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Abstract

Titanium and its alloys combine an important mechanical anisotropy and a high capacity to dissolve oxygen. The

detailed evolution of the elastic compliance of titanium as a function of its oxygen content is only partially known,

despite its importance in structural applications. Here, high speed nanoindentation mapping (HSNM) was conducted

on a grade 2 commercially pure titanium (CP-Ti) to probe elastic and hardness anisotropy as well as property evolution

as a function of the oxygen content within Ti using pre-oxidized specimens. The oxygen concentration investigated

ranged from 600 ppm to 20 % atomic. Pre-oxidation of the CP-Ti was performed at 700 ◦C for 100 h under air

to create a gradient of oxygen content within the metal, denoted oxygen-rich layer (ORL). Local oxygen content

was quantified using microprobe analyses (EPMA) and crystal orientation using electron backscattered diffraction

(EBSD). Reduced modulus and hardness maps were obtained on the pre-oxidized sample within the ORL and far

from the ORL using large but highly resolved nanoindentation technique in continuous stiffness measurement (CSM)

mode. Data merging techniques were used on this multi-modal dataset to statistically link local mechanical properties

to chemical and crystal orientation information. Oxygen insertion in the Ti lattice was found to significantly increase

the hardness and elastic moduli of titanium and was correlated to orientation of the c-axis of the α-Ti as a function of

the nanoindentation loading direction. Using the Vlassak and Nix theory, it was possible to identify the evolution of

the Ci j terms of the stiffness matrix as a function of the oxygen content up to 20 % at. in O.

Keywords: Titanium, Oxygen strengthening, Nanoindentation, Elastic anisotropy, Hardness anisotropy.

1. Introduction

Titanium and titanium alloys are widely used as lightweight materials in industry due to high specific strength at

room and intermediate temperatures [1]. The motivation to substitute iron-based and nickel-based alloys by titanium
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alloys for structural components used at intermediate temperature is altered by the high solubility of oxygen in titanium

within both the α-Ti and β-Ti phases [2]. Titanium and its alloys, exposed at intermediate temperature under oxidizing

environment, form an external oxide scale but also an oxygen-rich layer (ORL) beneath the external oxide due to high

oxygen solubility and diffusion within titanium [3]. The ORL extends particularly deep beneath the external oxide

scale compared to the growth of the latter, nearly one order of magnitude higher depending on the material and

temperature [4–6]. The ORL demonstrates a brittle behavior, leading to premature cracking under tensile loading [3,

7–27]. Such early cracking is highly detrimental for the mechanical integrity of thin components, as recently reported

in Refs. [21, 23, 27]. In addition, oxygen embrittlement and early cracking of the ORL subjected to thermomechanical

stresses were found to strongly impair the fatigue endurance and lifetime of oxidized titanium [7, 14, 17–19, 24].

Therefore, assessing local mechanical properties and deformation mechanisms within the ORL is of high interest to

better predict strain/stress distribution within the ORL and early damage development at the microstructure scale.

The effect of oxygen insertion in titanium on its mechanical properties has been extensively studied in the lit-

erature. Oxygen addition even at low concentration (thousands of ppm of oxygen, i.e., fractions of atomic percent

of oxygen) can significantly improve the tensile strength of titanium [9, 15, 26, 28–31] at the expense of the duc-

tility [3, 9, 16, 26, 31]. Furthermore, oxygen increases hardness of titanium even for slight change in O concentra-

tion [3, 6, 8, 10–12, 17–19, 25, 30–35]. Such characterizations were conducted on either bulk samples with homo-

geneous but low oxygen content (around 1.5 % atomic maximum [34]) or pre-oxidized titanium samples to cover

a large range of oxygen concentrations. For the latter case, the oxygen concentration can range from hundreds of

ppm (bulk concentration) to 25-30 % atomic at the metal/oxide interface [6, 8, 11, 12, 17, 27, 35]. 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 [12, 36]. Correlative analyses between hardness measurements

and oxygen profiles aimed to identify different models, either linear [11, 19, 37], parabolic [3, 6, 27] or following a

power law form [8, 12, 33] to link hardness properties to the oxygen content. At an oxygen concentration of 25 % at.,

hardness of titanium is about 2.7 to 2.9 times higher for Ti6242S [6, 19], 1.8 to 2.4 times higher for Ti64 [11, 27], and

6.7 times higher for grade 1 Commercially Pure titanium (CP-Ti) [33]. In addition, hardness properties of titanium

were also found to be highly sensitive to the crystallographic orientation, regardless of the oxygen content. Indeed,

hardness measurements performed along directions in the basal plane are 40 to 70 % softer than the measurements

along the c-axis direction [33, 35, 38–45]. Using multi-modal map correlation techniques, Maggazeni et al. [33] also

proposed a power law and sinusoidal evolution of the hardness as a function of the oxygen content and declination

angle between the c-axis direction and the indentation direction, respectively. These changes in hardness properties

are related to the variation of slip and twinning activities as a function of the crystal orientation but also the oxygen

concentration [3, 7, 9, 10, 13, 15, 20, 23, 25, 28, 30, 46].

While change in hardness properties were particularly investigated, a few studies documented either elastic

anisotropy [33, 35, 39–45] or average stiffness evolutions of titanium with different oxygen contents [10, 15, 27,

30, 34, 35, 46–48], but not the combination of both the factors. Terms of the stiffness matrix for CP-Ti, defining its

2



elastic anisotropy, were established in the literature and summarized in Table 4 in Appendix 1. Different sets of Ci j

parameters were found, but those used or identified in Refs. [42, 49–55] will be considered here due to similarities.

Weaver et al. [42] performed finite element calculations to simulate the indentation modulus according to different

declination angles, thus probing both the multiaxial loading of indentation tips (a Berkovich tip in this case) and the

crystal elastic anisotropy. Good agreement between numerical simulations and experimental measurements aimed at

validating such an approach to identify Ci j terms from nanoindentation. As far as the evolution of the elastic mod-

ulus with the oxygen content is concerned, some identifications were done in the literature for low oxygen alloyed

titanium or oxygen-graded titanium [10, 15, 27, 30, 34, 35, 46–48]. Lee et al. [46] established a linear increase of

the isotropic Young’s modulus of 4 to 5 GPa for each atomic percent of oxygen at low oxygen content. At higher

oxygen concentration, the Young’s modulus of the Ti64 alloy was found to increase of 2.3 per atomic percent of

oxygen with two regimes around 0.5 % at. in O [27]. To the best of the authors’ knowledge, the evolution of the

stiffness matrix for CP-titanium and titanium alloys as a function of the oxygen concentration was not documented in

the literature, except using atomic simulations (see Table 5 in Appendix 1 from Liang [56]). However, assessment

of the stiffness matrix for different oxygen contents is of high importance for further (i) evaluation of stress/strain

concentration in polycrystalline aggregates of CP-Ti subjected to high temperature oxidation and (ii) clarification of

the role of crystallographic configurations favoring oxygen embrittlement for structural applications.

