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ABSTRACT  

Corrosion of three titanium alloys (T40, TA6V and Ti10-2-3) has been studied in primary water conditions 
for durations going from 24 h to 3499 h. Oxides formed were observed and analysed by Xray diffraction 
(XRD), Raman spectroscopy, Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy 
(EDS), X-ray Photoelectron Spectroscopy (XPS), Glow Discharge - Optical Emission Spectroscopy (GD-
OES), Transmission Electron Microscopy (TEM) ASTAR, Photoelectrochemistry (PEC) and 
nanoindentation. Influence of chemical composition and microstructure of alloys on corrosion 
mechanisms has been investigated. Oxides of the three alloys were made of a dense layer and surface 
crystallites. The dense oxide layer of T40 was made of TiO2 rutile whereas it consisted of TiO2 anatase for 
both TA6V and Ti10-2-3. Surface crystallites of the three alloys were composed of TiO2 anatase and 
FeTiO3 ilmenite. Oxide dissolution and precipitation phenomenon were found to play a key role in the 
corrosion mechanisms. Oxygen vacancies were identified as the point defect diffusing in the three alloys 
dense oxide layer. Oxygen penetration inside the alloy below the oxide layer was not observed.   
 
 

INTRODUCTION  

Titanium alloys could be good candidates for nuclear Pressurised Water Reactor (PWR) primary circuit 
structure components because of their low neutron activation and their good mechanical properties. 
However, corrosion resistance of titanium alloys in primary water conditions is poorly known 
 
High temperature (T > 500 °C) oxidation of titanium alloys in oxygen, in dry air or in water vapour has 
been extensively studied mainly for aeronautics applications [1]–[11]. Titanium alloys exposure to such 
environment may involve the formation of different titanium oxides (TiO2, Ti3O5, Ti2O3 and TiO). 
Nevertheless, the most deleterious phenomenon occurring at temperatures above 800 °C is the 

dissolution of oxygen in the bulk metal (-case) leading to the modification of mechanical properties of 
titanium alloys [1], [2]. Kofstad et al. have determined that more than 80 % of reacted oxygen was 
dissolved in titanium exposed 30 min at 900 °C to oxygen atmosphere [3]. This process is due to high 
oxygen solubility in titanium (33 at %) and high diffusion rate of oxygen at elevated temperature.  
 
Few studies have investigated the corrosion behaviour of titanium alloys in liquid water environment at 

intermediate temperature [12]–[17]. Kaneda et al. have studied corrosion resistance of different / and 
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 titanium alloys exposed 500 h to supercritical water (25 MPa, 290 – 550 °C). Very thin oxide film (less 

than 1 µm) covered by dispersed particles were observed at 290 °C for both / and  alloys. Oxides 
compositions were not investigated at this temperature. At 550 °C, film thicknesses observed after 500 h 

were around 5 µm and 20 µm for  and / alloys, respectively. Outer layers of  alloys oxide were 
enriched in Cr, Mo and Zr alloying elements. The authors attribute the better general corrosion 

resistance of  alloys as compared to / alloys at 550 °C in terms of mass uptake and oxide layer 
thickness to alloying elements. However, the structure and the nature of oxides layers as well as 
corrosion mechanisms taking place in water environment at temperatures close to 300 °C are still 
undetermined. 
 

The present study aims at determining the corrosion mechanisms of three titanium alloys (, / and 

metastable) in PWR primary water environment (T = 300 °C, P = 150 bar, [H2] = 25 cm3 NTP (Normal 
Temperature and Pressure).water kg-1, theoretical pH300°C = 7.5). The influence of both chemical 
compositions and microstructures of alloys on corrosion mechanisms was investigated. Specimens were 
exposed for durations ranging from 24 h to 3499 h in a corrosion loop. The oxide layers grown on the 
specimen were analysed by Xray diffraction (XRD), Raman spectroscopy, Energy Dispersive X-ray 
Spectroscopy (EDS) and Transmission Electron Microscopy (TEM) ASTAR. The growth mechanisms of the 
oxide layer were studied by Scanning Electron Microscopy (SEM), Glow Discharge - Optical Emission 
Spectroscopy (GD-OES), X-ray Photoelectron Spectroscopy (XPS) and Photoelectrochemistry (PEC). 

Finally, the question of the existence of an -case was then assessed by nanoindentation. Corrosion 
kinetics measurements and modelling will be published in a separate paper. 
 
 

MATERIALS AND PROCEDURES 

 

Materials  

 
Three titanium alloys representative of different metallurgical classes have been studied: T40, TA6V and 

Ti10-2-3. T40 is a single phase  alloy also called commercially pure titanium (ASTM grade 2), TA6V or 

Ti6Al-4V (ASTM grade 5) is a two-phase / titanium alloy and Ti10-2-3 or Ti10V2Fe-3Al is a two-phase 

 metastable alloy. Their chemical compositions are given in Table 1. The three alloys were supplied by 
TIMET Savoie as billets in mill-annealed state. Final heat treatment temperatures were 675 °C, 730 °C 
and 760 °C for T40, TA6V and Ti10-2-3 respectively.  
 
