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Effect of Thermal Oxidation on Corrosion Resistance
of Commercially Pure Titanium in Acid Medium
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This article addresses the characteristics of commercially pure titanium (CP-Ti) subjected to thermal
oxidation in air at 650 °C for 48 h and its corrosion behavior in 0.1 and 4 M HCI and HNO; mediums.
Thermal oxidation of CP-Ti leads to the formation of thick oxide scales (~20 pm) throughout its surface
without any spallation. The oxide layer consists of rutile- and oxygen-diffused titanium as predominant
phases with a hardness of 679 =43 HV, ¢¢. Electrochemical studies reveal that the thermally oxidized CP-Ti
offers a better corrosion resistance than its untreated counterpart in both HCl and HNO; mediums. The
uniform surface coverage and compactness of the oxide layer provide an effective barrier toward corrosion
of CP-Ti. The study concludes that thermal oxidation is an effective approach to engineer the surface of
CP-Ti so as to increase its corrosion resistance in HCl and HNO; mediums.
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1. Introduction

Titanium and its alloys have become the materials of choice
in many industries due to their excellent corrosion resistance in
a wide variety of environments (Ref 1). The formation of a thin
self-adherent passive oxide film on their surface is considered
responsible for this attribute. The corrosion rate of titanium and
its alloys, however, is significant in hydrofluoric acid, caustic
solutions, and uninhibited concentrated hydrochloric or sulfuric
acid solutions that dissolve the protective oxide film or limit its
formation. The increased use of titanium and its alloys in
extractive metallurgy has prompted research into their corro-
sion behavior in various acids (Ref 2-9). Since the passive
oxide film is responsible for the excellent corrosion resistance
of titanium and its alloys, it is obvious that any treatment or
modification that facilitates its formation and thickening would
improve their corrosion performance. Addition of strongly
oxidizing inorganic compounds such as K,Cr,O,;, KMnO,,
KIO3, Na2M004, NaClO3, Clz’ and H202 tend to promote
passivation of titanium. Addition of anions, such as iodate
(I057), metavanadate (VO; ), and molybdate (MoO4*")
promoted passivation of Ti-6Al-4V alloy in 2.5 M H,SO,4 and
5.0 M HCI (Ref 5). Tomashov et al. (Ref 10, 11) have shown
that the greatest increase in corrosion resistance occurs when
titanium is alloyed with palladium and other noble metals,
which are capable of shifting the corrosion potential in the
noble direction. Alloying of titanium with molybdenum,
chromium, aluminum, =zirconium, and tantalum, which
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increases its tendency to passivate, also enables a beneficial
influence (Ref 10-14).

Surface modification is a promising way to increase the
surface hardness, corrosion resistance, and wear resistance of
titanium and its alloys. Numerous surface modification meth-
ods, such as chemical treatment (acid and alkali treatment) (Ref
15, 16), electrochemical treatment (anodic oxidation) (Ref 17),
chemical vapor deposition (Ref 18), physical vapor deposition
(Ref 19), sol-gel coatings (Ref 20), plasma spray deposition
(Ref21), ion implantation (Ref 22), thermal oxidation (Ref 23),
etc., have been explored. Among these methods, thermal
oxidation is considered as a cost-effective method to deliber-
ately generate a barrier oxide layer of relatively higher
thickness (~20-30 pm) on titanium compared to the naturally
formed oxide layer (typically of 4-6 nm). Thermal oxidation of
titanium is aimed to produce in situ ceramic coatings, mainly
based on rutile, in the form of a thick, highly crystalline oxide
film, which is accompanied by the dissolution of oxygen
beneath them. The thermally formed oxide layer enables an
increase in hardness, wear resistance, and corrosion resistance
of titanium and its alloys (Ref 24-31). The ability of thermally
oxidized (TO) commercially pure titanium (CP-Ti) and Ti-6Al-
4V alloy in improving the corrosion and fretting corrosion
resistance in Ringer’s solution has been reported in our earlier
articles (Ref 29-33). This article aims to evaluate the corrosion
behavior of the TO CP-Ti in HCI and HNOs (0.1 and 4 M) by
open circuit potential (OCP)-time measurement and potentio-
dynamic polarization studies for industrial application.