The present study intends to investigate both the hardness and elastic response of CP-titanium with different

concentrations of oxygen. New developments in high speed nanoindentation mapping (HSNM) [33, 45, 57–59] and

multi-modal correlative microscopy [33, 35, 38, 39, 41, 42, 45, 58, 60] will be used to correlate indentation properties

to the oxygen content and crystal orientation. For comparison with the existing literature, the multi-modal analysis

was first applied to bulk CP-Ti, i.e., to document both the elastic and hardness anisotropy without contribution of

oxygen. Then, a one-direction analysis was conducted to evaluate changes in elastic and hardness properties as a

function of the oxygen content, regardless of the crystallographic orientation. Finally, the multi-modal correlative

microscopy using HSNM in continuous stiffness measurement (CSM) mode [61], electron backscaterred diffraction

(EBSD) and microprobe analyses (EPMA) will be applied to a pre-oxidized CP-titanium material to locally probe

the mechanical response of titanium with up to 20 % at. oxygen dissolved. Semi-analytical solutions based on the

Vlassak and Nix theory [62, 63] will be used to approximate the indentation modulus for materials with an anisotropic

elastic behavior and subsequently identify the evolution of the Ci j terms as a function of the oxygen concentration.

The latter material characterization constitutes the originality of the present work and will be of interest for further

mechanical simulations of polycrystalline aggregates. Both experimental and simulated results will be discussed.
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2. Material and experiments

2.1. Material and specimen preparation

The material studied is a grade 2 commercially pure titanium (CP-Ti) provided by All Metal Services in the form

of a 1.8 mm-thick sheet. Its nominal composition, characterized by Nippon Steel Corporation, is reported in Table 1.

The material has an α-phase equiaxe grains microstructure with some iron silicides and β-grains located at grain

boundaries. The average grain size in the as-received state is of 15±5 µm.

Rectangular specimens with dimensions of 10×5×1.8 mm3 were extracted from the plate using an IsoMet High

Speed precision cutter from Buehler. Specimen surfaces were ground down to P4000 SiC paper using a precision

jig to ensure a good control of the sample parallelism [64]. The specimen was cleaned in acetone then ethanol

for 15 min using ultrasonic bath before high temperature treatment or oxidation to induce oxygen ingress within

titanium. A thermal treatment of 700 ◦C-100 h, i.e., a pre-oxidation treatment, was performed using a Nabertherm

C290 furnace with static atmosphere (no air stirring) to trigger both grain growth and oxygen diffusion from the

surface. The sample was introduced at high temperature and positioned onto an alumina plate, its side of interest

facing the air. To select the best material plane for further nanoindentation tests, the heat-treated microstructure of the

bulk material was characterized using electron backscattered diffraction (EBSD) technique. EBSD maps in relation

to the different process directions, i.e., the rolling direction (RD), the long transverse direction (LTD), and the short

transverse direction (STD) corresponding to the specimen thickness direction, are illustrated in Fig. 2(a-c). The grain

size of the heat treated CP-Ti material was measured to 88 µm. The EBSD orientation map in reference to LTD

presents various grain orientations, as confirmed by the homogeneous orientation distribution function represented

in the inverse pole figure (Fig. 2(f)). EBSD data were also post-treated to represent the angle between the process

directions and the c-axis of the α-Ti lattice, the so-called declination angle, °/, as illustrated in Fig. 2(g-i). The

distribution function of the declination angle was also depicted in Fig. 2(j-l). These preliminary characterizations

aimed at selecting the plane normal to LTD to be tested using nanoindentation to probe the largest variety of grain

orientations. For information, a schematic illustration of the cross-section of the pre-oxidized specimen showing the

external oxide scale, the ORL and the two regions of interest for the nanoindentation mapping is depicted in Fig. 1:

(i) the bulk specimen far from the ORL and (ii) the pre-oxidized specimen in the ORL.

Table 1: Nominal composition of the grade 2 CP-Ti material used in this study (in weight %

Ti O Fe N C H

Bal. 0.14 0.07 <0.005 <0.005 0.0007
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Figure 1: Schematic illustration of the cross-section of the pre-oxidized specimen showing the external oxide scale, the ORL and the different

regions of interest for the nanoindentation mapping.
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Figure 2: 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.

For convenience, specimens for oxidation were prepared so that the oxygen ingress is along STD and the cross-

section plane for nanoindentation testing is the STD-RD plane. After oxidation, the specimen was mounted in a low

shrinkage cold epoxy resin. The mounted specimen was polished down to a 1 µm diamond paste finish. This surface
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finish was used for microprobe analyses (EPMA) prior to electron backscattered diffraction (EBSD) characterization

and nanoindentation testing. After EPMA characterization, a mechanochemical polishing using colloidal silica during

40 min was applied to the sample for further EBSD and nanoindentation testing. The specimen was then abundantly

washed then swiped using water. The specimen was cleaned in ethanol for 15 min using ultrasonic bath.

2.2. Characterization techniques

Observations were conducted using a JEOL JSM 7100F scanning electron microscope. EBSD maps were acquired

at 20 keV with a step size of 0.5 µm with a CMOS Symmetry S2 EBSD detector (Oxford Instruments) after nanoin-

dentation. EBSD data were post-treated and plotted using MTex [65] and the open source Pymicro library1 [66] for

further correlative multi-modal microscopy.

EPMA characterization was performed to characterize the oxygen ingress and concentration within the oxygen-

rich layer (ORL) down to the specimen core. A particular attention was paid to the specimen preparation to limit

edge blunting and the formation of the native TiO2. It is important to better assess oxygen content in the vicinity

of the metal/oxide interface [5]. The sample was coated with a thin carbon layer then stored in a vacuum chamber

(10−5 mbar) before EPMA analyses. EPMA measurements were performed using a CAMECA© SXFive FE at an

acceleration voltage of 10 kV and a probe current of 20 nA. Calibration of elements were used for quantitative

analyses. The absolute error on the oxygen content is close to 0.2 atomic percent. Four profiles were performed to

document the oxygen profile in the ORL with a step size of 1 µm near the surface (first 25 µm beneath the oxidized

surface) and of 3 µm in the bulk. 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, by spectrum substraction of the oxygen spectrum

(5 measurements in the bulk). The spectrum intensity corresponding to the oxygen was then deducted from the

spectrum for each EPMA measurement. Therefore, the oxygen content presented in the paper does not correspond to

the absolute oxygen content, but the oxygen uptake due to oxygen dissolution during oxidation, and is denoted ∆[O].