The microstructures of the three alloys are given in Figure 1. T40 showed an equiaxed grain 
microstructure. Average grain size was 60 µm. TA6V and Ti10-2-3 had a finer bimodal microstructure. 
Electron Backscatter Diffraction (EBSD) analysis were carried out to determine the volumetric α/β phase 

ratios. TA6V and Ti102-3 contained respectively 4 % and 38 % by volume of  phase. Specimens’ length, 
width and thickness were 20 mm, 10 mm and 1 mm, respectively, and machined so that length and 
thickness of specimens were along radial and longitudinal directions of billets, respectively. EBSD analysis 

showed that c axis of the  hexagonal unit cell were mainly oriented along the length and the width for 
T40 and Ti10-2-3 specimens and mainly along the thickness for TA6V specimens. Specimens were SiC 
paper grounded from grid 1200 to grid 2400, diamond paste (from granulometry 3 µm to 1 µm) and 
colloidal silica suspensions (pH = 9) polished. Gold deposits of around 1 nm thick were performed with a 
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Quorum Q 150 R ES metallizer (I = 10 mA, t = 60 s) on dedicated specimens before exposure to primary 
water to mark initial surface position and determine the growth direction of the oxide scale.  
 

Table 1: Billets chemical composition (Ti = bal.) 

wt. % Al V Fe C O 

T40 0.01 0.01 0.03 0.003 0.16 

TA6V 6.38 4.12 0.16 0.008 0.17 

Ti10-2-3 2.96 9.73 2.15 0.011 0.09 

 

 

Figure 1: Microstructure of the studied T40 observed by optical microscopy with polarised light and 
microstructures of TA6V and Ti10-2-3 observed by SEM in backscattered electrons mode. 

    

Materials exposure to primary water 

 
Exposure tests were performed in a stainless steel corrosion loop. Specimens were hung inside a vertical 
cage shape holder made of preoxidised zirconium in order to avoid any galvanic coupling between 
titanium samples and the stainless steel of the loop. Exposure tests were performed in primary water at 
300 °C, 150 bar, 25 cm3 (NTP).water kg-1 of dissolved hydrogen and 0.9 wt.ppm of lithium. The heating 
and cooling rates of the temperature transients were +5 °C.min-1 and -1 °C.min-1, respectively. The 
temperature difference between the top and the bottom of the vertical reactor was below 4 °C during 
thermal transients and below 1 °C at 300 °C. Hydrogen concentration in the water was set by the 
hydrogen gaseous sky (P(H2) = 1400 mbar in agreement with Henry’s law) inside the cold tank. Lithium 
was incorporated inside the medium before tests in the form of lithine (LiOH) leading to a theoretical pH 
of 7.5 at 300 °C. The water flow was 5 L.h-1 leading to a water speed inside the reactor of 2 mm.s-1 during 
tests. After having been cooled down the whole water volume went through an ion-exchange resin tank 
in order to capture a part of the corrosion products dissolved in the medium. The ion exchange resin was 
lithium saturated before the test campaign in order to avoid any variation of lithium concentration 
during tests. Test durations were 24 h, 89 h, 217 h, 434 h, 834 h, 1632 h and 3499 h. Each exposure 
duration involved new specimens (no re-exposure for longer times): three samples per alloy for each 
time, plus one additional gold-deposited specimen of each alloy for the 89 h duration test. 
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Characterisation techniques 

 
Electrochemical nickel plating were performed on samples before cross sections preparation to prevent 
oxide scale decohesion. The samples surfaces and cross sections were observed with an Ultra 55 Zeiss 
Field Emission Gun Scanning Electron Microscopy (SEM) at 5 kV. Oxides diffraction patterns were 
obtained by analysis of sample surface of 7 x 7 mm² at grazing incidence (0.8°) with a PANalytical X’Pert 
PRO MPD X-Ray Diffractometer (XRD). Oxides were also analysed with a Horiba XploRA™PLUS Raman 
spectroscopy with a laser wavelength of 532 nm, a XFlash Detector 4010 Bruker Energy Dispersive Xray 
Spectroscopy (EDS) at 20 kV, a Thermofisher Escalab 250 xi Xray Photoelectron Spectroscopy (XPS) from 

Al k ray (1486.6 eV) and a Profiler 2 Horiba Scientific Glow Discharge – Optical Emission Spectroscopy 
(GDOES). XPS was equipped with an Ar+ ion sputtering gun for elementary concentration profiles 
realisation.  
 
The precession-assisted crystal orientation mapping technique, ASTAR, which is a TEM-based diffraction 
spot recognition technique [18] was used to acquire oxide phase maps. It was realised on a Transmission 
Electron Microscope at 200 keV (FEG-TEM, Jeol 2100 F). Transversal cross-sections thin foils were 
previously prepared with a dual-focused ion beam scanning electron microscope (FIB-SEM, Zeiss Cross 
Beam NVision 40). 
 
