2 

), forms immediately on the 

surface. In high-temperature applications, oxygen can also dissolve in 

the titanium metal and form a hard and brittle oxygen-rich zone be-

neath the external oxide layer, the so-called oxygen-rich layer (ORL) [6]. 

Oxygen dissolution depends on the allotropic version of titanium, i.e., 

the 𝛼-hexagonal close-packed (HCP) - titanium (Ti) or 𝛽-face centered 

cubic (FCC) - titanium (Ti) [7,8]. For given temperature and exposure 

conditions, the ORL can lead to the formation of an 𝛼-rich layer at the 

extreme surface, the so-called 𝛼-case layer. The brittle character of the 

ORL is yet important regardless of the presence or not of the 𝛼-case layer. 

Therefore, investigation of oxygen ingress and its impact on the mechan-

ical integrity of titanium alloys is of prime interest for high-temperature 

applications where oxygen ingress is a concern.

Titanium oxidation changes mainly as a function of the temperature 

and the environment in which it evolves. At high temperature, i.e., tem-

peratures approaching 500 

◦ C – 600 

◦ C, the oxidation rate of titanium 

follows a parabolic law due to the formation of a compact oxide layer 

of TiO 2 

and oxygen ingress in the early stage of oxidation. After a brief 

period, the oxidation behavior deviates from the parabolic regime and is 

generally followed by a higher oxidation rate (pseudo-linear kinetics), as 

a result of the loss of the oxide protective barrier. The oxide layer repeat-

edly spalls off as it approaches a critical thickness due to growth stresses 

and/or thermal stresses caused by cyclic oxidation. At temperatures be-

tween 650 

◦ C and 700 

◦ C, the oxide layer becomes thicker and oxygen 

diffusion into titanium is more significant [9]. As far as the oxygen dis-

solution is concerned, it is typically assumed that the solubility limit of 

oxygen into titanium can reach up to 33 at% solubility in 𝛼-Ti for temper-

atures close to 650 

◦ C [8,10]. However, in the case of high-temperature 

oxidation, the oxygen concentration at the metal/oxide interface is vari-

able in literature [11–13]. This interfacial concentration, ranging from 

12 to 25 at% depending on the exposure temperature and duration, does 

not reach the maximal solubility limit of O within Ti. It is also worth re-

minding that the solubility limit of oxygen within the 𝛽-Ti phase is much 

lower (8 at%) than within the 𝛼 and can lead to heterogeneous oxygen 

distribution in the two-phase titanium alloys. Diffusion of oxygen atoms 

into 𝛼-titanium occurs preferentially through the octahedral sites of the 

hexagonal lattice, allowing oxygen insertion. Energy barriers to enable 

oxygen mobility inside the 𝛼-Ti lattice are grain-orientation dependent 

but also chemically dependent due to attractive/repulsive interactions 

between atoms [14,15]. Nitrogen and the formation of particular ni-

trides can also modify the progressive ingress of O within Ti [16–20]. All 

these aspects can make oxygen distribution particularly heterogeneous 

at the microstructure scale. However, Magazzeni et al. [21] reported a 

homogeneous distribution of O within Ti at the microstructure scale for a 

grade 2 commercially pure titanium (CP-Ti) after high temperature oxi-

dation using microprobe analyses (EPMA). Furthermore, the anisotropic

and heterogeneous oxygen diffusion of O within Ti is generally neglected 

in the literature and 1-dimensional diffusion profiles are used to quantify 

oxygen diffusion within Ti [22].

Oxygen insertion in titanium has a significant impact on the me-

chanical properties of titanium. Its insertion in octahedral sites leads 

to an increase in lattice volume with a greater increase in the c-axis 

direction relative to the a-axis one (by a factor of 2) [23,24]. This 

anisotropic lattice expansion also impairs the dislocation mobility and 

binding energy, thus modifying the deformation behavior [25–27]. The 

evolution of the mechanical properties of titanium as a function of the 

oxygen content has been widely investigated at low oxygen concentra-

tions using bulk materials with homogeneous oxygen contents [27–30]. 

More recently, micromechanical approaches aimed at characterizing the 

effect of greater oxygen contents on the mechanical properties of ti-

tanium at the ORL scale. This zone, particularly rich in oxygen at the 

metal/oxide interface, presents a gradient of oxygen concentration and 

can extend up to ten times the thickness of the oxide layer. The ORL 

plays a crucial role in the mechanical behavior and integrity of oxi-

dized titanium components, especially under cyclic conditions [31–33]. 

Understanding and predicting the mechanical behavior of the ORL as 

a function of the local oxygen content is a central question to con-

sider the mechanical integrity and sensitivity to oxygen embrittlement 

as a function of temperature, time, and applied stress. To investigate 

this phenomenon, Sirvin et al. [34,35] used an innovative approach: 

microtensile tests on pre-oxidized ultrathin samples of varying thick-

nesses, where the samples were subjected to pre-oxidation treatments at 

700 

◦ C for different durations, thus creating specimens with various ra-

tios between ORL and the non-affected material (NAM). This approach 

enabled to demonstrate the competition between strengthening effects 

due to oxygen enrichment and the development of early damage/crack-

ing in the peripheral material. Strain-to-fracture considerably decreased 

with increasing oxidation time, illustrating the embrittling effect of oxy-

gen. Furthermore, Oh et al. [36] reported that the elongation of the 

CP-Ti considerably decreased as the oxygen concentration increased, 

where the measured elongation values of the CP-Ti ingots were 18.2 %, 

13.1 %, 10.3 % and 7.2 % for oxygen concentrations varying from 

1310 ppm, 1880 ppm, 2830 ppm to 3510 ppm, respectively. Indeed, 

while most results in the literature follow a linear trend, showing a 

progressive and significant decrease in strain-to-failure with the addi-

tion of oxygen, Amann et al. [30] observed an appreciable ductility 

(around 30 %) up to 0.6 wt %, then a sharp drop beyond this value. 

They attributed the high elongation to the presence of Ti 6 

O precipitates, 

which in turn may play a major role in maintaining elongation-to-

fracture despite high concentrations of oxygen, as also confirmed by Sun 

et al. [37] and Wasz et al. [38]. However, oxygen concentration within 

the ORL can reach much greater oxygen concentration in the vicinity 

of the metal/oxide interface and the fabrication and mechanical testing 

of bulk titanium materials with homogeneous and high concentrations 

of oxygen is a challenge. Therefore, micromechanical approaches, in-

cluding nanoindentation, aimed to assess local mechanical within the 

ORL, the extension of the ORL being sometimes a challenge for fur-

ther statistical testing based on the tens-of-micrometer affected depth. 

While microhardness and nanoindentation are adopted techniques for 

decades to document the strengthening effect of oxygen within the ORL, 

only one-dimensional profiles, similar to EPMA results reported in the 

literature, are generally proposed [28,29,31–33,39–44]. However, de-

velopments in single indentation and nanoindentation mapping aimed 

at dissociating the hardness response as a function of the crystal ori-

entation for CP-Ti materials [21,45–53]. Indeed, grains with the c-axis 

direction perpendicular to the nanoindentation direction exhibit a nearly
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40 %–70 % softer hardness than grains with the c-axis direction paral-

lel to the nanoindentation direction. Similar trends were also observed 

for the evolution of directional elastic properties, despite more compli-

cated to obtain based on the low elastic anisotropy of CP-Ti materials. 

