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Abstract

Micromechanical characterization of the oxygen-rich layer (ORL) of a Ti-6Al-4V alloy due to high-
temperature oxidation was investigated at room temperature. The tensile strength of the pre-oxidized
specimens linearly decreased as a function of the surface fraction of ORL in relation to the gage section,
demonstrating a competition between oxygen strengthening and embrittlement. Electron-probe micro-
analyses and nanoindentation testing aimed at locally assessing the elastic and hardness response of the
material as a function of the oxygen content. These properties were used in finite element simulations to
quantify stress profiles within the oxygen-graded material for different ORL thickness/specimen thickness
couples.

Keywords: Titanium alloy, Micromechanical testing, Oxygen dissolution, Oxygen embrittlement,
mechanical modeling

1. Introduction

Titanium alloys are increasingly used in the manufacture of intermediate/high temperature structural
components for the transportation industry due to their interesting mechanical strength for a density
nearly two times lower than steels or nickel-based superalloys. In service, structural components made
of titanium alloys can be exposed to elevated temperatures (300-600 ◦C) and oxidative/nitriding atmo-
spheres, typically air or combustion gases [1, 2]. However, Ti and Ti alloys dissolve large amounts of
oxygen and nitrogen (up to 15 % in weight for O (resp. 33 % in atomic) and 7.6 % in weight for N (resp.
16 % in atomic) in the α-phase) [3]. High solubility of these interstitial elements leads to their ingress
in the metal, by diffusion from the metal/oxide interface to the component core at high temperature.
An oxygen-rich layer (ORL) subsequently extends for depths typically one order of magnitude thicker
than the oxide layer [4, 5, 6]. The ORL is particularly brittle for oxygen concentration greater than
0.5-0.6 % [7, 8] atomic and can significantly impair the mechanical strength and ductility of oxidized
components [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 7, 25, 26]. Similar environmental
effects are reported for nitrogen insertion [9]. This oxygen/nitrogen embrittlement and early cracking
of the ORL subjected to thermomechanical stresses strongly drop-off the fatigue endurance and lifetime
of pre-oxidized titanium or components during service in oxidizing atmospheres [10, 17, 20, 22, 21, 26].
The fatigue limit is related to the extension of the brittle region, i.e., the region with an oxygen content
greater 0.5-0.6 % atomic [7, 8]. Therefore, significant researches have been conducted on the prediction
of the oxygen diffusion within titanium and thus the extension of the ORL for isothermal [27, 28, 29, 6]
but also complex thermal paths [29]. However, intermediate/high temperature components undergo
mechanical loads in different and complex ways that can also alter the oxygen profile and extension
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of the ORL due to (i) the formation of a nitrogen-rich region in the vicinity of the oxide/ORL inter-
face subsequently decreasing the oxygen concentration at the metal/oxide interface [5, 30, 31, 32], and
(ii) the change in apparent diffusion coefficient of O within Ti leading to deeper ORL under creep load-
ing [31]. Application of a steady-stress during oxidation was recently found to promote the formation
of a nitrogen-rich layer, thus limiting the oxygen content at the oxide/ORL interface (decrease from 25
to 10 at. % of O at the oxide/ORL interface for a load of 70 MPa at 650 ◦C [31]). The ORL exten-
sion and oxygen profile under thermomechanical loading are a central question and different techniques
aimed at characterizing it : (1) the electron microprobe (EPMA) [33, 5, 7], (2) the energy dispersive
X-Ray spectroscopy (EDS) [34, 35, 30], (3) the secondary-ion mass spectroscopy (SIMS) [36], and (4) the
atomic probe (APT) [30, 32]. The knowledge and prediction of the ORL extension is required in a first
approach to estimate the ORL cracking and the associated notch effect on the mechanical performance
and fatigue life of oxidized titanium, considering the ORL as a non-load bearing section. However,
a better mechanistic understanding of the early damage development within the ORL under thermo-
mechanical loading is needed to better predict the service life of these materials. Evaluation of the
evolution of the mechanical and physical properties of titanium with variation in oxygen over a broad
spectrum of oxygen concentration is required for modeling and simulating the mechanical behavior of the
oxygen-graded material, i.e., the property-graded material. Oxygen insertion within titanium is known
for decades to modify dilatation, resistivity and mechanical properties of titanium, in its commercially
pure or alloyed version [9, 13]. Oxygen makes titanium harder even for tens of percent change in O
concentration [9, 11, 13, 14, 15, 37, 38, 20, 21, 22, 6, 39, 40, 41]. This change in hardness properties has
been investigated on bulk samples with constant but quite low oxygen content (0.7 % atomic maximum
and even nearly 1.5 % atomic [40]) or on cross-sectioned pre-oxidized samples with a large range of
oxygen concentrations from bulk concentration to 25-30% atomic [11, 14, 15, 20, 6, 41]. Oxidation then
diffusion techniques on thin foils also aimed at probing the mechanical properties of oxygen-rich titanium
up to 20 % at. with a homogeneous concentration in the bulk [15, 42]. Different models were proposed,
either linear [27, 14, 22], parabolic [9, 6] or following a power law form [11, 15, 39] to link hardness
properties to the oxygen content. Hardness was also found to be highly sensitive to the crystallographic
orientation [39, 41]. A quantitative relationship was proposed by Magazzeni et al. [39] between hardness,
crystal orientation represented as the declination angle, and local oxygen content using multi-modal map
correlation. This change in hardness properties is highly important to document the strengthening of
titanium due to oxygen insertion. However, the complex stress/strain field associated with indentation
loading and the tension-compression anisotropy of titanium makes this local technique not sufficient to
fully understand their oxygen embrittlement under tension loading [23]. As far as the elastic properties
are concerned, oxygen was also found to increase the elastic modulus of titanium for low concentra-
tion of oxygen or for oxygen-graded titanium due to pre-oxidation [13, 43, 18, 44, 38, 45, 40, 41]. The
Young’s modulus increases by 4 to 5 GPa for each atomic percent of oxygen for low oxygen alloying [43].
Baillieux et al. reported a linear increase of the Young’s modulus with the fraction of ORL within the
specimen gage section for pre-oxidized specimens, the ORL being stiffer than specimen core using Res-
onant Frequency and Damping Analysis (RFDA) [45]. Instrumented nanoindentation in a continuous
stiffness mode also aimed at confirming the increase in Young’s modulus with oxygen content but also
with change in crystal orientation [46, 47, 48, 49, 41]. This point is important for stress distribution
within the graded-property material subjected to a mechanical load due to the core-shell effect associated
with the presence of the ORL. Furthermore, oxygen was also found to change the critical resolved shear
stress of basal, prismatic, and pyramidal slip systems [50, 23], subsequently improving the mechanical
strength of the alloyed material [9, 10, 12, 13, 43, 16, 18, 38, 50, 23, 25]. Ren et al. [23] reported that
change in 0.5 % atomic in oxygen lead to (i) an increase in pyramidal slip activity mainly attributed
to the decreasing of CRSSpyramidal/CRSSprismatic ratio and (ii) a limit in deformation twinning un-
der compression testing. While low oxygen alloying was found to significantly improve the mechanical
strength of high purity titanium, high oxygen concentration inherent to the ORL formation was reported
to either improve or impair the mechanical strength of pre-oxidized specimen due to the concomitant
action of oxygen strengthening and embrittlement [14, 24, 25]. The drop in mechanical strength due to
pre-oxidation is generally reported for Ti alloys, i.e. Ti64 or Ti6242s, compared to high purity titanium.
The deleterious effect of the ORL on the yield strength and ultimate tensile strength of pre-oxidized
specimens was found, but not that significant, due to the marginal fraction of the ORL on a conven-
tional size tensile specimen with square-millimeter size gage section. Therefore, working on thinner
specimens increases the surface over volume ratio and weights more the contribution of the surface, i.e.,
the ORL in the present case. This micromechanical approach will be used in the present study to try
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Table 1: Nominal composition of the Ti-6Al-4V alloy (in %(wt)).

