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Degradation of thermal oxide film on pure titanium in an
acidic environment containing fluoride
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Electrochemical degradation behavior of thermally oxidized pure Ti in the fluoride-containing acidic environments was
investigated. Compact TiO, oxides with acceptable hardness and superior corrosion resistance are formed through the thermal
oxidation at 650 °C for 24 h. Corrosion of the oxidized Ti depends on the oxidation condition and fluoride content, resulting in the
various interfacial structures at the oxide/solution and metal/solution interface. Degradation of the oxidized Ti consists of three
stages during long-term immersion, while its critical fluoride concentration is increased by 1~2 orders of magnitude, attributed to

the high stability of the TiO, thermal oxides.
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INTRODUCTION

Lining materials inside the chimney of the thermal power plant
suffers severe corrosion attacks due to the aggressive condensates
that formed from polluted gases when the surrounding tempera-
ture falls below the dew point'2. The flue gas consists of a certain
amount of acidic constituents (mainly SO,) with low temperature
and high humidity, resulting in the formation of the acidic
condensates in which sulfuric acid is the dominant agent with
other species including chlorides, fluorides, and nitrates®>~”. To
overcome the corrosion failure that experienced by glass fiber
reinforced plastics, acid-resistant brick, and some coatings in the
chimney®2, titanium (Ti) is recommended as the candidate
material of lining materials by the International Committee on
Industrial Chimneys and has been employed in some thermal
power plants. Commercial pure Ti exhibits superior corrosion
resistance in the H,SO, environment’®, which is the final base
constituent of the condensates attached on the lining materials.
The trace amount of chlorides and nitrates in the condensates
show limited effect on the corrosion of Ti, while the fluoride ions
can seriously deteriorate the corrosion resistance, attributed to the
dissolution of TiO, to soluble complex and the direct exposure of
the titanium matrix'%~'2, Moreover, the low content of fluorides in
the condensates cannot be neglected because it always exceeds
the threshold value that induces severe corrosion of Ti in the
power plant'>-1>, Therefore, it is important to further improve the
corrosion resistance of pure Ti and illuminate its adaptability in the
fluoride-containing acidic environments.

Thermal oxidation is a relatively simple and economical
method of modifying titanium and its alloys. This method is
aimed to produce in situ ceramic coatings, in the form of highly
crystalline rutile oxide film, which generates a thermal oxide
layer with enhanced hardness, wear resistance, and corrosion
resistance'®~2°, From the perspective of corrosion resistance,
Kumar et al.'®?! reported that thermally oxidized pure Ti and
Ti6Al4V alloy possessed corrosion resistance superior to that of
the untreated alloy in Ringer's solution. Birch et al.*> demon-
strated that thermally oxidized titanium exhibited higher
corrosion resistance than that of the pickled, polished, and
anodized treatments in synthetic seawater. In the acidic

environments, Shankar et al.'”” also found the improved
corrosion resistance in highly aggressive nitric acid condensates.
Besides, the proper thermal oxidation temperature and time are
also determined by the authors.

In the presence of fluoride, corrosion of Ti deviates from the
characteristics in other acids because of the easy formation of
the Ti fluorides®?324, resulting in the deterioration of the thin
passive film and direct dissolution of the fresh Ti surface when
the critical fluoride concentration is exceeded”'>. Wang et al.”
found that the film on Ti was converted from a compact film to
dual-layer with a porous outer layer and a barrier-like inner layer
by fluoride ion in H,SO,. Huang et al.2* reported that increasing
fluoride concentration decreased the TiO, film protectiveness
and accelerated the charge transfer process. Kong et al.?®
demonstrated that variation of fluoride concentration alters the
rate controlling step during corrosion of Ti in HClO,. In addition,
corrosion induced by fluoride is also related to the presence
form of the fluoride-containing species as declared by Amrutha
et al."" who concluded that HF,~ was the key species controlling
the electrochemical step and remaining HF affected the
chemical dissolution step. Moreover, effect of fluoride is highly
depended on the solution pH, which is mainly reflected by its
intrinsic relationship with the critical fluoride concentra-
tion?32627 As for the oxidized Ti, there is not enough research
about the effect of fluoride on the degradation behavior of the
thermal oxide film. Mareci et al.?® investigated the corrosion
behavior of the oxidized ZrTi alloy for dental implant application
and found that corrosion resistance in acidic fluoridated
environment was enhanced using thermal oxidation, while the
degradation process and mechanism of the thermal oxide was
not explicitly interpreted.

In the present work, the microstructure and corrosion behavior
of the thermally oxidized pure Ti under different conditions are
characterized. The effects of the oxide formation condition and
fluoride concentration on the interfacial structure and corrosion
kinetics are discussed. The long-term degradation mechanism of
the optimized oxide film in the acidic fluorides is illuminated and
the critical fluoride concentration is determined.
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RESULTS

Morphology of the oxide film

Figure 1 shows the surface morphologies of pure Ti after
thermal oxidation for 2 h and 24 h. The original scratches can be
clearly observed after oxidation at 500 °C, indicating that the
oxide film is extreme thin and cannot be distinguished by SEM
(Fig. 1a, b). Even so, the oxide layer does form as demonstrated
by the EDS results and the oxygen content increases with
extending oxidation time (Supplementary Fig. 1). When the
temperature is increased to 650 °C, numerous nanoscale oxide
particles (Fig. 1d) and some isolated microscale particles
(Supplementary Fig. 2a) are generated after 2 h. The former
may be oxide nuclei and it can be found on the entire surface.
The EDS results reveal that the chemical composition of the
oxide particles and oxide film is almost the same (Supplemen-
tary Fig. 2b-d). With prolonging the aging time to 24 h, the
oxide nuclei grow and form dense oxide layer, covering the
entire surface (Fig. 1e) and the O content increases (Supple-
mentary Fig. 2f). At 800 °C, formation and agglomeration of the
oxide nanoparticles occur faster and a continuous surface layer
is detected after oxidation for 2 h (Fig. 1g). Further extending
the oxidation time results in the spalling and cracking of the
oxide layer, leaving a rough surface with distinct cavities and
bumps (Fig. 1h). The uneven cavities are not observed on other
samples, which suggested that the local spalling is the direct
reason that responsible for it. It is attributed to the generation of
internal stresses because of the large lattice mismatch and the
non-negligible differences in thermal expansion coefficient and
volume ratio between Ti oxides and pure Ti?*?°73!, The oxide
film is thin and the formation rate is not high enough under
other conditions, so the local spalling does not occur at lower
temperature or with insufficient aging time.
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The inserted images in Fig. 1 shows the surface topographies
observed by AFM. The linear profiles marked in the figures are
given in Supplementary Fig. 3 (supporting information). At 500 °C,
the original scratches can be observed, yielding a low surface
roughness of 68 nm (Fig. 1b'). At 650 °C, the nano-scale Ti oxide
crystals, which display a step-like structure depicting the growth
of pyramidal crystals, are perceived. The orientation of the crystal
faces is identical for the different oxides as manifested by the
parallel profiles (Supplementary Fig. 3), suggesting that the oxide
growth has favorable orientation32. At 800 °C, the size of the well-
developed crystals increases to about 1upm along with the
increase of surface roughness from 132 nm at 650 °C to 287 nm.
The formation of pyramidal crystals could be ascribed to the
diffusion of cations along dislocation core and diffusion towards
the ledges located on the side walls'’.