Highly resolved nanoindentation mapping aimed at documenting the 

evolution of the hardness response as a function of the grain orienta-

tion and oxygen uptake within the ORL [21,53]. As far as the evolution 

of the anisotropic elastic response as a function of the oxygen content 

is concerned, a recent work used inverse identification methods based 

on the Vlassak and Nix model [54,55] to assess the evolution of the 

stiffness matrix as a function of the oxygen concentration [53]. In this 

paper, nanoindentation was performed on a pre-oxidized specimen on 

cross-section plane, the ORL extending over 45 µm in depth. Based on 

the spatial resolution of high speed nanoindentation mapping (HSNM) 

and potential size effects, the step size between measurements limited 

the evaluation of mechanical properties for a given oxygen content in 

the oxygen-very rich layer due to sharp oxygen variations over microm-

eters near the metal/oxide interface. However, the authors evidenced 

a severe increase in elastic anisotropy with the oxygen content, with a 

particular increase of the stiffness along the c-axis direction of the hexag-

onal crystal due to oxygen insertion in octahedral sites (1.4 at 0.05 at% 

compared to 2.1 at 20.0 at%). Therefore, the present paper intends 

to enhance the HSNM response of pre-oxidized CP-Ti specimens us-

ing wedge-cut preparation to spread the tens-of-micrometers deep ORL 

over hundreds-of-micrometers region of interest to increase both spatial 

resolution and statistical analyses. Knowledge of the elastic anisotropy 

and global property evolution is highly important in property-graded 

materials to better understand and evaluate internal stress–strain distri-

bution due to the heterogeneous mechanical response of polycrystalline 

aggregates.

In this paper, a method for characterizing pre-oxidized titanium 

using wedge-cut polishing has been developed, combining crystallo-

graphic information from electron backscattered diffraction (EBSD), 

chemical data from electron beam microanalysis (EPMA) and high reso-

lution – microscale laser induced breakdown spectroscopy (HR–µLIBS), 

and mechanical property data from high speed nanoindentation map-

ping (HSNM). The wedge-cut polishing technique was purposely used 

to spread the tens-of-micrometer deep gradient of oxygen over hun-

dreds of micrometers to allow for a more precise characterization of 

the oxygen-rich layer (ORL) using HSNM, EBSD, EPMA and HR–µLIBS. 

The evolution of the elastic properties at the sub-grain level was thus 

investigated as a function of the local crystallographic orientation and 

the oxygen concentration. The identification of the stiffness matrix as a 

function of the oxygen concentration was revised from Ref. [53] based 

on the more appropriate spatial resolution of the wedge-cut preparation. 

The revised stiffness matrix was used to simulate the stress–strain distri-

bution at the sub-grain level within the ORL under tensile macroscopic 

load, to study the local stress distribution from surface to metal core as a 

function of oxygen ingress within the framework of linear elasticity. The 

effects of both the ORL extension and grain size on the elastic response 

of polycrystalline aggregates were investigated using the finite element 

method.

2. Material and experimental methods 

2.1. Material and sample preparation

The material used in this study was a 1.8 mm-thick rolled plate of 

grade 2 CP-Ti with a nominal composition of Ti-0.14% O-0.07% Fe 

0.0% N-0.0% C (wt %) provided by Nippon Steel and Sumitomo Metal 

Corp. Samples with dimensions of 19 × 5 × 1.8 mm 

3 were extracted 

from the plate. The geometry of the sample and direction related to the 

rolling process are depicted in Fig. 1(a): the rolling direction (RD), the 

long transverse direction (LTD), and the short transverse direction (STD) 

corresponding to the specimen thickness direction (also called ND for 

normal direction in the literature). The initial material has an 𝛼-phase 

equiaxed-grain microstructure and an average grain size of 20 ± 5 µm.

Samples were then vacuum annealed at 855 

◦ C for 24 hours for grain 

growth and producing an equiaxed-grain microstructure with a larger 

grain size of 90 ± 5 µm. The microstructure of the as-received and 

heat-treated samples are presented in Fig. 1(b) and (c), respectively, 

using grain orientation modality (EBSD maps using inverse pole figure 

in reference to the LTD direction). This direction was chosen for fur-

ther oxidation and nanoindentation purposes based on the lower texture 

level compared to the other rolling process directions, as reported in a 

preliminary work [53].

The heat-treated sample was then cross-sectioned to oxidize the RD-

STD face, to further probe the sample along the LTD direction with 

nanoindentation. A particular care was taken during cross-section prepa-

ration. The sample was bonded on both sides by sacrificial samples to 

avoid edge effects during polishing (Step 1). The sample was then pol-

ished using SiC papers ranging from P600 to P4000. Both sacrificial 

materials were removed before cleaning. Using an ultrasonic bath, the 

sample was cleaned for 15 min in acetone, then in ethanol, before high 

temperature oxidation in air at 655 

◦ C for 120 h, with the face of interest, 

i.e., the RD-STD face facing the air (Step 2).

After oxidation, the sample was prepared using wedge-cut method 

to spread the tens-of-micrometer gradient of oxygen in depth over hun-

dreds of micrometers. This method consisted of imposing a controlled 

tilt of 1.5 

◦ using a 500 µm spacer during precision cutting. Again, the 

oxidized sample was bonded between two sacrificial materials (using 

cyanoacrylate glue) before cutting to further limit edge effects dur-

ing polishing in Fig. 2). The back of the sample was then cut using a 

precision-cutting machine. The sample was glued onto a rectified glass 

support with sacrificial materials for stability during precision polish-

ing [56] (Step 3). The polishing step with the precision Jig aimed to 

ensure a good control of the sample parallelism, with SiC paper starting 

from P1200 to P4000, finishing with colloidal silica of 0.05 µm to ob-

tain a mirror surface (Step 4). The final surface obtained is in the form 

of an inclined part containing the oxide and a flat face (area of interest) 

containing at the same time the oxide, the oxygen-enriched zone and 

the metal core (CP-Ti material in gray in the Step 4 in Fig. 2).

2.2. Distance from the metal/oxide interface using laser scanning confocal

microscopy (LSCM)

Laser scanning confocal microscopy was used to assess the to-

pography of the wedge-cut sample to evaluate the distance from 

the metal/oxide interface on the polished surface. A LEXT Olympus 

OLS5100 (now EVIDENT) equipped with a 405 nm wavelength 

laser was used. Topographic measurements were performed using an 

MPLAPON20XLEXT lens in stitching mode to achieve a good compro-

mise in terms of spatial resolution and height variation sensitivity. 

Gwyddion software was then used for raw data reading and post-

treatment for the surface flatness correction [57]. The external surface 

with the oxide scale was considered flat and at 0 altitude to further con-

sider each height as the distance from the metal/oxide interface (the 

height offset was also corrected from surface and optical observations).

2.3. Electron backscatter diffraction (EBSD)

The sample was then analyzed using a JEOL JSM 7100F scan-

ning electron microscope (SEM) equipped with a Symmetry S2 electron 

backscatter diffraction (EBSD) CMOS detector (Oxford Instruments) to 

assess the local crystallographic orientation of each grain present on the 

wedge-cut. Further post-processing of EBSD data was done using the 

MTex [58] and the open-source Pymicro library 

1 for further correlative 

mechanical microscopy. The declination angle, ◦ /, was considered for 

further analyses and represents the angle between the normal direction 

to the surface and the c-axis of the 𝛼-Ti lattice.