Element Ti Al V Fe O C N

% (wt) Balance 6.0 4.0 0.19 0.17 0.05 0.04

to better document the mechanical behavior of the ORL and its influence on the mechanical integrity of
pre-oxidized specimens.

In the present study, the tensile behavior of the ORL was investigated using microtensile pre-oxidized
specimens with different thicknesses and exposure durations at high temperature. Additional character-
izations were conducted to correlate local chemical and mechanical information within the ORL such as
the hardness and the reduced modulus. The identification of oxygen profiles aimed at simulating oxygen
profiles for the different oxidation time/specimen thickness investigated pairs. In addition, the correlated
local mechanical properties as a function of the oxygen concentration was used to simulate and evaluate
the stress distribution for the different pre-oxidized specimens.

2. Experimental procedures

2.1. Material

The material used in the present study was an annealed Ti-6Al-4V rolled plate with a nominal compo-
sition reported in Table 1. The oxygen content was measured using a ONH836 Oxygen/Nitrogen/Hydrogen
Elemental Analyzer from LECO using the inert gas (He) fusion technique. The material consisted in an
acicular Widmanstätten α-β microstructure with millimeter-size colonies (ASTM of -3.5, i.e., 1.2 mm),
as depicted in Fig. 1.

Dogbone-shape microtensile specimens with a thickness of 1 mm were extracted from the rolled plate
via electrodischarge machining (EDM). The longitudinal direction (LD) of the microtensile specimens
was perpendicular to the rolling direction (RD) and their thickness parallel to RD. The geometry of the
microtensile specimens is illustrated in Fig. 2(a). Specimen edges were ground down to a P1200 SiC grit
paper to eliminate the EDM-affected region. Microtensile specimens were then thinned down to different
thicknesses using a LOGITECH CL50 c© lapping machine equipped with a PP5GT precision Jig and SiC
papers down to a P2400 grit paper. This preparation technique is fully detailed in ref. [51] and allows
obtaining a repeatable surface finish and a highly controlled geometrical tolerance in terms of sample
thickness. Four thicknesses have been studied, namely 100, 180, 280 and 480 µm.

Microtensile specimens were pre-oxidized at 750 ◦C for 5, 20, 100 and 200 h in order to generate
different oxygen profiles within the Ti-6Al-4V samples. This temperature was relatively high for most
in-service applications of Ti64 components. The microtensile specimens were cleaned in acetone and
then in ethanol using an ultrasonic bath for 15 minutes each before oxidation. A Nabertherm C290
furnace with static atmosphere, i.e., no air stirring but natural convection, was used for all the pre-
oxidation treatments. All the specimens were pre-oxidized during the same batch, with interruptions for
the different pre-oxidation durations. This point is particularly important for the reproducibility of the
nitrogen segregation and/or precipitation at the metal/oxide interface, thus affecting both the oxidation
kinetics and the oxygen concentration at the metal/oxide interface [5]. During the oxidation treatments,
the microtensile specimens were hung at the two head radii with platinum wires and the temperature
was measured with a K-type thermocouple. Oxide spallation occurred when air cooling after oxidation,
regardless of the oxidation condition (No extra ventilator nor forced air). 85 to 90 % of the specimen
gage was deprived of oxides after cooling, regardless of the oxidation condition. Few oxides flakes were
still adherent at the surface for short oxidation times (less than 100 h). Owing to the low interfacial
toughness of the TiO2 oxide growing at 750 ◦C, remaining oxides, nearly debonded of the metal/oxide
interface, were gently mechanically removed prior to tensile testing using plastic tweezers. In this way,
microtensile specimens were all deprived of their external oxide layer and only the contribution of the
oxygen dissolved within the pre-oxidized samples was investigated. It is worth mentioning that tensile
specimens after spallation/oxide removal had a blueish aspect, testifying the presence of a thin oxide
layer even after oxide spallation. Indeed, oxide spallation usually does not lead to total detachment
of the oxide scale. Some remnants remain and can cause this blueish aspect. Specimen thickness was
measured before oxidation and after oxidation plus oxide removal using a 1 µm-accuracy micrometer.
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Figure 1: Microstructure of the Ti-6Al-4V material: (a) Grain microstructure represented as an inverse pole figures (IFP)
map in reference to the loading direction (LD), (b) Optical micrograph showing the Widmanstätten microstructure on the
same observation plane.
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2.2. Microtensile testing paired with digital image correlation (DIC) techniques

Tensile experiments were performed at room temperature with a MTS Criterion model 43 electrome-
chanical test system equipped with a 5 kN load-cell and self-tightening grips. Owing to the specimen
thickness and brittleness, a gripping system using intermediate soft components between the specimen
and the knurled grips was purposely adapted and depicted in Fig. 2(b), and fully detailed in Ref. [24].
For information, thinner and more exposed specimens were not possible to be tested due to failure prior
to mechanical tests. For all the specimens, specimens were still complete prior to cooling. For the
100 µm-200 h specimens, they failed during the cooling phase. Spallation can be at the origin of the
specimen cracking and the fracture surface of the samples were all brittle. For thicker and/or less exposed
specimens, they failed during mounting on the tensile machine due to their high brittleness. They were
still complete even after oxide removal and no particular crack was found at the specimen surface when
observing using optical microscopy. The sensitivity to oxide spallation might depend on the specimen
geometry.
Tensile tests were conducted under constant cross-head displacement rate of 3.5 µm.s−1, correspond-
ing to a strain rate of approx. 2×10−4 s−1. Digital image correlation (DIC) techniques were used to
obtain non-contact extensometry (macroscopic strain along the loading direction at the extremities of
the gage length) and full-field strain measurements. Prior to tensile testing, white then black paints
were applied onto the microtensile specimens using aerosol paints to form the random speckle pattern
(see Fig. 2(c)). Numerical images with a resolution of 6000×4000 pixels2 were acquired using a Nikon
DS5200 camera and a Sigma 105 mm f2.8 DG MACRO lens using a 1 s intervalometer. Kinematic fields
followed by strain fields were computed using PYXEL Python library developed by Passieux et al. [52].
The strain distribution within the gage section was visualized using ParaView, as shown in Fig. 2(d) for
the non-oxidized specimen at 1.3 pct. total strain.