Semiconducting properties of oxide scales were determined by Photoelectrochemistry (PEC). PEC setup 
was made of an electrochemical glass cell with three electrodes. The working electrode was the oxidised 
titanium sample to be studied, the reference electrode was a Mercury Sulfate Electrode (MSE) and the 
counter electrode was made of a platinum sheet. The electrolyte used was Na2SO4 at the concentration 
of 0.1 mol.L-1. Monochromatic light was provided by a xenon lamp connected to a grating 
monochromator. The PEC cell was connected to a potentiostat to impose potential conditions. The 
photocurrent was measured using a lock-in amplifier and a mechanical light chopper. PEC spectra 
presented in this study were recorded at a light frequency of 15 Hz, at potentials ranging from -420 
mV/MSE to +280 mV/MSE and at energies ranging from 2.5 eV to 5 eV. 
 
The potential oxygen enrichment in the alloys under the oxide scale was investigated by nanoindentation 
(Micro Materials NanoTestTM NTX). Evolution of hardness with depth under the oxide layer was studied 
thanks to several indent sets realised on samples cross sections. In a set, indents were spaced by 1 µm in 
sample depth direction and 10 µm laterally. Indent used were Berkovich type indent. The maximum 
applied force was around 9 mN and indentation depths and widths were around 300 nm and 1 µm, 
respectively. Polishing procedure of samples cross sections before nanoindentation tests was exactly the 
same as the one used for all samples before corrosion tests.  
 

RESULTS  

Characterisation of the oxide scales 

 
XRD diffractrograms at grazing incidence of T40, TA6V and Ti10-2-3 after 434 h exposure to primary 
water are shown in Figure 2. The XRD analysis depth is of the order of few micrometers and the 
detection limit is around 1 %. Figure 2 indicates that the oxides of the three alloys formed during 
exposure were composed of TiO2 anatase with tetragonal crystal system and FeTiO3 ilmenite with 
trigonal crystal system. TiO2 rutile with tetragonal crystal system is detected in T40 oxide only 
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(2 = 27.5 °, d110 = 3.247 Å). Ti phase from the metallic part of the three materials as well as Ti- phase 
of TA6V and Ti10-2-3 were also identified. The peak located at 43.3 ° was attributed to impurities of 
metallic copper with cubic crystal system which may come from the stainless steel loop.  
 

 

Figure 2: Diffractograms of T40, TA6V and Ti10-2-3 samples exposed 434 h 

 
GD-OES profiles carried out on all alloys after 434 h exposure to primary water are shown in Figure 3. In 
all cases, an oxygen enrichment was evidenced at the surface down to around 0.5 µm depth. For TA6V 
and Ti10-2-3, no aluminium nor vanadium alloying element were detected in the oxide. This is confirmed 
by the evolution of Al/Ti and V/Ti ratios with depth (Figure 4). Iron is present in the oxide scale grown on 
all three alloys. The maximum of Fe/Ti ratio depends on the alloy: it is about 15, 5 and 17 % for T40, 
TA6V and Ti10-2-3, respectively.  
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Figure 3: GD-OES concentrations profiles of samples after 434 h exposure to primary water; a) T40 b) 
TA6V and c) Ti10-2-3 
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Figure 4: GD-OES Al/Ti and V/Ti atomic ratio profiles of samples after 434 h exposure; a) TA6V and b) 
Ti10-2-3 

 
Figure 5 shows the three alloys sample surfaces and cross sections after 434 h exposure to primary 
water. For all alloys, observations indicate that the oxide scale is constituted of a dense continuous oxide 
layer as well as small and large surface oxide crystallites. However, morphologies of the dense 
continuous oxide layer and small oxide crystallites differ according to the alloy. T40 oxide appears to be 
constituted of a dense continuous 30 nm-thick oxide layer topped by well-separated small oxide 
crystallites. TA6V and Ti10-2-3 scales are constituted of a dense continuous oxide layer with joined small 
oxide crystallites which at this scale were not differentiable from the dense continuous oxide layer. For 
TA6V and Ti10-2-3, in areas where such small crystallites are absent, the dense oxide layer thickness was 
estimated around 30 nm. Where small crystallites are present, there is no apparent separation between 
the dense continuous oxide layer and these small crystallites; the thickness of this overall oxide layer 
reaching 300 nm locally. Small crystallites’ diameter was found of about 1 µm for T40 and lower than 
1 µm for both TA6V and Ti10-2-3.  
 