2. Experimental Details

The CP-Ti (Grade 2, chemical composition in wt.%: N,
0.01; C, 0.03; H, 0.01; Fe, 0.20; O, 0.18; and Ti: Balance)
having a dimension of 3 x4 x 0.2 cm® was used as the
substrate material. Before thermal oxidation, the CP-Ti samples
were abraded using successive grit size of SiC-coated abrasive
papers (60, 100, 220, 320, 400, 600, 800, and 1000 pum,
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respectively), followed by thorough rinsing with deionized
water and acetone. Thermal oxidation of CP-Ti samples was
performed using a muffle furnace in air at 650 °C for 48 h. The
CP-Ti was placed inside the furnace, and the temperature was
increased at a heating rate of 5 °C/min (the thermal treatment
includes ramping step). Once it reached 650 °C, the CP-Ti
samples were soaked at this temperature for 48 h (this 48 h
does not include any ramping step). After thermal oxidation,
the samples were allowed to cool in the furnace itself, at its
natural cooling rate. The phase constituents of the untreated and
the TO CP-Ti samples, and the nature of the oxide film formed
on the surface were determined by x-ray diffraction (D8
DISCOVER, Brucker axs) using Cu-Ka radiation. The thick-
ness of the oxide layer was determined using scanning electron
microscopy (SEM). For measuring the thickness of the
thermally oxidized layer, the cross section of the treated sample
was analyzed using scanning electron microscopy. The TO CP-
Ti sample was cut using a slow speed cutter (Buehler) using a
very low load, followed by mounting, abrading using various
grit size SiC-coated abrasive papers and polishing applying
0.3 um alumina paste to obtain a mirror finish. The polished
samples were thoroughly rinsed with deionized and etched with
Kroll’s reagent (HNO;5: 6 mL; HF: 2 mL; and Deionized water:
92 mL), a well-known etching agent for titanium and its alloys,
for 10-15s. Surface morphology of the oxide layer was
assessed by SEM. The microhardness of the untreated and TO
CP-Ti samples was measured at the surface using a Leica
Vickers microhardness tester at a load of 1.96 N applied for
15 s. Seven indentations were made on each sample, and the
values were averaged out. The corrosion behavior of the
untreated and TO CP-Ti samples in HCl and HNO; (0.1 and
4 M) was evaluated by OCP-time measurements and potentio-
dynamic polarization studies using a potentiostat/galvanostat/
frequency response analyzer of ACM instruments (Model: Gill
AC). The untreated and TO CP-Ti samples form the working
electrodes, while a saturated calomel electrode (SCE) and
graphite rod were used as the reference and auxiliary elec-
trodes, respectively. These electrodes were placed within a flat
cell in such a way that only 1 cm? area of the working electrode
was exposed to the electrolyte solution. The HCI and HNO;
(0.1 and 4 M) solutions were kept open to air and they were
maintained at 27 £ 1 °C. Before performing the potentiody-
namic polarization studies, the untreated and TO CP-Ti samples
were allowed to stabilize in HCl and HNOj3 (0.1 and 4 M) for
30 min. during which the change in OCP was recorded as a
function of time. Potentiodynamic polarization measurements
were carried out in the potential range from —250 to +3000 mV
relative to OCP versus SCE at a scan rate of 100 mV/min. The
scan rate used for polarization study is an important parameter
and if not chosen properly it would incorrectly reflect the
corrosion process. During the corrosion process, the electrode
surface can be considered as a simple resistor (solution
resistance) in series with a parallel combination of a resistor
(polarization resistance) and capacitor (double layer capaci-
tance). Hence, the scan rate should be slow enough so that the
capacitors remain fully charged and the current/voltage rela-
tionship reflects only the interfacial corrosion process at every
potential of the polarization scan. Otherwise, it would reflect
charging of the surface capacitance in addition to the corrosion
process. In such conditions, the measured current would be
greater than the current actually generated by the corrosion
reactions. The estimated maximum scan rates for several
combinations of polarization resistances, solution resistances,
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and capacitances, which are often encountered in practice is
complied by Silverman (Ref 34). Accordingly, for a combina-
tion of solution resistance, charge transfer/film resistance and
capacitance of 10 Q em?, 103-10* Q cm?, and 100 uE, the
recommended scan rate lies between 0.51 and 5.1 mV/s. In this
study, a scan rate of 100 mV/min. (i.e., 1.67 mV/s.) is used.
Moreover, while choosing the scan rate for polarization study,
one should maintain an appropriate balance between the slow
scan rates and quickly get the required information. In addition,
the scan rates should be kept similar to ensure consistent
comparison between the untreated and the treated samples in a
given environment. A scan rate of 100 mV/min. has been used
in previous studies (Ref 29-31, 35) the authors of this study as
well as by other researchers (Ref 36, 37). The very high
potential (up to +3000 mV) is employed to study the passiv-
ation behavior. The corrosion potential (E.,,) and corrosion
current density (i.o;) were determined from the polarization
curves using Tafel extrapolation method. To compare the
passivation ability of the untreated and TO CP-Ti, the passive
current density (iyas) is determined at +850 mV versus SCE.
The choice of this potential was made on the basis that it should
be on the passive region, and it should not face any interference
from oxygen evolution. The potentiodynamic polarization
studies were repeated at least three times to ensure reproduc-
ibility of the test results. Since the pattern/trend of the
polarization curves do not exhibit any variation between the
triplicate measurements, only one curve was selected as a
representative curve for subsequent analysis.