2.3. Microprobe analyses (EPMA)

EPMA samples were extracted from the elastically-deformed gage region of the microtensile, between
the specimen head and the gage section. EPMA samples were mounted in an epoxy resin for cross-
sectional preparation. The sample preparation was adapted using polishing down to P4000 grit papers,
then 30 s of surface finishing with a 1 µm diamond paste to limit edge blunting and native TiO2

formation. This finishing operation is important to better assess oxygen content in the vicinity of the
metal/oxide interface [5]. The samples were coated with thin carbon layer then stored in a vacuum
chamber (10−5 mbar) before EPMA analyses. Despite this particular care, some oxygen contamination
can occur at the sample surface due to instantaneous formation of a native TiO2 film. Therefore, the
oxygen content inherent to this surface contamination and to the initial amount of O present in the as-
received state, i.e., before pre-oxidation, was corrected. An average of 5 measurements was taken at the
core of the sample or on non-oxidized Ti-6Al-4V sample, i.e., where the oxygen content was unaffected by
oxygen diffusion during the pre-oxidation. The spectrum intensity corresponding to the oxygen was then
deducted from the spectrum for each EPMA measurement. The oxygen content presented in the paper
do not correspond to the absolute oxygen content, but to the oxygen uptake due to oxygen dissolution
during oxidation. In other words, the (absolute) oxygen content in the ORL corresponds to the initial
oxygen concentration of the as-received material C0 plus the oxygen uptake ∆[O] due to oxygen ingress
with oxidation. In addition, development of ORL cracking before mechanical testing was verified using
microstructural analyses and confirmed using kinematics fields in the early stage of deformation. This
point is important in order to conserve a plane diffusion front of oxygen in the volume.

EPMA measurements were obtained using a CAMECA c© SXFive FE at an acceleration voltage of
10 kV and a probe current of 20 nA. The volume of analysis was 900 to 1000 nm in lateral and 650 to
700 nm in depth. The calibration of elements in Ti-6Al-4V samples was done with Al2O3 for aluminum,
TiO for titanium, pure V for vanadium, and Fe2O3 for O. The absolute error on the oxygen content is
close to 0.2 atomic percent. Three profiles across the whole sample thickness were performed per sample.
Measurement spacing was of 1 µm near the surface (first 20 µm beneath the oxidized surface) and of
5 µm in the bulk.

2.4. Nanoindentation testing

Nanoindentation testing was performed using a MTS DCM nanoindenter equipped with a Berkovich
diamond tip. As for EPMA analyses, cross-sectional samples were extracted from the elastically-deformed
region of the microtensile samples. The samples were then cold mounted and ground using grit papers
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Figure 2: (a) Geometry of the tensile specimens, (b) illustration of the special gripping system for tensile testing of
brittle specimens. The area used for full-field digital image correlation (DIC) techniques detailed in (c) is highlighted in
green, (c) photographs showing the speckle pattern for full-field DIC techniques and the optical extensometer technique for
macroscopic strain measurements, (d) example of strain distribution in the specimen gage of the non-oxidized specimen in
the plastic domain along the principal loading direction.
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from P120 gradually to P4000, followed by polishing using colloidal silica with 7.5% H2O2 + 5% HNO4

for 10 minutes. The samples were then polished with water for 10 minutes to wash the sample surface.
This surface finish is compatible both for EBSD characterizations and nanoindentation testing, limiting
work-hardening in a shallow region beneath the polished surface. The measurement grid consisted in
three filiations across the sample thickness with an indent spacing of 8 µm and a maximum indent depth
of 300 nm (displacement control). This control mode, in comparison with force-control mode, is more
adapted to have similar penetration depths for materials having high differences in local hardness and
stiffness behavior. Base length of indentation imprints subsequently ranged between 1.9 and 2.0 µm,
in the ORL as well as in the bulk material non-affected by oxidation. Elastic moduli and hardness
were calculated from the load/displacement response during unloading of each indentation measurement
following Oliver and Pharr formulations [53].

2.5. Scanning electron microscopy

Fractographic analyses were performed using a TM3030Plus tabletop scanning electron microscope
from HITACHI c© and a field emission gun-scanning electron microscope (FEG-SEM) NanoNOVA SEM
from THERMO FISHER SCIENTIFIC c© in a secondary electron (SE) mode at 15 kV.

Electron backscattered diffraction (EBSD) analyses were conducted using a FEG-SEM ZEISS c© Supra
55-VP with an accelerating voltage of 20 kV and a step size of 3 µm. The sample preparation used for
EBSD analyses was similar to the one for nanoindentation samples.

2.6. Finite element calculations

The motivations of the finite element calculations are twofold: (1) to evaluate the oxygen profile in
thin Ti samples leading to an increase of the oxygen content in the bulk, i.e., in conditions different
from the semi-infinite medium hypothesis, and (2) to evaluate stress distribution profiles in the oxygen-
graded material for different fractions of ORL, i.e., different pre-oxidation/specimen thickness conditions.
Indeed, oxidation of thin specimens can lead to an increase in oxygen content in the bulk, leading to
deviation of analytical solutions to estimate oxygen profiles due to solid-state diffusion [54, 55]. Therefore,
finite element (FE) solving methods were used to simulate diffusion profiles with CASTEM [56] for
different oxidation durations and specimen thicknesses of specimens, with a special attention to thin
specimens/large exposure time leading to increase of the oxygen concentration in the bulk material. Two
dimensional simulations were conducted, the specimens being meshed using 4 node square isoparametric
elements. The concentration at the metal/oxide interface and the diffusion coefficient of O within Ti
were identified using EPMA analyses on thick pre-oxidized samples, i.e., sample in semi-infinite diffusion
conditions for the investigated temperature and durations (see section 3.4). For the FE calculations of
the oxygen profile along the sample thickness direction, a constant oxygen concentration of 25 % at.
was imposed as a boundary condition on the node line corresponding to the metal/oxide interface. In
addition, a condition of symmetry was imposed at the center of the specimen (zero oxygen flux). The
corresponding diffusion coefficient used was 3.89×10−15 USI.
These oxygen profiles were then used in a second set of FE calculations to compute the elastic tensile
behavior of the oxygen-graded specimens, with stiffness evolving proportionally to the local oxygen
concentration. A user-defined isotropic elasticity behavior was used: elastic properties were implemented
as a function of the oxygen content, identified analytically using nanoindentation characterizations.
Specimens were meshed using eight-node plane strain elements. The loading direction was applied normal
to the oxygen flux and a condition of symmetry was imposed at the center of the specimen. Boundary
conditions were also applied to avoid rigid body motion of the specimen and an arbitrary tension load
σ0 was applied at its end. Thus, normalized stress profiles are extracted under tensile loading, for the
different conditions.

3. Experimental results

3.1. Tensile behavior of pre-oxidized specimens

Tensile tests were conducted at room temperature on specimens with thicknesses of 480 µm, 280 µm,
180 µm, and 100 µm and with different pre-oxidation durations. This approach aimed to document the
tensile response of pre-oxidized specimens with different fractions of ORL. The stress-strain curves for all
the pre-oxidized specimens are shown in Fig. 3 and compared to the tensile behavior of the non-oxidized
specimens. Non-oxidized specimens were considered as the reference specimens to evaluate the influence
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Figure 3: (a) Stress-strain curves of non-oxidized and pre-oxidized Ti-6Al-4V specimens with an initial thickness of
(a) 480 µm, (b) 280 µm, (c) 180 µm, and (a) 100 µm showing both oxygen embrittlement and loss in mechanical strength
due to high temperature exposure.

of the oxygen ingress into titanium on the mechanical response of the oxidation-affected specimens. This
choice of reference state does not include potential metallurgical aging due to exposure at 750 ◦C. Dis-
crepancy in stress-strain curves was observed at yielding and in the plastic domain for the non-oxidized
specimens. Such differences were attributed to the non-statistically representative specimen with re-
gard to the microstructure dimensions (millimeter-size grains while 4× 2.5× 0.3 mm3 sampled volume).
However, the strain-to-failure (STF) is large enough and the tensile strengths (yield strength (YS) and
ultimate tensile strength (UTS)) are close enough to be compared with the ones of the pre-oxidized
specimens regardless of the specimen thickness. Interestingly, size effects on the non-oxidized specimens
were found very little based on the size of the Widmanstätten colonies.

