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Abstract: The applications projected in the coatings are in implants with the lower extremities since
they require a great load capacity and are essential for walking. Therefore, the use of devices or
implants is necessary for recovery, osteosynthesis, and fixation. The tribocorrosive behavior of
nanostructured compounds based on titanium oxide with an intermediate layer of gold deposited
on titanium substrates was determined. These coatings were obtained using the reactive magnetron
sputtering technique. Tribocorrosive properties were evaluated at sliding speeds of 3500 mm/min,
4500 mm/min, 6000 mm/min, 7500 mm/min, and 9000 mm/min with loads of 1 N, 2 N, 3 N,
4 N, and 5 N. The coatings were characterized by X-ray photoemission spectroscopy and X-ray
diffraction, and the surface roughness was analyzed by atomic force microscopy. The dual mechanical
and electrochemical wear tests were carried out with a potentiostat coupled to a pin on the disk
system. The system was in contact with a hanks solution (37 ◦C), which acted as a lubricant.
Structural characterization made it possible to identify the TiO2 compound. In the morphological
characterization, it was found that the substrate influenced the surface properties of the coatings.
The tribological behavior estimated by the wear rates showed less wear at higher load and sliding
speeds. It was shown that it is possible to obtain coatings with better electrochemical and tribological
performance by controlling the applied load and slip speed variables. In this study, a significant
decrease corresponding to 64% was obtained, specifically in the speed of deterioration, and especially
for a load of 5 N, depending on the sliding speed that went from 0.2831 mpy (Mils penetration
per year) to 3500 mm/min compared to 0.1045 mpy at 9000 mm/min, which is explained by the
mechanical blockage induced by the coating.

Keywords: thin films; titanium oxide; gold; corrosion; tribology

1. Introduction

Studies carried out from the biomedical point of view have determined favorable
conditions of biocompatibility in titanium implants. When titanium oxidizes, it generates
a thin superficial layer of TiO2 due to the passivation process when it comes into contact
with aqueous media, such as physiological solutions. However, additional conditions are
necessary to improve the oxide layer’s effectiveness. Therefore, it is necessary to apply
vacuum heat treatments to the material [1]. It has also been found that the thin layer of TiO2
(in the order of nanometers) is responsible for titanium implants’ high degree of biocom-
patibility and allows the neutralization of free radicals that are produced in inflammatory
processes. This evaluation was carried out on surfaces with thicknesses between 5 and
100 µm [2]. New research should focus on reducing the thickness of the layers in order
to avoid the dimensional modification of parts to be replaced. The magnetron sputtering
technique is ideal for this application because it allows coatings with good adherence to
be obtained and the need for intermediate gold layers to block the passage of ions to the
substrate. Other advantages of the magnetron sputtering technique are the growth of
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coatings with thicknesses less than 5 µm and good mechanical properties. Although it has
been in production for several decades, thin-film technology is still under development.
Everyday advances are presented in the techniques for producing thin films by physical
vapor deposition PVD, which are based on the study of the conditions for obtaining them
and the formulation of optimal stoichiometries to generate effective materials [3].

The action of tribology is related to joint replacements due to the characterization of
the behavior of the implant, evaluating the factors that affect its useful life [4]. In the case
of hip or knee joint replacements, phenomena such as wear or corrosion can lead to the
loss of the prosthesis [5]. These phenomena can coincide or be in isolation in everyday
situations, such as standing up, performing physical activities, or walking. Gait speeds in
an average person can vary depending on factors such as anthropometric measurements,
age, gender, and external factors related to the terrain, type of footwear, and if the person
carries any load. However, under normal conditions, walking speeds are classified into
three types: low, medium, and high speeds, which are also characterized by a range from
0.8 to 1.5 m/s in an average person [6]. On the other hand, the loads on the hip or knee can
vary depending on the person’s walking position. These factors are relevant because they
are the starting point for studying the possible wear that joint replacements may present [7].

There are several studies involving titanium and gold. It is possible to cite a new
method to improve the biofunctionalization of Ti materials by immersing them in gold-
sprayed titanium plates [8]. This is alongside exhibiting antibacterial properties and
influencing the processes of osteoblast cell growth [9–12], the osseointegration of dental
implants [13], the use of TiO2 [14,15] in photoactivity, and the study of the effect of gold
coating on porcelain adhesion [16].

