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terms of the future in-service degradation mechanisms of materials. In the particular case of decorative
coatings, tribocorrosion is certainly one of the most important issues, and sweat corrosion and human
contact wear are two other factors that may act as material selection tools.

Thus, the current study aimed to investigate the tribocorrosion behavior of a new class of thin films,
the Ti—-C-O-N system, which is being developed to be used as a surface decorative material due to its
relatively dark appearance. The films were prepared by reactive magnetron sputtering. The influence of
the structural features on the tribocorrosion behavior is discussed.

Crown Copyright © 2013 Published by Elsevier Ltd. All rights reserved.

1. Introduction

In the last ten years, an emergent field of research within thin film
technology has gained increasing importance: the so-called multi-
functional thin films [1-4]. Among the available studies, the thin film
decorative field is yielding unexpected, interesting contributions
[5,6]. Until recently, these decorative films were mostly based on
metallic elemental materials and Me (with Me commonly standing
for a transition metal), but binary (nitrides, carbides, borides, among
others), ternary and even quaternary-type films are also being
developed [7-11]. Nevertheless, due to the increasing demands of
modern technological applications, the continuous change in target
materials and the deposition process to obtain different decorative
films is clearly not suitable. The particular case of electrical applica-
tions, where the need to obtain either conductive and/or insulating-
type materials is often required, should be noted [12-14]. Thus, it is
necessary to completely change the deposition process, target
materials, and gas atmospheres, among other factors. For instance,
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a single metallic film (copper, titanium, etc.) or a nitride/carbide film
(TiN, TiC, among others) should exhibit metallic behavior associated
with good surface mechanical resistance. Similarly, the process
should be tuned towards an oxide-type material (for example TiO5,
Zr0,, etc.) to obtain insulating-type materials. Changes should be
introduced in the gas atmospheres and the target materials required
to produce films varying between conductive (metal or nitride/
carbide) and insulating types of material (for example, an oxide).
The corresponding losses of time (an important drawback in indus-
trial environments) and other difficulties related to process imple-
mentation are clearly undesirable. Such concerns are mainly related
to the study of the new deposition conditions and materials
characterization, for example, which might lead to obvious process
losses and should therefore be avoided.

In this respect, oxynitrides, Me(O,N), and oxycarbides, Me(C,0)
(where Me stands for one or several metal combinations), are the
focus of some research groups because the presence of oxygen in
metallic nitrides/carbides, MeN,/MeCy (again with Me being one
or a combination of different metals), allows the tailoring of film
properties resembling both those of covalent materials, MeN,/
MeC,, and those of the corresponding, largely ionic oxides [15-17].
Tuning the oxide/nitride(carbide) ratio allows for a large spectrum
of properties, namely structural, electrical, optical and mechanical
properties. Varying the amount of oxygen within the films can
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tune the band-gap, bandwidth and crystallographic order between
oxide and nitride and thus alter the electronic properties, which
leads to corresponding changes in all material properties [5,15,16].
The aim of this project was to determine the influence of oxygen
addition to a particular class of hard-metallic nitrides/carbides: Me
(N,C), with Me=Ti and Zr.

At present, the available knowledge regarding multifunctional
materials (such as the recently developed decorative oxynitride
systems [5,15,18]) is still very limited, and extensive experimental
and theoretical investigations are required. The important findings
thus far in terms of changes in the optical [16,18], electrical [16,18]
and mechanical [5,15-17] characteristics are clearly insufficient
with respect to using these materials in real conditions. In fact, all
property changes have been found to be very closely related to the
particular composition features and the changes induced in film
structure. Electrical measurements, namely electrical resistivity,
have clearly indicated that the films range from metallic type at
low oxygen contents to insulating type when the oxygen amounts
are relatively high [16,18]. An interesting cluster of properties was
observed for intermediate oxygen doses (and relatively low C
contents), in which a mixed structure was developed (a mixed
oxide+carbide structure-type) [17], suggesting the possibility of a
very wide range of film behavior in very different functional
applications.

Due to the specific applications of such films, the wear and
corrosion characteristics are important to determining the dur-
ability of parts and components. Through a combined approach
called tribocorrosion [19,20], many studies have reported the
performance of these films for decorative applications [21-24].
Thus, the objective of the current work was to conduct a
detailed tribocorrosion investigation of three representative sam-
ples from a set of Ti-C-O-N thin films. The three samples represent
each of the three zones that were identified in a previous study
[25,26].