For pre-oxidized specimens, a significant drop in mechanical strength and ductility was found when
either increasing the oxidation time or decreasing the specimen thickness. It is worth reminding that
the oxide layer of the pre-oxidized specimens was removed prior to tensile testing and the gage section
took into account the metal recession due to oxidation. Therefore, the obtained tensile responses of the
pre-oxidized specimens typically demonstrated the influence of the ORL on the mechanical performance
of Ti-alloys without the contribution of the oxide layer.

Macroscopic tensile properties, i.e., the yield strength (YS), the ultimate tensile strength (UTS), and
the strain-to-failure (STF), were measured from the stress-strain curve and were reported in Fig.4. As
aforementioned, high temperature exposures in air were found to significantly decrease all the macro-
scopic tensile performances (YS, UTS, and STF) and this mechanical loss increased with the exposure
duration. Therefore, the drop in tensile strengths is more pronounced for thin and oxidized specimens.
An exposure of 5 hours at 750◦C led to a drop in YS of approx. 8.5 %, 22 %, 34 %, and 37 % for
480 µm-, 280 µm-, 180 µm-, and 100 µm-thick specimens, respectively. For 20 hours exposure, the drop
in YS is of 11 % and 80 % for the thickest and thinnest specimens, respectively. For exposures of 100 h
and 200 h, thin specimens were not possible to be tested due to their considerable brittleness (specimen
failure during handling/mounting). Similar trends were found for the UTS as a function of the specimen
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Figure 4: Evolution of the macroscopic tensile properties, i.e., (a) the 0.2 pct. offset yield strength (Y.S.), (b) the ultimate
tensile strength (U.T.S.), and (c) the strain-to-failure (S.T.F.) for all the specimen thicknesses and pre-oxidation durations
showing both the thickness and pre-oxidation debit in mechanical performances.

thickness and the pre-oxidation duration.

3.2. Strain distribution of pre-oxidized specimens during tensile loading using DIC

Oxygen ingress within titanium was found to significantly impair the mechanical performance of the
pre-oxidized specimens under tension. Therefore, local information on the deformation and damaging
processes at different deformation levels is of interest. Digital image correlation was thus performed
during the monotonic loading to measure the macroscopic strain as an optical extensometer on the whole
gage length, but also to gain information on the local strain distribution (full-field measurement) for the
different pre-oxidation conditions. The local mechanical response of pre-oxidized specimens was depicted
for non-oxidized (black representation), 5 h (blue representation) and 100 h (red representation) pre-
oxidation conditions at 750 ◦C for the 280 µm-thick specimens (Fig. 5(b) to (e)) for different stress/strain
levels depicted in Fig. 5(a). The macroscopic stress-strain curves of the non-oxidized and 5 h pre-oxidized
specimens are relatively smooth. The one of the 100 h pre-oxidized specimen exhibits stress-strain jumps
when deforming, but also a higher apparent elastic modulus in the early deformation stage. Full-field
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measurements aimed at evidencing differences in strain distribution on the specimen gage for the three
pre-oxidation conditions. No strain concentration was found in the early stage of deformation (point #1)
for all the pre-oxidation conditions, confirming that no-crack due to the pre-oxidation treatment is
observed. Interestingly, the non-oxidized specimen exhibits inclined bands presenting intense strain
localization. These bands, initiating below the macroscopic yield strength of the material, intensify
with the deformation and correspond to the slip activity confined within prior β-grains/colonies. Such
strain localizations are representative of slip-band dominated deformation mechanisms and confined in
individual grains due to the acicular Widmanstätten microstructure. The diffuse character of the strain
localization within an individual grain is due to the accumulation of active slip bands close to each other
but also technical means (speckle, spatial resolution, numerical resolution). Despite strain localization
due to slip activity, the deformation is much more homogeneous compared to pre-oxidized specimens,
leading to higher macroscopic ductility. For the 100 h pre-oxidized specimen, horizontal strain localization
depicts transverse cracking of the ORL (mode I) and are correlated to stress drop on the macroscopic
stress-strain curve. When further loading, this crack continues to open and other cracks develop as well.
Such intense strain localization due to early ORL cracking explains the non-homogeneous deformation of
such pre-oxidized specimens and thus their low ductility. After 5 h pre-oxidation, horizontal cracks also
occur at higher stress level, but not fully transverse (black arrows on εyy field blue#2). The horizontal
strain localization appears confined within prior β-grains/colonies and inclined strain bands appears at
higher macroscopic strain levels, similarly to the one of non-oxidized specimens.

3.3. Fractographic analyses of the pre-oxidized specimens

Based on the strong change in strain-to-failure for pre-oxidized specimens, fracture surfaces were
observed for all the specimens, i.e., both non-oxidized and pre-oxidized specimens. The fracture surface
of the non-oxidized specimens presents typical dimples and interlamellar fracture features on the whole
fracture surface (Fig. 6(a & d)). Severe and local necking was observed on the fracture surface of
non-oxidized specimens, thus reminding the coarse grain microstructure of the present Ti64 alloy. For
comparison, pre-oxidized specimens depict relatively rectangular fracture surface with less pronounced
necking. Fracture surfaces of pre-oxidized specimens are divided in a ductile region in the core of the
specimens and a peripheral brittle region corresponding to the ORL cracking (Fig. 6(b & e)). Longer
exposure at high temperature lead to deeper ORL, and subsequently greater extension of the brittle layer.
480 µm-thick specimens keep a ductile character in the specimen core regardless of the pre-oxidation for
the present experimental conditions. An insignificant core region remains ductile after 100 h oxidation
for the 280 µm-thick specimens while the fracture surface of the 200 h pre-oxidized specimen is fully
brittle. When comparing all the specimens with the different thicknesses and pre-oxidation durations,
fully brittle fracture surfaces are noticed for the following ratio “200 h/280 µm”, “100 h/180 µm” and
“20 h/100 µm”. In addition, the brittle layer is also divided into a (i) flat and smooth brittle surface
in the extreme surface with fracture topography independent of the microstructure, and a (ii) rougher
fractured region immediately below with fracture path following the lamellar structure of the material. In
the present work, EPMA measurements were also conducted to characterize oxygen profiles (Fig. 9(a)).
The direct comparison between fracture surface analyses and oxygen profile will be done in the discussion
section.

Image analyses were performed on all the fracture surfaces in order to quantify the extent of both
the flat brittle region in the extreme surface and the whole brittle region. The ORL extension, assumed
here as the whole brittle region, ξBrittle, was considered here as the distance from the surface to the
transition between the brittle and ductile region on the fracture surface, this latter showing dimples.
Similarly, the extension of the flat brittle region was considered here as the distance from the surface to
the transition between the flat brittle and rough brittle region on the fracture surface. The extension
of the whole brittle region linearly increases with the square root of the exposure time t, as depicted in
Fig. 7(a) and described in equation 1 [57].