In biological systems, orthopedic implants are subjected to repetitive cycles, generating
mechanical wear on the material’s surface. In most cases, two or three bodies are in contact,
causing abrasive, adhesive, friction, or even fatigue wear [17]. These unwanted factors
in the human body alter the balance of the system by presenting aseptic loss due to the
detachment of particles, causing an inflammatory response (osteolysis) and the loss of the
implant. In addition, to wear, corrosion leads to accelerated degradation due to chemical
processes generated on the implant surface. Phenomena such as pitting corrosion (crevice
corrosion), intergranular corrosion, or fatigue corrosion release ions that can cause damage
at a cellular level, the appearance of tumors, and damage to the surrounding tissues [18,19].

Wear and corrosion are also destructive mechanisms affecting the valuable life of
orthopedic implants. The wear and formation of harmful particles occur in artificial joints
that impact the wearer’s performance and health. Furthermore, when the metallic parts of
implants are exposed to body fluids, they become oxidized and generate corrosion products,
affecting the implant and causing health risks [20]. Titanium alloys are widely used in the
biomedical industry due to their excellent mechanical properties, corrosion resistance, and
cytocompatibility. However, unfortunately, the tribological properties are poor, and the
shelf life in the human body is limited. Therefore, the development of coatings that protect
materials from degradation and improve useful life is required [20].

This work studied the synergy between wear and corrosion as a cause of failure in
metallic implants and as a function of variables such as the applied load, sliding speed,
wear rate, and corrosion rate. In addition, the performance of the material that covers the
titanium applied in biomaterials was characterized. For the evaluation of the behavior of
the TiO2 films, tribology and corrosion tests were applied under simulated biological fluid
conditions (Hank’s solution).

2. Materials and Methods

The films were obtained in a magnetron sputtering RF. The equipment consisted of a
stainless-steel chamber with working pressures close to 10−7 Torr, a controlled atmosphere
generation system, a vacuum system made up of a mechanical pump, and a turbo-molecular
pump connected in series. The Pirani-type pressure sensor with a 1-inch diameter mag-
netron was located above the target, and a 13.56 MHz RF source with impedance matching.
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Titanium targets with a 4-inch diameter of 99.9% purity were used. The constant parameters
were 50 W of power, a working pressure of 2.6 × 10−3 mbar, and a substrate temperature
of 300 ◦C. Variation in the oxygen percentage at 12.5%, 25%, 37.5%, and 50% took place in
the Ar/O2 gas mixture. Gold films approximately 800 nm thick were deposited at room
temperature with an 80-rpm rotation of the substrate, 150 W DC power in the gold target,
and a time of 20 min. The thickness of the TiO2 films was approximately 1600 nm.

XPS experiments were carried out in a SPECS Sage HR 100 spectrometer with a non-
monochromatic X-ray source (Magnesium Kα line of 1253.6 eV energy). Power was applied
at 250 W and calibrated using the 3d5/2 range of Ag with a full width at a half maximum
(FWHM) of 1.1 eV. The selected resolution for the spectra was 15 eV of pass energy and
0.15 eV/step. All measurements were performed under an ultra-high vacuum (UHV)
chamber at a pressure of around 8 × 10−6 Pa. The samples were assessed subsequently to
the deposition with the PVD technique.

The X-ray diffraction technique used an EMPYREAN-PANalytical unit with Cu-Kα

monochromatic radiation and a wavelength of 1.5406 Å. Bragg-Brentano geometry, go-
niometer in θ/θ configuration, a 2θ range. between 10◦ and 90◦, and a step and step time of
0.02◦ and 2 s were also used, respectively. In the mineralogical characterization, the differ-
ent crystalline phases were identified by comparing the particular diffractions of the spectra
obtained with the spectra of the COD-2022 database (crystallography open database).

Before the wear tests, the surfaces of the samples were analyzed by atomic force
microscopy (AFM), in an area of 45 µm × 45 µm, in the contact mode and using Asylum
Research model MFP-3D equipment. A Carl Zeiss LSM 700 Laser scanning confocal
microscope (LSCM) was used in the topographical characterization of the worn surfaces.

For the evaluation of the tribocorrosion tests, the radius of the track was 0.003 m,
and the travel distance was 50 m. The selected pin is made of bone with a pin diameter
of 0.004 m and a rounded head. The pin was made from a bovine femur head. Hank’s
solution was used for the tests in simulated biological fluid. The equipment on which the
tribology tests were carried out was a nanovea T100 tribometer. The selected speeds were
3000, 4500, 6000, 7500, and 9000 mm/min with loads of 1, 2, 3, 4, and 5 N.

