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In the present work, the corrosion and tribocorrosion characteristics of thermally oxidized commercially
pure titanium in a 0.9% NaCl solution have been investigated. Thermal oxidation (TO) of CP-Ti was
carried out at a temperature of 625 �C for 20 h. This treatment results in a multi-layered structure
consisting of a 1 lm rutile (TiO2) film and a 9 lm a-titanium oxygen diffusion zone (ODZ) (a-Ti(O)).
Electrochemical tests were carried out on surfaces created at various depths from the TO-Ti original
surface. It was found that the rutile film generated through TO offers excellent corrosion resistance over
that of untreated Ti. Testing also provided evidence that oxygen content in the upper part of the ODZ
(depths <5 lm from the surface) helps accelerate passive film formation and thus reduce the corrosion of
CP-Ti. Tribo-electrochemical testing of TO-Ti was carried out against an alumina counter face under a load
of 2 N and various anodic and cathodic potentials. It is initially shown that the rutile oxide layer offers both
low friction and much better resistance to material removal during tribocorrosion than untreated CP-Ti.
During sliding wear at open circuit potential, four frictional zones can be identified in a typical friction
curve, each having its own characteristics corresponding to the oxide layer, the gradual or partial removal
of the oxide layer, the diffusion zone, and the substrate. An unusual anodic protection behavior of the oxide
film has also been observed. When the TO-Ti is polarized anodically during sliding, the durability of the
oxide layer is prolonged, resulting in low friction and much reduced material loss. When cathodically
charged to 21500 mVSCE during sliding, both the TO-Ti and untreated CP-Ti experience a reduction in
material loss. This is believed to be related to hydrogen evolution and titanium hydride formation.
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1. Introduction

Titanium is a desirable engineering material due to its
combination of lightweight, high strength, and excellent
corrosion resistance. However, titanium is notorious for its
poor tribological properties, which have restricted its uses to
mostly non-tribological applications, due to the severe galling
problem encountered in sliding contacts, producing large wear
rates and the possibility of seizure (Ref 1, 2). Thermal oxidation
is an effective method to overcome such issues.

Titanium owes its excellent corrosion resistance to a
naturally occurring titanium dioxide film (1.5-10 nm thick)
that instantaneously forms at the surface (Ref 3). Thermal
oxidation allows for the expansion of this film. It has been
shown that the rutile layer generated by thermal oxidation
offers enhanced tribological and anti-corrosion properties over
untreated titanium (Ref 1, 2, 4-6). Previous studies have shown
that thermal oxidation produces a multi-layered structure atop
of the bulk titanium, comprising a hardened oxygen diffusion
zone (ODZ) and a rutile oxide layer (TiO2) at the surface

(Ref 7-9). The oxide layer has a tendency to delaminate from
the substrate due to the high internal stresses built up in the
layer during thermal oxidation. This is especially true when
thicker layers are generated by oxidation at high temperatures
or for prolonged times (Ref 5, 10, 11). It has been observed that
an oxidation temperature between 600 and 650 �C offers the
best combination between oxide layer thickness and adhesion
(Ref 2, 10, 12).

The tribological characterization of thermally oxidized
titanium has previously been investigated under dry (Ref 7)
and lubricated conditions (Ref 1, 10, 13-16). These studies
identified the effect of structural composition on the friction and
wear response of thermally oxidized titanium. Several studies
have also been conducted on the corrosion behavior of
thermally oxidized titanium (Ref 8, 9, 13). It has been
confirmed that the oxide layer provides additional protection
against corrosion by serving as a barrier layer (Ref 17).
However, all the reported corrosion tests were conducted on the
as-oxidized surface. Since the oxide layer is prone to de-
lamination from the surface during service, it is important to
understand the corrosion characteristics of the ODZ as a
function of depth from the surface after the oxide layer is
removed. This forms one of the objectives of the present
investigation.