2.3. Nanoindentation tests

High speed nanoindentation mapping (HSNM), also called in the literature as ”High throughput nanoindenta-

tion” or ”mechanical microscopy mapping”, was performed using a NMT04 in-situ nanoindentation system from

FemtotoolsAG in continuous stiffness measurement (CSM) mode under displacement control (See Appendix 2 for ad-

ditional details on the CSM measurements and illustrations in Fig. 13). Measurement under displacement-controlled

mode is important for such experiments, based on the high difference in hardness and elastic properties expected

for the oxygen-graded material. This actuation technique aims to maintain similar indentation depths from indent to

indent, regardless of the local mechanical response. This allows to maintain similar interaction volumes between the

indenter tip and the sample throughout the testing area in order to quantify variations in properties in a consistent

1https://github.com/heprom/pymicro
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way. On the contrary, force-controlled nanoindentation can lead to widely different indentation depths and inconsis-

tent measurements of local materials properties based on different interaction volumes and sensitivity to measurement

artifacts such as indentation size effect.

The nanoindentation system was equipped with a diamond Berkovich tip and a 20 mN load cell with a position

noise floor of ±0.05 nm and a load noise of ±0.05 µN (MEMS sensor). The reference stiffness of the nanoindentation

system was of 11468.8 kN.mm−1 (This includes the stiffness of the force sensing elements). Displacement, load,

position, phase shift are measurement at a frequency ftest of 94 kHz but analyzed for calculation of the reduced

modulus ER and hardness H at a frequency facquis. of 50 to 400 Hz, the CSM frequency f CS M being of 200 Hz in the

present investigation. The calibration of the diamond Berkovich tip was done on fused silica using the CSM technique

in displacement-controlled mode and stable values of ER and H for the fused silica ranged from 20 to 160 nm (See

Appendix 2 for additional details on the Berkovich tip calibration and Fig. 14 for the calibration curves).

Three nanoindentation maps were conducted to probe the effect of the crystal orientation and oxygen ingress on

the nanoindentation response. The nanoindentation parameters for each nanoindentation map are reported in Table 2.

2.4. Nanoindentation model for correlative microscopy

Considering linear viscoelasticity, Sneddon’s stiffness equation can be used to relate the dynamic stiffness and

damping of the contact to the elastic modulus, E’, and the loss modulus, E” [61, 67]:

E′

1 − ν2
=
∆F
∆h

cos(ϕ)
√
π

2β
√

A
(1)

and

E′′

1 − ν2
=
∆F
∆h

sin(ϕ)
√
π

2β
√

A
(2)

with ν the Poisson’s ratio of the tested material, ∆F the load amplitude, ∆h the displacement amplitude, ϕ the

phase shift, β a tip shape descriptor (β = 1.034 for a Berkovich tip [68]), and A the projected contact area.

Table 2: Nanoindentation parameters in CSM mode and displacement control mode

Bulk-Ti O-graded Ti (large) O-graded Ti (HR)

Array size (indents) 400 × 150 1100 × 100 470 × 190

Step size ( µm) 2.5 2.5 0.8

Max depth (nm) 180 180 50

Load rate (nm.s−1) 120 120 25

CSM frequency (Hz) 200 200 200

Displacement amplitude (nm) 5 5 5
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The reduced modulus ER can be expressed as a function of the elastic modulus E’, the indentation modulus EInd,

the Young’s modulus of the diamond EDiamond and its Poisson’s ratio νDiamond:

1
ER
=

1 − ν2

E′
=

1
EInd

+
1 − ν2Diamond

EDiamond
(3)

Vlassak and Nix theory [62, 63, 69] is capable to theoretically evaluate EInd for a given crystal orientation using

surface Green’s function [70]. Assuming that the indenter geometry corresponds to a circular flat punch, Vlassak and

Nix have shown that EInd can be computed as:

EInd =
4π∫ 2π

0 niB−1
i j (ω)n j dω

(4)

where n is the unit normal to the indentation surface in the crystal’s coordinates. The symmetric matrix B was

originally expressed as a line integral within the Stroh integral formalism [62, 63, 69]. However, it is computed

more efficiently using the Stroh matrix (or sextic) formalism (see, e.g., Refs. [71–74]) which needs first to solve an

eigenvalue problem:

Nξα = pαξα (5)

where N is a 6 × 6 matrix given by:

N = −

 (nn)−1 (nm) (nn)−1

(mn) (nn)−1 (nm) − (mm) (mn)−1 (nn)−1

 (6)

N is related to the anisotropic elastic stiffness tensor C according to the notation (mn) jk = miCi jklnl. m = n ∧ t

where t is an arbitrary unit vector in the plane perpendicular to n. It makes an angle ω with a fixed datum of the plane

perpendicular to n. ω corresponds to the angle that varies from 0 to 2π in the line integral of Eq. 4. Then, pα are the six

eigenvalues of the matrix N. These eigenvalues always appear in the form of 3 pairs of complex conjugates [71–74].

By convention, pi+3 = pi and Im(pi) > 0 for i = 1 to 3. ξα are the eigenvectors that are split into two 3 × 1 column

vectors as:

ξα =

AαLα

 (7)

Aα and Lα are normalized according to the relation:

3∑
i=1

Aαi Lβi + Aβi Lαi = δαβ (8)

Finally, the matrix B is obtained as:
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Bi j = 2i
3∑
α=1

Lαi Lαj (9)

A Gauss-Legendre quadrature method is used to solve the line integral of Eq. 4. An accuracy of 10−4 % is reached

with 30 integration points. In combination with the use of the matrix formalism, this result is very short computation

times to get EInd (<< 1s). The above theoretical framework is rigorously valid for a circular contact area. For an

indenter with a triangular shape like a Berkovich, the indentation modulus EInd depends on the orientation of the

indenter in the indentation surface. Vlassak and Nix [62] have shown that these variations are very small and can be

reasonably neglected considering the experimental scatter. However, they have also shown that the indentation moduli

for triangular indenter are on average 6 % higher that the corresponding moduli for axysymmetric indenter [62].

Hence, a corrective multiplicative factor of 1.06 is considered in this work to compute EInd, as was done by Aspinall

et al. [75].

2.5. Multi-modal analyses

Three investigations were conducted to (1) investigate the role of crystallographic orientations on the nanoinden-

tation response without contribution of the oxygen, (2) investigate the role of oxygen on the nanoindentation response

independently of the local crystallographic orientation, (3) investigate both the role of oxygen content and crystallo-

graphic orientations on the nanoindentation response. The latter requires non-linear registrations in order to align data

from different natures, i.e., grain orientations from EBSD measurements and/or oxygen uptake from EPMA measure-

ments, in the coordinate system of the nanoindentation maps. A quadratic registration model was applied using set

of control points in the different modalities to correct for distortions in EBSD and EPMA fields. The net result is a

multi-modal data set with EBSD maps, oxygen profiles and nanoindentation data that can be used for further analysis.

For the correlative analysis, a Jupyter notebook was developed using Pymicro [66] to read EBSD and nanoindentation

data, perform the registration and analyze the local material properties with respect to crystallographic orientation;

the raw data and Python notebook are available publicly on [Zenodo] [76]. The Python code applying the Vlassak

and Nix theory developed by Richeton and Berbenni is available at the following link [Github]. The representation of

the spatial dependence of Young’s modulus in 3D using the Ci j components of the stiffness tensor was done using a

Python library developed by Kais AMMAR (Centre des Matériaux, Mines Paris PSL) [Github].