The cross-sectional morphologies of the oxide film formed at
different temperatures are presented with the backscattered
electron images (Fig. 1¢, f, i). The constituents of the epoxy resin
have the lowest atomic number and has been sprayed a thin
gold layer. Therefore, the substrate, the oxide layer, and the
epoxy resin can be distinguished without the charging effect. A
thin and homogeneous oxide layer with a thickness of about
2 um is generated at 500 °C. The film thickness attains 8 um at
650 °C. Moreover, at this temperature, the film is uniform in
thickness and almost without observable spallation or cracking
(Fig. 1b). As the temperature is increased to 800 °C, the oxide film
is thickened to 55 um. Meanwhile, the stratification character-
istics are observed with numerous cracks that parallel to the
underlying substrate (Fig. 1c), revealing the poor adhesion of this
film. This can be demonstrated by the gaps between the oxide
film and the oxygen-diffusion layer generated in some parts of
the oxide/matrix interface (not shown).
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Fig. 1 Microstructure of the thermal oxide film formed on pure Ti. Surface morphologies (a, b, d, e, g, h), topographies (b', €', h'), and the
cross-sectional morphologies (c, f, i) at 500 °C (a—c), 650 °C (d-f), and 800 °C (g-i) for 2 (a, d, g) and 24 h (b, ¢, e, f, h, i). The height ranges
in b', h', and e' are —226 ~ 189 nm, —275 ~ 255 nm, and —399 ~ 499 nm, respectively.
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Fig. 2 XRD and XPS spectra of the thermal oxide film formed on pure Ti. XRD a, XPS survey spectra b, and the detailed spectra of Ti 2p

cand O 1sd.

Composition and hardness of the oxide film
Figure 2 displays the XRD and XPS spectra of the oxidized pure Ti
at different temperatures for 2 and 24 h. As compared with the as-
received Ti, widening of the Ti peaks and emergence of a shoulder
pattern at lower diffraction angles are confirmed on the
specimens treated at 500°C. The presence of the shoulder
corroborates the formation of oxygen diffused Ti (marked as
Ti(O) in the XRD pattern) because the incorporation/diffusion of
oxygen in a-Ti expands the lattice spacing'®2%3, Moreover, TiO, is
not detected at 500 °C due to the thin oxide layer. As the oxidation
temperature is increased to 650 °C, both TiO, (in the form of rutile)
and Ti(O) are observed, with the former exhibiting more obvious
peaks. At 800 °C, rutile phase dominates the surface oxide film and
the Ti(O) phase cannot be detected after 24 h, implying that the
rutile layer is too thick that the X-ray could not infiltrate up to the
underlying Ti(O) layer. Considering the penetration depth of Cu-Ka
radiation ranges from 10 to 20 pm, the presence and disappear-
ance of a-Ti and Ti(O) peaks are consistent with the film thickness
perceived by SEM.

The XPS survey spectra demonstrate that changing of oxidation
temperature and time does not alter the film constituting
elements. The element Ti, O, C, and N are detected on the
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oxidized samples (Fig. 2b). The high-resolution spectra of the Ti
and O are given in Fig. 2c and d, respectively. The corresponding
binding energy and full width at half maximum (FWHM) are listed
in Supplementary Table 1 (supporting information). TiO, are
confirmed as the constituent as indicated by the peak binding
energy at 458.6 and 464.3 eV (Fig. 2¢)”'°. Because the XPS can
only trace the superficial layer within several nanometers, the
composition beneath the surface layer is not detected, resulting
in the presence of peaks only from TiO,. Therefore, the changes
of the oxidation states of the film from 500 to 800 °C cannot be
confirmed by this technique. This is different from the passive
film formed in electrolytes in which the different valances are
verified because of the low film thickness. In addition, the peak
broadens with increasing oxidation temperature and time as
shown by the FHWM values. The O 1s spectra are composed of
three peaks from 02~ (530.0eV), OH~ (531.7eV), and H,0O
(532.7 eV)>3%, The sample treated at 800°C for 24 h shows the
highest content of hydroxides, while that oxidized at 500 °C for
2 h exhibits the highest content of H,0. Even so, the hydroxides,
hydrates and/or adsorbed water only contribute low proportion
of the surface film and the oxide dominates the surface film
under all the conditions.
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Figure 3 shows the micro-hardness of the oxide films formed
under different conditions. It shows negligible changes after
oxidation at 500°C as compared to the as-received specimens,
attributed to the low oxide layer thickness. After oxidation at
650 °C for 2 and 24 h, the samples exhibit higher hardness which is
about 2.5 and 3 times that of the untreated sample. This
parameter attains the maximum value at 800 °C for 2 h and then
decreases with further extending aging time to 24h at this
temperature. During the thermal oxidation, diffusion of oxygen in
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Fig. 3 Microhardness of the as-received and thermally oxidized

pure Ti under different conditions. Error bars represent standard
deviations of three independent titanium plates.
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the lattice increases the c/a ratio and strains and enhances the
surface hardness in addition to the formation of hard oxide
layer'®2°, Prolonging oxidation time yields higher surface hard-
ness due to the increased depth of the oxygen-diffusion zone.
However, when the penetration of the indenter is restrained in the
oxide layer, the spallation of this layer leads to a lower hardness
(800°C, 24 h).