Another major consideration in the use of titanium is the
interaction between wear and corrosion, i.e., tribocorrosion,
such as in medical implants, valves, and marine applications,
where wear can cause the damage of the passive film on the
contact surface, leading to accelerated corrosion, which in
turn can cause accelerated wear (Ref 18-23). Although the
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tribocorrosion behavior of thermally oxidized titanium has been
investigated by several investigators (Ref 14, 21, 24), none of
these studies have identified the relative contribution of the
oxide layer and the ODZ. Thus, another objective of the present
investigation is to clarify the effect of each substructure of the
oxidized layer on tribocorrosion.

Therefore, in the present work, experiments were conducted
to investigate the corrosion behavior of thermally oxidized
titanium in 0.9% NaCl solution as a function of depth from the
surface by mechanically removing successive layers across the
oxidized layer. Tribocorrosion tests were also conducted under
combined sliding wear and electrochemical conditions at
various applied potentials. The results obtained from the
experiments are reported and discussed in this paper.

2. Experimental

2.1 Material and Sample Preparation

Commercially pure titanium (CP-Ti) grade 2 (Ti/<0.1C/
<0.3Fe/<0.015H/<0.03N/<0.25O) was used as the sub-
strate material. Samples of 20 mm9 20 mm9 2 mm were
prepared by cutting an as-received CP-Ti plate. The samples
were then manually ground using progressively finer SiC
grinding papers down to the P1200 grade. The resulting surface
finish was investigated using a stylus profilometer and showed
an average roughness of 0.203 lm (Ra). The samples were then
ultrasonically cleaned in methanol for 15 min.

Thermal oxidation was then carried out using a muffle air
furnace at a temperature of 625 �C and for 20 h. The samples

were then allowed to furnace cool to room temperature. These
parameters have been proven to create an adherent rutile oxide
layer and an ODZ beneath (Ref 7). Figure 1 shows the cross-
sectional morphology of the oxidized sample, together with the
oxygen concentration profile measured across the oxidized
layer by glow discharge spectrometry. Table 1 lists the
measured layer thickness, surface hardness, and roughness
values for the oxidized and untreated titanium. These data were
compiled from a previous study using the same conditions (Ref
7). The oxide layer is about 1-lm thick with a high oxygen
concentration close to TiO2 stoichiometry. Below this oxide
layer is the ODZ of about 9-lm thickness with a gradually
decreasing oxygen concentration. Thermal oxidation effectively
hardens the surface of CP-Ti and leads to a marginal increase in
surface roughness. Full microstructural characterization has
been carried out in a previous work (Ref 7).

2.2 Electrochemical Corrosion Tests

Electrochemical corrosion tests were performed using a
Princeton applied research model K0235 three-electrode elec-
trochemical flat cell connected to an ACM Gill AC potentiostat
equipped with a data logger. The specimen was clamped to the
cell, sealing against a PTFE (Polytetrafluoroethylene) knife-
edged gasket, which exposes 1.0 cm2 of the specimen surface
to the electrolyte. A schematic of this setup is shown in
Fig. 2(a). The reference electrode was a saturated calomel
electrode (SCE), with all potentials referring to the SCE scale.
The electrolyte used for all tests was 0.9% NaCl solution
(pH� 7), which was prepared from analytical grade chemicals
and distilled water. All tests performed were conducted three
times at standard room temperature (20 �C) open to the air. The

Table 1 Summary of layer thickness and hardness results for thermally oxidized and untreated CP-Ti [7]

Sample Oxide layer thickness (lm) ODZ thickness (lm)

Surface hardness(a)

Surface roughness Ra (lm)HV0.05 HV0.1 HV0.2

Untreated <0.01(b) 0 298 298 282 0.203
Oxidized 0.98 4.95 766 563 431 0.211

(a)Measured using an Indentec ZHV microhardness tester on the as-oxidized surface (b)Estimated native oxide film

Fig. 1 (a) Oxygen concentration profile measured by Glow discharge spectroscopy (GDS) across oxide layer produced at 625 �C for 20 h on
commercially pure titanium (CP-Ti) and (b) SEM image showing the cross-sectional structure of thermally oxidized CP-Ti
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results are reproducible, and average values or the most
representative data are presented in this paper.

