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Optimization of Oxidation Temperature for Commercially
Pure Titanium to Achieve Improved Corrosion Resistance
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Thermal oxidation of commercially pure titanium (cp-Ti) was carried out at different temperatures,
ranging from 200 to 900 °C to achieve optimum corrosion resistance of the thermally treated surface in
simulated body fluid. Scanning electron microscopy, x-ray diffraction, Raman spectroscopy and electro-
chemical impedance spectroscopy techniques were used to characterize the oxides and assess their pro-
tective properties exposed in the test electrolyte. Maximum resistance toward corrosion was observed for
samples oxidized at 500 °C. This was attributed to the formation of a composite layer of oxides at this
temperature comprising Ti,O; (titanium sesquioxide), anatase and rutile phases of TiO, on the surface of
cp-Ti. Formation of an intact and pore-free oxide-substrate interface also improved its corrosion resistance.

Keywords corrosion, cp-titanium, dental implant, electrochemi-
cal impedance, titanium oxide, XRD Raman spec-
troscopy

1. Introduction

Owing to good mechanical properties, chemical stability and
biocompatibility, titanium metal and its alloys are extensively used
for dental and orthopedic implants, auricular episthesis and bone-
anchored hearing aids (Ref 1-4). Titanium metal and their alloys
have an inherent property of forming a thin amorphous and/or
poorly crystallized oxide layer on their surface. These oxides are
primarily composed of TiO, (titania) with small proportion of
titanium (III) oxide (also known as titanium sesquioxide with
chemical formula Ti,O3) and titanium oxide (TiO). The properties
of the implants are governed by the nature of oxides formed on the
metal surface, which differ considerably from that of the bulk
material. However, these films are not stable in vivo and can easily
be removed even by brushing against soft tissue (Ref 5-7).

Interface between bone and implant can be envisioned as a
composite, formed from interaction between body cells and
surface layer of the material. Thus, there is definite scope for
altering the nature of surface oxide film to achieve improved
interaction between cells/body fluid and surface of implant.
This interaction is crucial for the development of an initial
stable interface and prolonged success of the implant. In order
to achieve the aforesaid mechanical, electrochemical and
biological properties of titanium-based implants, various sur-
face modification techniques have been used to change the
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nature of the oxide film present on their surface. Titanium has
high affinity for oxygen and forms different types of oxide
films, which increase in thickness in oxidizing environments.
This reaction is catalyzed by heat input, oxidizing environ-
ments, electrochemical anodization, acid treatment, thermal
oxidation, sol-gel oxidation and plasma spray (Ref 8-13). Out
of these techniques, thermal oxidation is considered the most
economical and commercially viable process. Gemelli et al.
(Ref 14) studied the effect of thermal treatment on the nature of
oxide film formed on titanium metal and reported the formation
of adherent film at 600 °C. Feng et al. (Ref 15) investigated the
oxidation of commercially pure titanium at 600 °C in air, water-
saturated steam, oxygen and reported the formation of rutile
phase (TiO,) in every environment. Gemelli and Camargo (Ref
16) studied oxidation kinetics of commercially pure titanium at
temperature range of 300-1000 °C and reported the transfor-
mation of room temperature passive film into rutile and anatase
forms of TiO,. Kumar et al. (Ref 17) found a direct correlation
between improvements in corrosion resistance of the passive
film on cp-Ti with increase in thermal oxidation temperature
from 500 to 800 °C. Guleryuz and Cimenoglu (Ref 13)
examined the corrosion and wear resistance of thermally
oxidized Ti-6Al1-4V alloy and reported a significant improve-
ment in the aforesaid properties of the metal. Alloying of 5%
silver metal with titanium was observed to improve corrosion
resistance of the alloy in artificial saliva solution in comparison
with that of cp-Ti (Ref 18). Rutile titanium dioxide (TiO,) was
reported to form on thermally oxidized titanium and provided
lowest passive current in seawater (Ref 19). Published literature
reveals that majority of the work on thermal oxidation of
titanium metal is related to characterization of the resultant
oxides in terms of their morphology, nature, hardness, wear
resistance and other mechanical properties. Most of the
reported literature pertains to results of the higher-temperature
oxidation of titanium. The higher-temperature treatment pro-
cess to develop oxide layers on titanium metal is associated
with many draw backs and hampers the long-term performance
of implants. Thermal oxidation of titanium above 800 °C
provides thick and highly crystalline rutile phase of oxide (Ref
20). This oxide, though imparts improved properties during its
initial exposure to human body fluid but suffers spalling due to
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unfavorable volume ratio of metal to oxide (Ref 21-23).
Corrosion and electrochemical properties, especially in contact
with human body fluid where thermally oxidized metal
interacts with such fluid after implantation in the body, are
also reported mainly for high-temperature oxidized material
(Ref 24-26). Further, limited efforts have been made in the past
to establish a relationship between the thermal treatment
temperatures imparted to cp-Ti with its corrosion resistance in
contact with human body fluid. The deliberations on possible
causes for the poor performance of higher-temperature oxidized
cp-Ti are also scarcely available in the published literature. Our
initial study on the influence of treatment temperature on the
nature of oxides film formed on cp-Ti metal had shown that a
lower treatment temperature imparts more tenacious and
protective film in comparison with that formed at higher
temperatures. In view of the above, it was considered important
to optimize the temperature of thermal oxidation for cp-Ti to
achieve an oxide film which can last longer in contact with
human body fluid. In view of this, the present investigation was
taken up to study the effect of thermal oxidation to improve
surface properties of commercially pure titanium metal, a
popular material for design and fabrication of implants, on the
nature of resultant oxides and their corrosion resistance in
contact with simulated human body fluid.