ξBrittle =
√
Dappt (1)

withDapp(750 ◦C) = 172.9 µm2s−1. The yield strength of the specimens for the different pre-oxidation
conditions were plotted as a function of the square root of the time (Fig. 7(b)). Specimens with a thickness
of 480 and 280 µm clearly highlight the influence of the pre-oxidation time, i.e., the extension of the
ORL on the drop in mechanical strength due to early oxygen embrittlement. Thinner specimens show a
greater impact of the ORL on their mechanical integrity due to the higher fraction of ORL compared to
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the specimen thickness. Therefore, the yield strength of the different pre-oxidized specimens was plotted
as a function of fraction of ORL in a specimen gage section (Fig. 7(c)). Interestingly, the yield strength
is proportional to the fraction of ORL in a specimen gage section.

3.4. Gradient of oxygen content due to oxygen dissolution in the metallic material

The motivation of EPMA analyses to quantify oxygen profiles is to extract the coefficient of diffusion
of O in Ti64 in thick specimens in order to be representative of the semi-infinite medium in order to
analytically determine the coefficient of diffusion from the Fick’s law [54, 55]. Therefore, oxygen profiles
across the thickness of the 480 µm-thick specimens were characterized for all the pre-oxidation durations
at 750 ◦C, i.e., 0, 5, 20, 100, and 200 hours. Thinner specimen might not respect the semi-infinite
medium condition, thus failing in the accurate identification of the coefficient of diffusion. Three EPMA
profiles were performed per pre-oxidation condition, as depicted in Fig. 8(a). Oxygen profiles were then
plotted as a function of the distance from the metal/oxide interface for identification of the coefficient
of diffusion of O within Ti (Fig. 9(a)). Similar oxygen concentrations at the metal/oxide interface (≈
25 % at.) were found for all the pre-oxidation durations, testifying the reproducibility in pre-oxidation
and nitrogen segregation/precipitation. Therefore, the focus was on the oxygen distribution in the ORL.
A unidirectional solid-state diffusion scheme was considered. The oxygen flow was considered to be
proportional to the gradient of O within Ti and is governed by Fick’s law [54, 55]. A solution of this
equation, in the case of the diffusion in a semi-infinite solid with a constant surface concentration Cs

and a diffusion coefficient D independent of the concentration and the position x leads to Fick’s law
equation :

Cx − C0

Cs − C0
= 1− erf(

x√
4Dt

) (2)

where Cx is the concentration of the species that diffuse at position x after a time t, C0 is the
concentration at the core of the sample in the semi-infinite medium. Similar Cs were found regardless
of the pre-oxidation time (Cs ≈ 25 % at.), but the extension of the ORL increased with the exposure
time. The coefficient of diffusion of O within Ti was calculated from each profile individually, for each
profile per pre-oxidation condition. The average coefficient of diffusion and scattering of O within Ti
for the different pre-oxidation conditions was found of D = 1.10 ± 0.3·10−15 m2.s−1. This coefficient of
diffusion is in good agreement with the one reported in the literature [57].

3.5. Nanoindentation testing of the ORL

Nanoindentation tests were performed for the different pre-oxidation conditions to document the local
mechanical response of the material with different oxygen contents, i.e., the elastic modulus (Fig. 8(b))
and the hardness (Fig. 8(c)). Some discrepancy in the elastic moduli and hardness was found even in the
bulk, region non-affected by the oxygen ingress. This scatter can arise from differences in crystallographic
orientation of the indented grains from a sample to another one. Both the properties increased with the
oxygen content. Interestingly, the hardness was found to be more affected than the elastic properties due
to the oxygen increase. Indeed, the hardness near the metal/oxide interface is 2.8 times greater than in
the bulk while the elastic modulus is 40 % greater. Knowing the position of each indent as a function
of the metal/oxide interface, it is thus possible to express both the elastic properties and hardness as a
function of the oxygen content (Fig. 9(b) and (c), respectively). The elastic modulus was found to evolve
as a function of the oxygen concentration, from 130 GPa in the bulk to 187 GPa for 25 % at. addition
of oxygen. The elastic modulus E([O]) (in GPa) can thus be express as follows :

E([O]) = 130 + 2.3 ∗ [O] (3)

with [O] the oxygen concentration in atomic pct.. This relationship will be further used in numerical
simulations to document stress distribution for the different conditions. Similarly, the hardness H([O])
(in GPa) can be expressed as a function of the oxygen content and follow a parabolic expression as
follows :

H([O]) = 5.5 + 0.34 ∗ [O]1/2 (4)
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Figure 7: (a) Extension of the brittle region as a function of the square root of the pre-oxidation duration. (b) Evolution of
the 0.2 pct. offset yield strength (Y.S.) as a function of the square root of the pre-oxidation duration for all the specimen
variants.(c) Evolution of the 0.2 pct. offset yield strength (Y.S.) as a function of the fraction of ORL across the specimen
thickness for all the specimen variants.
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Figure 9: (a) Oxygen profiles of the pre-oxidized specimens as a function of the distance from the metal/oxide interface.
(b) Elastic modulus and (c) Hardness as a function of the increase in oxygen.
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Figure 10: Oxygen profiles of the pre-oxidized specimens as a function of the distance from the metal/oxide interface.
(a) 480-, (b) 280-, (c) 180-, and (d) 100-thick specimens.

3.6. Simulations of oxygen profiles and stress states under tensile loading

As aforementioned, numerical simulation of oxygen profiles is needed for thin specimens since the
analytical solution (Fick’s model) is not valid anymore when oxygen ingress affect the specimen core.
The identification of the diffusion properties of O within Ti64 analytically identified on bulk specimens
was used to evaluate the oxygen ingress within thin specimens for the different pre-oxidation conditions
(Fig. 10). Specimens as thin as 180 µm experienced an increase in oxygen concentration of the specimen
core for exposures longer than 100 h (Fig. 10(c)), conditions for which diffusion fronts meet in the
specimen core (20 h for 100 µm-thick specimen (Fig. 10(d)), respectively). These numerical simulations
validate the particular brittleness of thin specimens exposed for long periods.

The relationship between O content and elastic properties identified from nanoindentation testing
was implemented in the numerical model to evaluate stress distribution within specimens with different
”ORL extension/specimen thickness” ratios (Fig. 11). Stress decreases from the surface to the specimen
core, typical of coated or graded materials experiencing a ”core/shell” behavior. For a given thickness,
stress at the surface was found maximal for shorter oxidation durations. Similarly, stress was also found
maximal in the specimen core for shorter oxidation durations. The ”core/shell” effect is enhanced when
the ORL is thinner. In addition, size effects also affect the ”core/shell” contribution. It consists in
maximal stresses at both the specimen surface and specimen core for thicker specimens. 40 % increase
in stress can be locally found in the vicinity of the surface for short oxidation time/thick specimens.
Interestingly, stress was found maximal at the surface and specimen core for shorter exposure times and
thicker specimens. In addition, oxygen increase in the specimen core for thin/long exposure specimens
lead to higher stress in the specimen core, as illustrated in Fig. 11(d).