2. Experimental details
2.1. Film preparation and characterization techniques

Depositions of titanium oxycarbonitride thin films were per-
formed in a laboratory-size direct current (DC) magnetron sputter-
ing system. The films were prepared with the substrate holder
positioned at 70 mm from the target in all runs, with a discharge
current density of 100 A.m™2 on the titanium target. The substrates
(mechanically polished high speed steel AISI M2) were grounded
and remained at a constant temperature, T=473 K (an external
heating resistance positioned at 80 mm from the substrate holder
was used to heat the samples), during a one-hour deposition
using an external heating resistance. A thermocouple was placed
close to the surface of the “substrate holder” on the plasma side
(not in direct contact because depositions were conducted in
rotation mode), and the temperature was measured immediately
after stopping the discharge. The titanium target (99.96% purity
and a size of 200 x 100 x 6 mm?) was sputtered in an argon
(working gas)+gas mixture (oxygen and nitrogen source)+acety-
lene (carbon source) atmosphere. The gas mixture was composed
of nitrogen and oxygen, with a constant N5:0, ratio of 17:3. The Ar
flow and the acetylene flow remained constant at 60 sccm and
5 sccm, which correspond to partial pressures of 0.47 Pa and
0.25 Pa, respectively (“sccm” refers to standard cubic centimeters
per minute). The gas mixture partial pressure, posin2, Was
systematically changed from 9 x 1072 to 4 x 107! Pa by controlling
the gas mixture flow rate (from 2 to 18 sccm). The base pressure
was below 1073 Pa. For this particular study, only three represen-
tative samples were selected, based on their specified behavioral

differences [25]. In this way, the samples were prepared with
a gas mixture partial pressure, pos.n2, of 9 x 1072, 2.2 x 107}, and
4% 107! was the pressure selected for this work. The first
sample (prepared with a poz.n2 0f 9 x 1072 Pa) was selected based
on its relatively higher crystallinity and more metallic-like appear-
ance (higher reflectivity and luminescence). This sample's proper-
ties suggest metallic-like behavior, and significant differences from
the other films were observed [25], including a more greyish
surface tone. At the other extreme, the two other samples
(produced with pos.n2 0f 2.2 x 107! and 4 x 107! Pa) were selected
according to their significantly amorphous nature and very dark
tone, but they had significantly different C and O contents, which
caused some important variations in their physical behavior
[25,26].

The chemical composition of the coatings was investigated
with a Cameca SX-50 Electron Probe Micro Analysis (EPMA),
operating with an acceleration voltage of 15 keV. The elemental
quantification was performed by comparing the peak intensity in
the sample and in standards for each element and applying a ZAF
correction to the results. Ball cratering tests were used to measure
the thickness of the films. X-ray diffraction (XRD) experiments
were performed with a Siemens D-500 apparatus using a Co K
radiation ([0=0.178897 nm) in a Bragg-Brentano configuration.
The film color was determined in the CIELab 1976 color space by
using a commercial Minolta CM-2600d portable spectrophot-
ometer with diffused illumination (D65 light source) at an 8°
viewing angle (specular component included). The instrument was
equipped with a 52 mm diameter integrating sphere and 3 pulsed
xenon lamps. The observer was placed at a 10° angle. The surface
and cross-section morphological features of the films were studied
by scanning electron microscopy (SEM) and atomic force micro-
scopy (AFM), whereas surface defects were characterized by
optical microscopy (OM). The film hardness and Young's modulus
were determined from the loading and unloading curves,
which were performed with an ultra low load-depth sensing
Berkovich nanoindenter from CSM Instruments (Switzerland).
The maximum load used was 30 mN, with a loading time of
30s, a holding time of 30s and an unloading time of 30s,
producing an average of 15 indentations per sample. The testing
procedure included correction of the experimental results for
geometrical defects in the tip of the indenter, the thermal drift
of the equipment, and uncertainty in the initial contact. Because
the substrate surface was prepared using a similar metallographic
method, before film deposition, the anticipated effect of substrate
surface conditions on the hardness measurements might have
been uniform [26,27].