Electrochemical characterization of the oxide film

Figure 4 shows the OCP and polarization curves of the as-received
and the oxidized pure Ti in the simulated condensates and the
corresponding parameters. OCP of the as-received specimen
stabilizes in the active potential range of Ti which is characteristic
of surface activation. The sluggish positive shift of OCP with
extending immersion time may be attributed to the formation of
titanium hydrides®®. After thermal oxidation, the OCP is signifi-
cantly shifted to the noble values, locating within the potential
region where TiO, is the stable phase (Fig. 4a). The positive or
negative shift is discerned during the immersion process for the
oxidized specimens, but all the OCPs become changeless at the
end of the test except for that treated at 800 °C for 24 h. The quasi
steady-state OCP values are illustrated by box charts in Fig. 4b, in
which the boxes are roughly shifted upward with increasing
oxidation temperature and time to 650 °C and 24 h, followed by a
negative shift at 800 °C especially for 24 h.

As shown in the polarization curves, the bare Ti exhibits a
conventional active-passive transition behavior with an apparent
anodic peak (~—0.7 Vscg) and a wide passivation zone (Fig. 4c). In
the case of the oxidized samples, self-passivity occurs right from
their respective corrosion potentials (Eo), without the active
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Fig. 4 OCP and potentiodynamic polarization of the as-received and thermally oxidized pure Ti in the simulated condensates. a open
circuit potential, b the steady-state OCPs, ¢ polarization curves and d the corrosion potential, the anodic current density at 1 Vscg, and the
cathodic current density at —0.2V,socp calculated from c. Error bars represent standard deviations of three independent samples from

triplicate systems.
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Fig. 5 EIS of the as-received and thermally oxidized pure Ti in the simulated condensates. Nyquist a, b, modulus ¢, and phase angle

d diagrams of the EIS data.

dissolution region despite the existence of fluoride. Because the
polarization curves of the oxidized Ti do not meet the strict
prerequisites for the Tafel fitting®®>’, the following parameters
including the E.,,, anodic current density at 1Vsc (i,), and
cathodic current density at —0.2 Vs ocp (i) are compared (Fig. 4d).
Ecorr Of bare Ti (—0.84 V) is located within the stable region of
Ti*™, while it is shifted positively to about —0.15 Vs after thermal
oxidation because of the stable existence of TiO, layer. A weak
dependence of the E.,,, on the oxidation parameters is confirmed
as indicated by the fluctuation of this potential with increasing
oxidation temperature and time. When comparing the i, values,
anodic reactions are inhibited because of the barrier effect of the
oxide scales. The specimen oxidized at 650 °C for 24 h exhibits
the lowest i,, which is two orders of magnitude lower than that of
the bare Ti. The anodic current density increases as the oxidation
temperature is increased to 800 °C, which is attributed to the poor
interfacial properties of the film formed at this temperature. The
mismatch between the lattice of the substrate and oxide film
results in the local gaps at the film/substrate interface and thus
facilitate the diffusion and contact of the aggressive electrolyte to
the substrate and degrade the protective ability. As for the
cathodic reactions, i. presents three orders of magnitude drop
from bare Ti to oxidized Ti at 650 and 800 °C, but the differences
between these four samples are not impressive (Fig. 4d).

Figure 5 shows the EIS diagrams of the bare and oxidized pure
Ti in the simulated condensates. The as-received specimen
exhibits two well-defined capacitive arcs with low resistances
(inserted image in Fig. 5a). After oxidation at 500 and 650 °C for
2 and 24h, corrosion resistance is significantly improved as
indicated by the high resistance values. The flattened capacitive
arcs are difficult to separate but the Bode diagrams reveal the

Published in partnership with CSCP and USTB

existence of two time constants (Fig. 5d). When the oxidation
temperature is increased to 800 °C, barrier property of the oxide
film is reduced as implied by the decrease of the capacitive arc
diameter. Meanwhile, obvious high frequency capacitive arcs are
identified within the frequency range higher than 11 Hz (2h
oxidation) and 84.9 Hz (24 h oxidation), suggesting the emer-
gence of an additional process (inserted image in Fig. 5b). After
that, the rather depressed capacitive loops at medium and low
frequencies are traced, manifesting the existence of the other
two time constants. Moreover, from the EIS results, the oxide
film formed at 650 °C for 24 h possesses the highest modulus in
this environment. The following experiments put the emphasis
on the endurance capability of this layer in the acidic fluoridated
environment.

Figure 6a, b show the polarization curves of pure and oxidized
Ti in the simulated condensates with changing fluoride concen-
tration. The pure Ti shows an apparent critical fluoride concentra-
tion, which can be identified between 0.001 and 0.002 M based on
the transition from self-passivity to active dissolution at E.oy. In
addition, the anodic passivation current (i) increases slightly with
increasing fluoride concentration (Fig. 6a). As for the oxidized
specimen, self-passivity with i, lower than 1 pA/cm? still occurs
when the fluoride concentration is 0.002 and 0.02 M. However, the
Ecore drops to —0.5Vsce and i, increases to values that are
comparable with the pure Ti in the solution containing 0.2 M
fluoride (Fig. 6b). An anodic peak is detected at ~—0.3 Vscg,
indicating the fast dissolution process of the Ti matrix or the sub-
stochiometric oxide layer®>38,

The EIS diagrams of the bare and oxidized Ti in H,SO, with
different concentrations of fluoride are given in Fig. 6c-f.
When the fluoride concentration is lower than the critical value,

npj Materials Degradation (2022) 65
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Fig. 6 Potentiodynamic polarization and EIS in fluoride-containing H,SO, solutions (pH = 2). Polarization curves a, Nyquist ¢ and Bode
diagrams e of the as-received Ti and polarization curves b, Nyquist d and Bode diagrams f of the thermally oxidized Ti (at 650 °C for 24 h).

a capacitive loop which represents the compact barrier film is
confirmed on pure Ti (Fig. 6¢). Dissimilarly, two well-organized
capacitive loops are observed at higher fluoride concentrations
(inserted image in Fig. 6¢, e). When the specimen is oxidized at
650 °C for 24 h, a depressed capacitive loop, which is originated
from two processes, is obtained in the solution containing 0.002 M
fluoride (Fig. 6f). As the fluoride concentration is increased to 0.02
and 0.2 M, the impedance values significantly decreases and the
high-frequency capacitive loops are evidently distinguished
(inserted images in Fig. 6d).