Before electrochemical testing, progressive grinding of the
thermally oxidized titanium was carried out using 1200P SiC
Paper. This was to expose the underlying layers at various
depths from the surface. 2-3 lm of material was removed with
each stage of grinding.

In order to accurately measure the thickness of the removed
material, the following measurements before and after surface
grinding were used: Weighing the specimen using a balance
accurate to 0.1 mg, measuring the size of the diagonals of a
Vickers hardness indent made on the surface just outside the
corrosion test area, and measuring the thickness of the
specimen using a digital micrometer accurate to 1 lm. After
cleaning ultrasonically in methanol for 5 min, each ground
sample was then loaded into the electrochemical test cell and
then cathodically charged at �500 mV for 3 min to create a
uniform starting point for all samples. Each exposed layer was
then tested using the following electrochemical techniques.

Potentiodynamic polarization measurement was performed
using a sweep rate of 1 mV/s, starting from a cathodic potential
of �400 mV (versus open circuit potential (OCP)), then to an
anodic potential of 1500 mV (versus OCP). The corrosion
current densities were determined by the Tafel extrapolation
method. The OCP was determined during 30 min of stabiliza-
tion prior to the potential sweep.

Current transient measurements were performed by poten-
tiostatically polarizing the specimens at a constant potential of
500 mVSCE for 3600 s. The variation in current density with
time was recorded continuously throughout the test.

2.3 Tribocorrosion Tests

Tribocorrosion tests were carried out using a pin-on-disk
tribometer modified to incorporate electrochemical testing, as
shown in Fig. 2(b). Before the test, a test area of 1.23 mm2 was
isolated using insulating lacquer. During the test, the sample rotated
against a stationary alumina (Al2O3 Grade 25) ball with a diameter
of 8 mmmanufactured by Trafalgar bearings. Aluminawas chosen
due to its hardness and inertness. The rotation speed of the sample
was set to 60 rpm with a wear track diameter of 9 mm. A load of
2 N was applied for duration of 4 h with 30-min stabilization (cell
rotation but no contact) time before and after sliding. This was to
create a stable starting point for the samples and then to see the re-
passivation response once sliding had commenced. The tests were
performed with a sliding speed of 2.8 cm/s and a total sliding
distance of 408 m. All tests were carried out in a 0.9% NaCl
solution at room temperature (20 �C), with samples potentio-
statically polarized at potentials of +1000, +500, �900, and
�1500 mVSCE. OCP measurements were also taken. Wear depth
and total material loss (TML) in volume from each sample were
then analyzed using a stylus profilometer to measure the surface
profiles across the wear track at 4 different locations. Wear track
morphology was investigated using two different models of SEM
(Carl Zeiss EvoHD 15 SEM and a Leica S430 SEM), and the
specimens were investigated in secondary and back-scattered
electron modes with an accelerating voltage of 12 kV.

All tests were carried out three times and were found to be
reproducible. The mean results are presented in this paper.

3. Results and Discussion

3.1 Electrochemical Behavior as a Function of Depth from
Surface

3.1.1 Potentiodynamic Behavior. Figure 3 shows anodic
polarization curves for the thermally oxidized titanium at various
depths from the as-oxidized surface, correlating to different
amounts of oxygen within the substructure. The polarization
curves show that the thermally formed oxide layer offer much
enhanced corrosion resistance over untreated CP-Ti. The oxide
layer offers an anodic shift in the free corrosion potential to
�200 mVSCE from approximately �450 mVSCE for untreated
CP-Ti. Along with the shift in corrosion potential, the oxide layer
also shows very low current densities throughout the potential
sweep. Both the anodic shift and low current densities have been
reported previously (Ref 9, 13, 25). At 2 lmbelow the surface, the
1-lm-thick oxide layer has been fully removed and the ODZ is
then exposed. The free corrosion potential and the corrosion
current density of theODZ are slightly shifted from that of the bulk
material. Oxygen in the diffusion zone seems to have a slight
positive effect on the corrosion properties of titanium through
reduced current densities and higher corrosion potential
(�350 mVSCE). At further depths (5 lm and deeper) from the
surface, the oxygen content is much reduced (Fig. 1a) and the
material�s electrochemical response shows a very reproducible and
consistent polarization curve with a stable passive region between
200 and 1000 mVSCE, where current density is stable at around