Another illustration of the numerical simulations was to compare size effects for a given oxidation
exposure, as depicted in Fig. 12. For 20 h pre-oxidation, all the oxygen profiles overlapped together
since the diffusion was not fast enough and the specimens thin enough so that diffusion fronts meet in
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Figure 11: Stress profiles of the pre-oxidized specimens under tensile loading at a macroscopic stress σ0 as a function of
the distance from the metal/oxide interface. (a) 480-, (b) 280-, (c) 180-, and (d) 100-thick specimens.
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Figure 12: Oxygen content and stress profiles of the pre-oxidized specimens under tensile loading at a macroscopic stress
σ0 as a function of the distance from the metal/oxide interface for two oxidation exposures. (a) oxygen profile for 20 h,
(b) oxygen profile for 200 h, (c) stress profile for 20 h, and (d) stress profile for 200 h.

the specimen core (Fig. 12(a)). This is not the case for longer exposure times, i.e., 200 h, where oxygen
enrichment was experienced for specimens as thin as 180 µm (Fig. 12(b)). Interestingly, stress is maximal
at each depth from the metal/oxide interface for thicker specimens, as long as oxygen enrichment does
not occur in the specimen core (Fig. 12(c)). Maximal stress at both the metal/oxide interface and
specimen core are found for thicker specimens due to ”core/shell” effects. For longer exposure times,
oxygen enrichment in the specimen core can have an effect on the stress distribution and stress in the
specimen core, as observed in Fig. 12(d). This interesting result does not consider the potential effect
of the external TiO2 scale, this latter being in compression due to growth onto the metal, affecting the
overall stress state of the multi-layer/graded material.

4. Discussion

4.1. Oxygen insertion within titanium makes it stiffer

Micromechanical characterizations, i.e., nanoindentation tests and microtensile tests, were performed
in the present study in order to identify local mechanical properties within the ORL and to evaluate the
effect of the ORL on the macroscopic response of pre-oxidized specimens. It is worth mentioning that
nanoindentation tests evidenced an increase in material stiffness with the oxygen increase, as commonly
reported in the literature for titanium with low oxygen contents but also for pre-oxidized titanium [13,
43, 18, 44, 38, 45, 40, 41]. In the present study, a linear assumption between the elastic modulus and
the oxygen content (in at. %) was considered from experimental data (Fig. 9(b)). The elastic modulus
was found to increase by 2.3 GPa for each atomic percent of oxygen from nanoindentation results. Lee
et al. reported an increase of 4.7 GPa for each atomic percent of oxygen for relatively low alloyed Ti64,
i.e., between 0 and 3 at. % of oxygen [43]. Such greater influence of oxygen on the elastic response
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was also found via nanoindentation testing for low oxygen contents per sample but was not considered
here based on the lack of data and possibility of elastic anisotropy based on local colony orientation, as
illustrated in Fig. 9(b). Elastic anisotropy at the sub-grain level has been clearly reported for nearly
pure titanium (CP-Ti), Ti-alloys and pre-oxidized titanium alloys, and can contribute to a variation of
±10 % in elastic modulus response depending on the collinearity of the c-axis with the nanoindentation
direction [46, 47, 48, 49, 41]. Owing to the coarse microstructure in the present study, elastic anisotropy
can partially explain the variability/offset of elastic response from sample to sample for similar oxygen
contents.

4.2. Competition between mechanical strengthening and early damage

While both tensile and compressive mechanical techniques evidenced stiffer properties for O-rich Ti
alloys, the mechanical strength of the pre-oxidized samples was found to be dependent on the loading
application. Nanoindentation testing, i.e., a multiaxial compressive loading, evidenced a strengthening
within the ORL while the tensile strength of pre-oxidized specimens decreased with the specimen size
reduction and/or the increase in oxidation time. Such a difference in mechanical response sheds light
on the tension/compression anisotropy of the ORL due to change in atomic binding energy of Ti due
to O insertion, leading to a change in metallic to ionocovalent binding. Therefore, the brittleness of the
oxygen-rich Ti impairs the mechanical performance in tensile conditions more compared to compressive
conditions. Interestingly, both the yield strength and ultimate tensile strength decrease with either
the increase in oxidation time or the decrease in specimen thickness, testifying the so-called oxygen
embrittlement due to ORL and subsequent reduction of the load-bearing section (Figs. 2, 3, 4, and
7). Such evolutions in mechanical strength with oxygen enrichment are not commonly reported in the
literature :

• most of the studies focused on low oxygen content CP-Ti materials subject to solid solution
strengthening, thus leading to an opposite effect on the tensile strength, i.e., a strengthening
with oxygen insertion [9, 10, 12, 13, 43, 16, 18, 38, 50, 23, 25] ;

• due to the significant thickness/diameter of conventional tensile specimens for pre-oxidized spec-
imens, leading to very low fraction of ORL compared to the whole gage section and insignificant
change in terms of mechanical strength but change in ductility due to oxygen embrittlement [7] ;

• due to the difficulty to elaborate structural Ti-based alloys with high oxygen contents and keeping
a similar metallurgical state [43].

For CP-Ti and Ti alloys with high oxygen concentration, the mechanical strength of pre-oxidized
specimens can either be improved or impaired due to the concomitant action of the oxygen strengthening
and embrittlement [14, 24, 25]. The drop in mechanical strength due to pre-oxidation is generally
reported for Ti alloys, i.e., Ti64 or Ti6242s, compared to high purity titanium. Bendersky et al. have
investigated the tensile performance of Ti64-alloy specimens pre-oxidized at 900 ◦C up to 20 hours.
They demonstrated the formation of a continuous α-Ti layer beneath the metal/oxide interface, generally
denoted as α-case. Despite similarity in mechanical performance evolutions with oxygen increase, the
ORL layer differs in nature from an α-case layer since the present ORL conserved its β-metastable Ti.
The direct confrontation in results is therefore not straightforward.

The present study has highlighted the drop in mechanical strength under tensile loading due to the
thinness of the specimens, thus probing large fractions of ORL compared to the whole specimen gage
section. The main difference between pre-oxidized CP-Ti and structural Ti alloys (Ti64, Ti6242S, etc.)
is the work-hardening capability of the virgin material under tensile loading (Fig. 3), making structural
Ti alloys particularly sensitive to notch effects and subsequently ORL cracking. Interestingly, the yield
strength of the pre-oxidized specimens was found to linearly decrease with the fraction of ORL occupied
on the specimen gage section, regardless of the oxidation time/specimen thickness conditions (Fig. 7(c)).
This linear trend reveals the sensitivity of the pre-oxidized specimens to load-bearing surface based
on the onset of ORL cracking in the elastic domain, thus leading to a reduction of the effective gage
section with the oxidation time/specimen size reduction. To the best of the authors’ knowledge, such
trends were not reported in the literature and demonstrate the use of micro-sized/ultrathin specimens
to document oxygen embrittlement. Combining oxygen profiles from EPMA analyses (Fig. 8(a)) and
brittle regions identified on the fracture surfaces (Fig. 7(a)), it is possible to define a critical oxygen
content for the extension of the different brittle regions, i.e., the flat brittle region and the rough brittle
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Figure 13: Extension of the brittle regions, i.e., flat brittle region and overall brittle region, and of the ORL for different
oxygen uptakes ∆[O] as a function of the pre-oxidation time. For information, the oxygen concentration in the bulk is of
0.49 % at.