To examine the corrosion processes of the oxidized Ti in the
acidic solutions containing fluoride, EIS was measured during
the long-term immersion of the samples and the Nyquist and Bode
diagrams are shown in Fig. 7 and Supplementary Fig. 4, respectively.

npj Materials Degradation (2022) 65

Two well-arranged capacitive loops for the bare Ti are confirmed
within the 72h immersion (Fig. 7a), corresponding to systems
exhibiting two time constants as revealed by the two maxima in the
Bode-phase diagram (Supplementary Fig. 4b, supporting informa-
tion). With further extending the immersion time, this phenomenon
does not change except for some variations in the arc diameters. As
for the thermally oxidized Ti, EIS characteristics change apparently
with prolonging immersion time to 672 h. In the solution containing
0.002 M fluoride (Fig. 7b), the diameter of the impedance loop
significantly decreases with increasing immersion time and a high-
frequency capacitive loop is discerned at 72 h, which is similar to
that obtained in Fig. 6d. Further extending the test, depressed
capacitive arcs are detected. Even so, the modulus always keeps
high values during the immersion test, implying the superior
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Fig. 7 EIS after immersion in the fluoride-containing H,S0, solutions (pH = 2) for different time. Nyquist diagram of the as-received pure
Ti after immersion in 0.002 M fluoride-containing solution for 72 h a, and Nyquist diagrams of the thermally oxidized pure Ti (at 650 °C for 24 h)
during immersion in 0.002M b and 0.02 M c¢ fluoride-containing solutions for 672 h. The corresponding Bode diagrams can be found in

Supplementary Fig. 4 in the supporting information.

corrosion resistance of the oxide film. As the fluoride concentration
is added to 0.02M (Fig. 7c), degradation of the oxide film is
confirmed as supported by the decrease of the impedance modulus
(Supplementary Fig. 4e). During immersion from 0.5 to 168 h, two
capacitive arcs are detected and the diameters of these arcs
contract with increasing immersion time. After that, remarkable
changes are distinguished after immersion for 336 and 672 h, at
which two well-defined capacitive loops are determined (inserted
image in Fig. 7c). The diameter of these loops is only hundreds of
ohms, suggesting the severe corrosion occurring on the sample
surface. When comparing with the diagrams of pure Ti (Fig. 7a), it
can be inferred that dissolution of bare Ti dominates the corrosion
process during this period.

Corrosion morphology

Figure 8 shows the corrosion morphologies of the bare and
oxidized Ti after immersion for 24 h. Slight uniform corrosion
occurs on the bare Ti in the pH 2 solution with 0.002 M fluoride
(Fig. 8a). As the solution pH drops to 0, remarkable active
dissolution takes place, resulting in the generation of some
cavities with sizes of 10-20 um (Fig. 8c). By contrast, no apparent
sign of corrosion attack on the surface of the oxidized Ti can be
observed (Fig. 8b, d), signifying the improved corrosion resistance
by the oxide film formed at 650 °C for 24 h.

DISCUSSION

Growth process of oxide film on titanium through thermal
oxidation contains the following three steps including (i) the
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adsorption, dissolution, and diffusion of oxygen on titanium
surface, (i) the nucleation and growth of oxide scales on the metal
surface, and (iii) transportation of anions, cations and electrons
through the developing oxide film*4°, The oxidation temperature
and time are the dominate factors that control the film
performance. Lyapin et al3° reported that the high oxidation
rates at high temperatures during the initial growth regime were
attained by the electric field enhanced migration of cations across
the oxide layer. In this case, considerable dissolution of oxygen
into the titanium matrix occurs, contributing to the formation of
rutile on the specimen surface (Fig. 2a). At low temperatures,
however, the concentration-gradient-driven diffusion of cations
and/or anions is negligible, resulting in the ending of the
oxidation at a limiting thickness. Accordingly, non-stoichiometric
oxide layer forms because of the concentration gradient of Ti-
enrichment and O-deficiency within the oxide film that increases
from the oxide surface towards the metal/oxide interface. In the
present work, only rutile is confirmed and other Ti oxides (Ti,Os,
TiO, etc.) are not detected by XRD (Fig. 2a). This is related to the
oxidation temperature, time, and oxygen pressure. Padma et al.*’
built a theoretical model for the growth of Ti oxides by thermal
oxidation and demonstrated that the oxides prepared for longer
periods or at higher temperatures contained only rutile. Istrate
et al.*? reported that the percentage of rutile exceeded 99% when
the oxidation time was longer than 2 h. Kofstad** conducted series
of thermal oxidation experiments at different temperatures and
oxygen partial pressures, the results confirmed that rutile was the
only oxide phase at and above 1073 torr O, and at temperatures
below 1300 °C, while many kinds of Ti oxides (Ti,O, TiO, Ti,Os,
TizOs, TiO,) could form at low pressures and high temperatures.

npj Materials Degradation (2022) 65



npj

L. Wang et al.

& Oxidized Ti; 650 °C, 24 h |
Ay ¢ ;/

pH 2, [F] 0.002 M |

{pH 0, [F] 0.002 M g

e

T

U7 Oxide film

Fig. 8 Corrosion morphologies after immersion in the H,SO, solutions containing 0.002 M fluoride for 24 h. As-received pure Ti in the
solutions of pH 2 a and pH 0 ¢, and the thermally oxidized pure Ti (at 650 °C for 24 h) in the solutions of pH 2 b and pH 0 d.