Fig. 2 Schematic diagrams showing (a) the arrangement of the
electrochemical cell used during electrochemical depth profiling and
(b) the tribo-electrochemical cell used during tribocorrosion testing
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0.005 mA/cm2, which is similar to that of untreated CP-Ti. The
main benefit of thermal oxidation comes from the oxide layer and
to a lesser extent from the upper part of the ODZ, with the bulk
titanium retaining its corrosion properties.

3.1.2 Current Transient Behavior. Potentiostatic testing
was carried out at various sample depths by applying a potential
of 500 mVSCE for 3600 s. According to Fig. 3, at this potential
all samples are within the passive region. Figure 4 shows the
current transient response for the samples in the Log (I) versus
Log (t) scale. The point defect model (PDM) and the high field
theory (HFT) are well-used models to describe the change in
ion flux at the sample surface (Ref 26-28). As the surface
passive film thickens, the ion flux is reduced, leading to lower
conduction and therefore lower current densities. This current
response over time is described by Eq 1 (Ref 27, 29, 30):

I ¼ 10�½Aþk logðtÞ�: ðEq 1Þ

Using Eq 1, a plot of Log (I) against Log (t) should produce
a straight line where the gradient = �k and intercept at Awhen
t = 1. If k = 1, this would be characteristic of a thick (greater
than 0.5 nm) dense film; thinner, more porous films would have
a k< 1 (Ref 27, 30).

In Fig. 4, the curves generated for the ground samples
clearly conform to Eq 1. There exists an initial stage in all the
tested samples where there are lower curve gradients (k� 0.5).
This low value of k is attributed to small film thickness in the
initial stage of polarization, a phenomenon that has been
reported in previous studies (Ref 27, 30). As polarization time
increases, the passive film thickens and the k value approaches
1. Once again, it can be observed that there is a variation
between the current densities just below the thermally formed
oxide layer (2 lm) and then deeper (5 lm-in words). At a
depth of 2 lm, the curve reaches linearity sooner (after 50 s)
than at deeper depths (approx. 200 s). There is also a difference
in the linear slope gradients. The 2-lm-depth sample never
reaches k = 1, whereas the further ground samples all achieve
this ideal value. This variation in the time to reach the linear
stage and final slope value shows that when there is high
oxygen content within the titanium lattice, a stable passive film
can be built up more quickly to result in the lower passivity
current density (Fig. 4). This faster response at 2-lm depth
could be attributed to the higher free corrosion potential and
lower current densities as observed in Fig. 3. However, the data
in Fig. 4 suggest that the film generated is less dense and
slightly more porous than that produced when lower oxygen
concentrations are present within the titanium substructure.

As can be clearly seen from Fig. 4, the oxide layer on the as-
oxidized surface is a barrier layer which results in very low
current densities. The current transient behavior of the as-
oxidized surface does not comply with Eq 1 because a thick
(1 lm) oxide layer already exists before the polarization test.

3.2 Tribocorrosion Behavior

3.2.1 Open Circuit Tribocorrosion Behavior. Initial
tribocorrosion tests were carried out in an open circuit without
externally applied potentials. The samples were tested for
duration of 5 h, with 4-h sliding and 30-min stabilization before
and after sliding. Figure 5 shows the evolution of potential and
friction coefficient over time for the thermally oxidized sample.
During tribocorrosion testing, four distinct frictional zones are
observed. These friction zones have been observed during dry
sliding of thermally oxidized CP-Ti in a previous study (Ref 7).
It is proposed that each zone observed is related to the material
composition and substructure. Thermal oxidation generates a
layered structure, and the friction behavior is a response to each
structure and the transition between these layers as wear
progresses. The frictional zones relate to the following
structural transitions: (I) oxide layer, (II) removal of the oxide
layer, (III) ODZ, and (IV) bulk titanium. With the identification
of these four frictional zones from the friction curves, it can be
clearly seen that the OCP data show these corresponding zones.