The surface roughness of the samples was measured on the Ra scale by AFM and
using AFM-Nanosurf Easyscan 2 STM equipment.

3. Results
XPS

The electronic properties of the gold adhesive layer-type coatings and the TiO2 func-
tional coating were evaluated by X-ray photoemission spectroscopy [21]. Figure 1 shows
the gold coating 4F5/2 y and gold coating 4F7/2 bonds at 87.92 eV and 84.26 eV, respectively.
This result provides evidence of the non-existence oxidation of the deposited gold [12].

Figure 2 shows the spectrum of the TiO2 components deposited on a gold layer. The
interaction between gold and TiO2 at the interface is evident. In the spectrum, signals
corresponding to plasmonic loss and associated with TiO2 were obtained at 471 eV and
477 eV. The peaks located at 464 eV and 458 eV are related to the orbital spin Ti2p3/2 y
Ti2p5/2. These photoelectron peaks are attributed to the elements of titanium and oxy-
gen [22]. Stoichiometrically relates two oxygen atoms bonded to a titanium atom and
corresponds to the characteristic ionization of oxygen located as a vacancy in the crystal
structure, generating a region that stoichiometrically corresponds to oxidation.

Figure 3 shows the XRD spectrum of the gold coating. The structural parameters were
calculated by Rietveld refinement [23]. By employing the letter JCPDF 040784, its correspon-
dence with the gold compound was determined. In the spectrum, Bragg reflection peaks
were observed at 38.20◦ and indexed in the (111) planes and 81.90◦ corresponding to the
crystallographic plane (222), for which it is established that it corresponds to crystalline gold
with high purity. Gold has an FCC structure with lattice parameters a = b = c = 4.0786 Å
and angles α = β = Υ = 90◦.
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Figure 3. X-ray diffraction spectrum of the intermediate layer of gold located between the substrate
and the TiO2 coating.

Figure 4 shows the X-ray diffraction spectrum of the TiO2 compound deposited on
the (intermediate) layer of gold. In the diffractogram, peaks (2θ = 47.81◦) indexed in (200)
planes, 56.36◦ indexed in (211) planes, and 2θ = 86.33◦ indexed in the (312) planes are
identified. They confirm the TiO2 compound according to the crystallographic base JCPDF
211,276 [24]. TiO2 is the only crystalline compound present [25].
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Figure 5 shows the gold (Figure 5a) surface topography and TiO2 (Figure 5b) coat-
ings [26]. The gold coating shows a heterogeneous surface where well-defined areas
associated with the preparation process of the titanium substrate are evident. The two-
dimensional image of the sample (Figure 5a) shows changes in surface roughness due to
particle growth. The roughness values were determined at 4.7 ± 0.2 nm. The surface of the
TiO2 coating was rougher than that of the gold surface [27]. On this surface, the growth of
particles with varied sizes ordered as a “chain” was observed. As a result, the roughness
value of the TiO2 coating was 7.6 ± 0.8 nm.
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Figure 5. Topographic images obtained by atomic force microscopy. (a) Gold coating and (b) TiO2 coating.

The surface roughness values of the system were made up of a substrate-gold layer-
TiO2 layer that allowed characterization in the study region. It can be observed in the AFM
images obtained (Figure 5) that the changes in the sample surface were characterized by
slight growths of the grains due to the application of the gold film to generate the adhesion
of the titanium oxide layer. When the coating had all the layers, regions marked by a
plate-like growth were observed. Low roughness values in the gold sample are likely
due to the re-evaporation process of the material, which reduces the possibility of the
agglomeration of the grains during growth. The nucleation processes associated with the
formation of grains on the surface are the product of the reactions of the precursor species
during the deposition stage.