2.2. Preliminary corrosion tests

Before starting the tribocorrosion tests, basic corrosion beha-
viors of the samples were individually analyzed using a specially
made corrosion cell. The open circuit potential (OCP) was mon-
itored for 600 s, and then potentiodynamic polarization tests were
conducted in both the substrate and the TiCON films, with a
voltage between -0.8 V and +2.0V and a scan rate of 2 mV.s™\.
A PGP201 Potentiostat/galvanostat (Radiometer analytical,
Denmark) controlled by Voltamaster-1 software was used.

2.3. Tribocorrosion tests

A schematic diagram of the tribocorrosion experimental setup
is shown in Fig. 1. Reciprocating sliding tests were performed in a
Plint TE-67/R apparatus supplied by Phoenix Tribology, Ltd. (UK)
(previously known as Plint and partners (Ltd)). Tests were con-
ducted with an alumina pin (with truncated cone geometry)
sliding on a plate sample (the TiCON films) at a fixed normal load
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Fig. 1. Schematic diagram of the reciprocating pin/plate tribometer and the
electrochemical cell used in the test.
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Fig. 2. Experimental protocol used in the test.

of 5 N. The specially made acrylic tribocorrosion cell is also shown
in Fig. 1. The sliding stroke length was 6 mm, with a frequency of
1 Hz and an exposed area of 0.95 cm?. At the beginning of each
test, the pin head was polished to maintain a constant diameter of
1 mm and to achieve consistent contact conditions between the
pin and the sample. The electrolyte was composed of an artificial
sweat solution. Its composition was as follows: NaCl, 7.5 g.L™!;KCl,
1gL™"; CH4N,O (urea), 1 gL™'; and C3HgO5 (lactic acid), 1 mLL™".
NH; was added to adjust the pH to 4.49 +0.01. The solution is a
simplified version of that established in European Standard EN
1811:1998 [28] and was contained in the acrylic cell, with a
volume of approximately 20 ml. A standard calomel electrode
(SCE) was used as a reference electrode, and a platinum wire
was used as a counter electrode. The sample of TiCON film was
connected to the working electrode.

The standard protocol used for the test is shown in Fig. 2. Prior
to all tribocorrosion experiments, the samples were cathodically
polarized at -900 mV vs. SCE for 180 s for cleaning purposes.
Furthermore, to stabilize the sample, a potential of -660 mV was
applied for 600 s and then maintained during the entire test. Then,
electrochemical impedance spectroscopy (EIS) was performed in
the frequency range of 100 kHz to 15.82 mHz, with an ac sine wave
amplitude of 10 mV applied to the electrode, maintaining the
sample under potentiostatic control, i.e.,, =660 mV (E., of the
steel). The alumina pin was brought into contact with the plate
sample. The reciprocating sliding tests were conducted for 3600 s.
An EIS test was performed at the end of the experiment after
stabilization of the sample. At the end of the test, the pin and the
sample were ultrasonically cleaned by propanol and distilled
water. Each experiment was repeated twice, with an expected
error of 5-7%. Z-View software was used for EIS data simulation.
The wear volume was determined by profilometry using a Perth-
ometer S5P surface measuring and recording instrument; the
cross-sectional area and stroke length were measured. The cross
sectional area and depth of the wear profiles were measured using
AutoCAD 2006 software [23,24].

3. Results and discussion
3.1. Structural and mechanical characterization of the film

The selection of the three samples from a relatively large set of
other samples was based on their particular characteristics so that
their behavior was representative [25,26]. The overall set of samples
showed a wide variation in element concentration (Ti, C, O and N),
which induced a change in the film structure from the crystalline
type to the amorphous type, with a consequent variation in the other
film properties, such as the optical properties, which are the main
targeted application of these films [25,26]. In fact, these samples are
mainly intended to be used for decorative purposes because they
have very dark tones, and thus, a systematic study of the different
behaviors observed in the overall set (which was carried out here
using the three samples that best represent these behaviors) is
important for understanding corrosion and wear, which are the key
properties pertaining to the use of such coatings.