There is also a variation of large crystallites size and distribution depending on the alloy after 434 h. 
Images analysis indicate that large crystallites diameter averages 3 µm for T40 and Ti10-2-3 and around 
10 µm for TA6V. Surface large crystallites densities were estimated around 5000 mm-2, 1000 mm-2 and 
10000 mm-2 for T40, TA6V and Ti1023, respectively. Evolution of crystallites size with exposure duration 
is weak. Nevertheless, the tendency which seems to emerge from surface observations for all alloys is 
the increase of large crystallites size with exposure duration while small crystallites size stays almost 
steady.  
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Figure 5:  SEM observation (secondary electrons) of T40, TA6V and Ti10-2-3 samples after 434 h 
exposure to primary water; a) surface and b) cross sections 

 
T40 samples cross sections after 217 h, 434 h and 834 h exposure to primary water (Figure 6) reveal that 
oxidemetal interface tortuosity increases with exposure duration. Corrosion penetration depth reaches 
100 nm, 200 nm and 400 nm for 217 h, 434 h and 834 h exposure duration, respectively. The evolutions 
of TA6V and Ti10-2-3 oxidemetal interface morphologies are similar to the one on T40. For TA6V and 

Ti10-2-3, penetrations do not seem to be located preferentially in  or  phase. Figure 6 also shows that 
the dense continuous oxide layer thickness of T40 stays around 30 nm during exposure from 217 h to 
834 h. The dense continuous oxide layer thickness of TA6V and Ti10-2-3 is also around 30 nm and 
constant during exposure from 217 h to 834 h.  
 

 

Figure 6: SEM observation (secondary electrons) of T40 samples cross sections after 217 h, 434 h and 
834 h exposure to primary water 
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T40 sample cross section after gold markers deposit and 89 h exposure is presented in Figure 7. Gold 
markers are situated just above the dense oxide layer, demonstrating its inward growth. However, 
markers are below small crystallites (as shown in Figure 7) and large oxide crystallites. The morphologies 
of TA6V and Ti10-2-3 cross sections after 89 h exposure with preliminary gold deposit are similar to the 
one observed on T40.   
 

 

Figure 7: SEM observation (secondary electrons) of T40 sample cross sections after 89 h exposure to 
primary water with preliminary gold marker deposit 

 
EDS mapping of T40 sample surface after 434 h exposure (Figure 8) shows oxygen enrichment of both 
small and large crystallites. Nevertheless, only large crystallites contain iron. EDS analysis performed on 
TA6V and Ti10-2-3 samples surfaces lead to the same conclusions. Lateral spatial resolution for the 
chosen experimental conditions was around 1 µm (E = 20 kV).   

 

 

Figure 8: EDS mapping (E = 20 kV) of T40 sample surface exposed 434 h 

 
Local Raman analysis of T40 sample surface after 834 h exposure to primary water are presented in 
Figure 9. Spectra of Figures 9.a) and 9.b) correspond to the signal obtained by focusing the laser beam on 
small crystallites and large crystallites, respectively. The lateral spatial resolution of Raman analysis is 
lower than 1 µm and the detection limit is around 1 %. It means that the signal coming from the dense 
oxide layer is also collected when the laser is focused on small oxide crystallites. Nevertheless, due to the 
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low volume fraction of the dense oxide layer, the corresponding signal may be undetected. Local Raman 
analysis indicate that small crystallites/dense oxide layer are mostly made of TiO2 anatase whereas large 
crystallites are made of FeTiO3 ilmenite. Results were not alloy nor exposure time (834 h or 217 h) 
dependent.  
 

 
Figure 9: Raman analysis of T40 sample surface exposed 834 h to primary water (dash lines) ; a) small 

crystallites and dense oxide layer and b) large crystallites ; solid lines refer to Raman spectra from 
reference [19] ; a) TiO2 anatase and b) FeTiO3 ilmenite.  

 
Figure 10 presents ASTAR phase combined to correlation index maps of oxides scale of the three alloys 
after 434 h. The probe size and the step size measure 1 nm and 3 nm, respectively. The phase map of 

TA6V was located in a metallic area without  phase. The phase map of the three alloys were performed 
on areas free from large crystallites. Phase maps show that small crystallites of the three alloys are made 
of TiO2 anatase. The dense oxide layer grown on T40 is composed of TiO2 rutile (yellow layer) whereas 
for TA6V and Ti10-2-3 it consists in TiO2 anatase. Grain diameters of both anatase and rutile dense TiO2 
scale is in the order of few 10 nm.  
 

 
Figure 10: ASTAR phase combined to correlation index maps of oxide scales on T40, TA6V and Ti10-2-3 

samples exposed 434 h to primary water 
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Figure 11 illustrates XPS surface spectra of Al-2p core level of both non-exposed and 24 h exposed TA6V 
samples. XPS characterisation depth is around 10 nm. The analysed surface was around 0.25 mm2. 
Detection limit is between 0.1 and 1 at. % according to the element. Concerning the non-exposed sample 
spectra (in red), the peak located at 74.4 eV indicates that the native oxide layer contains aluminium 
cations (green contribution) [20]. However, the absence of peak at the same binding energy for the 24 h 
exposed sample spectrum means that no aluminium cation was detected at the oxide scale surface after 
24 h exposure. Results obtained for both non exposed and 24 h exposed Ti10-2-3 samples were similar 
to TA6V ones.  
 
XPS spectra of Al-2p core levels versus etching durations of a TA6V sample exposed 24 h in primary 
water is plotted in Figure 12. The absence of intensity at the binding energy of 74.4 eV for all etching 
durations indicate that no aluminium cation is detected in the whole oxide scale after this exposure time. 
The result obtained for 24 h exposed Ti10-2-3 samples is similar for TA6V. 
 