1 https://github.com/heprom/pymicro. [59]
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Fig. 1. Commercially pure titanium (CP-Ti) material: (a) sample geometry (dimensions are in mm), (c) EBSD map of the as-received sample with the IPF in reference 

to LTD (grain size ≃ 20 ± 5 µm), (c) EBSD map of the heat-treated sample with the IPF in reference to LTD (grain size ≃ 90 ± 5 µm).

Fig. 2. Wedge-cut preparation procedure of the pre-oxidized CP-Ti sample.

2.4. Oxygen profile using microprobe analysis (EPMA)

Electron Probe Micro-Analyzer (EPMA) was used to determine the 

local chemical composition of the pre-oxidized CP-Ti material on the 

wedge-cut surface. Analyses were performed on a CAMECA SX FIVE 

FE microprobe (FEG source) at an accelerating voltage of 10 kV and 

40 nA for the beam current with a dwell time of 2 seconds per spot. A 

regular square-grid with a pitch of 6 µm was performed. Different stan-

dards were used for quantitative measurements: Fe 2 

O 3 

for O-K 𝛼 

and

Fe-K 𝛼 

, TiO for Ti-K 𝛼 

and wollastonite for Si-K 𝛼 

. A particular attention

was paid to the specimen preparation to limit edge blunting and the 

formation of the native TiO 2 

[60]. After polishing and cleaning (ace-

tone then ethanol ultrasound cleaning), the sample was coated with a 

thin carbon layer then stored in a vacuum chamber (10 

−5 mbar) before 

EPMA analyses. Due to passivation of titanium at room temperature, 

the oxygen content was measured relative to a reference state, i.e., the 

non-oxidation affected material. Spectrum subtraction of the oxygen in-

tensity (5 measurements in the bulk) was applied to the whole oxygen 

profile for correction. Therefore, the oxygen content presented using 

EPMA in the paper does not correspond to the absolute oxygen con-

tent, but the oxygen uptake due to oxygen dissolution during oxidation, 

and is denoted Δ[O]. 200 oxygen concentration profiles were acquired 

on the wedge-cut sample to assess the oxygen distribution using EPMA 

analysis.

2.5. Oxygen profile using high resolution-laser induced breakdown

spectroscopy at the microscale (HR–µLIBS)

Oxygen characterization profiles using high resolution-laser induced 

breakdown spectroscopy at the microscale (HR–µLIBS) were performed 

using the l-HMA Pro by Lasalys measuring instrument. After the EPMA 

analysis, the surface of the wedge-cut sample was smoothly refreshed 

using colloidal silica 0.05 µm polishing then cleaning using abundant 

water, then ethanol cleaning in ultrasound bath. The energy source was 

a 20 Hz pulsed laser, with each shot corresponding to a measurement, 

providing concentration information at the microscale. Oxygen charac-

terization was carried out at a laser energy of 7.5 µJ, with a step size of 

3 µm and a wavelength of 777.3 nm. Each crater had approximately a 

diameter and depth of 2.5 µm. The wedge-cut sample was mounted in 

cold-low shrinkage epoxy after nanoindentation and slightly polished to 

remove the nanoindentation imprints (200–300 nm material based on 

larger imprints for positioning). The sample surface was prepared for 

a mirror-polished surface finish. The measurement rate was of 20 mea-

surements per second, including stage displacement operations. External 

standards with homogeneous but different and known oxygen contents 

were used to calibrate the intensity as a function of the oxygen con-

tent. Low-oxygen certified standards used in the present calibration have 

an oxygen concentration of 450, 1300, 1790, 2460 and 3650 ppm wt. 

(i.e., 0.13, 0.39, 0.53, 0.73 and 1.08 at. % of O, provided by TECHLAB,

Materials & Design 259 (2025) 114801 
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Table 1 

Nanoindentation parameters in CSM mode and displacement control mode.

Parameters O-graded Ti (treated at 855 

◦ C) 

Array size (µm 

2 ) 1300 × 2680 

Step size (µm) 5 × 5, 5 × 4, 5 × 3, 5 × 2.5, 5 × 2 

Array size (indent 2 ) 260 × 300, 260 × 150, 260 × 150, 260 × 280 

Max depth (nm) 100 

Load rate (nm⋅s 

-1 ) 50 

CSM frequency (Hz) 70 

Displacement amplitude (nm) 3 

Stiffness (kN⋅mm 

-1 ) 20,000

France). Titanium samples richer in oxygen were sintered at CIRIMAT 

Laboratory by Gautier et al. [61] and have an oxygen concentration of 

1,9000 , 46,000 and 139,000 ppm wt. (i.e., 5.48, 12.61, and 32.57 at. % 

of O). Each standard was measured using a 50 × 50 measurement grid, 

i.e., 2500 shots with the same parameters than the profiles.

2.6. Mechanical characterization

In this work, high speed nanoindentation mapping (HSNM) was 

performed with a customed FT-I04 nanoindentation system from 

Femtotools 

AG , equipped with a diamond Berkovich tip (the calibration 

of the diamond Berkovich tip was done on fused silica using the continu-

ous stiffness measurement (CSM) technique in displacement-controlled 

mode and stable values of E R 

and H for the fused silica ranged from 

20 to 160 nm [53]) and a 20 mN load cell with a position noise floor ± 

0.05 nm and a load noise of ± 0.05 µN (MEMS sensor). Nanoindentation 

tests were performed in CSM mode, with a constant displacement rate. 

This mode allows the stiffness S to be continuously recorded during the 

penetration of the indenter. The hardness H and the reduced modulus 

E R were thus determined as a function of the penetration depth. The 

nanoindentation tests were performed at room temperature. The pitch 

between the different indentations was adapted based on the local oxy-

gen content, the slope of the oxygen profile being steeper close to the 

metal/oxide interface. Therefore, the pitch between the indentations 

was refined close to the metal/oxide interface (5 × 2 µm, 2 µm being 

along the oxygen ingress direction) and progressively larger in the ma-

terial bulk (5 × 5 µm). This reduction in the distance of steps was for the 

purpose of extracting more data on mechanical local properties as a func-

tion of the local oxygen content for correlative mechanical microscopy. 

The nanoindentation maps were then interpolated at 1 µm in each di-

rection using linear interpolation for visualization purposes and data 

merging for alignment. Raw data were used for correlative mechanical 

microscopy. The nanoindentation parameters for each nanoindentation 

map are reported in Table 1.

3. Experimental results

3.1. Measurement of the distance to the metal/oxide interface on the 

wedge-cut sample

Topographic measurements were first performed on the wedge-cut 

sample using LSCM to accurately establish a relationship between the 

in-plane spatial position of the wedge-cut surface and the distance to the 

metal/oxide interface in depth. The optical image of the wedge-cut sam-

ple is shown in Fig. 3(a), the white dashed rectangle corresponding to 

the further region of interest for the correlative mechanical microscopy 

analysis. The rotation-corrected height map is depicted in Fig. 3(b). The 

corrected height profile is also illustrated to visualize the applied rota-

tion (Fig. 3(c)). A sixth degree polynomial law was fitted in the region 

of interest to quantitatively determine the distance to the metal/ox-

ide interface as a function of the distance on the wedge-cut surface 

for chemical profile analyses. The rotation-corrected height map was 

used for further inverse identification of the elastic stiffness matrix using 

correlative mechanical microscopy.