3.1.1. Composition and crystalline structure of the samples

Fig. 3 (a and b) shows the composition results obtained using
EPMA on the three Ti(C,0,N) samples (with thicknesses ranging
from 1 to 1.8 Om) selected for this study; the data are plotted as a
function of the reactive gas flows ratio. Fig. 3(a) shows the
variation in the atomic concentration of the film elements as a
function of the reactive gas flows ratio, whereas Fig. 3(b) presents
the metalloid over titanium atomic ratios, Cc/Crj, Co/Crj, Cn/Cri and
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Fig. 3. Properties of the selected films. (a) Variation in the atomic concentration of
the film elements as a function of the reactive gas flows ratio. (b) Presentation of the
metalloid over the titanium atomic ratios, Cc/Crj, Co/Cri, Cn/Cri and (Cc+Co+Cn)/Cri.
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(Cc+Co+Cn)/Cqi. For simplicity, the different samples are denoted
throughout the text according to their (Cc+Co+Cn)/Cri atomic
ratio, rc, due to the significance that this ratio has on film
properties and because it appears to represent the different
samples in terms of their particular composition features well
[15,16]. According to Fig. 3(a), the first conclusion to be drawn is
that the three samples in fact have very different compositions
and vary significantly. As expected, the sample prepared with the
lowest oxygen (O)+nitrogen (N) partial pressure (9 x 1072 Pa),
TiCo.7800.31No.51, has the highest Ti concentration (~39 at. %) but
the lowest O (about 12 at. %) and N (~20 at. %) concentrations.
However, the sample prepared with the highest oxygen+nitrogen
partial pressure (4 x 107! Pa), TiCq 770120N1 37, has a relatively high
oxygen content (~28 at. %) and the lowest C content (about 18 at.
%). Ti is relatively low (close to 23 at. %), whereas the N content is
the highest (~32 at. %) and very similar to that of the sample
prepared with an intermediate oxygen+nitrogen partial pressure
(2.2 x 107" Pa), TiC1810073N161. Although it may be somewhat
difficult to find a trend, the plot of the atomic ratios indicates
some variation trends. Fig. 3(b) shows the evolution of the atomic
ratios of the different samples, namely r..

The figure shows that the evolution of r, is quite similar to that
of Cy/Cyi and has the same variation tendency as Cc/Cyi. Due to its
higher reactivity, oxygen increases steeply for all samples. This
increase is not too high, though, which is indicative of the fact that
no oxide-like samples were obtained (all samples revealed intrinsic
colors; black tones were observed for the two prepared with the
highest gas mixture partial pressures). Of particular note is the
variation in the r, ratio, which significantly increases from approxi-
mately 1.6 for the sample prepared with the lowest gas mixture
partial pressure, TiC780031Nos1, Which has composition combina-
tion similar the stoichometric condition Ti;o(C,0,N);o, to values
above 3.3 and 4.1 for the samples prepared with the highest gas
mixture partial pressures (4 x 107" Pa for TiCo-70120N137 and
2.2 x 107! Pa, for TiCy.5100.73N161). These samples thus demonstrate
a significant over-stoichiometric condition. This condition has a
significant effect on the film properties, particularly the structural
properties, which in turn have a significant effect on all other film
properties, such as the physical properties, as reported previously
[25,27]; other important properties, such as the tribological and
mechanical properties, are also affected if the films are used
decorative applications.

Furthermore, although the two samples prepared with the high-
est gas mixture partial pressures have high r. ratio values, it is
important to note that there are significant differences between
them. Let us recall that the sample prepared with a gas mixture
partial pressure of 2.2 x 107! Pa has a C content that is approximately
twice as high as that of the sample prepared with a partial pressure
of 4x 107" Pa (~35 at. % in the first and about 17.6 at. % in the
second) but simultaneously an O content that is half as high (14 at. %
in the first and ~28 at. % in the second). Again, these changes may
have some effect on the film properties, particularly the tribological
properties, as expected based on the C content differences.

3.1.2. Structural, morphological and mechanical behavior

As expected and as previously noted, all of the aforementioned
differences in the composition evolution have a clear influence on
the structural properties, as demonstrated in Fig. 4. This figure
shows that there is a major difference between the close-
stoichiometric sample (r.=1.6) and the highly over-
stoichiometric samples (r.=3.3 and r.=4.1). In the first case, most
likely due to its close stoichiometry, the XRD results show the
development of a roughly crystalline sample, whose diffraction
patterns seem to correspond to a face centered cubic-type struc-
ture, with a lattice parameter on the order of 0.429 nm. The exact
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Fig. 4. Structural properties of the three films, with r. values of 1.6, 3.3 and 4.1.