Vanadium was not detected by XPS analysis in the TA6V native oxide scale nor in the TA6V oxide scale 
formed after 24 h exposure to media. However, vanadium was detected by XPS in Ti1023 native oxide 
scale whereas it was not in the Ti1023 oxide scale formed after 24 h exposure to primary water. 
 

 

 

Figure 11 : Al 2p XPS surface spectra of non-exposed and 24 h exposed TA6V samples 

 

b) 
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Figure 12: Al 2p XPS surface spectra of 24 h exposed TA6V samples versus etching duration. 

 

Evolutions of photocurrent (Iph) and dephasing angle () versus incident light energy (E) of a T40 sample 
exposed 3499 h to primary water are shown in Figure 13 a) and b), respectively. Both evolutions are 

plotted for applied potentials going from -420 mV/MSE towards 280 mV/MSE.  is stable with E and 
shows the presence of a single semiconducting phase in the scale. Figure 13 c) represents the evolution 
of the photocurrent versus potential for the energy value of 3.76 eV for which the photocurrent is 
maximum (Figure 13 a)). The photocurrent increases linearly with applied potential. The same kind of 
evolution is obtained for every sample of the three alloys exposed during 24 h, 434 h and 3499 h.  
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Figure 13: a) Photocurrent (Iph) and dephasing angle () versus incident light energy (E) for different 
potential varying from -420 mV/MSE to 280 mV/MSE of T40 sample after 3499 h exposure. c) 

Photocurrent versus potential at 3.76 eV. 

 
Classical linear transform described elsewhere [21], [22] ((Iph.E)0.5 vs. E) was plotted for all alloys to 
evaluate oxide bandgap energies (Eg). Table 2 presents the bandgap energy values measured for T40, 
TA6V and Ti1023 oxides layers obtained after 24 h, 434 h and 3499 h exposure. Bandgap energies 
obtained for TA6V and Ti10-2-3 are centered on 3.2 eV for all investigated exposure durations. The 
bandgap energy obtained for T40 was smaller than those on TA6V and Ti10-2-3. It decreases from 
3.08 eV to 3.00 eV for exposure durations going from 24 h to 3499 h. 
 

Table 2: Oxides bandgap energies (Eg) after 24 h, 434 h and 3499 h exposure to primary water 

Eg (eV) T40 TA6V Ti10-2-3 

24 h 3.08 3.23 3.20 

434 h 3.02 3.24 3.25 

3499 h 3.00 3.18 3.19 
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Figure 14 shows the hardness profile of a T40 sample cross section exposed 434 h to primary water 
obtained by nanoindentation. The profile plotted in the figure is the average of values coming from five 
different profiles. It indicates that hardness of metal below the oxide layer is constant with depth. The 
large uncertainty of the first hardness value just below the oxide is due to the fact that some indents 
encroach upon the oxide and the nickel deposit on top of the oxide. Hardness was not measured on 

TA6V and Ti10-2-3 samples cross sections because of the overly difference between   and  phase 
hardness.  
 

 
Figure 14: Nanoindentation hardness profile of T40 sample cross section after 434 h exposure  

 

Similarities and differences between the three alloys oxide scales 

 
Table 3 shows a summary of the similarities and differences observed after exposure of T40, TA6V and 

Ti10-2-3 samples to primary water. Several results indicate that some characteristics of the oxide scales 

formed do not depend on the alloy. Indeed, a dense continuous oxide layer, small oxide crystallites and 

large crystallites were observed by SEM on the three alloys. Inward growth of the dense continuous 

oxide layer of all alloys was also evidenced thanks to gold markers. XRD analysis showed that the oxide 

scale of all alloys contain TiO2 anatase and FeTiO3 ilmenite. Moreover, Raman, EDS and ASTAR analysis 

enabled to assign these oxide phases to small and large crystallites, respectively. Finally, PEC 

characterisations showed that oxides of the three alloys are all n-type semiconductors. Concerning the 

evolution of oxides morphologies and nature with exposure duration, results point out that dense 

continuous oxide layer thickness and small oxide crystallite diameter remain constant and that large 

oxide crystallite diameter increases, for all alloys. Oxidemetal interface tortuosity also increases with 

exposure duration for all alloys. Raman analysis do not reveal any evolution of small and large oxide 

crystallites nature with exposure duration.  

Other results indicate some differences between the oxide characteristics of the studied alloys. XRD 
analysis revealed the presence of TiO2 rutile in T40 oxide scale only. ASTAR phase map showed that the 
dense oxide layer of T40 was made of TiO2 rutile and that the dense oxide layer of the two other alloys 
was made of TiO2 anatase. Moreover, SEM cross section observations point out oxide morphology 
differences. Indeed, the T40 dense continuous oxide layer is topped by small and large oxide crystallites 
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whereas small crystallites of TA6V and Ti10-2-3 are part of the dense continuous oxide layer. Finally, a 
significant difference between the bandgap of the T40 oxide layer and the bandgap of both TA6V and 
Ti10-2-3 oxide layers was measured by PEC.  
 