Table 1. Summary of the reported optimal temperature and time for oxidation with good corrosion resistance in the literature.

Material Oxidation temperature (°C) Oxidation time Electrolytes Measurement approach Optimum condition Ref.
CP-Ti 25~700 1h Ringer’s solution PDP, EIS 400°C, 1h 38
CP-Ti 500~800 10, 30, 60 min Synthetic seawater PDP, EIS 700°C, 30 min 22
CP-Ti 500~800 24h Ringer’s solution PDP, EIS 800°C, 24h 16
CP-Ti 650, 800 14h 0.9% NaCl PDP, EIS 650°C, 14h 45
CP-Ti 650 8, 16, 24, 48 h Ringer’s solution PDP, EIS 650°C, 48 h 21
Ti6Al4V 600, 650 12~60 h 5 mol/L HCl Weight loss 600°C, 24 h 46
Ti6AI4V 500~800 1h 0.9% NaCl PDP 600°C, 1h 20
Ti6Al4V 500~800 8, 16, 24, 48 h Ringer’s solution PDP, EIS 650°C, 24 h a4
Ti6Al4V 500, 700 1h Hank’s solution PDP 500°C, 1h 47
Ti6Al4V 600~800 4h Air Tribological test 700°C 8
Ti6AI4V 700 2~8h Air Fretting test 700°C, 4h 8
Ti6Al4V 500, 650, 800 5~50h Air Tribological test 650°C, 25h e

Therefore, it can be deduced that the preferred formation of rutile
in this work is attributed to the (i) the transformation of low-
valence Ti oxides to rutile during long-duration oxidation, and (ii)
the oxygen dissolution and rutile growth kinetics are much faster
than that of lower valence oxides at the oxygen partial pressure in
the ambient atmosphere. The rutile as the only oxide phase is also
found on some Ti alloys'®3344, suggesting the chemical composi-
tion and microstructure are not the controlling factor.

Table 1 summarizes the reported optimal oxidation tempera-
ture and time for fabricating the thermal oxide film with high
corrosion resistance in literature'618:20-223844-49  There is no
agreement regarding the optimum parameter from a corrosion
perspective. For example, Krishna et al.3® found that the CP-Ti
achieved the best corrosion resistance when oxidizing 1h at
400°C, which was the lowest temperature that reported in
literature to the best of the author's knowledge. Kumar et al.’®
demonstrated that thermal oxidation of pure Ti at 800 °C for 24 h
was a favorable surface treatment when oxidizing the specimen at
500, 650, and 800°C. This value is the highest oxidation
temperature that exhibits the best performance for titanium in
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the literature. Except this, all the optimal conditions in Table 1
belong to the moderate temperature ranging from 500 to 700 °C,
at which the oxide film presents compact morphology, superior
adhesion strength, and high hardness. Consequently, the oxide
film possesses acceptable corrosion resistance in various kinds of
environments including biological electrolytes'®?'*, acidic solu-
tions*® and chloride medium?%4%, and superior wear resistance in
air'84849 Even so, the applicability of the oxide film formed under
different conditions in the presence of aggressive fluorides has
not been investigated in detail. In the present work, the oxide film
generated at 650 °C for 24 h has been proved to possess the best
corrosion resistance in the acidic environment despite the
existence of fluoride. Moreover, the protective ability can be
preserved after long duration in the simulated condensates,
suggesting that this thermal oxidation process is suitable for the
fabrication of fluoride-resisting oxide layer on titanium.
Corrosion behavior of oxidized Ti depends on the oxide
formation condition, fluoride concentration, and duration of the
immersion. The degradation process and the controlling factors
can be clearly presented by the EIS data. Figure 9 illustrates the
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and descriptions of the graphical representations f. The reaction serial number coincides with that in the manuscript.

schematic diagrams of the interfacial structures of the bare and
oxidized Ti in different environments and the corresponding
equivalent circuits. The EIS data in Figs. 5-7 are fitted with the
equivalent circuits and the fitting results are shown in Supple-
mentary Table 2-5 (supporting information). The symbol Q is used
to represent the constant phase element (CPE), which is converted
to effective capacitance (C) according to the approach proposed
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by Hsu and Mansfeld*° for the oxide layer (R is Rg) and Brug et al.>!
for the electrical double layer (R is R;):

C= Q1/nR(1—n)/n (—I)

In fluoride-containing acidic environments, there exists a
critical fluoride concentration above which Ti is significantly
degraded. Conversely, the influence of fluoride on corrosion of
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Ti is negligible. In the dilute H,SO4 (pH =2), pure Ti exhibits
spontaneous passivation with a passive current density lower
than 30 pA-cm~2 as the fluoride concentration is not more than
0.001 M (Fig. 6a). Meanwhile, the Nyquist diagram presents a
single capacitive arc which represents the response of the
compact passive film at the metal/solution interface (Fig. 6c).
Accordingly, the critical fluoride concentration has not been
achieved and the system can be explained by the interface
structure illustrated in Fig. 9a2*°2, in which the Q¢ and R; denote
the capacitance and resistance of the surface film, respectively.
In this case, a thin passive film composed of the outer TiO, and
inner low-valence Ti oxide layer is formed on the specimen
surface®*>3, Three distinct fluoride-containing species including
HF, HF,~, and F~ are existed in the acidic solution, with the HF as
the dominant presence form®*. The surface TiO, film dissolves

with the following reactions>>->6;

TiO; + 6HF — TiHFg + 2H,0 + H* 2)
TiO, + 3HF; + 2H" — TiHF; + 2H,0 3)
TiOp + 6F~ + 4H" — TiF2™ + 2H,0 (4)

The passive film is deteriorated intensely with increasing fluoride
concentration, causing the decrease of the film resistance and
increase of the film capacitance (Supplementary Table 2), which
can be ascribed to the thinning and roughening of this film.