3. Results and Discussion

3.1 Characteristics of Thermally Oxidized CP-Ti

The surface morphology of the TO CP-Ti (at 650 °C for
48 h) reveals the presence of oxide scales throughout the
surface without any spallation (Fig. la). The oxide scales,
however, are relatively rougher. The mechanism of thermal
oxidation of CP-Ti has already been described in our earlier
articles (Ref 29, 31). Accordingly, nucleation of oxide takes
place throughout the surface when it immediately encounters
oxygen whereas the growth mode involves the formation of a
thin oxide scale followed by its agglomeration and growth,
completely covering the surface. Hence, when the CP-Ti
sample is oxidized at 650 °C for 48 h, one would expect a
considerable grain growth during which each oxide grain is
attached with its neighboring grains to enable the formation of a
thick and homogeneous oxide layer. The cross-sectional view
of the oxidized the CP-Ti sample confirms this phenomenon
(Fig. 1b). The XRD patterns of the untreated and TO CP-Ti are
shown in Fig. 2. The untreated CP-Ti is entirely composed of
hexagonal o-phase (denoted as “Ti” in Fig. 2). The XRD
pattern of the TO CP-Ti exhibits the presence of rutile (denoted
as “R” in Fig. 2) and oxygen-diffused Ti (TiO) as the
predominant phases. The predominance of peaks pertaining to
rutile with a corresponding decrease in the intensity of the
peaks pertaining to o-Ti confirms the formation of a thick
(~20-25 pm) and homogeneous oxide layer (Fig. 1b), which
would otherwise exhibit a-Ti as the predominant peak in the
XRD pattern. The formation of rutile- and oxygen-diffused Ti
(TiO) was observed earlier by other researchers (Ref 23, 24, 27,
38). Siva Rama Krishna et al. (Ref 27) have reported the
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Fig. 1 Surface morphology (a) and cross-sectional view (b) of
CP-Ti thermally oxidized in air at 650 °C for 48 h