Table 3: Summary of results obtained for the three alloys 

Techniques Results T40 TA6V Ti10-2-3 

XRD 

TiO2 anatase Yes Yes Yes 

TiO2 rutile Yes No No 

Ilmenite Yes Yes Yes 

SEM 

Inward growth of 
dense oxide layer 

Yes Yes Yes 

Small crystallites 
are part of dense 

oxide layer 
No Yes Yes 

Raman 

Small crystallites 
are TiO2 anatase 

Yes Yes Yes 

Large crystallites 
are FeTiO3 ilmenite 

Yes Yes Yes 

ASTAR 
Nature of dense 

oxide layer 
TiO2 

rutile 
TiO2 

anatase 
TiO2 

anatase 

PEC 

n-type 
semiconduction 

Yes Yes Yes 

Eg ≈ 3.0 eV ≈ 3.2 eV ≈ 3.2 eV 
 

DISCUSSION 

 

Dissolution and precipitation phenomenon 

 
The increase of interface tortuosity with time (Figure 6) along with the steadiness of the dense 
continuous oxide layer thickness indicate that this TiO2 layer undergoes a dissolution phenomenon 
during exposure to the water at the same time as it grows inwards. It is consistent with the significant 
value of the TiO2 solubility in water in the conditions of the study (around 1.2 108 mol.kg1 water [23]). 
Titanium species potentially formed by dissolution of TiO2 in water at pH 7.5 and 300 °C are Ti(OH)4 and 
Ti(OH)5

- hydroxides [24]. 
 
The presence of TiO2 anatase crystallites at the dense oxide layer surface of all alloys for all exposure 
durations indicates that dissolved titanium hydroxides have then precipitated. These species locally 
reached their solubility limit in spite of the use of ion-exchange resin. It could result from the low water 
flow (5 L.h-1) and the resulting low water speed inside reactor (2 mm.s-1). Water flow was maybe not high 
enough to prevent enrichment in hydroxides inside reactor, especially in the vicinity of the sample 
surfaces. Solubility of a species may vary with allotropic form and size of the crystal where it comes from. 
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Indeed, small crystals are generally more soluble than big ones because of the increase of the specific 
surface energy with decreasing crystal size [25]. It could explain why TiO2 dense layer may dissolve and 
why hydroxides may precipitate into TiO2 crystallites at the same time.     
 
FeTiO3 ilmenite crystallites certainly originate from the co-precipitation of titanium and iron hydroxides 
dissolved in medium. It is unlikely that iron hydroxides come from samples oxide dissolution. Indeed, 
ilmenite crystallites were found in an undifferentiated way on all alloy samples even though iron is not 
an alloying element of T40. Moreover, the main source of iron is stainless steel loop oxide dissolution.  
 

Presence of aluminium in the TiO2 oxide layer of TA6V and Ti10-2-3? 

 
GD-OES concentration profiles for TA6V and Ti10-2-3 (Figure 3 and Figure 4) do not detect aluminium in 
the global oxide scale. Yet, it is not possible to conclude whether the dense continuous oxide layer close 
to the metal is enriched in alloying elements or not by GD-OES analysis alone. Indeed, the roughness of 
the oxide scales leads to a blurry concentration profile of all elements. Aluminium cations were detected 
by XPS analysis in the native oxide scale (before exposition) (Figure 11) whereas they were not in the 
TA6V oxide scale after exposure to medium (Figure 12). 
 
The 25 cc TPN H2.kg-1 water set experimentally led to a ratio of water molecule on hydrogen molecule 
activities (a(H2O)/a(H2)) around 1000. This value which is indicative of the redox characteristic of the 
water is much higher than the ratio of the frontier stability domain of Al and Al2O3 at 300°C 
(a(H2O)/a(H2) = 1.1027) [26], [27]. It means that aluminium oxide is widely thermodynamically stable in 
the experimental conditions. Therefore it is believed that aluminium cations are formed and are present 
in the inwards growing TiO2 oxide scale although they are not detected by XPS analysis. Indeed, the 
volume fraction of dense continuous oxide layer is low in comparison to the overall oxide volume and 
the aluminium minimum detectable fraction by XPS analysis is relatively high (due to the low sensibility 
factor of aluminium). The absence of aluminium enrichment in the metal just below the oxide scale 
(Figure 4) support this hypothesis.  
 
Studies of high temperature oxidation of titanium alloys in gaseous environment indicate various 
distribution of alumina inside titanium oxide scales. On one hand, alumina grains were found to be finely 
scattered through TiO2 scale [1], [7], [10]. On the other hand, an alumina layer was observed at the 
external TiO2 interface. Kaneda et al. who studied corrosion of titanium alloys in supercritical water at 
550 °C also observed an alumina layer at the external TiO2 interface [12]. Thus, alumina was never 
observed at the interface between TiO2 and the metal. Even though temperature involved in these 
studies are higher than 300 °C, it could be suggested that, in the present study, aluminium cations 
diffusion from the metal/TiO2 interface towards the TiO2/water interface occurred during exposure of 
TA6V and Ti10-2-3 samples at 300 °C to primary water. 
 