2. Experimental Details

The flat samples of cp-titanium (10 x 10 x 2 mm) were cut
from a sheet and mechanically polished on rough to fine grades
of emery papers. The final polishing was carried out on Selvyt
cloth using suspension of alumina powder as abrasive (1 pum
size). The samples were subsequently cleaned with distilled
water using ultrasonic cleaner and finally with acetone.
Specimens in triplicate were oxidized at different temperatures
(200, 300, 400, 500, 600, 700, 800 and 900 °C) for 1 h in air
and cooled in furnace to room temperature.

Thermally oxidized samples were examined for the nature of
oxides formed on their surfaces using different analytical tech-
niques namely scanning electron microscopy, x-ray diffraction and
Raman spectroscopy. Scanning electron microscope equipped
with energy-dispersive x-ray to analyze the content of elements
was used to study the morphology and elements present in the
oxides film formed at different temperatures. XRD studies were
performed using instrument supplied by Bruker, Germany. The
cathode for x-ray radiation was Cu Ko (4 = 1.5406 nm), with 20
angles ranging from 10° to 80° at room temperature. Raman
spectroscopy of the oxidized samples were performed by Almega
Dispersive Micro-Raman spectroscope (Model Almega, by
Thermo electron corporation, USA) using an exciting Nd-YAG
laser beam with a wavelength of 532 nm. The lowest laser power
was used (6 mW) to avoid transformation of the oxide film due to
heating effects. Laser beam was focused on samples through an
Olympus microscope at the magnification of 50x. The sample
holder was a computer-controlled motorized platform with Jokey
to provide fine focusing on desired parts of the samples. The
grating was 672 lines/mm with a 25-um pinhole. Prior to the
analysis of samples, the instrument was calibrated using pure
silicon with a Raman peak of 520.45 cm™'. The collection time
was varied between 80 and 160 s to get good peaks of the samples.

Three sets of the oxidized samples were mounted in cold
setting resin to expose a surface area of 0.95 cm?® and fitted in
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cells to perform electrochemical impedance spectroscopy (EIS).
The tests were conducted by exposing the samples in simulated
body fluid (SBF) containing 6.5 gm/L NaCl, 0.24 gm/L CaCl,,
0.42 gm/L KCl and 0.2 gm/L. NaHCOj;. The pH of this solution
measured at 25 °C was 7.8. SBF was preferred as the test
electrolyte to assess the performance of the oxidized surfaces as
this environment is closer to the actual application of the
subject material intended for use. EIS experiments were
performed using a Gamry made potentiostat equipped with
DC 105 and CMS 300 software to analyze the data. Saturated
calomel electrode (SCE) and pure graphite rod of 32 mm
diameter and 150 mm length were used as reference and
auxiliary electrodes. The tests were performed at open-circuit
potential of the samples by imposing 10 mV of sinusoidal
voltage and changing its frequency from 100 kHz to 0.01 Hz.
The experiments were continued for 300 h at interval of 72 h
using the same sample continuously exposed in the test
solution. These sets of experiments helped to determine the
minimum treatment temperature required to achieve optimum
resistance to corrosion.