OCP gives insight into the surface condition of the sample in
real time during the sliding wear process. Each zone exhibits a
unique friction and OCP response with differing levels of
material activity, friction, and wear, as described below with
reference to Fig. 5.

Zone I Sliding contact between the Al2O3 ball and the oxide
layer results in low friction. Upon sliding, the OCP experiences
a catholic shift from �200 to �500 mVSCE and remains at

Fig. 3 Anodic polarization curves measured for thermally oxidized
titanium at various depths from the treated surface, using a sweep
rate of 1 mV/s in a 0.9% NaCl solution

Fig. 4 Current transient curves in the log (I) vs. log (t) scale mea-
sured during film formation at various depths from the surface of
thermally oxidized titanium. All tests were conducted at a potential
of 500 mV for duration of 3600 s in a 0.9% NaCl solution
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�500 mVSCE for around 700 s. During this phase, wear occurs
within the oxide layer, resulting in the observed low friction
coefficient (<0.6) (Ref 7, 10) and a relatively small drop in
OCP. Figure 6(a) shows the wear track produced after sliding
wear test at OCP for 500 s. It can be seen that the oxide layer is
not worn through and maintains its integrity with the substruc-
ture, and the dominant wear mechanism is micro-polishing of
the oxide layer.

Zone II As sliding wear continues, the oxide layer is
gradually removed or damaged, exposing areas of the ODZ
from below. During this transitional zone, the OCP is gradually
dropped from �500 to �900 mVSCE. Along with this cathodic
shift of OCP, the friction coefficient is gradually increased from
0.6 to 1.2. The wear mechanism changes from micro-polishing
of the oxide layer in Zone I to delamination of the oxide layer
and abrasive wear of the exposed ODZ, as can be clearly seen
in Fig. 6(b).

Zone III Full exposure of the ODZ to sliding contact results
in a large cathodic shift of OCP. The exposure of the ODZ
coincides with a period of increased friction (l = 1.2). While
sliding occurs in the ODZ, the OCP is gradually shifted from
�920 to �750 mVover a time period of approximately 3000 s.
This is due to passive film formation within the wear track.
With each successive pass of the alumina ball, the passive film
is only partially removed. There becomes a time when the
oxide film generated within the wear track is removed at a rate
equal to or slower than the rate of oxide film formation. This is

Fig. 5 Open circuit potential and coefficient of friction curves
recorded for a contact load of 2 N in a 0.9% NaCl solution for ther-
mally oxidized CP-Ti. The onset of sliding is indicated after 30-min
stabilization. Four distinct frictional zones can be observed: (I) Ox-
ide layer, (II) Partial removal of the oxide layer, (III) Oxygen diffu-
sion zone, and (IV) Substrate

Fig. 6 SEM images showing wear track morphology of the OCP tribocorrosion tests after sliding durations of (a) 500 s, (b) 1700 s, (c) 4700 s,
and (d) 14,400 s. The times selected represent the four frictional zones observed in this figure. All tests were subjected to a 2 N sliding load
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shown by the stabilization of the OCP at the later stage of zone
III. This removal and formation of the passive film can also
explain the smooth nature of the wear track observed during
this period of the test (Ref 7, 10, 24), shown in Fig. 6(c).

Zone IV Removal of the ODZ from the wear track allows for
the exposure of the underlying bulk material. There is a
reduction in friction coefficient as previously seen when in
contact with untreated CP-Ti (Ref 5, 7). The OCP data show
another cathodic shift as the ODZ is removed. But the OCP
again shows a recovery over 4000 s. Microscopic examination
of the wear track shown in Fig. 6(d) indicates a joint
mechanical and chemical tribocorrosion response. At the outer
edges, there is a smooth area in the wear track. This is
associated with the fast passivation of the ODZ. This fast
passivation results in a smooth polished surface. In the center of
the wear track, typical wear morphology expected of titanium is
observed with wear regimes dominated by severe adhesion and
delamination (Ref 7, 10).