3. Results

3.1. Nanoindentation on the bulk material far from the ORL

HSNM was conducted on the heat-treated grade 2 CP-Ti material far from the oxygen diffusion zone to assess

local mechanical properties, i.e., hardness H and reduced modulus ER, as a function of the grain orientation, without

contribution of the oxygen content (see Fig. 3). This first investigation was conducted for validation of the multi-modal

method based on the existing literature on such a characterization. As aforementioned, the specimen orientation was
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purposely chosen to have a large panel of grain orientations to be tested using nanoindentation. EBSD maps were

collected and the declination angle was calculated from EBSD data to only consider a scalar corresponding to the

angle between the c-axis and the normal to the surface, i.e., the indentation direction, as commonly used in the

literature. ER and H values ranged from 105 to 123 GPa and from 2.5 to 4.0 GPa, respectively. Both the reduced

modulus and the hardness maps were capable to depict the anisotropic response of the material at the grain scale. It

is worth mentioning that grains with stiff properties also experienced high hardness values, and correspond to grains

with c-axis nearly parallel to the indentation direction (Fig. 3). Inversely, grains with c-axis nearly parallel to the

surface plane are softer (lower reduced modulus and hardness).

Since, HSNM is capable to assess the anisotropic response of the material at the sub-grain level, combining

HSNM and EBSD data aims to extract local mechanical properties as a function of the crystallographic orientation

using multi-modal data merging techniques available in Pymicro. After data alignment, grains were segmented using

a 5◦ misorientation threshold angle and a mask was computed from the grain boundary map to exclude HSNM data in

the vicinity of grain boundaries (3 indents). Declination angles as well as position on inverse pole figure (IPF) were

also calculated for each grain. The HSNM data were processed to consider the average reduced modulus and hardness

per grain. Around 150 to 850 nanoindentation measurements were considered per grain, depending on the grain size.

The hardness and the reduced modulus were then plotted as a function of the declination angle ◦/. As qualitatively

observed, both the hardness (blue crosses) and the reduced modulus (red crosses) decreased with the declination

angle, as shown in Fig. 4(a). Despite effort in plane selection for nanoindentation mapping, low declination angles

were not tested here, most of the grains being inclined between 25 and 90 ° with the c-axis direction. For information,

Magazzeni et al. [33] identified an evolution of the hardness as a function of the declination for CP-Ti material and

this cos-form curve was added in Fig. 4(a) as a blue dashed curve. A good agreement is found between the present

results and the identified hardness behavior from the literature. Similarly, Weaver et al. [42] identified the evolution of

the indentation modulus as a function of the declination angle using finite element methods for a spherical indentation

tip. Data were modified here to consider the reduced modulus corrected for a Berkovich diamond tip using Eq. 3

and a correction factor [75] (Red dotted curve in Fig. 4(a)). Ci j terms used for this model were taken from [42] and

adapted from [50]. The modified Vlassak and Nix formulation was also used here using the same Ci j terms (Red

dashed curve in Fig. 4(a)). Both models overestimate the present HSNM dataset, as for Weaver et al. [42]. Both the

reduced modulus and the hardness were plotted on IPF maps, as depicted in Fig. 4(b) and (c). Grains mechanically

tested along the [0001] direction have higher reduced modulus and hardness. Inversely, grains mechanically tested

along the [011̄0] and the [1̄21̄0] directions have the softest properties.
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Figure 3: Grain orientation map in reference to the LTD/Z direction for the bulk CP-Ti material, Reduced modulus map using HSNM, Hardness

map using HSNM, Declination ( ◦/) map computed from EBSD measurements.
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Figure 4: (a) Evolution of the reduced modulus and hardness as a function of the declination angle. Models [33, 42, 63] reported from the literature

are added in the Figure for direct comparison. (b) Reduced modulus plotted in IPF standard triangle, and (c) Hardness plotted in IPF standard

triangle.

3.2. Chemical and mechanical profile analyses of the oxygen rich layer (ORL)

CP-Ti was oxidized at 700 ◦C for 100 h so that the oxygen front is parallel to STD. Cross-sectional preparation

was done to conduct chemical analyses and HSNM tests in the RD-STD plane. Four profiles of EPMA analyses

were performed along STD to quantitatively measure the oxygen uptake within the ORL (Fig. 5(a)). In the ORL, the
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oxygen content at the metal/oxide interface was nearly of 20 % at. and gradually decreases in depth. Oxygen profiles

were fitted using an erf-type function derived from Fick’s law in the case of the diffusion in a semi-infinite solid with

a constant surface oxygen concentration [O]s and a diffusion coefficient D independent of the concentration and the

position x [77]:

[O]x − [O]0

[O]s − [O]0
=
∆[O]x

∆[O]max
= 1 − er f (

x
√

4Dt
) (10)

where [O]x is the oxygen concentration that diffuses at position x after a time t, [O]0 is the oxygen concentration

at the sample core. D and ∆[O]max were identified (D = 5.5 ·10−16 m2.s−1 and ∆[O]max = 25 % at.) to analytically

relate the oxygen uptake as a function of the position from the metal/oxide interface, as depicted by a black dashed

line in Fig. 5(a). The extension of the ORL was considered as the depth at an oxygen uptake of 0.5 % at.. The ORL

extension was 45 µm for a 100 h oxidation at 700 ◦C.

HSNM was performed on this cross-section plane after surface preparation (map of 1100 × 100 indents). In a first

approach, the average response of the hardness and reduced moduli was investigated, regardless of the crystallographic

orientation to document the average relationship between H, ER and ∆[O] using a power law function, similarly to

Refs. [3, 6, 8, 12, 27, 33]. All the indents were positioned to the metal/oxide interface and the average properties over

the 1100 profiles of indents was calculated. The average profiles of hardness and reduced modulus are plotted as a

function of the distance from the metal/oxide interface in Fig. 5(b). A harder and stiffer behavior was found in the ORL

compared to the bulk material far from the ORL, i.e., the non-oxygen affected material. Hardness and reduced modulus

gradually decreased with the penetration depth. This decrease in mechanical properties is particularly important down

to 70 or even 100 µm deep for the reduced modulus and the hardness, respectively. Some property fluctuations can be

observed after this depth, potentially due to crystallographic effects since the oxygen uptake is stabilized, as reported

in the previous section for the nanoindentation response of bulk CP-Ti. The hardness and reduced modulus within the

ORL at the metal/oxide interface are 5.3 and 1.3 times greater than the ones in the sample core. Knowing the oxygen

uptake as a function of the metal/oxide interface, it is thus possible to relate both the hardness and reduced modulus

to the oxygen uptake (Fig. 5(c)). Two power law functions were used to identify the average elastic and hardness

responses of the material as a function of the oxygen uptake. The identified equations are reported in Fig. 5(c) and

recalled here:

E(∆[O]) = 125 + 5.0 ∗ ∆[O]0.65 (11)

H(∆[O]) = 3.25 + 3.0 ∗ ∆[O]0.45 (12)
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Figure 5: (a) EPMA profile as a function of the distance from the metal/oxide interface, (b) Hardness and reduced modulus average profile as a

function of the distance from the metal/oxide interface, (c) Hardness and reduced modulus average profile as a function of the oxygen uptake.