As the fluoride concentration exceeds the critical value,
obvious drop of the impedance modulus occurs accompanied
by the negative shift of the corrosion potential (Fig. 6a, e). The
protective TiO, oxide no longer exists because of the abundant
presence of fluoride, yielding a bare surface with severe
electrochemical dissolution. In this case, corrosion of pure Ti
consists of the following two successive processes including the
charge transfer process and the adsorption/desorption of the
intermediate species'''>2%;

Ti+ 6HF — TiFy 4 +6H™ +3e” or Ti+ 6F~ — TiF3_,. + 3e™ Firststep
(5)

TiF3 .4s — TiF3,, Second step (6)

where TiF3_, and TiFZ_ are the intermediate species adsorbed on

Ti surface and dissolved into solution, respectively. According to
our previous mathematical derivation’ and the diagnosis
criterion of the EIS®7, the two-step dissolution mechanism of Ti
yields two capacitive loops. Therefore, the Model B displayed in
Fig. 9b is used to fit the EIS data. In this model, Q4 and R
represent the double electrode layer capacitance and the charge
transfer resistance, respectively, which correspond to the high-
frequency capacitive arc in Fig. 6¢c and Fig. 7a. The element Q, and
R, express the adsorption capacitance and resistance, respectively.
Considering the adsorption process belongs to the slow
procedure during the electrochemical corrosion, this process
contributes to the capacitive loop within the low frequency
range”. The fitted parameters in Supplementary Table 4 with this
model can be associated with the kinetic parameters of the two
processes with the following equations:

T K 4K
1T K>
Raca N rO

1 T\ 1 K,

== 9)
(Rct Ra) Ca 6ssI—O
where K; and K, (mol-cm~2s~) are the apparent rate constants

of the two steps given in Egs. (5) and (6), respectively, 6 is the
coverage fraction of the adsorbed species, and [ is the number

(7)

Ss

(8)
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of the available sites for adsorption (1078 molAcm—2)%°,
Figure 10 shows the calculated parameters of pure Ti during
immersion for 72h (EIS data from Fig. 7a). With extending
exposure time, the capacitance and resistance of the two
successive steps are relatively stable with some fluctuations
within a limited range, suggesting that corrosion of pure Ti
proceeds with a steady rate (Fig. 10a). The time constant (t = CR)
of the adsorption process is two orders of magnitude higher than
that of the charge transfer reactions, while its apparent rate
constant (K,) is obviously lower (Fig. 10b), implying that the
chemical dissolution step is the rate controlling procedure during
corrosion of pure Ti. This slow step creates surface adsorbed
species which accumulate on the specimen surface, resulting in a
high surface coverage (Fig. 10c).

From Figs. 4-5 and Supplementary Table 2, electrochemical
response of the surface oxides is highly dependent on the
oxidation condition. When the oxidation temperature is 500 and
650 °C, compact oxide layer is generated, obstructing fluoride to
contact with the Ti substrate beneath it. In this case, the
depressed capacitive loop characterizes the response of the
dual-layer structure of the surface oxide consisting of a porous
outer layer and a dense inner layer**3859, Consequently, the
equivalent circuit model illustrated in Fig. 9c is used to interpret
the film characteristics, in which the Q, and R, denote the
capacitance and resistance (or pore resistance) of the outer
layer and Q; and R; signify the capacitance and resistance of the
inner layer®'-%3, According to Supplementary Table 2, the film
resistance of the outer and inner layer increases with increasing
oxidation temperature from 500 to 650°C and prolonging
oxidation time, indicating the promoted protectiveness of the
oxide film. Meanwhile, the capacitance of the two layer
decreases, attributed to the increase of film thickness and
compactness. Both the film resistance and capacitance of the
outer layer is 1~2 orders of magnitude lower than that of the
inner layer, suggesting that the thin but compact inner dense
layer contributes to the superior corrosion resistance. As the
oxidation temperature is increased to 800°C, a well-defined
high-frequency capacitive loop is detected (Fig. 5). Considering
the charge transfer reaction is the fast process during the
corrosion, this loop can be ascribed to the electrochemical
dissolution of Ti at the oxide/metal interface, where the oxide
has been penetrated by the corrosive electrolytes?®5%, The
porous stratified oxide layer with cracks and gaps formed at this
temperature, which provides diffusion routes for the fluoride,
also supports this speculation (Fig. 1i). Even so, the available
sites for the electrochemical dissolution of Ti substrate is
limited, resulting in the low Cy because of the low effective
area®'%>%% and the high film resistance in the orders of
~10° Q-cm?. Furthermore, the polarization resistance (Rp), which
is the limit of the impedance at zero frequency, is calculated
and listed in Supplementary Table 2. The oxide formed at 650 °C
for 24h exhibits the highest value and reveals the best
protection ability.

The interfacial structure of the oxide film is altered with
increasing fluoride concentration (Fig. 6d). The data obtained in
the dilute solution containing 0.002 M fluoride is similar to that in
Fig. 5a and can be interpreted with the Model C. However, only
two well-distinguished capacitive loops can be identified when
the fluoride concentration is increased to 0.02 and 0.2 M. In this
case, the surface oxide layer is severely destroyed by HF and the
outer and inner oxide layer cannot be discerned. The model
illustrated in Fig. 9e is used to elucidate the EIS data in which the
Qp and Ryore represent capacitance of the porous layer and the
electrolyte resistance inside the pores®®6'%7, respectively, while
Qg and R have the same physical meaning with that in Model D.
The film capacitance under this condition is apparently higher
than that listed in Supplementary Table 2, revealing that the oxide
layer is degraded by high concentrations of fluoride.
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Fig. 11
state variations of the oxidized Ti in the presence of fluoride.

The EIS data during the long-term immersion test accom-
panied with the fitting results listed in Supplementary Table 5
clearly show the degradation process of the thermal oxide in
the fluoride-containing environment. The degradation process
is schematically illustrated in Fig. 11 in which the different
interfacial structures and the fitted polarization resistances are
presented. According to the EIS response, degradation of the
protective oxide can be divided into three stages. Within Stage
I, only the outer porous layer of the oxide is damaged, allowing
the corrosive species to diffuse towards the inner layer and
resulting in its dissolution. Even so, the Ti substrate is gracefully
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Changes in polarization resistance and corresponding degradation stages of the thermally oxidized Ti (at 650 °C for 24 h). Surface

protected and the two time constants correspond to the bi-
layer structure of the oxide film. The condition that the oxide is
exposed in the dilute solution containing 0.002 M fluoride
for 0.5h belongs to this stage. When the immersion time
exceeds 72h or the fluoride concentration is increased to
0.02 M, corrosion enters the Stage Il during which only one
time constant that induced by surface oxide can be recognized.
The pronounced characteristic of this period is the detection
of the well-defined high-frequency capacitive loop, suggesting
the deterioration of the surface oxide and the occurrence
of Ti dissolution at the oxide/metal interface. After immersion
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Table 2. Comparison of the critical fluoride concentration of pure Ti and its alloys in the literature with the present work.