nature of this cubic phase is quite difficult to index, but the value
of the lattice parameter may give some indications. The lattice
parameters for the known binary compounds TiO, TiN and TiC are
ario=0.4177 nm for JCPDS04-001-6834, ayjn=0.4241 nm for
JCPDS04-001-2272 and a1ic=0.4328 nm for JCPDS04-004-2919,
respectively. Although still not conclusive, the most probable
hypothesis is that this r.=1,6 sample has a solid solution-type
structure, where C, O and N co-exist in the same lattice, which
would explain the intermediate lattice parameter of this sample.
However, there is still the possibility of some interstitials, but in
that case, a relatively higher lattice parameter would be expected,
given the large amounts of both C and N and the lattice parameters
of their binary compounds (TiC and TiN, respectively). Another
possibility, which is supported by the higher oxygen reactivity, is
that some excess of C may also be in an amorphous phase
surrounding the crystalline grains that were formed (which could
also include some extra C). This amorphous (“isolated”) C seems to
be reinforced by Raman spectroscopy [19,20].

Regarding the two highly over-stoichiometric samples, the main
finding is that they are quasi-amorphous, which is expected due to
the significant lattice distortions that occur due to the excess of non-
metalloid content. Even if one considers the possibility that all C
could be in an amorphous, isolated phase, the amounts of both O+N
are already between 2.3 and 2.6, significantly above the possible
cubic-type stoichiometry in the previous sample. Nevertheless, there
appear to be a few crystals, and even some lattice parameter
distribution, which can be attributed to a mixture of different types
of Ti(O,N) cubic lattices, with or without C. The fact that no
significant differences occur in these two last samples (neither in
terms of a roughly amorphous nature nor in terms of peak shapes
and positions and even the parameter distribution) means that the C
differences in these two samples do not play a major role (35 and
17.6 at. % as previously mentioned), which may reinforce the idea of
the positioning of C in an isolated C phase within grain boundaries.
Given the well-known effect of C-based films in terms of tribological
properties [16,23,29-32], these differences may be important with
respect to tribological behavior.

The mechanical properties of the film were studied as a function
of the composition ratio (r. ). First, the evolution of the deposition
rate as a function of the composition ratio is shown in Fig. 5(a). The
deposition rate is significantly reduced as the composition ratio
increases, which is a consequence of the significant target poisoning
due to the increase in the reactive gases [25]. The variation of
hardness and modulus with composition ratio is shown in Fig. 5(b).
The hardness value is highest for an r. value of 1.6 and decreases
significantly at higher values of r,, which is certainly a result of the
loss of crystallinity in the samples, as can be easily observed from



P. Lima et al. / Tribology International 68 (2013) 1-10 5

a 2.1 T T T T T T
1.8 4 e) ]
=
= 1.5 4 E
2
}1_,:; 1.2 4 E
]
]
S 094 i
2 °— 5
& 06 A 4
a
0.3 4 E
0.0 T T T T T T
1.0 1.5 2.0 25 3.0 35 4.0 4.5
Composition ratio, r
b 14 o T T T T T 160
—O— Hardness
13 4
@)
—_ 4150 =
<
[ A~
) 12 4 g
2 E
g (©) =
s 11 4 S
<
T J140 =
O
10
—@— Young's modulus ®
9 T T T T T T 130
1.0 1.5 2.0 2.5 3.0 35 4.0 4.5
Composition ratio,
c 1000 T T 50
Density of deffects (n"/mmz) w
> 800 4 \ 440
7]
=] @] i)
5 o———0© 3
k=] [*) S
2 600 {30 3
2 % of area with deffects =
5 =
g x4 =
o o
Z 400 - {20 =
Z ° 5
3 =
B 200 - {10
A
Average area with deffects (pmz) a
0 T T T T T T 0
1.0 1.5 2.0 2.5 3.0 35 4.0 45

Composition ratio, re
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Fig. 4 [25]. Because of the film is used for decoration, an attempt to
estimate the average number of surface defects was also made; the
number of defects is an important parameter to consider for the
specific tribocorrosion behavior of each representative sample. It is
interesting to note that the sample with an r. ratio of 3.3 shows the
lowest number of surface defects. The change in growth modes
resulting from the combination of the selected deposition parameters
is certainly dominating this specific behavior. The transition between
the high deposition rate observed in the r.=3.3 sample towards a
very low rate in the sample prepared at r.=4.1 may explain this
change in surface defects.