Fig. 3. Optical observation and height map obtained using the LSCM: (a) Optical 

micrograph of the sample. The further region of interest (ROI) is marked 

with a white rectangular dashed contour, (b) Rotation-corrected height map, 

(c) Rotation-corrected height profile along the sample.

Fig. 4. Oxygen profile in a CP-Ti material after 655 

◦ C – 120 h exposure assessed 

by EPMA and HR-µLIBS and associated erf function fitting of the second Fick’s 

law.

3.2. Measurement of the oxygen profile

Both EPMA and HR-µLIBS techniques were used to assess the oxy-

gen distribution within the ORL on the wedge-cut surface. Oxygen 

profiles were registered with the rotation-corrected height map to es-

tablish a relationship between the oxygen content and the distance to 

the metal/oxide interface (see Fig. 4). It is worth mentioning that EPMA 

measurements are probing the oxygen content relative to the bulk con-

centration while the HR-µLIBS measurements provide absolute oxygen 

contents. 200 profiles were averaged for each measurement technique 

to describe the oxygen profile within the ORL. Diffusion profile results 

assessed by EPMA and HR-µLIBS are in very good agreement, validat-

ing both the techniques. The motivation was to identify both the oxygen 

concentration at the metal/oxide interface [𝑂]𝑠 and the  

 

coefficient of

diffusion of O within Ti 𝐷 

𝑇 𝑖.𝑂  

 

Since the sample was thick enough (few millimeters) compared to the 

extension of the ORL (tens of micrometers), the semi-infinite medium 

approximation can be considered. Equation related to the Fick’s law 

equation was used to identify the change in oxygen concentration over 

time and depth due to solid-state diffusion [62]:

𝜕𝑐 𝑖
𝜕𝑡

= 𝐷 

𝜕 

2 𝑐 𝑖

𝜕𝑥 

2
(1)
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Fig. 5. Correlative mechanical microscopy applied to the heat-treated specimen at 855 

◦ C : (a) BSE map, (b) Height map obtained by LSCM after rotation-correction, 

(c) Declination angle variation, (d) Elastic modulus variation, (e) Oxygen concentration variation computed from the height map.

where c i 

is the concentration of the species i, D is the diffusion coeffi-

cient, t is time, and x is the distance to the metal/oxide interface. This 

law is used to explicitly identify the isotropic diffusion of oxygen in CP-Ti 

as a function of oxidation time, based on the experimentally identified 

diffusion profiles. In the case of diffusion in a semi-infinite solid, the 

oxygen distribution follows an erf-like function derived from Fick’s law, 

as described in Eq. (2):

[𝑂] 𝑥 − [𝑂] 0
[𝑂] 𝑠 − [𝑂] 0

=
Δ[𝑂] 𝑥
Δ[𝑂] 𝑚𝑎𝑥

= 1 − 𝑒𝑟𝑓 ( 

𝑥
√

4 ⋅ 𝐷 

𝑇 𝑖
𝑂 ⋅ 𝑡

) (2)

with a constant oxygen concentration at the metal/oxide interface [𝑂] 𝑠 

, 

a diffusion coefficient of O within  

 Ti 𝐷 

𝑇 𝑖 independent𝑂  of concentration 

and position, [𝑂] is the concentration of oxygen diffused at the𝑥   po-

sition 𝑥 after the time 𝑡, and [𝑂]0 is the oxygen concentration in the 

 

core of the sample, i.e., the non-affected material. The maximal oxygen 

variation Δ[𝑂] was considered here for direct comparison𝑚𝑎𝑥   between 

relative oxygen concentration using EPMA or absolute oxygen concen-

tration using HR-µLIBS. 𝐷 

𝑇 𝑖 and [ ]𝑂 𝑂 𝑠  

have been determined from EPMA

and HR-µLIBS -16 2 -1 

 (𝐷𝑇 𝑖= 1.9 ⋅10 m𝑂   .s and Δ[O] max= 11.5 at. %). 
 

[𝑂] 0 

was measured HR-µLIBS (0.17 ± 0.09 at. %). The oxygen concentration 

at the metal/oxide interface is relatively low compared to the solubility 

limit (33 at% of O within Ti [8]) or the existing literature [11,13,35,63]. 

This point is further discussed in the manuscript.

3.2.1. Grain orientation and correlative mechanical microscopy

EBSD characterizations were conducted prior to high speed nanoin-

dentation mapping (HSNM) to inform the local orientation of the grains 

in the region of interest on the wedge-cut surface. The declination angle 

is used here as the grain orientation descriptor (see Fig. 5)(c)). HSNM 

was then performed in order to determine the elastic anisotropy and its 

evolution as a function of the oxygen content through the reduced mod-

ulus modality. The individual response of the grains is clearly evidenced 

in Fig. 5(d), grains with a low declination angle have a much stiffer re-

sponse at a given oxygen level. Based on the identified one-dimension 

diffusion profile, the sample topography of the wedge-cut sample us-

ing LSCM, the EBSD and HSNM maps, it is possible to register all the 

modalities in the HSNM modality (polynomial non-rigid registration) 

for multimodal correlative mechanical microscopy.

Table 2 

Previous and revised sets of 𝐶 𝑖𝑗 

terms as a function of the oxygen concen-

tration.

𝐶 𝑖𝑗 (GPa) Previous parameters [53] Revised parameters (This study)

𝐶 11 162.2 (1+0.0645Δ[𝑂] 

0.45 ) 159.0 (1+0.055Δ[𝑂] 

0.75)

𝐶 12 91.8 (1+0.04Δ[𝑂] 

0.65) 88.5 (1+0.042Δ[𝑂] 

0.75)

𝐶 13 68.8 (1+0.07Δ[𝑂] 

0.65) 70.0 (1+0.060Δ[𝑂] 

0.75)

𝐶 33 180.5 (1+0.055Δ[𝑂] 

0.9 ) 198.0 (1+0.036Δ[𝑂] 

1.0)

𝐶 44 46.7 (1+0.15Δ[𝑂] 

0.65) 48.2 (1+0.095Δ[𝑂] 

0.75)

𝐶 66 0.5 (𝐶 11 

-𝐶 12 

) 0.5 (𝐶 11 

-𝐶 12 

)

As for Ref. [53], the Vlassak and Nix model [54,55] was used to assess 

the evolution of the stiffness matrix as a function of the oxygen con-

centration based on the much more detailed and informative database 

obtained on the wedge-cut pre-oxidized sample. Identification of the 𝐶 𝑖𝑗 

terms as a function of the oxygen concentration was revised compared 

to Ref. [53]. Previous and revised sets of 𝐶 𝑖𝑗 

terms are summarized in 

Table 2.