one (Fig. 13). The oxygen uptake measured, ∆[O], at the brittle-ductile transition for the different
pre-oxidation conditions is of 0.005 % at., leading to a critical oxygen concentration of (0.495 % at.
of O, i.e., the bulk concentration C0 of 0.49 % at. plus the oxygen uptake ∆[O] of 0.005 % at.).
This critical oxygen concentration is almost similar to the one reported by Casadebeight et al. ([O]crit
≈ 0.5-0.6 % at. [7, 8]). Indeed, the authors defined the critical concentration using EPMA analyses
at (Cx-C0)/(Cs-C0) ≈ 0.005, i.e., Cx ≈ 0.5-0.6 % at. based on the usual oxygen concentration in the
bulk and at the metal/oxide interface. The authors also provided an extensive investigation of the ORL
extension using EPMA, fracture surface and secondary crack penetration on cross-sectional observations.
They found less affected brittle regions from fracture surface analyses but slightly deeper oxygen diffusion
compared to the present study. This difference in extension of the whole brittle region can arise from the
microstructure. In the present study, the lamellar microstructure and the large former-β grains studied
here can impede the evaluation of the brittle region once the brittle fracture is already initiated in the
lamellar microstructure or the ease of crack propagation of the brittle crack in the lamellar structure
within the same colony with a low-oxygen content. In addition, α-Ti has a greater oxygen solubility
compared to β-Ti [3]. This particular two-phase microstructure can also influence oxygen ingress inside
the material either by volume diffusion/solubility limit in each phase or by α/β interfacial diffusion.
However, the present study did not allow to inform and clarify this point. Further investigations are
required for a better understanding of the crack initiation then propagation within the ORL as a function
of the oxygen profile and content. In addition, the critical oxygen concentration at the transition between
the flat-rough brittle region is of 3.5 % at. and describe the transition from a fracture mode insensitive
to sensitive to the lamellar structure. This flat brittle region is highly brittle and is of great importance
to be characterized for structural components exposed at intermediate temperature.

An advantage of ultrathin but large specimens lay in the statistical representation of the microstruc-
ture in the whole gage section compared to micro-sized specimens, generally probing one or few grains/microstructural
features. This point is important based on the coarseness of the Ti64 microstructure with grain/colony
sizes comparable or even larger than the specimen thickness but not width and length. Such coarse
microstructure lead to particular strain/slip localization at the grain-scale, leading to a high variability
of microplasticity onset, as depicted in Fig. 5(b) for the virgin Ti64. This point will be further discussed
in the following sections. Micro-sized specimens can yet provide information on local properties under
tension within the ORL for specimens with constant oxygen content compared to oxygen-graded samples
such as pre-oxidized specimens. The loss in mechanical properties of the pre-oxidized specimen can be
structural based on the gradient of properties and stress distribution within the specimen gage section.
Smaller scale tensile testing might be of interest to better document the local tensile properties within
the ORL as a function of the oxygen concentration.

As far as the ORL/gage section ratio is concerned, elastic simulations of the oxygen-graded materials,
i.e., the pre-oxidized specimens, demonstrated that short oxidation exposures and thick specimens lead
to higher stress levels both at the metal/oxide interface and in the specimen core. In other words,
such conditions might favor ORL cracking at slightly lower macroscopic stress levels but also can lead
to onset of microplasticity or viscoplastic behavior in the specimen core and strain localization at the
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microstructure scale. It is worth noting that longer oxidation exposures have a beneficial effect on the
stress level encountered both at the specimen surface and specimen core. Despite lower values of stress for
thinner specimens at a similar depth from the metal/oxide interface, i.e., at given oxygen concentration,
thin specimens failed at lower macroscopic stress levels due to extension of the ORL and reduction of the
effective load-bearing section after ORL cracking. Furthermore, based on homothetic considerations for
oxidation time/specimen thickness of specimens with a similar ORL/gage section ratio, stress distribution
profiles are elastically identical, confirming the linearity of yield strength/fracture strength as a function
of the ORL/gage section ratio (Fig. 7(c)). Steady-stress during oxidation was recently found to lower
the oxygen concentration at the metal/oxide and slightly increase the apparent diffusion of O within Ti,
leading to deeper ORL under stress compared to simple oxidation [31]. Therefore, the effect of external
stresses on service components have to be taken into account to evaluate stress distribution during service
and the potential of ORL cracking.

In addition to the numerical simulations of stress distribution in the oxygen-graded titanium, an-
alytical approximations can be proposed using homogenization scheme of the graded material. In the
particular case of oxidation diffusion front being parallel to the further loading direction, as depicted in
Fig. 14(a), a Voigt homogenization model could inform on local stress distribution in the mechanically-
graded material, in which each layer experiences an identical deformation.

The load F , applied onto the oxygen-graded material with a thickness h and a width w, is linked to
the homogeneous stress σhom as follows:

F = σhom.h.w (5)

Similarly, F is related to the local stress profile using the following relationship:

F = w.

∫ h

0

σ(y) dy (6)

Considering the local variation of elastic properties (Fig. 14(c)) due to oxygen ingress into titanium
(Fig. 14(b)), F can be related to the local elastic properties E(x) along the thickness direction y since
the deformation ε of each material layer is considered identical (Voigt model, i.e., isodeformation model).

F = w.ε.

∫ h

0

E(y) dy (7)

Since the local deformation is identical for each material layer, the global deformation aims to link
the local and homogeneous stress using the following expression:

ε =
h.σhom∫ h

0
E(y) dy

(8)
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Therefore, the local stress can be related to the distribution of elastic properties along the width, as
follows:

σmax

σhom
=

h.Emax∫ h

0
E(y) dy

(9)

∫ h

0
E(y) dy is directly related to the oxidation duration and increases with oxidation duration, as

shown in Fig. 14(c). For a given h and σhom, σmax increase when
∫ h

0
E(y) dy decreases. Therefore, this

approach justifies maximal stresses observed at the surface and in the specimen core for shorter oxidation

durations (greater
∫ h

0
E(y) dy) for a given specimen thickness h. Similarly, this formulation depicts

maximal stresses at the surface and core for thicker specimens (greater h) for a given oxidation duration

(
∫ h

0
E(y) dy). This analytical approach aims at demonstrating the ”core/shell” effects demonstrated

using finite element simulations (Fig. 11 and 12).
Depending on their processing route, titanium and titanium alloys can present fine grain structures

with relatively low crystallographic texture or relatively coarse grains with pronounced crystallographic
textures, as investigated in the present study. Former β-grain heritage, microtextured regions or feather-
like structures can lead to heterogeneous strain distribution at the microstructure scale, leading to micro
and mesoscopic stress/strain concentration, as observed for the virgin Ti64 in Fig. 5(b) and reported in
the literature [58, 59, 60, 61, 62]. While ORL cracking might be sensitive to crystallographic orientation in
regard to the macroscopic loading, ORL cracking in large grain/colony structures can also be influence by
the onset of plasticity with grain/colony beneath the ORL, leading to intense slip/strain localization. This
case is particularly encountered for thin ORL/large grains, where inclined strain localization inherent to
microplasticity of the sub-ORL material is sufficient to locally crack the ORL, as observed in Fig. 5(c).
Therefore, the ORL thickness/grain size ratio might be of interest for further consideration on the
variability and distribution of ORL cracking on the specimen gage.