3.2. Initial corrosion tests

The basic corrosion behavior was studied using the potentiody-
namic curves as shown in Fig. 6. This figure clearly shows that that

2000 rc=1.6
r =33 s
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O 1000
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Fig. 6. Potentio-dynamic curves for the TiCNO films and the substrate materials.

the coated substrates exhibit better behavior than the substrate
alone. Furthermore, Fig. 6 shows that, based on a comparison of the
three representative samples, the film with an atomic ratio r. of
4.1 has the best corrosion behavior. However, in this same sample, a
pitting potential above +0.1V leads to a sudden increase in the
corrosion current, which may be due to the large number of surface
defects of this sample, as demonstrated by the results plotted in
Fig. 5(c). It is also important to note that the sample with an atomic
ratio r. of 1.6 exhibits behavior that indicates an early pitting
potential (+0.7 V) and the presence of pits.

3.3. Tribocorrosion performance

As explained in the experimental details section, the tribocor-
rosion tests follow a specific protocol, which helps to understand
the electrochemical response of the samples before, during and
after the sliding tests. Some attempts were also made to correlate
the tribological response (friction coefficient) with the evolution of
the current, which can help to identify the mechanisms involved
in the synergistic interaction between corrosion and wear.
Thus, the evolution of the current density and the friction
coefficient values during the tribocorrosion tests were analyzed
for each film. Fig. 7 shows representative curves of the observed
trends for the sample prepared with an atomic ratio r. of 1.6. As
can be observed in the plot, the current density decreases very
gradually with as the sliding time increases. The accumulation of
wear debris and corrosion products in the contact zone could be
the reason for the reduction in the current density during the
sliding process. Table 1

Studies on the tribocorrosion behavior of Fe-1 Cr in acidic and
alkaline solutions have indicated that the instantaneous current is a
periodic function in a reciprocating sliding tribometer and depends
on the motion of the pin, which moves at a constant speed during a
forward stroke and then remains stationary for a few milliseconds
before changing its direction [15]. During the rest period, the current
decreases due to repassivation and then increases again when the
pin starts to return. The main concern in wear-corrosion studies on
the current setup is that the reciprocating pin motion creates non-
steady electrochemical conditions at the contact zone [19-21].
However, electrochemical interfacing techniques favor stationary
conditions during testing [29-32]. Thus, the dynamic and transient
conditions at the contact zone might influence the results obtained.
The friction coefficient values are also observed to be very sensitive
to the sliding process, Fig. 7. Generally, the values of the friction
coefficients remain stable after an initial running-in period [23].
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3.4. Electrochemical impedance spectroscopy (EIS) analysis

3.4.1. Bode plots

Electrochemical impedance spectroscopy (EIS) tests were
conducted before and after the sliding tests to understand the
changes in the surface chemistry of the tested sample. In fact, EIS
tests can indicate the electrical properties of the film and the
double layer formed on its surface during the corrosion process.
The technique normally involves the use of a typical three-
electrode system and a small-amplitude AC voltage (+-10 mV)
that is applied to the working electrode to measure the current
responses flowing through the electrode. The AC potential and
current responses are then passed to a frequency response
analyzer to calculate the impedance and phase shift.

Fig. 8 shows bode impedance plots (frequency vs. impendence)
and a bode phase plot (Frequency vs. phase angle) for the three
representative TiCNO films before and after sliding processes.
Fig. 9(a and b) presents the Bode phase plot (frequency vs. phase
angle) before and after sliding.

As can be observed in both figures, the electrochemical beha-
vior of the films is slightly altered after the sliding process,
showing a good corrosion behavior at the tested potential. Finally,
in accordance with the electrochemical polarization results, the
EIS results showed that the corrosion properties do not have a
clear dependence on the film thickness and/or the presence of
defects, as can be observed in Fig. 9(a) and (b). These results
support the idea that the corrosion properties are primarily
dependent on the structural properties of the films; further
explanations are provided in section 3.9.

3.4.2. EIS model

The results of the EIS experiment were modeled by an electro-
chemical equivalent circuit, which describes the corrosion beha-
vior of each sample. In this work, a simple equivalent circuit
composed of the electrolyte or solution resistance (Rs) in series
with a constant phase element (CPE) and in parallel with the
polarization resistance (R;,) is proposed. The impedance of a CPE is
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Fig. 7. Tribocorrosion process, evolution of current and friction coefficients.