formation of TiO at temperatures less than 700 °C and rutile at
and above 800 °C as dominant phases following oxidation of
titanium. Guleryuz and Cimenoglu (Ref 23, 38) have reported
the presence of anatase phase for samples oxidized at 600 °C
for 24 and 48 h whereas rutile was the only dominated phase
when the samples were oxidized at 650 °C for 48 h. In this
study, no anatase phase is found when the CP-Ti sample is
subjected to thermal oxidation in air at 650 °C for 48 h.
Thermal oxidation of CP-Ti enables a significant improvement
in surface hardness due to the formation of a hard oxide layer
and the presence of an oxygen diffusion zone beneath it.
Almost a three-fold increase in hardness from 178 +£6 to
679 £43 HV, o6 is observed for CP-Ti after thermal oxidation
at 650 °C for 48 h. With such an improvement in hardness, one
would expect an improvement in wear resistance for TO CP-Ti.
It has been reported that the mechanical properties of Ti and its
alloys are influenced by the experimental conditions used for
TO, such as treatment temperature, time and air/furnace cooling
(Ref 27, 31, 39-42). Increase in treatment temperature during
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Fig. 2 XRD patterns of untreated and thermally oxidized (650 °C/
48 h) CP-Ti

TO of CP-Ti increased the hardness and roughness (Ref 31).
A sixfold increase in hardness is observed when the CP-Ti
samples oxidized at 800 °C for 48 h compared to that of the
untreated CP-Ti. Ebrahimi et al. (Ref 39) have reported that
increase in treatment time increased the surface hardness and
hardening depth for thermally oxidized Ti-4Al-2V alloy.
According to Siva Rama Krishna et al. (Ref 27), when the
oxide layer formed on the CP-Ti is subjected to cooling in
furnace than in air, then, it would possess low porosity, higher
hardness with less deviation in hardness, good adhesive
strength, and excellent friction characteristics and wear resis-
tance. Ebrahimi et al. (Ref 39) have reported that the fatigue
limit of Ti-4Al-2V alloy is slightly improved when it is
oxidized at 600 °C compared to its untreated counterpart.
However, when the alloy is oxidized at 750 °C, a significant
decrease in the fatigue limit is observed. Leinenbach and Eifler
(Ref 42) have reported that the TO of CP-Ti at 570 °C for 3 h
followed by air cooling leads to a poor fatigue limit. According
to them, cooling of the thermally oxidized samples in air or
furnace would significantly affect the mechanical properties of
the TO CP-Ti. If the oxide layer is compact with one narrow
homogeneous diffusive zone and the oxygen content of the
surface layer is increased, then an improvement in fatigue limit
is expected. In contrast, compressive residual stress and
crystalline nature of the oxide layer would decrease the fatigue
limit (Ref 39-42). In this study, the CP-Ti samples were
subjected to thermal oxidation at 650 °C for 48 h followed by
furnace cooling at its natural cooling rate. The resultant oxide
layer is uniform, compact, adherent and possesses a higher
hardness. Hence, it is not expected to cause a significant
decrease in the fatigue limit of CP-Ti.

3.2 Corrosion Behavior of Untreated and Thermally Oxidized
CP-Ti

The OCP-time curves of the untreated and TO CP-Ti in HCI1
and HNO3z medium (0.1 and 4 M) are shown in Fig. 3. There is
no appreciable change in OCP for the untreated CP-Ti in both
0.1 and 4 M HCI while some fluctuations are observed for the
TO CP-Tiin 0.1 and 4 M HCI. Yu et al. (Ref 43) have observed
an abrupt decrease in OCP due to thinning of the naturally
formed passive oxide layer followed by uniform dissolution
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Fig. 3 Open circuit potential (OCP)-time curves of untreated and
TO CP-Ti in 0.1 and 4 M in (a) HCI and (b) HNO; mediums