Material Electrolyte pH Temperature (°C) Determination method Critical [F7] Ref.
CP-Ti H,SO, 1.0 50 OCP, Pol, EIS 0.0005~0.002 7
CP-Ti H,S0, 1.0 25 OCP, Pol 0.00024 26
CP-Ti H,SO, 2.0 25 OCP, Pol 0.00034

CP-Ti H,SO, 3.0 25 OCP, Pol 0.00075

CP-Ti H,50., 40 25 OCP, Pol 0.0048

CP-Ti H,SO, 5.0 25 OCP, Pol 0.028

CP-Ti H,S0, 1.0 25 OCP, Pol, EIS 0.0005~0.001 “
Ti-0.2 Pd H,SO, 1.0 25 OCP, Pol, EIS 0.001~0.002
Ti-0.3Mo-0.8Ni H,SO, 1.0 25 OCP, Pol, EIS 0.001~0.002

CP-Ti HCIO, 0 22 OCP, EIS 0.001~0.005 27
CP-Ti Artificial saliva 3.9 37 OCP, Pol 0.012 3
CP-Ti Artificial saliva 43 37 OCP, Pol 0.025

CP-Ti Artificial saliva 4.8 37 OCP, Pol 0.048

CP-Ti Artificial saliva 54 37 OCP, Pol 0.111

CP-Ti Artificial saliva 5.8 37 OCP, Pol 0.255

CP-Ti Artificial saliva 4.5 37 ocpP 0.024~0.03 12
SLM-Ti-6Al-4V Artificial saliva 2.0 37 OocCP 0.002 56
SLM-Ti-6Al-4V Artificial saliva 4.0 37 OocCP 0.08

SLM-Ti-6Al-4V Artificial saliva 6.0 37 OCP 0.1

CP-Ti H,SO, 2.0 25 Pol, EIS 0.001~0.002 This work
Oxidized CP-Ti H,SO,4 2.0 25 Pol, EIS 0.02~0.2

in the solution containing 0.002 M fluoride for 672 h, corrosion
of Ti still exists in the Stage Il which indicates that the oxide
formed at 650°C for 24h possesses the superior corrosion
resistance in this environment. In the acidic environment
containing 0.02 M fluoride, however, corrosion develops to the
Stage Il after the immersion time reaches 336 h during which
the protective ability of the oxide is entirely annihilated. In this
case, corrosion of the oxide-covered Ti exhibits the same
characteristics with the pure Ti, which proceeds with the two
consecutive steps and generates two well-discerned capacitive
loops (Fig. 7¢).
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As proposed by Wang et al.2%, the critical fluoride concentration
for corrosion of Ti was defined as the concentration where the
maximum anodic current density (/) was equal to the cathodic
current density (|lc|em) at the critical potential (E,) with the
following equation:

(10)

B

where lgc is the exchange current density of hydrogen evolution
reaction (HER), EY_ is the equilibrium potential of HER, I? is the

E—E"
o = Ul = [+ 6] = cexp ( ) .
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limiting diffusion current density of oxygen reduction reaction,
and B is the cathodic Tafel slope. In this case, the critical value can
be intelligibly confirmed when detecting the transition of
electrochemical response of Ti from the spontaneous passivation
to the active-passive behavior. According to this diagnosis
criterion, the critical fluoride concentrations of pure Ti in pH
2 solution is between 0.001 and 0.002 M, while that of the oxidized
Ti (650 °C, 24 h) is increased to the range between 0.02 and 0.2 M.
Table 2 lists the critical fluoride concentration of Ti-based
materials in the fluoride-containing solutions with different pH
in the literature”121423.25-27.56 {5 3llow the comparison with that
of the oxidized Ti in the present work and the results are shown in
Fig. 12. In H,SO,, Wang et al?® established the relationship
between the critical fluoride concentration and pH within the pH
range from 0 to 5 of pure Ti. Taking pH 2.0 as an example, the
threshold value is 0.0034 M, which is far lower than that of
oxidized Ti. In the artificial saliva, the increase of pH increases the
critical fluoride concentration to values higher than 0.01 M'%23,
which is comparable with that of the oxidized Ti in acidic
environment. When comparing with the titanium alloys including
the Ti-0.2 Pd, Ti-0.3Mo-0.8Ni'#, and Ti6AI4V>®, the oxidized Ti also
exhibits 1~2 orders magnitude higher critical fluoride concentra-
tion (Fig. 12), suggesting the high stability of the compact thermal
oxide (TiOy) in the fluoride-bearing acidic environments.

METHODS

Materials and electrolytes

Commercial pure Ti (CP-Ti, Grade 2, with N<0.03, C<0.08, Fe<0.20,
0<0.15 in wt.) was used as the substrate material with the dimensions of
20 x 20 x 3 cm?, which was ground consecutively to 1500 # abrasive paper,
degreased with ethanol, and dried in air before oxidation. The thermal
oxidation was conducted in a muffle furnace under ambient atmosphere
and the thermodynamic process was shown in Supplementary Fig. 5
(supporting information). After putting the samples inside the furnace, the
temperature was increased to the designed values with a rate of 10 °C/min.
Then the samples were kept at 500, 650, and 800°C for 2 or 24h to
generate the thermal oxide film. After that, the samples were cooled with
the furnace to 200 °C and then were took out from the furnace to an air
cooling.

Table 3. Chemical composition of the simulated condensates used in
the present work.