Table 1
Summary of the characteristics of the three representative thin films.

defined by Zcpe=1/((jw)" C), where j=+(-1) and w=2xf, and the
exponent ‘n' of the CPE is related to the non-equilibrium current
distribution due to surface roughness [24,25]. The parameter ‘C is
a constant, representing true capacitance of the oxide barrier layer.
The results of EIS data simulations are presented in Figs. 10 and 11
and Tables 2 and 3. Good agreement between the fitted and the
experimental data was obtained.

The parameter R, represents the average solution resistance
and has a value of 145 Q.cm? (the range is (135-150 Q.cm?),
irrespective of whether it was measured before or after sliding.
The polarization resistance, R,, shows an increasing trend as a
function of composition ratio. It is interesting to note that R,
values after the sliding are approximately half of those before
sliding, which demonstrates the film removal and the subsequent
effect created after the sliding.

The C values are similar for the films with an atomic ratio r. of
1.6 and 4.1. However, in the case of r. = 3.3, the sample exhibits a
very high value, possible due to having the lowest number of
defects (see Fig. 5(c)). The slight increase in the C values after
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Fig. 8. Bode plot (phase angle vs. frequency). (a) Before sliding. (b) After sliding.

Sample Chemical composition (at. %) Thickness (pm) Hardness (GPa) Surface defects (n2/mm?)
Ti C o N

TiCo.780031No.s51 38.41 30.02 11.88 19.69 1.8 12.7 674.3

TiC.7701.20N1.37 23.04 17.63 27.68 31.64 0.8 11.3 698.5

TiC1.8100.73N1.61 19.42 35.15 14.21 31.23 0.7 10.4 730.9
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after sliding.

sliding are most likely due to the accumulation of wear debris
and corrosion products from the complete destruction of the film
[23-24]. The values of n, which are almost constant in all
conditions, were found to be in the range of 0.6-0.7, indicating
that the corrosion interface deviated from a perfect ideal capacitor
[16]. The theoretical model predictions are in good agreement
with the experimental data (the percentage of error is below 6%;
see Table 3). From the EIS analysis, it is clear that the passive oxide
layer on the film surface becomes more porous and the resistance
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Fig. 11. Variation in film capacitance (Cy) for the selected films before and after
sliding.

to charge transfer decreases at the corrosion interface [23]. It is
also clear that the best corrosion behavior is exhibited by the
sample with an atomic ratio r. of 4.1 at the used corrosion
potential. The structure of the film has also a strong influence on
the EIS results, as explained in detail in a previous work [23].

3.5. Surface and morphological characterization

The worn surfaces were studied using optical microscopy (OM)
and scanning electron microscopy (SEM), and the results are
shown in Fig. 12. Fig. 12 (a) shows the presence of pits (sample
with an atomic ratio r. of 4.1), and Fig. 12(b) is a magnified image.
A clear wear track is observed in Fig. 12 (c). Furthermore, the
zig-zag boundary of the wear track becomes clear in Fig. 12 (d).
The effect of the corrosion is also clear in the SEM image of the pit
in Fig. 12 (e); Fig. 12 (f) is an enlarged view.

3.6. Variation in wear volume with hardness and film thickness

Variations in the wear and corrosion volume loss in the
selected samples are shown in Fig. 13. This figure shows that the
samples with atomic ratios r. of 1.6 and 4.1 have approximately
the same wear-corrosion volume loss values, and the sample with
an atomic ratio r. of 3.3 has a high wear and corrosion volume
value. The relationship between the wear-corrosion volume loss
and the hardness [33-36] is shown in Fig. 13. The low hardness (1.
of 3.3) is consistent with high wear-corrosion volume loss;
however, it is difficult to define a clear correlation between the
hardness and the degradation process [35].

To achieve the optimum wear-corrosion behavior for the
different types of films with different thicknesses, it would be
ideal to relate the film thickness (Fig. 5(a)) and the wear track
depth. The evolution of the wear corrosion volume as a function of
film thickness is shown in Fig. 14. From these results, it is easy to
verify that the samples with r. values of 1.6 and 4.1 are very similar
in terms of their wear-corrosion volume loss and hardness values,
but the sample with r.=4.1, which is the one with the lowest
thickness value, is the one with the highest resistance against
wear and corrosion. Thus, the structural and morphological
features play a decisive role in this behavior. In fact, the initial
corrosion results also agree with this conclusion.