3.3. Multi-modal characterization of the pre-oxidized material in the ORL

Based on the validation of the two previous investigations, the full-field analysis of both crystallographic and

chemical content contributions to the local nanoindentation response appears feasible. A large HSNM map and EBSD
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map were performed to cover both the ORL and the material non-affected by oxidation (Fig. 6(a) to (c)). EBSD map

was also restricted to a scalar map corresponding to the declination angle ◦/, as shown in Fig. 6(d). Indents were

visible using SEM and optical observations. Therefore, their position relative to the metal/oxide interface was known

for all the indents, and subsequently the local oxygen uptake assuming that the oxygen front is flat and independent

of the microstructure (Fig. 6(e) and (f)). It is worth noting that both the hardness and reduced modulus properties are

affected by the oxygen uptake but also the crystal orientation, in the bulk and within the ORL.

Figure 6: (a) Grain orientation map in reference to the LTD/Z direction for the pre-oxidized CP-Ti material, (b) Reduced modulus map using

HSNM, (c) Hardness map using HSNM, (d) Declination ( ◦/) map computed from EBSD measurements, (e) Map showing the distance of all the

indents to the metal/oxide interface, (f) Calculated oxygen uptake map for all the indents.

As for the bulk material, data merging techniques were applied to the data of the pre-oxidized material in the ORL

to relate hardness and reduced modulus properties to the oxygen uptake and crystal orientation (Fig. 7). The x-axis

corresponds to the oxygen uptake while the color code corresponds to the declination angle, blue colors and red colors

corresponding to low and high declination angles, respectively. An analytical solution has been suggested for both

the reduced modulus and hardness as a function of the declination angle ◦/ and the oxygen uptake derived from the

cos-form and the power law relationships with the declination angle and the oxygen uptake, respectively. Based on the

increase in hardness and elastic anisotropy, a cross-term was added to account for interactions between oxygen uptake
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and crystal orientation. Indeed, the difference in reduced modulus was 15 GPa for ◦/ ranging from 20 and 90◦ at 0 %

oxygen uptake and 1.5 GPa for the difference in hardness. At 20 % oxygen uptake, the difference in reduced modulus

and hardness was of 42 GPa and 4.1 GPa, respectively. The following expressions are suggested and reported as solid

lines in Fig. 7:

EBerko(∆[O],◦ /) = 8.9cos(2◦/)(1 + 0.15∆[O]) + 125 + 9.0∆[O]0.65 (13)

H(∆[O],◦ /) = 0.68cos(2◦/)(1 + 0.17∆[O]) + 3.25 + 3.3∆[O]0.45 (14)
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Figure 7: (a) Evolution of the reduced modulus as a function of the declination angle (color code) and the oxygen uptake, (b) Evolution of the

hardness as a function of the declination angle (color code) and the oxygen uptake. Curves on identified equation were depicted as solid lines.

HSNM were conducted with a finer step size in the ORL (Fig. 8). Finer features such as twins were observed

in this particular region but were not the purpose of the present paper. It is worth noting that some grains at the

surface present a lower stiffness compared to the adjacent grains in depth due to crystallographic effect being stronger

than the oxygen effect on the reduced modulus properties. This configuration is encountered when a [011̄0]- or a

[1̄21̄0]-oriented grain is closer to the surface compared to a [0001]-oriented grain. This case was less encountered

for the hardness properties due to the significant variation of hardness properties with oxygen insertion. This specific

configuration is highlighted with an arrow in Fig. 8. The evolution of the reduced modulus and hardness along this
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arrow was illustrated in Fig. 9. An increase of 18 GPa in reduced modulus and 1.8 GPa in hardness was observed at

the [011̄0]/[0001] grain boundary. Greater values of reduced modulus were found in the [0001] grain compared to the

[011̄0] grain in the ORL.

Figure 8: (a) Grain orientation map in reference to the LTD/Z direction for the pre-oxidized CP-Ti material, (b) Reduced modulus map using

HSNM, (c) Hardness map using HSNM, (d) Declination ( ◦/) map computed from EBSD measurements.
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Figure 9: Evolution of the reduced modulus and hardness across a grain boundary from a [011̄0] to [0001] grain in the ORL.

3.4. Evolution of the elastic constants with the oxygen uptake

The reduced modulus is an apparent modulus for a multiaxial loading condition despite the directional application

of the nanoindentation axis. Therefore, assessing the evolution of the elastic constants Ci j as a function of the oxygen

uptake is more valuable since directly applicable to numerical simulations. The Vlassak and Nix theory was applied

here to identify the evolution of the Ci j terms for different oxygen uptakes. Based on the previous identification of

the reduced modulus evolution as a function of the oxygen content, power law relationships between Ci j terms and

∆[O] were imposed. Constants were selected so that the elastic constants at 0 % oxygen uptake, Ci j terms are equal to

those previously used here and in the literature for CP-Ti material [42, 50]. The isotropy in the basal plane (transverse

isotropy) was conserved regardless of the oxygen uptake, i.e., C66=0.5(C11-C12). A first minimization using a Nelder-

Mead algorithm was tested with an exponent fixed at 0.65 for all the Ci j terms, similarly to the evolution of the

reduced modulus as a function of the oxygen uptakes. Evolutions of the reduced modulus as with the oxygen uptake

for extreme values of the declination angle made us decrease the exponent value of the C11 term and increase the one

of the C33 term. A better identification was thus possible and the evolution of the identified reduced modulus from

the experimental works (identification shown in Fig. 7) and the one simulated using the Vlassak and Nix theory are

illustrated in Fig. 10(a) and (b) as a function of the oxygen uptake and the declination angle ◦/. Good agreement was

found between the identified model and the experiments. The identified Ci j terms are reported below:

C11 = 162.2(1 + 0.0645∆[O]0.45) (15)

C12 = 91.8(1 + 0.04∆[O]0.65) (16)

C13 = 68.8(1 + 0.07∆[O]0.65) (17)

C33 = 180.5(1 + 0.055∆[O]0.9) (18)
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C44 = 46.7(1 + 0.15∆[O]0.65) (19)

C66 = 0.5(C11 −C12) (20)
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Figure 10: Evolution of the reduced modulus identified from the experimental values (solid lines) and from the Vlassak and Nix theory (dashed

lines) as a function of the (a) oxygen uptake and (b) declination angle ◦/.