Finally, the high solubility of aluminium oxides in water at 300 °C and pH 7.5 (around 10-3 mol.kg-1 water 
[28]) may explain the dissolution of aluminium cations as soon as they reach the oxide/water interface. 
Thus, the external side of the oxide scale would never be enriched in aluminium cations, which is 
consistent with the fact they were not detected by XPS analysis.   
 
For TA6V, vanadium was not detected in the native oxide scale nor in the oxide scale formed after 24 h 
exposure to media. However, vanadium was detected by XPS in Ti1023 native oxide scale whereas it 
was not in the Ti1023 oxide scale formed after 24 h exposure to primary water. As aluminium oxide 
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Al2O3, vanadium oxides like V2O5 or VO2 are thermodynamically stable in the experimental conditions. As 
for aluminium, there was no vanadium enrichment in the metal just below the oxide scale (Figure 4). 
Motte et al. as well as Kaneda et al. who studied corrosion of TA6V in air between 850 °C and 950 °C and 
in supercritical water at 500 °C, respectively, founded vanadium dispersed in the whole TiO2 oxide scale. 
Thus, it could be suggested that vanadium cations, as aluminium cations, were formed and were present 
in the dense TiO2 oxide scale of TA6V and Ti10-2-3 and were dissolved inside media as soon their reach 
oxide/water interface. 
 

Causes and consequences of the rutile or anatase formation  

 
XRD analysis revealed the presence of rutile on T40 oxide only. ASTAR phase maps show that the dense 
oxide layer grown on T40 was made of rutile. These results are consistent with bandgap measured by 
PEC for T40 oxide (Eg ≈ 3.0 eV). Indeed, this value is close to bandgap value of rutile found in literature 
(Eg (rutile) ≈ 2.95 eV) [29]. In the same way, the presence of the dense TiO2 anatase layer on TA6V and 
Ti10-2-3 oxides revealed on ASTAR phase maps is consistent with the bandgap value (Eg ≈ 3.2 eV) which 
is in good agreement with values found for anatase in literature (Eg (anatase) ≈ 3.2 eV) [29].  
 
The fact that the dense TiO2 rutile layer of T40 was not detected by Raman analysis means its 
concentration is lower than the detection limit of Raman (≈ 1 %) in the volume analysed. The volumic 
ratio of T40 dense continuous oxide layer on the overall oxide is very low according to its thickness 
(≈ 30 nm).  
 
Rutile is for all temperature and pressure conditions the thermodynamic stable phase of TiO2.  However, 
low temperature prevents the anatase to rutile transformation (ART) due to kinetics. ART temperature 
varies from 400 °C to 1000 °C depending both on oxidation environment and impurities in the oxide [30]. 
Hydrogen atmosphere as well as alkaline and transition metal ions impurities in the oxide scale as Li2O 
was found to increase the ART kinetics [10], [30], [31]. It was suggested it could be due to the increase of 
oxygen vacancies number by hydrogen atmosphere and alkaline and transition metal doping. Vanadium 
doping was also found to increase ART kinetics [32]. On the contrary, oxidation in O2 was found to inhibit 
the transformations by filling oxide vacancies [10]. In the same way, Vásquez et al. have pointed out that 
aluminium doping do stabilise TiO2 anatase phase with respect to rutile phase [33]. 
 
The water used in the present study contained lithium and hydrogen. It is then suggested that lithium 
and/or hydrogen were incorporated (in very low concentration) in the dense oxide layer of all alloys 
samples leading to a decrease of the ART temperature. The ART temperature may have reached values 
lower than 300 °C explaining the rutile presence in dense oxide layer of T40. It is also suggested that 
concentration of some alloying element cations as aluminium which diffused inside TA6V and Ti10-2-3 
dense oxide layer may have been high enough to increase ART temperature and then stabilise anatase 
regarding rutile. The absence of aluminium in T40 chemical composition may then explain the rutile 
dense oxide layer of T40. 
 
The difference in the allotropic form of the dense continuous layer formed on T40 on one hand and on 
TA6V and Ti10-2-3 on the other hand could be the cause of the difference in oxide morphologies 
between T40 and the two other alloys. Indeed, TA6V and Ti10-2-3 small oxides crystallites may be part of 
the dense oxide layer because of their identical allotropic form (anatase), favouring epitaxial growth. On 
the contrary, T40 small oxide crystallites may be on the top of the dense oxide layer because of their 
different allotropic form (anatase and rutile, respectively). Thus, hydroxide precipitation phenomenon 
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may have involved small crystallites nucleation and growth for T40 and small crystallites growth only for 
TA6V and Ti10-2-3.   
 

Oxygen penetration in the metal? 

  
GD-OES oxygen concentration profiles do not exhibit any oxygen enrichment in the metal bulk below the 
oxide scale for the three alloys after 434 h exposure (Figure 3). Nanoindentation results obtained on T40 
for the same exposure time (Figure 14) are also consistent with the absence of significant oxygen 
penetration in the metal beyond 1 µm. Indeed, oxygen diffusion in the metal would have enhanced the 
hardness proportionally to its concentration [19].  