When considering the tribocorrosion response of thermally
oxidized titanium at OCP, it is clear that the oxide layer offers
the most effective protection against both corrosion and
tribocorrosion, with the layer thickness being a restraining
factor to the duration of protection. Once the oxide layer has
been removed, the diffusion zone and bulk titanium have
similar OCP response. However, the time taken for re-
passivation is significantly less for the ODZ than for the bulk
titanium. When relating this to the corrosion depth profiling
analysis undertaken in section 3.1.2, it is clear that the
passivation of the ODZ happens at a faster rate than that of

bulk titanium. The ODZ offers improved passivation kinetics
and reduced wear as compared to bulk titanium, with the
drawback of having increased friction.

3.2.2 Effect of Applied Potential on Tribocorrosion
Behavior. In order to understand the contributing factor of
corrosion on the overall tribocorrosion behavior of thermally
oxidized titanium, potentiostatic sliding wear tests were carried
out at both anodic and cathodic potentials. Figure 7 shows the
friction and current responses of the test sample at potentials of
+1000, +500, �900, and �1500 mVSCE. Clearly, applied
potential has a large impact on the friction behavior of the
thermally oxidized titanium.

Applying an anodic potential on a sample allows the anodic
forward reactions to take place. For passive materials, this is
normally associated with increased current at higher potentials.
However, it can be seen in Fig. 7(a) (1000 mVSCE) and (b)
(500 mVSCE) that sliding only leads to a small increase in
current during the course of Zone I, and such an increase is
even smaller at the higher potential. This lower current is in
tandem with reduced friction coefficients observed throughout
the test. As the reduced friction is associated with the thermally
formed oxide layer (Zone I), it can be assumed that during these
tests, this oxide layer stays in place longer and is removed at a
more gradual rate than that observed under OCP conditions. As
discussed earlier, Zone I (the oxide layer) lasts about 700 s at
OCP (Fig. 5). At the anodic potential of 500 mVSCE, Zone I
lasts much longer, about 4000 s (Fig. 7b). When the anodic
potential is increased to 1000 mVSCE, Zone I is further
extended to nearly 10,000 s. Clearly increasing anodic potential

Fig. 7 Friction coefficient (l) and current density (I) against time for tribocorrosion testing at potentials of (a) 1000 mV, (b) 500 mV, (c)
�900 mV, and (d) �1500 mV. Frictional zones identified: (I) oxide layer, (II) partial removal of the oxide layer, (III) oxygen diffusion zone, and
(IV) substrate. Sliding contact was initiated for 4 h, with a 30-min settling period before and after sliding
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helps increase the durability of the thermally formed oxide
layer on CP-Ti and thus to reduce friction and chemical wear.
The wear track morphologies shown in Fig. 8(a) and (b) for the
1000 and 500 mVSCE wear tracks are also substantially
different from those observed after the OCP tests (Fig. 6d).
At the potential of 1000 mVSCE (Fig. 8a), the wear track
exhibits wear mechanisms dominated by micro-polishing of the
thermally formed oxide layer (Zone I) with some slight
delamination of the layer and exposure of the underlying
ODZ (Zone II), indicating that Zone I dominates the sliding
wear process. At 500 mVSCE, the wear track morphology
shows large-scale delamination of the oxide layer and large
exposure of the ODZ (Zone III) (Fig. 7b). No exposure of the
bulk Ti (Zone IV) is observed at these two anodic potentials.