The sample with an atomic ratio r.=3.3 is the one that shows
the maximal difference in film thickness and wear scar depth. In
other words, this sample has higher wear depth and lower
thickness. This result is somewhat expected due to the lower
thickness value. Poor corrosion behavior leads to a higher wear
volume loss.
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Table 2
Electrochemical parameters before sliding.

Rsolution CP N Rﬁlm
Value % Error Value % Error Value % Error Value % Error
TiCo.7800.31No.51 136.7 0.2244 0.000338 0.78665 0.6887 0.34188 6626 3.1674
TiCo.7701.20N1.37 138.6 0.28179 9.55E-05 1.0012 0.79327 0.31581 9923 3.1326
TiC1.8100.73N1.61 137 0.09542 0.014923 0.21388 0.84 0.16714 10725 3.46
Table 3
Electrochemical parameters after sliding.
Rsolution CP N Rﬁlm
Value % Error Value % Error Value % Error Value % Error
TiCo.7800.31No.51 136.7 0.20501 0.000436 0.82371 0.74844 0.3691 5844 4.2594
TiCo.7701.20N1.37 150.8 0.24681 0.0001063 0.82642 0.83074 0.2759 7233 1.7858
TiC1.8100.73N1.61 136.2 0.07251 0.0014979 0.17926 0.84644 0.13719 7856 24273

Fig. 12. SEM images. (a) Pits, +0.5V, 3 N. (b) Cracks, +0.5 V, 3N. (c) Dissolution of the substrate, +0.5 V, 3 N. (d) Film completely removed, OV, 6 N. (e) Clear wear path.

(f) Enlarged view of the worn surface.

In addition, the sample with an r. value of 4.1 has lower
thickness in comparison with the sample with r.=1.6, but it has
less depth caused by wear. This behavior is very important
because it indicates that low structural/morphological quality of

the film (for example r.=4.1) leads to better behavior in wear
resistance. In the case of the sample with r.=1.6, although it is
thicker, the wear depth is higher than in the sample with r.=4.1.
Thus, this study reveals that the wear and corrosion volume of the
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Fig. 15. Schematic diagram of the tribocorrosion process at the tribological contacts
in the presence of saliva.

thin films is not directly related to hardness, thickness or the
number of defects in the samples. However, such mechanical
parameters have an influence on the film behavior, in accordance

with film structure and test conditions, which clearly indicates
that the structure and morphology of the sample can have a strong
influence in the degradation behavior [25-28,33-35].

3.7. Possible mechanisms

A schematic diagram was developed to understand the wear-
corrosion mechanisms involved in the process, as shown in Fig.15.
In fact, the wear scar and driving mechanisms are closely related
to the contact geometry and environment. A schematic diagram
illustrates the complex conditions at the contact zone. This figure
shows that the pin is under reciprocating motion in the presence
of the electrolyte. During the pin motion, due to the tribological
events and corrosive kinetics, metal ions and wear debris will be
released to the surrounding electrolyte. The wear-corrosion
mechanism will be influenced by the changes in the media and
the presence of the third bodies. There is also the possibility of
crack initiation, and the effect of the solution can further trigger
the tribological events and accelerate the total wear mechanisms
[27]. More explanations of the possible mechanisms are given in a
previous work by our group [23,24].

The work will be extended to analyze the influence of other
mechanical and chemical parameters on the tribocorrosion pro-
cess. In addition, new methodologies, such as mapping and
modeling, are required to gain a broader understanding of the
wear corrosion interaction and the resulting synergistic effects
[29,30,32-36].

4. Conclusions

Based on this study of Ti-C-O-N thin film degradation, we can
make the following conclusions:

® The initial corrosion results show that the thin films in the
different samples can protect the substrate because they
exhibit better behavior than the substrate.

® The tribocorrosion results show that the sample with r.=4.1
exhibits better behavior.

® [n the tribocorrosion tests, it is clear that all samples lost the
film and the substrate was exposed, in agreement with the total
wear-corrosion volume loss (Kyc).

® Possible degradation mechanisms were discussed; cracking
and pitting could delaminate the film. The presence of corro-
sion products and wear debris could be involved in the
degradation process.

® The results indicate that the tribocorrosion behavior of thin
films is directly related to the structure and thus the thickness,
hardness and composition of the sample.
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