3. Results and Discussion

In the first part of this section, the experimental results on
corrosion characteristics of cp-Ti oxidized at different temper-
atures will be described. The second part will incorporate the
deliberations explaining the causes for improved corrosion
resistance of samples thermally treated at 500 °C.

3.1 Corrosion Resistance of the Samples Oxidized at
Different Temperatures

The change in open-circuit potential (Eocp) of the non-
oxidized and oxidized samples at different temperatures after
exposure for 300 h in simulated body fluid is shown in Fig. 1.
The measured Egcp values for the non-oxidized and those
oxidized up to 500 °C did not exhibit any appreciable change.
However, a significant shift of potential took place for the
sample oxidized at 600 °C. The potential of the sample
oxidized at this temperature shifted about 300 mV in active
direction in comparison with that of the 500 °C sample. There
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Fig. 1 Variation of open-circuit potential with oxidation tempera-
ture of cp-Ti exposed in simulated body fluid for 300 h
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after it attained by and large a stable potential of around
—500 mV (SCE). These results suggest that a deterioration in
the protective properties of the film of cp-Ti took place above
the oxidation temperature of 600 °C. It is to be noted that
although the open-circuit potential does not provide any
absolute value on the kinetics of metal’s corrosion, it is
certainly useful to understand the nature of the protective film
formed on a metal surface. A shift of potential in active
direction is an indication of depolarization of the anodic part of
the corrosion reaction. In other words, the more surface area of
the metal substrate is exposed to the electrolyte causing an
augmented rate of anodic reactions (Ref 27, 28).

To have a quantitative evaluation of the corrosion resistance
of the oxides formed at different temperatures, the samples
were tested by electrochemical impedance spectroscopy (EIS)
technique. The Nyquist plots for three samples namely
untreated, 500 and 900 °C thermally treated are shown in
Fig. 2 (to avoid crowding in the figure, the plots only for three
samples with distinct performance are shown in this figure.
Other tested samples also exhibited similar behavior). A perusal
of the EIS spectra recorded for the untreated and oxidized
samples shows that all the plots exhibit capacitive behavior
showing about 45° intercept line with real impedance axis in
Nyquist plots. This indicated that the corroding interface did
not comprise simply resistance and double-layer capacitance
components but also other elements were active who influenced
the nature of the plots. In view of this, the data of the
impedance spectra were fitted in equivalent electrical circuit
incorporating constant phase element (CPE), solution resistance
(RS), pore resistance (taken as the polarization resistance, R,,)
and Warburg diffusion component (W), schematically shown in
Fig. 3. The fitting of the data for untreated, 400, 500 and
900 °C oxidized samples using the above equivalent circuit
(Fig. 3) is shown in Fig. 4(a) and (b). It is seen from the curves
of Fig. 4(a) that the fitting of the data for the log frequency-log
modulus of impedance was reasonably good in all the cases.
The above circuit of Fig. 3 also provided satisfactorily good
fitting for the log frequency-phase shift data (4b). The fitting of
the data was also performed for the other samples using the
same model (plots not shown), and corresponding average
electrochemical parameters extracted from the best fit results of
three samples at each temperature are recorded in Table 1. The
goodness of fits varied between 3.2 x 10~ and 6.9 x 10~°
which indicate that the accuracy of the data was reasonably
good for the tested samples. The polarization resistance (R,,) of
the samples treated under different conditions as recorded in
Table 1 reveals that the 500 °C oxidized surface exhibited
considerably higher value of R, (1.7 MQ) than the other
samples. The oxidation of cp-titanium above the temperature of
500 °C has deteriorated their corrosion resistance. The polar-
ization resistance is inversely related to corrosion rate of a
corroding interface in an electrolyte by the Stern-Geary
equation:

B Ba % B
o = 2306, + o) < Ry )
Ot leorr = B/R, (Eq 2)

In the above equations, ., is corrosion current density,
B = % and f, and f., respectively, are anodic and
cathodic Tafel slopes of the corroding metal. Thus, higher the
value of polarization resistance, lower is the corrosion rate.
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The data recorded in Table 1 further reveal that the R,
values of the test specimens initially increase with their
treatment temperatures, attaining a peak value at 500 °C, and
then gradually have a decreasing trend with increase in
temperature. These results may be attributed to the effect of
oxidation on the surface of the metal samples. Untreated
material had a natural thin film which was not resistant enough
to withstand the corrosive effect of SBF, especially to the
chloride ions present in this solution. On increasing the
oxidation temperature to 400 and 500 °C, growth occured in
the film formed at ambient temperature resulting in improve-
ment in their corrosion resistance. However, the oxidation
above 500 °C caused a significant decrease in the protective
properties of the oxide film. The sample treated at 500 °C
attains the polarization resistance which is about 65 times and
293 times, respectively, higher than that of the untreated and
900 °C oxidized surfaces of cp-Ti. These results clearly
indicate that the nature of the oxides formed on surface of
the tested material by thermal oxidation plays very significant
role in imparting resistance to deterioration of cp-Ti in contact
with SBF.

There are some other parameters incorporated in Table 1
that need to be considered while discussing the characteristics
of the corroding interface of the exposed samples and the test
electrolyte. The constant phase element (CPE) denoted by YO,
recorded in the extreme right column of the table vary in the
range of 2.17-23.06 pF which are of the same order as reported
by the earlier researchers (Ref 29). CPE is affected due to
various reasons that influence the corroding interface. Among
these factors, the roughness of the surface, inhomogeneous
reaction rates, thickness and porosity present in the oxide films
and non-uniform distribution of current on the test surface are
the main elements that influence CPE (Ref 30). Considering the
components present at the corroding interface during this study,
the surface roughness and porosity appear to be more
appropriate ingredients than the others in changing the value
of CPE. It is reported that increase in surface roughness and
porosity in surface film increases the CPE component and vice
versa (Ref 31, 32). The data for YO are the lowest for 400 °C
sample, and thereafter, it increases for higher-temperature
oxidized samples. The value is significantly increased for
900 °C sample. As will be evident from the results of scanning
electron microscopy described in the subsequent paragraphs,
the higher-temperature oxidized samples (> 500 °C) developed
greater porosity than the samples oxidized at lower tempera-
tures.

3.2 Causes for the Improved Corrosion Resistance of
Oxidized Samples at 500 °C

The superior corrosion resistance performance of 500 °C
oxidized surface of cp-titanium than the other samples needs
proper explanations with support of experimental and scientific
evidences. In view of this, the samples were examined by
scanning electron microscope and the elemental analysis was
performed by energy-dispersive x-ray (EDX) analysis. EDX
analysis though is not very accurate, but it certainly gives
inkling about the concentration of the elements present in a
material. The accuracy of the EDX analysis was ascertained by
recording the analysis data minimum at three locations of the
samples. The concentration at different locations did not vary to
a considerable extent. The average of three analysis results was
taken and is recorded microphotographs. The scanning electron
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microphotographs (with % concentration of Ti and oxygen
determined by energy-dispersive x-ray analysis and printed at
the bottom of the left side of the photographs) of the samples
oxidized at different temperatures are shown in Fig. 5(a-i). It is
seen that oxygen is present on the surface of all the samples, of
course with varying concentration from 16 to 41%. This
indicates that oxides of titanium were present on the surfaces of
each of the samples. Further, the concentration of oxygen on
the samples, untreated and oxidized at 200, 300 and 400 °C are
approximately constant (varying from 16 to 21%). These results
indicate that similar types of oxides were present on the
surfaces of these samples. An increase in oxygen concentration
is recorded at the surface of the samples oxidized at 500 °C and
above, indicating either change in the phase of oxides or
increase in the proportion of oxides with higher content of
oxygen. Among the various known oxides of titanium, TiO,
incorporates the highest concentration of oxygen. Considering
the results of EDX analysis of about 16 to 21% oxygen present
in the untreated and the samples oxidized up to 400 °C, none of
the oxides of titanium can be attributed to this concentration of
oxygen. It is reported that cp-titanium forms non-stoichiometric
and amorphous titanium oxide layer of about 3-7 nm thick at
room temperature which protects the metal from corrosion (Ref
33-35). Based on the EDX analysis data where oxygen content
in the oxide was recorded in the range of 16-21%, it was not
appropriate to assign any specific phase of titanium oxide for
these conditions.