It is usually expected that when the potential of the system is
moved to a value in a cathodic direction from OCP, material
loss is solely due to the mechanical wear process, as the
negative charge removes the ability for the formation of
positive metal ions. This is shown through the flow of a
negative current (Ref 31). Figure 7c shows the friction and
current response when a cathodic potential of �900 mVSCE is
applied to the sample. The friction curve observed is very
similar to that at OCP in Fig. 5, characterized by the four-zone
mechanism described previously. The thermally formed oxide
layer, which lasts for only 600 s (Zone I) is damaged quickly
by the mechanical action. Wear track morphology, as shown in

Fig. 8(c), is seen to be dominated by severe abrasion and
adhesive wear. When looking at how this wear track differs
from that at OCP shown in Fig. 6(d), there are no longer the
smooth sides associated with passivation of the ODZ. This is as
expected due to lack of anodic oxidation at cathodic potentials.

Tribocorrosion tests were conducted at a further cathodic
potential of �1500 mVSCE. At such a potential, the evolution
of hydrogen is predicted (Ref 32-36). Hydrogen is able to
penetrate into titanium, causing the formation of titanium
hydride (TiH2). The friction and current responses shown in
Fig. 7(d) indicate that initial removal of the thermally formed
oxide layer occurs at the same rate as at �900 mVSCE (Fig. 7c),
but once the oxide layer has been removed, there is a
stabilization of the frictional response, rather than the peak
and drop associated with the wear of the ODZ (zone III to zone
IV in Fig. 5), indicating that the ODZ has not been worn
through during the test (no zone IV). When looking at the wear
track morphology shown in Fig. 8(d), there is a substantial
difference in wear mechanisms involved. The wear track is now
littered with cracks and dominated by abrasive wear with the
polishing of the peaks, as observed in a previous tribocorrosion
study of a titanium alloy when hydride was formed under
cathodic conditions (Ref 37). It is interesting to note that once
the load has been removed, there is no reduction in cathodic
current flowing in the sample, indicating that the evolution of
hydrogen continues after sliding.

Fig. 8 SEM images showing the wear track morphology produced on the thermally oxidized titanium, after tribocorrosion testing at potentials
of +1000 mV (a), +500 mV (b), �900 mV (c), and �1500 mV (d). All tests were conducted using a load of 2 N for 14,400 s
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3.2.3 Total Material Loss Rate. TML from the wear
track was measured using a profilometer, which was then
normalized with total sliding distance and applied load to
obtain specific total material loss rate (TMLR). The results are
shown in Fig. 9 as a function of applied potential for the
thermally oxidized and untreated CP-Ti samples. TML in
volume (Vtotal) is a sum of both mechanical (Vmech) and
chemical (Vchem) volume losses, i.e.,

Vtotal ¼ Vmech þ Vchem: ðEq 2Þ

Faraday�s law can be used to determine the contribution of
chemical wear in the tribocorrosion process. The anodic current
detected during tribocorrosion testing is related to the amount
of material lost due to anodic oxidation and/or dissolution
through the Faraday�s law (Ref 28, 31, 38, 39):

Vchem ¼ ItM=nFq; ðEq 3Þ

where I is the average current (A) developed during sliding
contact, t is the time (s) of sliding contact, F is Faraday�s
constant (964858.34 As/mol), M is the atomic mass of the
metal (47.767 g/mol for Ti), n is the charge number for the
oxidation reaction (valance = + 4 for Ti (Ref 40)), and q is
the density of the metal (4.11 g/cm3).

From Fig. 9, several observations can be made regarding the
effects of thermal oxidation on the tribocorrosion response of
titanium and the effect of potential on TMLR. First, thermal
oxidation reduces the TMLR across the spectrum as compared
to untreated CP-Ti by an order of magnitude at OCP and
cathodic potentials when mechanical wear is predominant.
Such a beneficial effect of thermal oxidation is more significant
at the anodic potentials, where a reduction in TMLR by nearly
two orders of magnitude is seen due to the reduction in both
mechanical and chemical wear.