The spatial dependence of the Young’s modulus as a function of 

the oxygen concentration is illustrated in Fig. 6 in 2D and Fig. 7 in 

3D for oxygen concentrations ranging between 0 at. % and 12 at. % 

based on the experimental oxygen profile characterization. The increase 

in elastic anisotropy, especially along the 𝑐-axis direction is still valid 

with the new set of 𝐶 𝑖𝑗 

parameters (Table 3). However, the evolution 

from the ovoid-shape function to the peanut-shape function is modi-

fied with the revised set of stiffness matrix terms when increasing the 

oxygen content (Fig. 7). The ovoid-shape function is more and more 

elongated along the 𝑎- and 𝑐-axis directions, but with a greater influ-

ence on the latter direction. Based on the isotropic transverse behavior 

of the spatial dependence of the Young’s modulus, the representation 

of the spatial dependence of the Young’s modulus in the 𝑐-/𝑎-direction 

plane is sufficient. Therefore, the spatial dependence of the Young’s 

modulus was thus depicted as a function of the oxygen concentra-

tion for the previous and new set of stiffness matrix parameters for 

direct and quantitative comparisons. While the evolution of the direc-

tional Young’s modulus along the 𝑐-direction is very similar for both 

stiffness matrices, the evolution of the directional Young’s modulus 

along the 𝑎-direction is prevalent for the new set of 𝐶 𝑖𝑗 

parameters

(Fig. 6).
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Fig. 6. Evolution of the spatial dependence of the Young’s modulus (in GPa) in two dimensions (2D) as a function of the oxygen concentration (between 0 at. % and 

12 at. %).

Fig. 7. Evolution of the spatial dependence of the Young’s modulus in three dimensions (3D) as a function of the oxygen concentration (between 0 at % and 12 at %).

Table 3 

Evolution of the terms of the stiffness matrix for CP-titanium with oxygen uptake. The anisotropy is characterized by the ratio

E [0001]/E[01 1̄0] 

.

Composition C 11 

(GPa) C 12 

(GPa) C 13 

(GPa) C 33 

(GPa) C 44 

(GPa) C 66 E [01 ̄ 10] 

(GPa) E [0001] (GPa) Anisotropy

Ti 100 

O 0 159.00 88.50 70.00 198.00 48.20 35.25 103.98 158.4 1.523

Ti 98 

O 2 173.70 94.75 77.06 212.25 55.90 39.47 115.13 168.01 1.459

Ti 96 

O 4 183.73 99.01 81.87 226.51 61.15 42.36 122.88 179.09 1.457

Ti 94 

O 6 192.52 102.74 86.10 240.76 65.75 44.88 129.72 190.55 1.469

Ti 92 

O 8 200.59 106.18 89.97 255.02 69.98 47.20 136.04 202.24 1.487

Ti 90O 10 208.17 109.40 93.61 269.28 73.94 49.38 142 214.08 1.508

Ti 88O 12 215.38 112.46 97.07 283.53 77.72 51.45 147.68 226.04 1.531
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Fig. 8. Virtual polycrystalline sample generated via Neper, depicting a highly-

equiaxed grain morphology, and a random orientation distribution (tessel-

lation): (a) Grains tessellation for Ti as-received (400 grains for the FGA 

microstructure), (b) Grains tessellation for Ti as-received with the addition of 

the oxide layer, (c) Grains tessellation for Ti thermal-treated (200 grains for the 

CGA microstructure).

4. Finite element analysis 

4.1. Numerical simulation framework

A 3D numerical simulation using finite elements was carried out on a 

polycrystalline aggregate to better understand the influence of the oxy-

gen concentration gradient on the stress distribution at the sub-grain 

level of a pre-oxidized CP-Ti material in the elastic regime. In this study, 

the software Neper [64,65] was used to create virtual polycrystalline 

samples and the corresponding finite element mesh, allowing statistical 

control of grain size and shape distributions. To mitigate microstructural 

influences, parameters were chosen to generate samples with predom-

inantly equiaxed grains. This specific morphology is achieved by the 

grain-growth morphology, with grains having a higher grain spherici-

ties than in a Voronoi tesselation. This grain morphology more closely 

mimics the grain microstructure of the CP-Ti material. Two grain-size 

microstructures were considered to simulate the as-received material 

and the heat-treated material, as illustrated in Fig. 8.

To guarantee a sufficient statistical data set for each microstructure, 

fine-grain aggregates (FGA) with 400 grains for the as-received mate-

rial with grain size of 20 ± 5 µm and coarse-grain aggregates (CGA) 

with 200 grains for heat-treated with grain size of 90 ± 5 µm were pro-

duced. The domain of the polycrystalline aggregate was defined as a 

parallelepiped of dimensions 130 × 130 × 130 µm 

3 and 390 × 390 × 

130 µm 

3 for the FGA and CGA, respectively. It is worth mentioning that 

the grain orientations were kept similar for the different aggregates and 

were representative of the experimental texture of the CP-Ti material, 

as illustrated in Figs. 9 and 15.

In addition, the polycrystalline aggregates were also considered with 

and without a TiO 2 

oxide layer onto the large face of the parallepiped 

to also take into account the spallation capability of Ti and its influence 

on stress distribution at the sub-grain scale. The thickness of the oxide 

layer depends on the oxidation time and corresponds to one tenth of the 

oxygen-rich layer (ORL), as illustrated in Fig. 10.

Meshing of the aggregates was performed using Neper software [64, 

65] with the Gmsh command for tetrahedral meshing, a length set of 0.3 

to enhance mesh refinement, as illustrated in Fig. 10.

The oxygen gradient within titanium, i.e., the ORL, was also explic-

itly implemented using a Python script based on the identified erf-like 

function derived from Fick’s law Eq. (2). Oxygen uptake is resolved as a 

function of oxidation time and thickness, as shown in Fig. 11. The ORL 

extension is taken as the depth at which oxygen uptake is of 0.5 at. %. 

The ORL extension for three different oxidation times at 650 

◦ C were 20, 

40 and 78 µm, respectively. The titanium based material was considered 

as an isotropic transverse elastic material with 𝐶 𝑖𝑗 

components varying 

as a function of the oxygen concentration (see the revised parameters 

in Table 2) and the external TiO 2 

as an isotropic elastic material (𝐸 𝑇 𝑖𝑂 2

Fig. 9. Pole figures, depicting the crystallographic texture and orientation dis-

tribution of grains selected from the experimental EBSD data: (a) Pole figure 

generated on the basis of the mean values of the Euler angle of the grains in the 

selected zone, (b) 400 Grains texture (FGA), (c) 200 Grains texture (CGA).

= 250 GPa, 𝜈 𝑇 𝑖𝑂 2 

= 0.3) [66–68]. For numerical simulations, we used 

the open source software Zset [69,70], a finite element solver for mul-

tiphysics applications including crystal elasticity modeling based on the 

generalized Hooke’s law (𝜎 𝑖𝑗 

= 𝐶 𝑖𝑗𝑘𝑙 

𝜀 𝑘𝑙 

). Simple tension was applied to 

the aggregate. For that purpose, the displacement of the nodes of the 

left face (X=0), normal to STD, is fixed to zero in the direction STD 

only. The displacement of the nodes of the back face (Y=0), normal to 

RD, is fixed to zero in the direction RD only. The displacement of the 

nodes of the front face (Y=1), normal to RD, is prescribed to a finite 

value in the direction RD. The displacement of the nodes of the bottom 

face (Z=1), normal to LTD, is fixed to zero in the direction LTD only. In 

addition, the right face (X=1) can deform but is constrained to remain 

flat. This corresponds to mixed homogeneous boundary conditions to 

prescribe an overall tensile loading. The names of the faces can be seen 

in Fig. 11.