A gradual increase in concentration of oxygen in the oxide
formed at 500 °C and above (Fig. 4e-i) was recorded. The
morphology of the film present on the samples oxidized at and
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above 500 °C also showed remarkable changes. The oxygen
concentration in the range of 30-40% noted for 500, 600 and
900 °C samples indicated the presence of the phases of TiO, on
the surface of these samples.

The morphologies of the oxide particles on the untreated
sample and those oxidized at 200 °C/300 °C appear spherical
with approximate particle size of <10 nm. The morphology
changed on the samples oxidized at 400 °C and above. Also the
crystallite size is noted to increase in samples oxidized at and
above 400 °C (Fig. 5d-i). A very sharp increase in crystallite
sizes took place in the samples oxidized at 800 and 900 °C where
the sizes ranged between 800 and 1000 nm. The increased
crystallite size with temperature is attributed to increased rate of
crystallization at higher temperatures (Ref 36, 37). Another
notable observation from these figures is an increasing trend in
porosity of the oxide film with increase in oxidation temperature.

The above results suggest that the samples oxidized above
500 °C developed oxide film having higher crystallite size and
porosity. These changes probably deteriorated the protective
nature of the film formed on the surface of cp-Ti as noted above
during the assessment of their resistance to corrosion in
simulated body fluid (Table 1).

The EIS and SEM/EDXA results as described above
indicate that the surface of cp-Ti formed various types of
oxides at different oxidation temperatures which significantly
changed their morphology and corrosion resistance. In view of
this, the oxide phases formed on the surface of the studied
samples were examined by XRD and Raman spectroscopy.
XRD pattern of surface films formed at different temperatures
is shown in Fig. 6. It may be seen that peaks of different oxide
phases of titanium are recorded on the surface of all the studied
samples. The peaks of titanium sesquioxide (tistarite, Ti,O3)
and anatase (TiO,) are noted on the untreated and the samples
oxidized at 200, 300, 400 and 500 °C. At the oxidation
temperatures of 600, 700 and 800 °C, the peaks of Ti,O3 are
vanished and phases of rutile (TiO,) and Ti;O (titanium oxide)
with increased intensity of peaks of rutile are recorded. At
900 °C, the whole surface is transformed into rutile phase of
TiO,. This observation is in conformity with the findings of the
other researchers (Ref 21, 23). It is reported that cp-Ti oxidized
at lower temperatures forms the film comprising of anatase and
Ti,O5 (Ref 38, 39). The absence of the phase of anatase in XRD
patterns of the untreated and other samples may be due to its
amorphous nature.
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Table 1

Electrochemical parameters extracted from the EIS plots of oxidized surface of cp-titanium

Electrochemical parameters

Oxidation temperature, °C R,, Q R,, MQ cm’ o Y0, $*s* x 107°
25 22 0.026 0913 13.79

400 21 0.174 0.860 2.17

500 25 1.70 0.914 2.37

600 39 0.009 0.890 6.47

700 28 0.004 0.703 7.61

800 16 0.0051 0.843 17.5

900 24 0.0058 0.543 23.06
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To probe the samples further, they were subjected to Raman
spectroscopy and the resultant spectra are shown in Fig. 7(a-c).
It may be seen from the spectra of the untreated and lower
temperature oxidized samples (200, 300, 400 and 500 °C) that
this technique yielded peaks of anatase and aristite (Ti,O3),
though a bit weak in intensity. Corresponding peaks for these
phases of oxides are shown in Fig. 7(a) and (b). The Raman
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peaks of rutile observed on the samples oxidized at 500 and
600 °C (at 610 and 446 cm™ ') are also present in the 700-
900 °C oxidized samples. It is to be noted that the Ti;O phase
which was detected in XRD pattern of oxides of 600, 700 and
800 °C did not appear in Raman spectra of these samples.
Literature search revealed that this phase of oxide of titanium is
Raman inactive (Ref 40).