Second, the effect of potential on TMLR of the oxidized CP-
Ti is different from that of the untreated CP-Ti and many other
materials reported (Ref 38, 41). For the untreated CP-Ti, as
expected the TMLR increases with the increasing potential due
to increased chemical wear. But at the cathodic potential of
�1500 mVSCE, the TMLR is much reduced, presumably due to
the formation of titanium hydride. On the other hand, for the
thermally oxidized CP-Ti, as the potential is increased from
OCP, the TMLR is reduced, by nearly an order of magnitude at
1000 mVSCE, which is not usually expected. This is due to the
prolonged durability of the thermally formed oxide layer
(Fig. 7a and b) relative to the tests at OCP (Fig. 5) and at
cathodic potentials (Fig. 7c and d). This prolonged oxide layer
coverage offers beneficial protection from both mechanical and

Fig. 9 Contribution of mechanical wear and corrosion to total material loss rate volume of thermally oxidized titanium and untreated titanium.
All tests were conducted in a 0.9% NaCl solution
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chemical wear. Such an anodic protection of the thermally
formed oxide layer has not been reported previously. The
reasons behind such an anodic protection are not clear at this
stage. It is believed that applying an anodic potential to the
samples increases the rate at which the exposed ODZ forms a
passive film. When the thermally formed oxide layer begins to
breakdown, rapid passivation of the exposed ODZ would
reduce the internal stresses on any oxide layer remaining in
place by filling cracks or gaps produced in the layer. This shows
that if the adhesion between the thermally formed oxide layer
and the underlying substructure can be addressed, thermal
oxidation can offer a viable method to reduce wear and
corrosion of CP-Ti.

Finally for the oxidized sample, when the potential is shifted
cathodically from OCP to �900 mVSCE, the difference in
TMLR is associated with the chemical wear induced at OCP.
This is as expected due to the absence of chemical wear at the
cathodic potential. A further higher cathodic potential of
�1500 mVSCE allows for the hydrolysis of water and the
production of hydrogen. Absorption and diffusion of hydrogen
into titanium at this potential is expected and the creation of a
small hydrogen diffusion zone (HDZ) cannot be ruled out.
However, the solubility limit of hydrogen in a-Ti is as low as
20-150 ppm (Ref 32, 42); excess hydrogen that is adsorbed
above the solubility limit will form various hydride phase
precipitates in the wear tracks. This formation of titanium
hydride is known to induce hydrogen embrittlement and is
usually associated with reduced mechanical properties of
titanium (Ref 43, 44). However, the formation of hydride also
induces real-time hardening within the wear track and could be
accountable for the reduced TMLR measured for both the
thermally oxidized and untreated CP-Ti under the relatively
small contact load of 2 N employed in this work.

4. Conclusions

(1) The oxide layer produced by thermal oxidation serves
as a barrier layer to improve the corrosion resistance of
CP-Ti by reducing anodic currents and increasing corro-
sion potential.

(2) The high oxygen content in titanium lattice in the upper
part of the ODZ helps accelerate passive film formation
and thus to reduce corrosion of CP-Ti.

(3) During sliding wear at open circuit in 0.9% NaCl solu-
tion, four frictional zones can be identified in a typical
friction curve, each having its own characteristics corre-
sponding to the oxide layer, the gradual or partial re-
moval of the oxide layer, the diffusion zone, and the
substrate. Each zone has a characteristic response to
OCP change during sliding.

(4) The thermally formed oxide layer offers both low fric-
tion and much better resistance to material removal dur-
ing tribocorrosion than untreated CP-Ti.

(5) The thermally formed oxide layer exhibits unusual anodic
protection behavior. When the thermally oxidized titanium
is polarized anodically during sliding, the durability of the
oxide layer is prolonged, resulting in low friction and much
reduced TMLR. This is in contrast to the results obtained
from the untreated CP-Ti and is believed to be due to the
fast passivation of the exposed ODZ.

(6) Both the thermally oxidized and untreated CP-Ti experi-
ence a reduction in TMLR when cathodically charged to
�1500 mVSCE during sliding. This is believed to be re-
lated to hydrogen evolution and titanium hydride forma-
tion.
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