This result is consistent with the low diffusion coefficient of oxygen in  titanium at 300 °C. It varies from 
2.6 1019 cm².s-1 to 8.8 10-18 cm².s-1 according to literature [34], [35]. Theoretical diffusion depth 
calculated accordingly (2(D.t)1/2) varies from 10 to 70 nm for a 434 h duration exposure. Such oxygen 
penetrations are undetectable by nanoindentation and GD-OES analysis because of the resolution limit 
of these experimental techniques. Several studies described titanium oxide dissolution linked to the 
oxygen diffusion in the metal bulk at temperature higher than 380 °C - 400 °C [36]–[38]. It means that 
degradation of titanium linked to an oxygen enriched area formation does not seem to be an issue at 
400 °C. 

To the authors’ knowledge, no data is available on the diffusion coefficient of oxygen in  titanium phase 

at 300 °C. Nevertheless, diffusion of oxygen in  phase at higher temperature (800 °C) is around 100 

times faster than in  phase [5], [39], [40]. However, no case formation was observed by SEM on TA6V 
and Ti1023 samples cross sections for all exposure durations. Thus, it could be suggested that oxygen 

diffusion in  phase at 300 °C is also low enough to prevent any oxygen enriched area formation. 
 

Point defect diffusing in dense oxide layer 

 
T40 sample exposure to primary water with prior gold marker deposit indicates the inward growth of the 
TiO2 dense oxide layer (Figure 7). However, gold markers appear to be located below small oxide 
crystallites. It is suggested that the inner part of the oxide grew by oxidation process and that the outer 
part of the oxide (oxide crystallites) was formed by the precipitation of titanium hydroxides. The 
oxidation mechanisms of TA6V and Ti10-2-3 also involved an inward growth of the oxide layer. Finally, 
oxide layer grown by oxidation process of the three alloys involved an anionic growth.  
 
The anionic growth of the dense oxide layer could be attributed to both interstitial oxygen and oxygen 
vacancies point defects diffusion. PEC characterisations performed on samples indicate the increase of 
the photocurrent (Iph) with applied potential (Figure 13 c)). Such an evolution is the evidence of the 
ntype semiconductivity of the characterised oxide. This result is consistent with TiO2 conduction types 
determined in several studies [41] [42]. Thus, it is possible to conclude that the main point defects 
responsible for the growth of TiO2 oxide layer are oxygen vacancies.  Nevertheless, more 
characterisations would be necessary to determine the species diffusing inside oxygen vacancies from 
the external interface toward the internal interface of the oxide layer. In literature, these species are 
suggested to be oxygen anions or hydroxide anions in dry and water vapour [2] environment, 
respectively.   
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CONCLUSION 

 
Polished samples of T40, TA6V and Ti10-2-3 titanium alloys have been exposed to primary water 
(T = 300 °C, P = 150 bar, [H2] = 25 cc TPN.kg-1 of water, [Li] = 0.9 wt. ppm, theoretical pH = 7.5) for 
durations ranging from 24 h to 3499 h.  
 

 Oxide scale developed on all three alloys is made of a continuous 30 nm thick layer topped by 
small and large cirstallites. T40 oxide scale is made of a dense continuous TiO2 rutile layer topped 
by small TiO2 anatase and large FeTiO3 ilmenite crystallites. The TA6V and Ti10-2-3 small TiO2 
anatase crystallites are part of the continuous TiO2 anatase layer. TA6V and Ti10-2-3 dense oxide 
layer are also topped by large ilmenite crystallites. After 434 h exposure, ilmenite crystallites 
diameter reach 10 µm, anatase crystallites diameter is around 1 µm for T40 and lower than 1 µm 
for TA6V and Ti1023. 

 Presence of crystallites and the increase of the interface tortuosity with exposure time as well as 
the constant dense oxide layer thickness with exposure time demonstrates the extent of oxide 
dissolution and hydroxide precipitation phenomenon. 

 Corrosion penetration depth reaches around 400 nm for the three alloys after 834 h exposure. 

For TA6V and Ti1023, penetrations do not seem to be located preferentially in  or  phase. 

 Oxygen diffusion inside the metal below the oxide layer was limited owing to the low 
temperature involved. 

 Inward growth and n-type semiconductivity of all alloys oxides have been observed and 
measured. Thus, oxygen vacancies were the main point defect diffusing inside the dense 
continuous TiO2 layer.  

 
It is suggested that aluminium cations were formed and diffused from the metal/TiO2 interface toward 
the TiO2/media interface during exposure of TA6V and Ti10-2-3 samples. Aluminium cations may have 
dissolved as soon as they reached the oxide/media interface because of their high solubility in water in 
such conditions. It is suggested that rutile may have been formed on T40 because of the effect of 
hydrogen or lithium oxide doping coming from the water. It is also suggested that only TiO2 anatase was 
formed on TA6V and Ti10-2-3 because of aluminium doping coming from alloys. Further investigations 
will be focused on dissolution and corrosion kinetics.    
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