and subsequent surface activation of Ti-45Nb and Ti-50Zr
alloys in 5 M HCI at 37 °C. However, they have noticed a
positive shift in OCP at 1 M HCI (Ref 43). The dependence of
HCI concentration on the corrosion behavior and the difficulty
in thickening of the air formed passive oxide layer at higher
concentrations of HCI are also observed in this study. In HNO;
medium, an anodic shift in OCP is observed at both concen-
trations, with the effect being well pronounced at 4 M. This is
due to the oxidizing nature of HNO;, which promotes
passivation and helps to increase the thickness of the passive
layer. A similar attribute has been made by Robin et al. (Ref 2)
for Ti-4Al-4V alloy in HNO; medium. The dependence of
increase in thickness with the concentration of HNOs further
supports this view. The extent of anodic shift in OCP is
relatively less for the TO CP-Ti than the untreated one. The
OCP of both the untreated and TO CP-Ti in HNO; mediums are
in the TiO, stability region of the Ti-H,O Pourbaix diagram
(Ref 44).

The potentiodynamic polarization curves of the untreated
and TO CP-Ti in HCI and HNOj; are presented in Fig. 4(a) and
(b), respectively. The untreated CP-Ti samples exhibit passivity
in the anodic region of the polarization curve in both HCI and
HNO;5; mediums (0.1 and 4 M). During polarization, untreated
CP-Ti samples translate directly from “Tafel region” into a
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Fig. 4 Potentiodynamic polarization curves of untreated and TO
CP-Ti in (a) HCI and (b) HNO; medium

stable passive state, without exhibiting any active-passive
transition. The TO CP-Ti samples exhibit an active-passive
transition only in 4 M HNO; whereas a direct transition from
“Tafel region” into a passive state without any active-passive
transition is observed in 0.1 M HNOs as well as in 0.1 and 4 M
HCI (Ref 45-47). The passive current density (ipass) is stable
even up to +2000 mV versus SCE for the untreated CP-Ti
whereas a continuous increase in iy, With increase in potential
is observed for TO CP-Ti. The ip,g of both the untreated and
TO CP-Ti are higher than their respective corrosion current
densities (icor). A similar observation is also made earlier by
many researchers (Ref 47-50). Nevertheless, the 7,,s of TO CP-
Ti, measured at +850 mV versus SCE is relatively lower than
that of the untreated CP-Ti. In general, materials that show a
positive shift in corrosion potential (E,,,;) and a decrease in ico,
offer a better corrosion resistance and vice-versa (Ref 29-31,
35). In this study, a significant positive shift in E,,, and a
substantial decrease in i, are observed for the TO CP-Ti than
for the untreated CP-Ti in both HCI and HNO3; mediums (0.1
and 4 M), which clearly suggest the ability of the TO CP-Ti
samples to offer a better corrosion resistance. The Ecor, icorr,
and iy, of the untreated and TO CP-Ti are compiled in
Table 1. In 4 M HNOs, the E.,, of both the untreated and TO
CP-Ti is shifted toward nobler direction when compared to their
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Table 1 Corrosion potential (E,,,), corrosion current density (icorr), and passive current density (i,as) of untreated
and TO CP-Ti in HCIl and HNO; mediums (0.1 and 4 M) calculated from potentiodynamic polarization studies

Type of sample tested Electrolyte used

E o, mV vs. SCE

icorn PA/Cm? ipass(@), pA/em’

Untreated CP-Ti 0.1 M HC1
4 M HCI
TO CP-Ti 0.1 M HC1
4 M HCI
Untreated CP-Ti 0.1 M HNO;
4 M HNO;
TO CP-Ti 0.1 M HNO;
4 M HNO;

(a) Measured at +850 mV vs. SCE. (b) Continuous increase in ipags

—412 0.63 55
—703 27.00 63.7
+173 0.0009 0.008
+239 0.0077 0.03(b)
~369 0.047 5.6
+330 0.23 9.2
-6 0.0001 0.04

+761 0.075 0.3(b)

OCP. This clearly shows the ease of passivation of both the
untreated and TO CP-Ti in 4 M HNOj; following the strong
oxidizing nature of HNO;.