The Ci j terms for different oxygen uptakes were reported in Table. 3. The Young’s modulus was also calculated for

the [011̄0] (a-axis) and the [0001] (c-axis) directions, corresponding to the softest and stiffest directions for hexagonal

materials, respectively. In addition, the elastic anisotropy, considered as the ratio between E[0001] and E[011̄0], was

computed and summarized in Table 3. For visual representation of the change in anisotropy of Ti due to oxygen
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uptake, the evolution of the spatial dependence of Young’s modulus in 3D of Ti with different oxygen uptakes was

illustrated in Fig. 11 using a Python library [Github] developed by Kais AMMAR (Centre des Matériaux, Mines Paris

PSL). The directional Young’s modulus is represented to have the c-axis vertical and the basal plane in the center.

Both the color code and morphology refer to the intensity of the spatial dependence of Young’s modulus in 3D in

spherical coordinates. The Young’s modulus in 3D was represented for 0 %, 2 %, 5 %, 10 %, 15 %, and 20 % at.

uptake of oxygen. Interestingly, the ovoid shape of the spatial dependence of Young’s modulus in 3D progressively

changed to a peanut shape function due to much stronger change in the C33 and C44 components. Indeed, C13, C33

and C44 components increased by 49 %, 82 %, and 105 % for an oxygen uptake of 20 % at. while C11, C12, and C66

components increased by 25 %, 28 % and 21 %, respectively. E[011̄0] increased by 22 % while E[0001] increased by

83 % for an oxygen uptake of 20 % at.. In addition, the anisotropy was found to significantly increase with the oxygen

uptake from 1.373 to 2.053 for an oxygen uptake of 0 and 20 %, respectively.

Figure 11: Evolution of the spatial dependence of Young’s modulus in 3D of Ti with different oxygen uptakes: (a) 0 %, (b) 5 %, (c) 10 %, and

(d) 15 %. Both size and color code indicate the intensity of the directional elastic modulus. The coordinate system illustrated on the bottom left

represents a 100 GPa vector of Young’s modulus along three directions of the hexagonal crystal structure.

4. Discussion

The present paper focuses on multi-modal characterization techniques to relate local mechanical properties as-

sessed by high speed nanoindentation mapping (HSNM) to local chemical content and/or crystal orientation. The

Table 3: Evolution of the terms of the stiffness matrix for CP-titanium with oxygen uptake

Composition C11 (GPa) C12 (GPa) C13 (GPa) C33 (GPa) C44 (GPa) C66 E[011̄0] (GPa) E[0001] (GPa) Anisotropy

Ti100O0 162.2 91.8 68.8 180.5 46.7 35.2 104.35 143.23 1.373

Ti95O5 183.8 102.3 82.5 222.8 66.6 40.8 119.66 175.22 1.464

Ti90O10 191.7 108.2 90.3 259.4 78.0 41.7 123.39 205.02 1.662

Ti85O15 197.6 113.1 96.8 294.1 87.4 42.2 125.81 233.78 1.858

Ti80O20 202.5 117.5 102.6 327.7 95.8 42.5 127.59 261.91 2.053
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application case here was a CP-Ti material enriched or not by oxygen. Bulk CP-Ti was first chosen to solely inves-

tigate the role of crystallographic orientation on the hardness and elastic properties, for direct comparison with the

extensive literature on this topic. It is worth mentioning that nanoindentation enforces multiaxial stress/strain fields

beneath the indentor tip, at the difference of microtensile or micropillar compression techniques. Therefore, even if

nanoindentation has the advantage to probe materials at a very local scale (here the microscale) such that properties

can be considered uniform, a particular effort was done on the elastic properties to evaluate their directional fluctua-

tions, i.e., the stiffness matrix components Ci j, from inverse method using the Vlassak and Nix theory in anisotropic

medium [62, 63, 69]. In addition, pre-oxidized CP-Ti material was used to concomitantly sound the effect of both the

crystalline orientation and the local oxygen uptake within the ORL on the hardness and elastic properties (stiffness

matrix components Ci j). To the authors’ knowledge, such characterizations have not been reported in the literature.

However, they are of prime importance for high-temperature structural applications using titanium that is subjected to

oxidation.

HSNM technique is a recent characterization technique aiming at providing mechanical property images of het-

erogeneous materials with a nearly sub-micron spatial resolution [35, 59]. Such high resolution mapping requires

small indent penetration depths with ”indent spacing/penetration depth” ratio of at least 10. These techniques are par-

ticularly sensitive to surface preparation, determination of the contact point, resolution of the positioners and load cell,

etc.. Therefore, a first demonstration of the technique was applied to the CP-Ti bulk material, a material extensively

investigated in the literature using nanoindentation techniques [33, 35, 39, 41, 42] and can be considered here as our

benchmark. This material, homogeneous in oxygen content in the bulk, is of interest in the presentation for direct

comparison with the literature. Both the elastic properties and hardness are plotted in Fig. 12(a) and (b), respectively,

and are compared with adapted references [33, 39, 41, 42].

For the elastic properties, the indentation modulus EInd, corrected by the 1.06 factor to account for the shape of

the Berkovich tip [75], was plotted as a function of the declination angle. EInd data from Britton et al. [39] (Berkovich

tip and Grade 1 CP-Ti) and Weaver et al. [42] (corrected spherical tip and Grade 1 CP-Ti) were added in Fig. 12(a).

The present results (Berkovich tip and Grade 2 CP-Ti) are consistent with the literature, closer to Weaver et al.’s

results than Britton et al.’s results. The latter results are slightly greater despite Grade 1 CP-Ti materials have a lower

oxygen content than Grade 2 CP-Ti materials, oxygen having a stiffening effect. It is worth mentioning that despite the

particular attention paid to the plane selection for larger representativity of declination angle, the present investigation

is missing the 0 to 25◦ declination angle domain, for which the indentation modulus is maximal. Complementary

angle domain can be obtained on the LTD-RD plane, but will be considered for further investigation. Despite the

discrepancy in the results, the indentation modulus follows a cos-form evolution as a function of the declination

angle. This trend matches particularly well with the identification of the indentation modulus with corrected spherical

indentation using finite element calculations [42] or the Vlassak and Nix theory [62, 63, 69]. The discrepancy in

results can arise from the non-consideration of the orientation of the Berkovich tip around the indentation axis while

the spherical indentation might provide a unique result for a given declination angle. Therefore, a greater number of
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grains and/or number of indents using Berkovich tip is needed to provide an average response for a given declination

angle. In addition, some stress drops were observed during the CSM stabilized elastic modulus plateau due to plastic

activity. These stress-drops affect the evaluation of the phase shift ϕ during CSM nanoindentation and subsequently

the reduced modulus as a function of the penetration depth when stress-drops occur. Therefore, scatter observed within

a grain can be partly explained by the number of stress-drops occurring in the fitted part of the reduced modulus as

a function of the contact depth. Lower penetration and CSM amplitude lead to reduced scatter within a given grain,

as depicted in Fig. 8 compared to Figs. 3 or 6. Fizanne-Michel et al. [41] have compared the elastic response of a

Grade 2 CP-Ti material using either a Berkovich tip or a spherical tip. They did not find particular relation between

the indentation modulus and the crystal orientation, regardless of the indentation tip. However, they found greater

values of reduced modulus when using a spherical tip compared to a Berkovich tip. These results are different from

the present findings and consideration for geometrical tip correction.