4.3. Size effects on the oxygen distribution

In the present study, oxygen distribution in the ORL was of importance in order to evaluate the
extension of the ORL and its influence on the mechanical integrity of thin specimens. It is important
to note that oxygen distribution was solely characterized using EPMA on thick specimens, meeting
the semi-infinite condition in terms of unidirectional solid-state diffusion scheme. This consideration is
necessary to accurately identify the coefficient of diffusion using analytical diffusion equations [54, 55].
In addition, the specimen preparation and pre-oxidation was also of importance in order to assure a
reproducible oxygen concentration at the metal oxide/interface, then oxide surface after oxide removal.
This concentration is critical in the evaluation of the coefficient of diffusion and is highly dependent
on the specimen preparation but also the oxidation atmospheres (presence of water in air, i.e., dry air,
wet air versus laboratory air, temperature, thermal loading, etc.) [57]. The specimen preparation with
the precision Jig and standardized metallographic preparation aimed to repeatable surface finish [51].
In addition, pre-oxidations in the same batch also favored such a reproducibility. The particular care
in specimen preparation was confirmed by the reproducibility in measured oxygen concentration at the
metal/oxide interface using EPMA analyses. For thin specimens, the semi-infinite medium condition is
not met anymore and the previous analytical solution is invalid. Therefore, finite-element or discrete-
element simulations have to be considered in order to evaluate the distribution of oxygen [29]. Oxygen
profiles were simulated for thin specimens for which semi-infinite conditions are not met. For these
simulations, both the oxygen flux and oxygen concentration at the metal/oxide interface were considered
to not be influenced by the specimen thickness. In other word, similar oxidation and diffusion boundary
conditions were considered, regardless of the specimen thickness and oxygen increase in the specimen
core. Such hypotheses have to be experimentally verified, but were not possible in the present investi-
gation. Our motivation was to evaluate the pre-oxidation time/specimen thickness conditions leading
to an enrichment in oxygen of the specimen core. In addition, both oxygen concentration at the metal
/oxide interface and oxygen coefficient of diffusion were considered constant during the whole simula-
tion. Simulations highlight that deviation of oxygen distribution in titanium from the conventional ”erf”
function occurs due to the significant oxygen enrichment of the core of the sample. The influence of
the local oxygen content on the local oxygen coefficient of diffusion as well as the influence of the local
stress on oxygen diffusion are not taken into account in the present study. Such considerations could be
implemented along with experimental measurement of oxygen concentration profiles for thin specimens
and will be part of future works.
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5. Conclusions

The influence of oxygen insertion in a titanium alloy due to high temperature oxidation was investi-
gated on the tensile behavior of pre-oxidized Ti64 alloy. Tensile tests of ultrathin specimens with different
extensions of an oxygen-rich layer (ORL) were conducted, alongside nanoindentation and EPMA profiles
to correlate local mechanical properties to the oxygen concentration. The different micromechanical
approaches aimed to highlight:

• a competition between oxygen strengthening in the ORL due to oxygen insertion under compression
and embrittlement under tension leading to a drop of mechanical strength of the pre-oxidized
specimens ;

• a decrease of the mechanical strength and ductility of pre-oxidized specimen for longer oxidation
time of thinner specimens ;

• a linear increase of stiffness with the increase in oxygen concentration using nanoindentation ;

• a contribution of strain localization at the microstructure scale beneath the ORL on the ORL
cracking using digital image correlation techniques ;

• stress distribution profiles are dependent on the ORL/specimen thickness ratio due to core/shell
effects using finite element method to simulate both oxygen profiles in thin specimens and stress
distribution during an elastic loading.
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31. Cavé, K., Texier, D., Vallot, S., Chanfreau, N., Fessler, E., Dehmas, M., Monceau, D., Poquillon, D.. Effect of
creep loading on the oxygen diffusion of Ti6242S at 650 C. Scripta Materialia 2023;:submitted.

32. Dupressoire, C., Descoins, M., VandePut, A., Epifano, E., Mangelinck, D., Emile, P., Monceau, D.. The role of
nitrogen in the oxidation behaviour of a Ti6242S alloy: a nanoscale investigation by atom probe tomography. Acta
Materialia 2021;216:117134. doi:10.1016/j.actamat.2021.117134.

33. Relationship between the volume of the unit cell of hexagonal-close-packed Ti, hardness and oxygen content after α-
case formation in Ti-6Al-2Sn-4Zr-2Mo-0.1Si alloy. Journal of Applied Crystallography 2016;49(1988):175–181. doi:10.
1107/S1600576715022906.

34. Ciszak, C., Popa, I., Brossard, J.M., Monceau, D., Chevalier, S.. NaCl induced corrosion of Ti-6Al-4V alloy at
high temperature. Corrosion Science 2016;110:91–104. doi:10.1016/j.corsci.2016.04.016.

35. Radecka, A., Coakley, J., Vorontsov, V., Martin, T., Bagot, P., Moody, M., Rugg, D., Dye, D.. Precipitation
of the ordered α2 phase in a near-α titanium alloy. Scripta Materialia 2016;117:81–85. doi:10.1016/j.scriptamat.
2016.02.015.

36. Poquillon, D., Armand, C., Huez, J.. Oxidation and oxygen diffusion in Ti-6al-4V alloy: Improving mea-
surements during SIMS analysis by rotating the sample. Oxidation of Metals 2013;79(3-4):249–259. doi:10.1007/
s11085-013-9360-8.

37. Oh, J., Lee, B., Cho, S.W., Lee, S.W., Choi, G.S., Lim, J.W.. Oxygen effects on the mechani-
cal properties and lattice strain of Ti and Ti-6Al-4V. Metals and Materials International 2011;17(5):733–736.
doi:10.1007/s12540-011-1006-2.

38. Vicente, F.B., Correa, D.R.N., Donato, T.A.G., Arana-Chavez, V.E., Buzalaf, M.A.R., Grandini, C.R.. The influ-
ence of small quantities of oxygen in the structure, microstructure, hardness, elasticity modulus and cytocompatibility
of Ti-Zr alloys for dental applications. Materials 2014;7(1):542–553. doi:10.3390/ma7010542.

39. Magazzeni, C.M., Gardner, H.M., Howe, I., Gopon, P., Waite, J.C., Rugg, D., Armstrong, D.E., Wilkinson, A.J..
Nanoindentation in multi-modal map combinations: a correlative approach to local mechanical property assessment.
Journal of Materials Research 2021;36(11):2235–2250. doi:10.1557/s43578-020-00035-y.

40. Cai, Z., Xiang, T., Bao, W., Chen, J., Gao, T., Xie, G.. Enhancing strength and ductility of pure titanium by
interstitial oxygen atoms. Materials Science, SSRN Electronic Journal 2022;14(2).

41. Texier, D., Sirvin, Q., Dziri, A., Proudhon, H., Yastrebov, V., Legros, M.. Effect of oxygen content on the sub-grain
nanoindentation response in titanium affected by high temperature oxidation. In: Titanium 2023. Edimbourg; 2023:.
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47. Fizanne-Michel, C., Cornen, M., Castany, P., Péron, I., Gloriant, T.. Determination of hardness and elastic modulus
inverse pole figures of a polycrystalline commercially pure titanium by coupling nanoindentation and ebsd techniques.
Materials Science and Engineering: A 2014;613:159–162. doi:https://doi.org/10.1016/j.msea.2014.06.098.

48. Weaver, J., Priddy, M., McDowell, D., Kalidindi, S.. On capturing the grain-scale elastic and plastic anisotropy
of alpha-Ti with spherical nanoindentation and electron back-scattered diffraction. Acta Materialia 2016;117:23–34.
doi:10.1016/j.actamat.2016.06.053.

49. Jabir, H., Fillon, A., Castany, P., Gloriant, T.. Crystallographic orientation dependence of mechanical properties in
the superelastic ti-24nb-4zr-8sn alloy. Phys Rev Mater 2019;3:063608–18. doi:10.1103/PhysRevMaterials.3.063608.
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