Potentiodynamic polarization studies reveal that the TO
CP-Ti offers a better corrosion resistance than the untreated
CP-Ti in both HCI and HNO3 mediums (Fig. 4; Table 1). The
improvement in corrosion resistance is believed to be due to
the coverage of its surface by thicker oxide (~20 pm) scale,
which serves as an effective barrier layer, physically separating
it from the acid medium. Since the oxide layer formed on the
CP-Ti is allowed to cool in the furnace than in air, it would
possess a lower porosity (Ref 27). If it were a porous layer,
then it would not be possible to observe lower i . values from
polarization studies. It has been reported in the literature that
the experimental conditions used for thermal oxidation might
result with either an effective barrier layer or porous layer (Ref
27, 39, 51). Thermal oxidation on Ti and Ni-Ti alloys, and
their characterization by impedance was studied by Barisona
et al. (Ref 52). The TO film on Ni-Ti alloy consists of outer
porous layer due to the presence of Ni and inner compact layer
having nickel free TiO, rutile. However, TO Ti sample
consists of single compact layer. Several researchers have also
confirmed the ability of TO CP-Ti and Ti-6Al-4V alloy to offer
a better corrosion resistance in a variety of environments (Ref
23, 28-33, 38). Guleryuz and Cimenoglu (Ref 23) have
reported that Ti-6A1-4V alloy subjected to thermal oxidation in
air at 600 °C offered an excellent corrosion resistance than its
untreated counterpart when they are subjected to accelerated
corrosion test in 5 M HCI. According to those authors, no loss
in weight is observed for thermally oxidized Ti-6Al-4V alloy
even after 36 h of immersion due to the formation of a thick
and stable oxide film on the surface of the Ti-6Al-4V alloy.
Bloyce et al. (Ref 28) have compared the corrosion resistance
of untreated, plasma nitrided (PN), thermally oxidized (TO),
palladium-treated thermally oxidized (PTO) CP-Ti in 3.5%
NaCl solution at room temperature by potentiodynamic
polarization studies. Both TO and PTO CP-Ti samples exhibit
a shift in E,,,, toward the noble direction and a decrease in izq
compared to that of PN and untreated CP-Ti. They have also
evaluated the corrosion resistance of these samples by the
accelerated corrosion test that involves immersion in boiling
20% HCIL Both TO and PTO CP-Ti samples increased the
lifetime by a factor of about 13 and 27, respectively, when
compared to that of PN CP-Ti. The results of this study further
confirm the fact that thermal oxidation would lead to the
formation of an effective barrier layer on CP-Ti and offer an
excellent corrosion resistance compared to the untreated CP-Ti
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in both HCl and HNO; mediums at both 0.1 and 4 M
concentrations.

4, Conclusion

Thermal oxidation of CP-Ti in air at 650 °C for 48 h leads
to the formation of thick oxide scales (~20 um) throughout the
surface without any spallation. The oxide layer consists of
rutile- and oxygen-diffused Ti as the predominant phases. The
hard oxide layer on the surface and the presence of an oxygen
diffusion zone beneath it enable a significant improvement in
the hardness from 178 6 to 679 +=43 HV, ¢6. No appreciable
change in OCP with time is observed for both the untreated and
TO CP-Ti in HCl mediums, whereas an anodic shift in OCP as
a function of time is observed in HNO;3; medium at both
concentrations (0.1 and 4 M) with the effect being well
pronounced at 4 M. The oxidizing nature of HNO3 promotes
passivation and helps to increase the thickness of the passive
layer. Compared to the untreated one, the polarization curves of
the TO CP-Ti are shifted toward lower current region in both
HCI and HNO; medium. Potentiodynamic polarization studies
reveal that the TO CP-Ti offers a better corrosion resistance
than the untreated CP-Ti in both HCl and HNO3; mediums. The
improvement in corrosion resistance is due to the coverage of
its surface by thicker oxide (~20 um) scale, which serves as an
effective barrier layer, physically separating it from the acid
medium. The study concludes that thermal oxidation offers an
effective means of engineering the surface to increase the
corrosion resistance of the CP-Ti in HCl and HNO; mediums.
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