Similar comparison was done for the hardness, with data from Britton et al. [39] and Magazzeni et al. [33].

Despite slight change in Grade 1 and Grade 2 CP-Ti materials, the present results are consistent with Magazzeni et

al.’s results. Greater hardness values were reported by Britton et al. despite lower oxygen content reported in the

paper. Fizanne-Michel et al. [41] also investigated the evolution of hardness as a function of the crystal orientation

using IPF representation. They found similar trends with [011̄0] and [21̄1̄0] directions being the softest orientation

while the [0001] direction is the hardest orientation. Reported hardness values ranged between 2.5 and 3.5 GPa when

testing grains along directions from the [011̄0] and [21̄1̄0] directions to the [0001] direction. These hardness values

are consistent with the present study and Magazzeni et al.’s one. Hardness results reported by Britton et al. better

match with a CP-Ti material with an oxygen uptake of 0.3 % using the relationship established in the present work

linking the reduced modulus, the oxygen uptake and the declination angle (Fig. 12(b)).
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Figure 12: Evolution of the (a) indentation modulus and (b) hardness as a function of the declination angle ◦/ compared with data and models from

the literature. The asterisk corresponds to corrected values of reduced moduli considering the factor of 1.06, as was done by Aspinall et al. [75].

Based on these comparisons, the spatial resolution and the reproducibility of the results used in the present inves-

tigation demonstrate the feasibility of applying such a technique to chemical gradient-materials for high throughput

multi-modal characterizations. Here, the final objective was to correlate nanoindentation properties to both crystal

orientation and local oxygen concentration in a pre-oxidized CP-Ti material. Similar investigations were conducted

by Magazenni et al. [33], solely focusing on the evolution of the hardness as a function of both the parameters. They

also found a power law relationship between the hardness and the oxygen uptake (exponent of 0.6 compared to 0.45 in

the present investigation). However, their limited number of tested orientations (nearly 10 grains) did not allow them

to consider a cross-term between the declination angle and the oxygen uptake. Here, we have tested nearly 100 ori-

entations within the ORL with greater range in declination angle. Therefore, we have considered a cross-term, since

the difference in hardness along the soft and hard directions increases with the oxygen uptake (Fig. 7). In addition,

a difference between both studies lays in the operating nanoindentation test, the present test being conducted under
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displacement control while Magazzeni et al.’s tests were conducted under load control. For such mechanically-graded

material, the indent size is consistent from indent to indent under displacement control but not under load control,

indents being much smaller within the oxygen uptakes. This can also contribute to size effects on the obtained results

due to difference in tested volume for indents with the oxygen-rich region and the bulk. One of the greater input of the

paper was the capability to also probe the elastic response as a function of both the crystal orientation and the local

oxygen uptake. To the best of the authors’ knowledge, such multi-modal characterizations were done for the first

time in the present paper. In the literature, the evolution of the elastic properties using experimental mean was only

related to the oxygen uptake [10, 15, 27, 30, 34, 35, 46–48] but not to the declination angle. While the evolution of the

reduced modulus (resp. indentation modulus) as a function of both the oxygen uptake and declination is an interesting

input, it does not consider the multi-axiality of the loading inherent to the nanoindentation test. Therefore, numerical

simulations using the Vlassak and Nix theory were used to directly relate the terms of the Ci j stiffness matrix as a

function of the oxygen uptake. This high throughput characterization technique was thus capable to experimentally

evaluate the evolution of the elastic anisotropy as a function of the oxygen uptake. Atomistic simulations were re-

ported in the literature to numerically probe this change in anisotropy. Liang et al. [56] found similar evolution of

Ci j terms with the oxygen uptake, C33 and C44 terms being the more sensitive to the oxygen uptake. They also found

similar change from ovoid-shape to peanut-shape elastic 3D representation. The present correlative measurements

and inverse method aim to experimentally confirm ab-initio calculations on this Ti-O system. The increase in elastic

anisotropy and the much stiffer Young’s modulus along the c-axis can arise from the anisotropic expansion of the

crystal lattice due to oxygen insertion in the octahedral sites of the Ti lattice, the expansion being greater along the

c-axis as reported by Cave et al. [78] and Baillieux et al. [79] using high energy diffraction techniques on pre-oxidized

titanium specimens.

5. Conclusions

High speed nanoindentation mapping (HSNM) with micron- and sub-micron spatial resolution were performed

to assess the local mechanical response of a CP-Ti material after 100 h pre-oxidation at 700 ◦C within the ORL and

far from the ORL in the specimen bulk. Multi-modal correlative analyses were performed to relate nanoindentation

properties, i.e., reduced modulus and hardness, as a function of both the oxygen uptake and the declination angle (the

angle between the indentation direction and the c-axis direction of the hexagonal crystal lattice). Cos-form and power

law-form functions were found to describe well the fluctuations of nanoindentation properties with the declination

angle and the oxygen uptake, respectively. Numerical simulations using the Vlassak and Nix theory brought a step

further on the identification of elastic properties, providing the evolution of the Ci j terms of the stiffness matrix as a

function of the oxygen uptake. Based on the stronger increase of the C33 and C44 terms with the oxygen uptake, the

spatial dependence of Young’s modulus in 3D changed from an ovoid-shape function to a peanut-shape-function as

the anisotropy factor significantly increased with the oxygen uptake.
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[26] F. Amann, R. Poulain, S. Delannoy, J. Couzinié, E. Clouet, I. Guillot, F. Prima, An improved combination of tensile strength and ductility in

titanium alloys via oxygen ordering, Materials Science and Engineering: A 867 (2023) 144720. doi:https://doi.org/10.1016/j.msea.

2023.144720.

[27] D. Texier, A. Palchoudhary, J. Genée, Q. Sirvin, Y. Zhang, G. Kermouche, D. Monceau, D. Poquillon, E. Andrieu, Effect of oxygen dissolution

on the mechanical behavior of thin Ti-6Al-4V specimens oxidized at high temperature: Experimental and modelling approach, Corrosion

Science 235 (2024) 112177. doi:https://doi.org/10.1016/j.corsci.2024.112177.
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[36] F. Kværndrup, Ö. Kücükyildiz, G. Winther, M. Somers, T. Christiansen, Extreme hardening of titanium with colossal interstitial contents of

nitrogen and oxygen, Materials Science and Engineering A 813 (2021) 141033. doi:10.1016/j.msea.2021.141033.

[37] C. J. Rosa, Oxygen diffusion in alpha and beta titanium in the temperature range of 932° to 1142°C, Metallurgical Transactions 1 (1970)

2517–2522. doi:10.1007/978-3-319-45713-0_10.