4.2. Impact of the oxidation conditions on the stress heterogeneity of 

pre-oxidized Ti materials

Twelve different numerical simulations were carried out to depict 

differences in stress distribution within the oxygen-graded materials for 

2 different grain-size microstructures, 3 oxidation times, and the occur-

rence or not of an adherent external oxide layer. Based on the different 

testing conditions, each simulation was labeled with a specific format “t

= X h / YY ORL” or “t = X h / YY ORL + TiO 2 

”, with “X” representing 

the oxidation duration prior to mechanical testing and “YY” the grain-

size microstructure, i.e., FG and CG for the fine-grain and coarse-grain 

microstructure, respectively. The “ORL” label corresponds to the testing
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Fig. 10. Virtual polycrystalline sample meshing (length=0.3)): (a) Grains tessellation for Ti as-received (400 grains), (b) Grains tessellation for Ti as-received (400 

grains) with the addition of the oxide layer, (c) Grains tessellation for Ti thermal-treated (200 grains), (d) Grains tessellation for Ti thermal-treated with the addition 

of the oxide layer.

Fig. 11. Oxygen concentration as a function of thickness diffusion for 3 oxidation 

times and mechanical test prototype.

of the oxygen-graded aggregate in the absence of the external TiO 2 

layer. 

Conversely, the “ORL + TiO 2 

” label corresponds to the testing of the 

oxygen-graded aggregate with the adherent external TiO 2 

layer. Both 

the longitudinal stress 𝜎 𝑦𝑦 

and strain 𝜀 𝑦𝑦 

were averaged on the whole ag-

gregate in order to simulate the macroscopic stress–strain curve for each 

simulation condition (Fig. 12). It is worth recalling that y corresponds 

to the macroscopic tensile loading direction. The pre-oxidation time was 

found to be the first-order parameter influencing the mechanical re-

sponse. The longer the pre-oxidation time, the stiffer the oxygen-graded 

material. Interestingly, the grain size and the presence or not of the ad-

herent external TiO 2 

layer have no or little influence on the mechanical 

response. The lack of influence of the grain-size microstructure confirms 

that the number of grains in the polycrystalline aggregates was sufficient 

to capture the similar crystallographic texture.

The simulation results of the different polycrystalline aggregates are 

depicted in Figs. 13 and 14. The longitudinal stress component 𝜎 𝑦𝑦 

is 

shown on the polycrystalline aggregates with the same color scale for all 

the tested conditions. The stress distribution appears particularly hetero-

geneous with greater values in the ORL due to its stiffer response. The 

stress at the surface (spalled oxide/bare surface) or the metal/oxide in-

terface (adherent oxide) is 2.5 – 4 times greater than the macroscopic 

stress and slightly greater in the case of an adherent oxide scale. 𝜎 𝑦𝑦

Fig. 12. Evolution of the averaged longitudinal stress 𝜎 𝑦𝑦 

and strain 𝜀 𝑦𝑦 

, y

corresponding to the loading direction.

reaches greater values in the volume for longer exposure time due to 

greater oxygen ingress. The longitudinal stress component 𝜎 𝑦𝑦 

was also 

extracted for all the integration points of the O-rich surface for the 

aggregates deprived of TiO 2 

or of the metal/oxide interface for the ag-

gregates with TiO 2 

(Figs. 13 and 14). Both locations experience maximal 

stresses compared to the volume and are of great importance to further 

explain the mechanical integrity of oxidizing components. The longitu-

dinal stress component 𝜎 𝑦𝑦 

was then normalized using the macroscopic 

longitudinal stress. The normalized stress distribution from this specific 

surface was reported on histograms to quantify both the average inten-

sity and discrepancy in stress values compared to the averaged stress 

of the aggregate. Interestingly, the normalized longitudinal stress com-

ponent 𝜎 𝑦𝑦 

is greater for shorter oxidation time and exhibits a greater 

discrepancy, regardless of the presence of the external oxide or not. 

When comparing the normalized stress distribution at the specific sur-

face in the presence of an oxide, the distribution appears to be more 

centered with a reduced discrepancy but a greater averaged value, which 

is expected due to the stiff isotropic elastic behavior considered for the 

oxide. In other words, these simulations demonstrated the particularly 

deleterious character of the oxygen ingress at the onset of the oxidation 

and more specifically in the case of an adherent oxide. This conclusion 

is very important based on the brittleness of the ORL. Similar results
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Fig. 13. Numerical results for as-received specimen (400 grains) with and without oxide layer (stress values are normalized by the mean macroscopic stress value).

Fig. 14. Numerical results for the Ti thermal-treated (200 grains) specimen with and without oxide layer (stress values are normalized by the mean macroscopic 

stress value).
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are obtained for both grain sizes. Additional simulations with different 

grain orientations, still representative of the experimental texture, are 

shown in Appendix. However, the present findings are similar for the 

different sets of grain orientations. The most striking result of the finite 

element simulations is that surface stresses up to 2.5 – 4 times greater 

than bulk stresses are induced by stiffnesses enhanced by a factor of 

1.5 for high oxygen concentration according to Table 3. This is a conse-

quence of grain to grain strain incompatibilities combined with oxygen 

concentration gradients.

4.3. Impact of oxygen diffusion and mechanical loading directions on the 

stress heterogeneity of pre-oxidized Ti materials

The studied CP-Ti material has a basal texture, i.e., the 𝑐-direction 

being nearly aligned with STD. Therefore, the effect of both the diffu-

sion direction and the mechanical loading direction on the anisotropic 

mechanical response of pre-oxidized titanium material was numerically 

tested using the same crystallographic texture and oxygen ingress (no 

oxide here). The texture information, i.e., EBSD orientation maps, orien-

tation distribution function, and declination angle map ( 

◦ /), are depicted 

in the different directions of the rolling process in Fig. 15.

Six numerical simulations were performed, the oxygen diffusing 

along either STD, LTD, or RD, and the applied mechanical loading in 

both the directions perpendicular to that of oxygen diffusion, as shown 

in Fig. 16. The red and blue arrows of the coordinate systems correspond 

to the oxygen ingress and mechanical loading directions, respectively. 

Similar stress-state distribution analyses were performed to evaluate the 

mechanical heterogeneity at the oxidized surface. It is worth mention-

ing that the CP-Ti material has a nearly-basal texture (c-axis nearly 

aligned with STD) and have an isotropic transverse elastic behavior 

(𝛼-Ti). In addition, the c-axis is nearly orthogonal to RD, the texture 

along the LTD being the less pronounced. Based on these texture di-

rections, it appears normal that the displacement-imposed simulation 

leads to lower stress along RD and greater stress levels along STD, the 

stress level along LTD being intermediate. In addition, the nearly-basal 

texture leads to lower stress-distribution at the metal/oxide interface 

when applying tensile loading orthogonal to STD (i.e., diffusion par-

allel to STD). Greater simulated volumes would improve the stress 

heterogeneity distribution due to some isolated grains leading to im-

portant stress concentration. Applying tensile loading along STD leads 

to greater average normalized stress at the metal/oxide interface due 

to the important increase in elastic anisotropy with oxygen addition, 

the Young’s modulus along the c-axis being much stiffer with oxygen 

addition.