Journal of Materials Engineering and Performance
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The confirmation of anatase form of TiO, by Raman
spectroscopy on the untreated surface and on the samples
oxidized at 200, 300 and 400 °C, but inability of XRD to
identify this phase indicates that the anatase form of oxide was
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Fig. 6 XRD of surface of Cp-Ti in untreated condition and oxi-
dized at different temperatures. The weak peaks present in untreated
material are not visible and are suppressed due to the higher inten-
sity peaks of the other samples

in its amorphous phase under these conditions. At 500 °C, a
new phase (rutile, TiO,) in addition to Ti,O; and anatase
emerged as evident from the XRD patterns (Fig. 6) and Raman
spectra (Fig. 7b). On further increase of temperature, the latter
two phases of oxides disappeared and only the phase of rutile is
visible on the surface of the higher-temperature oxidized
samples (Fig. 6, 7b and c). A comparison of these results with
that of the impedance values recorded in Table 1 brings out
very interesting correlation between the treatment temperature
(and hence the development of the oxide phases) and corrosion
resistance of the treated surface in contact with SBF. It may be
concluded from the results recorded in Fig. 6, 7(b) and (c) and
Table 1 that a combination of the phases of Ti,O3 (titanium
sesquioxide), anatase and rutile formed on the surface of
500 °C sample was the most effective in increasing its
corrosion resistance. The higher oxidation temperatures, which
resulted in the transformation of anatase and Ti,O; into the
single phase of rutile (Fig. 6 and 7(b and c), caused a
substantial reduction in resistance to corrosion of the tested
materials. These observations suggest that a composite film of
oxides (Ti,O3, anatase and rutile) formed on the surface of the
sample oxidized at 500 °C resulted in an improvement in the
corrosion resistance of these samples.

To see the compactness of the formed oxides, the interfaces
of 500 and 900 °C samples were examined and the micropho-
tographs are shown in Fig. 8. It is evident from the figure that
an intact interface between the substrate and oxide without any
defect is present in 500 °C sample, whereas 900 °C oxidized
material exhibits a broken interface geometry with gap ranging
from a few micrometer to some nanometer between the
substrate and oxide. Due to a substantial difference in
thermodynamical stability of the cp-Ti (substrate) and its
oxides (here rutile), there is possibility of formation of potent
galvanic couples; with rutile phase acting as cathode and the
base titanium as anode, in the 900 °C sample. The galvanic
potential developed in the presence of the SBF as electrolyte is
possibly the driving force for accelerated rate of corrosion for
900 °C oxidized sample.
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300 °C; (b) 400, 500, 600 °C; (c) 700, 800, 900 °C

4. Conclusion

All experimental evidences show that corrosion resistance of
cp-Ti can be effectively improved by thermally oxidizing its
surface at 500 °C. Raman spectroscopy and XRD results show
that at this oxidation temperature the surface oxide of the metal
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Intact layer

Element | Weight% | Atomic%
0 54.27 78.04
Ti 45.73 21.96

20 um

Element | Weight%
o 27.73
Ti 76.27

10 um

Fig. 8 Scanning electron microphotographs and EDX analysis of
oxide-substrate interface of the samples oxidized at (a) 500 °C and
(b) 900 °C. The letters S, I and O, respectively, denote substrate,
interface and oxide zones

is transformed into the composite phases of anatase, Ti,O3 and
rutile. At higher temperature of oxidation (600-800 °C), the
nature of the oxide film on the metal surface was completely
transformed into rutile (TiO,) and Ti;O (titanium oxide). At
900 °C, whole surface oxidized into rutile with significant
coarsening effect on oxide particles. These changes resulted in
degradation of corrosion resistance of the higher-temperature
oxidized samples. The results further show that the deteriora-
tion of the sample oxidized at 900 °C was caused due to the
formation of pores at the interface of substrate and oxide layer.
The interface of the 500 °C sample, on the other hand, had an
intact layer.
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