Analytical grade
reagent

H,SO, (98%) HCI (37%) HNO; (68%) NaF pH

Concentration (mg/L) 514.6 715.1 73.2 959 20

L. Wang et al.
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The testing electrolyte was the simulated condensates in a serving
chimney of a thermal power plant in China®, of which the chemical
composition was listed in Table 3. The contents of the species were based
on the analytical results of the real condensates collected in the chimney.
Analytical grade reagents including the H,SO, (98%, CAS number 7664-93-
9), HCl (35%, CAS number 7647-01-0), HNOs (68%, CAS number 7697-37-2),
NaF (CAS number 7681-49-4), and ultra-pure water (18.2 MQ-cm) were
used to prepare the solution and H,SO, was used to adjust the pH to 2.0.
All the reagents are provided by Sinopharm Chemical Reagent Co., Ltd. To
investigate the effect of fluoride concentration on the corrosion behavior,
the H,SO, (pH = 2.0) containing different concentrations of fluorides was
also used and the research purposes were listed in Table 4.

Microstructural, composition, and hardness characterization

Surface morphologies of the thermal oxides were observed by scanning
electron microscope (SEM, Quanta 250) with a voltage of 20 kV, working
distance of 10 mm, and beam current of 150 pA, using the secondary
electron mode. To characterize the cross-sectional morphologies, the
oxidized samples were mounted in the epoxy resin, exposing one cross-
sectional surface, which was ground and polished sequentially to create a
clean and smooth surface. A thin gold layer was sprayed on the cross-
sectional surface to increase the conductivity of the resin and reduce the
charge effect. The measurement parameters were the same to that used in
surface morphologies, but the backscattered electron mode was used to
clarify the interface area. Surface topography and nanoscale structures of
the oxide film formed after 24 h were detected by an atomic force
microscope (AFM, Bruker Multimode VIII) in ScanAsyst-air mode. The film
roughness and the typical linear profiles were obtained.

Composition of the surface film was identified by wide-angle X-ray
diffraction (XRD, Rigaku Dmax-rc) with the following parameters: voltage
40kV, current 40mA, Cu-Ka target, X-ray wavelength 0.15406 nm,
scanning range 20° to 70° and scanning step 2°/min. It was also
characterized by XPS with ESCLAB 250Xi analyzer. The monochromatic Al-
Ka X-ray source with a spot size of 400 um was used and the survey
spectra were recorded at a pass energy of 50 eV and a step size of 1.0 eV.
High-resolution spectra of Ti 2p, O 15, and C 1 s core levels were recorded
at a pass energy of 20 eV and a step size of 0.1 eV. All the XPS peaks were
corrected to standard carbon C 1s binding energy of 285eV. Micro-
hardness of the untreated and the thermally oxidized CP-Ti was
performed on the Vickers harness tester (JMHVS-1000ZCCD) with applying
509 load for 10s. Five indentations were produced on each sample and
the average values were calculated.

Electrochemical measurements

Specimens used in the electrochemical testing were the as-received Ti
(10x10x3cm3 and the oxidized Ti (20x20x3cm?3), leaving the
exposure surface of 1cm? to contact with the electrolytes. The
measurements were performed with a conventional three-electrode
cell, using saturated calomel electrode (SCE) as the reference electrode
and the platinum plate as the counter electrode. Open circuit potential
(OCP) and potentiodynamic polarization curves were conducted on the
CHI660 electrochemical workstation. The former was recorded during

Table 4. Detailed approach, electrolyte, immersion time, and research purpose of the electrochemical measurements.

Materials Electrolytes Method Time Purpose
As-received and oxidized Ti under Simulated OCP, Stabilization  Clarify the effect of oxide film on the corrosion behavior and
different conditions condensates Pol, EIS for 1h determine the optimum processing parameter.
As-received Ti H,S0,4 (pH =2) Pol, EIS Stabilization  Clarify the effect of [F"] on the corrosion of bare Ti and determine
[F-1=0, 0.0005, for 0.5h the critical [F].
0.001, 0.002 M
Oxidized Ti at 650 °C for 24 h H,SO4 (pH =2) Pol, EIS Stabilization  Clarify the effect of [F~] on the corrosion of oxidized Ti and

[F71=0.002, 0.02, for 0.5h determine the critical [F7].
0. 2 mol/L

As-received Ti H,S0,4 (pH=2) EIS 0.5, 6, 12, 24, Clarify the corrosion mechanism of bare Ti in fluoride-containing
[F~1=0.002 mol/L 48,72h environment.

Oxidized Ti at 650°C for 24 h H,S0,4 (pH=12) EIS 0.5, 72,168,  Clarify the long-term degradation mechanism of oxidized Ti in
[F71=0.002, 336, 672h fluoride-containing environment.
0.02 mol/L
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immersion of the oxidized samples for 1h, while the latter were
measured with a scan rate of 0.5mVAs~' starting from the cathodic
direction to 2.0 Vscg. Electrochemical impedance spectroscopy (EIS) was
measured via the Zahner Zennium-E potentiostat within the frequency
range from 100kHz to 10 mHz by imposing a 10mV amplitude
sinusoidal voltage. A total of 56 data points were collected and each
point was repeated for 4 times, while the data point number varied with
the frequency decade from 11 data points within 10° ~ 10*Hz to 5 data
points within 107'~10"2Hz. The spectra of pure Ti during long-term
immersion were composed of 84 data points with 12 points per decade.
The detailed measurement method, electrolyte, immersion time, and
research purpose are listed in Table 4. All the electrochemical
measurements were conducted at 25 +2°C and were repeated at least
for three times to check the reproducibility.

Corrosion morphology observation

To clearly present the corrosion resistance of the oxidized samples,
corrosion morphologies of the untreated Ti and oxidized Ti at 650 °C for
24 h after immersion were observed by SEM. The samples were firstly
immersed in H,SO, solution (pH =0 and 2) containing 0.002 M fluoride
for 24 h at OCP. After that, the samples were retrieved from the solution,
washed by distilled water, and degreased with ethanol. It should be
noted that there was no need to removing the surface corrosion
products because no attached scales were reserved. The secondary
electron mode was used to capture the surface morphologies of the
corroded samples and the parameters were the same to that used in
microstructure observation.

DATA AVAILABILITY

The raw/processed data required to reproduce these findings can be obtained by
sending an email to the corresponding author.
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