5. Discussion

The evolution of the elastic anisotropy of titanium with oxygen 

insertion was experimentally characterized using correlative mechan-

ical microscopy, i.e., high speed nanoindentation mapping (HSNM) 

paired with EBSD and both EPMA and HR-µLIBS. It is worth remind-

ing that the HR-µLIBS demonstrated high throughput elemental analysis 

potential based on its measurement speed and quantitative composi-

tion assessment compared to EPMA analyses for a given sensitivity 

to oxygen, especially at very low oxygen concentrations (40 times 

faster). Gautier et al. [61] also compared diffusion profiles of oxy-

gen in oxidized titanium showing the better resolution of HR-µLIBS 

in comparison to EPMA for the low oxygen contents (≤3 at. %). The 

particular use of wedge-cut preparation aimed to spread a 35 µm-deep 

ORL over 500 µm, to make all the characterization techniques more 

adequate to the spatial resolution of the ORL extension. The objec-

tive of this technique was to refine the terms of the stiffness matrix 

of titanium for different oxygen concentrations but also raised dif-

ferent questions that must be addressed. Several simulations of the 

oxygen-graded material for different oxidation exposures, oxidation con-

ditions and grain sizes were performed and aimed to identify critical

configuration leading to high stress concentration at the surface or at 

the metal/oxide interface, regions particularly brittle and with high 

stress concentration due to the stiffness increase with the oxygen 

content.

5.1. Wedge-cut preparation and oxygen ingress in titanium

Wedge-cut preparation consists in polishing the sample with a slight 

angle apart from the oxidized surface. Therefore, the normal direction 

of the surface of interest is nearly parallel to the oxygen flux during 

oxygen ingress. In comparison, conventional cross-section samples have 

their normal of surface of interest perpendicular to the oxygen flux. This 

point is particularly important since the crystallographic texture of the 

material, tested in terms of either mechanical or oxidation aspects, might 

play a role. In previous works on the nanoindentation response of CP-Ti 

materials [21,53], the surface of interest was chosen to offer the max-

imum amplitude of grain orientations to well capture the evolution of 

the hardness and reduced modulus as a function of the declination an-

gle. Therefore, nanoindentation tests on pre-oxidized specimens were 

conducted on rolled plates in the LTD-STD plane, i.e., the indentation 

direction and oxygen flux being parallel to the LTD and STD direc-

tions, respectively. The crystallographic texture is less pronounced in 

the LTD direction, offering a wide range of declination angles to be 

tested. However, based on the rolling process of thin CP-Ti plate, a 

strong basal texture is aligned along the STD direction (also called ND 

for normal direction in the literature), grains having mainly their 𝑐-
axis aligned with the oxygen flux [71]. In the present investigation, the 

oxygen flux is along the LTD direction as well as the nanoindentation di-

rection. Therefore, the relatively low oxygen content at the metal/oxide 

interface (nearly 12 at. % here) compared to the literature (nearly 20

– 25 at. % in Ref. [21,53] can find explanation in the crystallographic 

texture of the material at the oxidized surface, the formation of nitrides 

at the oxide/ORL interface, but also the oxidation temperature. As far as 

the effect of temperature is concerned, Jenkins [11] found that the tem-

perature has a significant influence on the oxygen concentration at the 

metal/oxide interface. He reported that the oxygen concentration did 

not exceed 12 at% at 650 

◦ C, 19 at% at 800 

◦ C, and 25 at% at 900 

◦ C. 

Similarly, Hurlen reported that oxygen is more soluble at an initial sur-

face concentration of 14–15 at% than at higher concentrations due to the 

fact that Ti 6 

O is a more stable phase at the surface [63]. Initially, this lat-

ter compound exhibits superior properties compared to other oxides in 

the Ti-O system. In contrast, other researches indicated that the apparent 

solubility at the metal/oxide interface could reach up to 30 at%, espe-

cially at high temperatures (between 800 and 1200 

◦ C) [13,25,72,73]. 

Unnam et al. [13] identified an oxygen concentration close to 20 at% 

at the metal/oxide interface for temperature ranging between 593 

◦ C 

and 732 

◦ C for a CP-Ti material but nearly 30 at% 760 

◦ C, confirm-

ing the trend observed by Jenkins [11]. Based on the existing literature, 

the variation in oxygen concentration reported at the metal/oxide inter-

face are highly dependent on the test conditions, i.e., the temperature, 

the material, the surface texture and the atmosphere conditions. The 

formation of nitrides can also play a significant role on the oxygen 

concentration at the metal/oxide interface [16,17,19,24]. This point is 

not central here but can partly explain differences in oxygen concen-

tration observed between Ref. [21,53] and the present study. Higher 

oxygen content at the metal/oxide interface would result in a stiffer 

ORL with increased elastic properties, that will be discussed in the 

following section.

In addition, Magazzeni et al. [21] reported a homogeneous distribu-

tion of oxygen within the ORL at a given distance from the metal/oxide 

interface using EPMA mapping on different grains. The question about 

the homogeneous/isotropic oxygen ingress remains open due to the 

explanation of the strong basal texture of the rolled plates, thus offer-

ing similar declination angle of grains to the oxygen ingress. Besides 

this, Chen et al. [74] demonstrated that titanium presents a slight
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Fig. 15. Texture characterization of the CP-Ti after heat-treatment for selection of the plane to be tested by nanoindentation according to the different process 

directions, i.e., STD, RD, LTD. (a-c) EBSD orientation maps, (d-f) Orientation distribution function represented on an IPF with a maximal multiple of uniform density 

of 3.7, (g-i) Declination angle map ( 

◦ /), (j-l) Distribution function of the declination angle.

oxidation anisotropy due to its adsorption behavior and diffusion pro-

cess of oxygen atoms on surfaces with different crystal orientations. They 

demonstrated that (0001) surfaces has higher adsorption energy and 

stronger diffusion barrier than the (0110) surfaces, which can better re-

sist oxygen attack. Therefore, grains with an orientation close to ⟨0001⟩ 

are expected to have a lower oxidation rate and a better oxidation re-

sistance. In addition, Wu et al. [14,15] performed ab-initio simulations 

and found a slight anisotropic diffusivity of O within Ti, and that other

chemical elements can favor or not this diffusivity. While the texture 

of the material at the oxidized surface is weak in the present study, 

the oxygen content was assumed homogeneous at a given depth from 

the metal/oxide interface (isotropic diffusion), as commonly reported in 

the literature. The anisotropic oxidation and oxygen ingress of titanium 

could be considered in further studies using adapted characterization 

techniques to improve the multi-modality of the correlative mechanical 

microscopy.
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Fig. 16. Numerical modeling results for oxygen diffusion in different directions and different mechanical loading directions.

5.2. The effect of the oxygen ingress and change in elastic properties on the 

mechanical response of the pre-oxidized polycrystalline aggregates

Despite the oxygen strengthening effect, the ORL is extremely brit-

tle and its mechanical integrity is of high importance for titanium-based 

structural components exposed to high temperatures. Therefore, iden-

tifying the local mechanical behavior at the ORL scale and simulating 

the mechanical response of the oxygen-graded material can shed light 

on critical configurations of microstructural features leading to intense 

stress concentration. As aforementioned, the use of the wedge-cut tech-

nique aimed at improving the determination of the stiffness matrix as a 

function of the oxygen concentration due to increase in spatial descrip-

tion of the oxygen very rich-layer. It is worth mentioning that oxygen 

insertion is accompanied with internal stresses, which are neglected 

in the present inverse simulation work. The hardness properties are 

more significantly affected by internal stresses than elastic properties. 

However, this point deserves more investigation when measuring elastic 

properties from the dynamic response of the material, as for CSM inden-

tation. Previous works evidenced interesting size effects of pre-oxidized 

titanium-based alloys with different thickness and oxygen ingress us-

ing one-dimension simulation of an oxygen-graded titanium alloy [44].