[38] G. B. Viswanathan, E. Lee, D. M. Maher, S. Banerjee, H. L. Fraser, Direct observations and analyses of dislocation substructures in the α

phase of an α/β Ti-alloy formed by nanoindentation, Acta Materialia 53 (2005) 5101–5115. doi:10.1016/j.actamat.2005.07.030.

[39] T. Britton, H. Liang, F. Dunne, A. Wilkinson, The effect of crystal orientation on the indentation response of commercially pure titanium:

29



experiments and simulations, in: Proc. R. Soc. A., Jakson Lake (USA), 2010, pp. 466695—-719. doi:http://doi.org/10.1098/rspa.

2009.0455.

[40] C. Zambaldi, Y. Yang, T. R. Bieler, D. Raabe, Orientation informed nanoindentation of α-titanium: Indentation pileup in hexagonal metals

deforming by prismatic slip, Journal of Materials Research 27 (2012) 356–367. doi:10.1557/jmr.2011.334.
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Appendix 1: Literature review of Ci j terms of the stiffness matrix used for pure titanium and some alloys

The elastic anisotropy of CP-Ti materials has been investigated using different techniques. Different sets of Ci j

terms of the stiffness matrix were reported in the literature, either from handbooks, citations, experiments or simula-

tions. Sets of Ci j terms of the stiffness matrix for CP-Ti are summarized in Table A1. For comparison purpose (finite

element model versus Vlassak and Nix theory) and similarities between sets of Ci j terms, those used in Refs. [42] will

be considered here for the bulk CP-Ti.

Table 4: Terms of the stiffness matrix for CP-titanium

C11 (GPa) C12 (GPa) C13 (GPa) C33 (GPa) C44 (GPa) C66 (GPa) Ref.

162.4 92.0 69.0 180.7 49.7 35.2 [50, 52] from [50]

162.2 91.8 68.8 180.5 46.7 35.2 [42] from [50]

162.4 92.0 69.0 180.7 49.7 76.52 [40] from [50]

162.4 92.0 69.0 180.7 46.7 35.2 [49, 54] from [49]

160.0 90.0 66.0 181.0 46.5 35.0 [53] from [51]

162.0 92.0 69.0 181.0 47.0 34.0 [55] from [55]

162.4 92.0 69.0 180.7 117.0 35.2 [39] from [38]

186.0 88.0 84.0 191.0 47.0 49.0 [56]

Liang et al. [56] have performed atomistic simulations to identify the Ci j terms of the stiffness matrix for titanium

material with different concentrations of oxygen.

Table 5: Terms of the stiffness matrix for CP-titanium with different oxygen concentrations from [56]

Composition C11 (GPa) C12 (GPa) C13 (GPa) C33 (GPa) C44 (GPa) C66 (GPa)

Ti100.0O0.0 186.0 88.0 84.0 191.0 47.0 49.0

Ti99.0O1.0 186.0 95.0 83.0 207.0 47.0 45.0

Ti97.3O2.7 207.0 106.0 81.0 228.0 56.0 51.0

Ti94.1O5.9 201.0 115.0 86.0 230.0 57.0 43.0

Ti88.9O11.1 245.0 170.0 96.0 244.0 71.0 64.0

Ti80.0O20.0 227.0 164.0 111.0 300.0 84.0 31.0

2This value is about 2 times C66
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Appendix 2: CSM methodology and Berkovich tip calibration

Additional information are detailed in this Appendix for reading convenience. Unlike conventional nanoinden-

tation, the continuous stiffness measurement (CSM) technique allows elastic and hardness properties to be probed

throughout the loading phase applying a sin-form stimulation during the loading phase. A schematic illustration of the

CSM nanoindentation test showing the sin/cos-form input and output signals during the loading condition is shown in

Fig. 13. CSM tests can be conducted under either force-controlled mode, position-controlled mode, or displacement-

controlled mode. Each controlled mode has its advantages and drawbacks. Load-controlled and position-controlled

modes are easier to be performed due to direct measurement of load and sensor position using optical encoders. Tests

under displacement-controlled mode consider correction of the position based on the compliance of the sensing mod-

ule and is thus related to both position and load. However, this measurement mode is particularly relevant to probe

material with gradient of mechanical properties since it maintains similar indentation depths from indent to indent

regardless of the local mechanical response. Conversely, indentation depths are different when carrying out experi-

ments under load-controlled and position-controlled modes. It is worth mentioning that materials might be sensitive

to indentation size effects and thus, to the indentation control mode. In this study, CSM tests were performed under

displacement-controlled mode due to the severe gradient of mechanical properties expected within the ORL. Different

frequencies have to be considered for this dynamic test, i.e., the CSM frequency fCS M , the testing frequency ftest,

and the acquisition frequency facquis.. The CSM frequency fCS M corresponds to the frequency of the sin/cos-form

signal added to the displacement during the tip actuation. The CSM frequency is here equal to 200 Hz. The testing

frequency ftest corresponds to the frequency of data collection for the control and regulation of the nanoindentation

testing device and is equal to 94 kHz. Displacement, positions, load, moving average of the phase shift Φn, etc.,

were collected at this high frequency but saved for the determination of hardness H and reduced modulus ER at the

acquisition frequency facquis. between 50 and 400 Hz.
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Figure 13: Schematic illustration of the indentation testing in CSM mode. Imposed displacement and penetration response as a function of time.

Magnified region of the displacement/penetration load signal showing the phase shift used for the identification of the reduced modulus (ER) and

the hardness (H). Definition of the contact parameters. Stabilized ER and H as a function of the contact depth.

As described in the manuscript, the calibration of the diamond Berkovich tip was performed on fused silica.

Based on the stabilized values of the reduced modulus ER (ER of 69.6 GPa for the fused silica with a diamond tip) and

hardness H (H of 9.4 GPa for the fused silica) as a function of the contact depth. Calibration tests were carried out

using CSM technique in displacement-controlled mode. The calibration results on fused silica are depicted in Fig. 14

and the hardness and reduced modulus values were stabilized between 20 and 160 nm.

34



50

60

70

80

90

100

0 40 80 120 160

R
ed

u
ce

d
 m

od
u

lu
s 

(G
P

a)

Contact depth (nm)

0

2

4

6

8

10

12

0 40 80 120 160

H
ar

d
n

es
s 

(G
P

a)

Contact depth (nm)

15 nm 160 nm

20 nm 160 nm

ER

H

0.00

0.20

0.40

0.60

0 40 80 120 160

A
re

a 
(µ

m
²)

Contact depth (nm)

Ind#1
Ind#2
Ind#3
Ind#4
Ind#5
Ind#6
Ind#7
Ind#8

Calibra�on on fused silica

(b)

(c)

(a)

Figure 14: Evolution of : (a) the contact area as a function of the penetration depth, (b) the Reduced modulus as a function of the penetration depth,

(c) the Hardness as a function of the penetration depth.
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