It was reported that short oxidation times or thicker specimens for a 

given oxidation time would result in greater stress at the surface. This 

core/shell result is in line with the present three-dimensional finite el-

ement simulations. However, the third dimension, the polycrystalline 

aggregate and the anisotropic elastic evolution as a function of oxy-

gen can be included in the numerical framework to simulate different 

elastic behaviors. The originality in the present numerical work was to 

highlight (1) the role of the external oxide on the increase in average 

stress level at the metal/oxide interface compared to a bare sample 

with an ORL, (2) greater stress level at the metal/oxide interface or 

the bare ORL surface for short oxidation times (or thick samples based 

on the lack of internal length in such elastic calculations), (3) the 

greater discrepancy in stress at the metal/oxide interface or the bare 

ORL surface for short oxidation times. These findings are observed for 

different sets of crystallographic orientations, the intensity in stress be-

ing orientation dependent. Such size/short-term exposure tendencies 

demonstrate that the onset of oxidation is detrimental for the mechanical 

integrity of pre-oxidized components, suggesting a high sensitivity to 

mechanochemical coupling due to increased stress concentrations. A 

competition between ORL extension and maximal stresses would require 

additional characterizations to better predict the competition between
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oxygen strengthening and embrittlement reported in Ref. [35] on ul-

trathin specimens with ORL being in the same order of the specimen 

thicknesses.

As aforementioned, the concentration at the metal/oxide interface 

can significantly vary depending on the pre-oxidation temperature 

but also the material crystallographic and the atmospheric conditions. 

However, a richer ORL in oxygen is prone to a stiffer response. Despite 

the richer region in oxygen might occupy nearly 10 % of the ORL, richer 

oxygen content would increase both the normalized longitudinal stress 

component 𝜎 𝑦𝑦 

at the specimen surface or metal/oxide interface and 

the discrepancy in stress response at this specific surface. These latter 

points are particularly important to evaluate the mechanical integrity 

of pre-oxidized components, especially as a function of their crystal-

lographic texture. Both numerical and experimental characterizations 

similar to Ref. [35,44] would be beneficial to elucidate the role of the 

crystallographic texture on the oxygen embrittlement sensitivity.

6. Conclusions

The present paper proposes a numerical and experimental frame-

work to better identify the change in anisotropic elastic properties of 

titanium with different oxygen contents and simulate the mechanical 

response of an oxygen-graded material corresponding to the case of a 

pre-oxidized Ti specimen. The different conclusions of the present work 

can be summarized as:

• The use of wedge-cut sample aimed at extending the spatial dis-

tribution of the ORL compared to conventional cross-section sam-

ples, improving the determination of the spatial dependence of the 

Young’s modulus as a function of the oxygen content, i.e., the elastic 

anisotropy of the material for different oxygen contents;

• Both EPMA and HR-µLIBS analyses revealed similar oxygen profiles

in the pre-oxidized titanium, the HR-µLIBS analysis yet providing ab-

solute oxygen concentration as low as 100 ppm at. while the EPMA 

results are relative to the bulk concentration due to inevitable sur-

face contamination. It is worth mentioning that the measurement 

acquisition time per spot analysis was of 2 s and 0.05 s for the EPMA 

and HR-µLIBS analyses, respectively (oxygen concentration profiles 

of 54 h with EPMA versus 1.4 h with HR-µLIBS for similar spatial 

resolution and sensitivity);

• Grain to grain strain incompatibilities were found to enhance surface

stress concentration induced by the gradient of elastic stiffness.

• The finite element simulations of a polycrystalline aggregate aimed

to test different sets of crystallographic orientations with different 

ORL extensions. The short oxidation exposure was found particularly 

detrimental for the mechanical integrity of titanium-based materials 

due to greater average stresses but also maximal values;

• The presence of an adherent TiO 2 

oxide induced greater stress con-

centration at the metal/oxide interface for a given pre-oxidation 

condition compared to a bare material with the same ORL.

• From the modelling perspective, a missing aspect of the presented

anisotropic elasticity simulations is the consideration of the eigen-

strain depending on the oxygen concentration. This consideration, 

combined with stress-gradient-induced oxygen diffusion, will be the 

subject of future work to revisit the evolution of stress distribution 

in the ORL. The obtained stress levels also plead for the introduction 

of crystal plasticity effects in the computational analysis.

7. License

This research was funded, in whole or in part, by The European 

Research Council, project HT-S 4 

DefOx - Grant number 948,007. A [CC-

BY public copyright license] has been applied by the authors to the 

present document and will be applied to all subsequent versions up to the 

Author Accepted Manuscript arising from this submission, in accordance 

with the grant’s open access conditions.

CRediT authorship contribution statement

Ayyoub Dziri: Writing – original draft, Visualization, Software, 

Methodology, Investigation, Formal analysis, Data curation. Kais 

Ammar: Writing – review & editing, Visualization, Methodology, 

Investigation, Conceptualization. Samuel Forest: Writing – review & 

editing, Validation, Supervision, Conceptualization. Henry Proudhon: 

Writing – review & editing, Conceptualization. Quentin Sirvin: Writing 

– review & editing, Visualization, Methodology, Investigation, Data 

curation. Thiebaud Richeton: Writing – review & editing, Software. 

Damien Texier: Writing – original draft, Visualization, Validation, 

Supervision, Resources, Project administration, Methodology, 

Investigation, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal rela-

tionships which may be considered as potential competing interests:

Damien TEXIER reports that financial support was provided by 

European Research Council. If there are other authors, they declare that 

they have no known competing financial interests or personal relation-

ships that could have appeared to influence the work reported in this 

paper.

Acknowledgements

The authors are particularly grateful to Antoine CASADEBAIGT and 

François FARIAUT from LASALYS and Sophie GOUY from Raimond 

Castaing Microanalysis Centre (UAR 3623) for performing HR-µLIBS 

analyses and EPMA analyses, respectively. The authors would like to 

thank Daniel MONCEAU and Kévin GAUTIER from CIRIMAT for provid-

ing standards for the calibration curve of the HR-µLIBS analyses with the 

specific parameters. This work was supported by the European Research 

Council [project HT-S 4 

DefOx - Grant number 948007].

Appendix A

As mentioned in the manuscript, different sets of crystal orienta-

tions were tested and the simulation results are shown in Figs. 17–19. 

Observed trends are similar to those described in the manuscript re-

gardless of the crystallographic texture of the polycrystalline aggregate 

(orientations randomly distributed from the 400 grains and 200 grains 

texture) when considering isotropic oxygen diffusion: (1) Shorter oxida-

tion exposure leads to greater average longitudinal stresses and stress 

amplitude, (2) An adherent TiO 2 

oxide induced greater stress concen-

tration at the metal/oxide interface for a given pre-oxidation condition 

compared to a bare material with the same ORL.

Fig. 17. Variation of elastic stress in y direction with strain for a second random 

distribution of Euler angles of grains.

Materials & Design 259 (2025) 114801 

14 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


A. Dziri, K. Ammar, S. Forest et al.

Fig. 18. Numerical results for as-received specimen (400 grains) with and without oxide layer (stress values are normalised by the mean macroscopic stress value).

Fig. 19. Numerical results for the Ti thermal-treated (200 grains) specimen with and without oxide layer (stress values are normalised by the mean macroscopic 

stress value).
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Appendix B. Supplementary data

Supplementary data to this article can be found online at doi:10. 

1016/j.matdes.2025.114801.

Data availability

Data will be made available on request. 
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