Figure 6 shows the potentiodynamic polarization curves of the TiO2 coatings when
evaluated at different sliding speeds and applied loads of 1 N, 2 N, 3 N, 4 N, and 5 N,
respectively. The potentiodynamic curves, Hanks’ solution with pH = 7.4, and 37 ◦C
temperature were used as the electrolyte [28,29]. The results allowed the coatings presented
at a low current density and noble corrosion potential to be deduced as behavior that
was evident in the coatings with increasing loads [30]. The trend of the potentiodynamic
polarization curves indicated the formation of a durable film. In addition, as the anodic
branch advanced, a zone between 0 mV and 150 mV vs. Ag/AgCl was observed where the
coating material tried to passivate. Although there was an irregularity in the behavior, the
presence of localized corrosion phenomena was not revealed. In all the cases evaluated, the
formation of a thin protective superficial passive layer was observed, which increased in
thickness due to ionic transfer through the film. Although an anodic solution associated
with the passive layer was also created, in that region, the increase in polarization did not
produce an increase in current density [31]. For the TiO2 coatings evaluated with loads
of 1 N, 2 N, and 5 N, a slight decrease in the current density was observed at 100 mV vs.
Ag/AgCl; this can be attributed to the gradual growth process of the film and subsequent
loss (instantaneous) after a critical time.
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Wear and corrosion are also present as destructive mechanisms that affect the useful
life of coatings. In this study, it was observed that increasing the sliding speed and the
load gave greater resistance to corrosion due to the absence of grain boundaries. These
grain boundaries are responsible for generating points with high free energy levels that
are prone to corrosion [32]. Varying the loads that are applied to the samples causes wear
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and the formation of harmful particles, impacting the excellent performance of the coating
system. Additionally, if the coatings are exposed to body fluids, they oxidize, generating
corrosion products which, when added to the wear products, affect the deposited material
and cause fractures.

The results showed a decrease in the corrosion rate as the load applied to the coating
increased. At loads of 1 N, the value of the corrosion rate increased more than double
concerning the other loads evaluated. The corrosion rate values were higher for sliding
speeds between 3000 mm/min and 4500 mm/min at a load of 1 N due to the release of ions
from the films. At loads of 1 N (Figure 7a), no tribo-films were formed. This behavior is
related to the non-passivation of the metal [33].
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Figure 7 shows graphs of the corrosion rate, which can be related to weight loss as a
function of distance. It can be observed that the corrosion rate increases in proportion to
the test time [34]. The Corrosion rate was determined using Equation (1).

Corrosion rate =
KWβaβc

(2.303)AD(βa + βc)

1
Rp

, (1)

K = a constant.
W = mass loss in g.
A = area in cm2.
D = density in g/cm3.
In general, it is observed that the effect of the load applied to the coatings is inverse

to the results for the corrosion rate. At loads of 1 N and speeds of 3000 mm/min and
4500 mm/min, the values of corrosion speeds produced the highest results for all the
systems evaluated. This behavior indicates that slip velocities influence the coating’s
corrosion current density (icorr). The corrosion current density decreases at higher sliding
speeds (6000 mm/min, 7500 mm/min, and 9000 mm/min) [35]. The low values in the
corrosion current density suggest the generation of a pseudo-passive film. Notably, the
6000 mm/min speed obtained an icorr value of approximately 0.03072 mpy, which is
three-fold lower than that found for the coating at 4500 mm/min.

For loads of 2 N (Figure 7b), the wear was very similar to the results found for loads
of 1 N. However, the maximum values in corrosion rate (0.06100 mpy) were observed
at sliding speeds of 7500 mm/min. For the other slip velocities, values were found in a
range from 0.045 mpy to 0.055 mpy. It is essential to highlight that at low sliding speeds, a
minimum corrosion rate value of 0.03579 mpy was found due to the re-passivation process
at the end of the run. The differences found for loads of 1 N in the re-passivation process
were related to the plastic deformation of the coating.

For loads of 3 N (Figure 7c), the average corrosion rate values were 0.045 mpy for the
range of sliding speeds. For example, at 4500 mm/min, the corrosion rate was 0.05836 mpy;
for 9000 mm/min, all the tests’ lowest current density values were obtained. Under these
parameters, the corrosion rate was 0.01710 mpy.

Regarding the study applying loads of 4 N (Figure 7d), the results show that the
electrochemical parameters remained constant. However, a slight increase in the corrosion
rate was observed at 4500 mm/min, which may be related to an accumulation of corrosion
products or substrate passivation [36].

For loads of 5 N (Figure 7e), a decrease in the corrosion rate was observed when
the sliding rate increased. The results established that these load conditions favored the
system’s protection because there was no evidence of an increase in the corrosive processes
produced by the saline solution and continuous movement.

Figure 8 shows the wear rates of the coatings as a function of the applied load and the
sliding speed. As shown, the trend for the change in wear rates is similar to the corrosion
rate; that is, it decreases as the applied load on the coatings increases. The estimated
minimum values were 1.37 × 10−10 mm3/N mm for loads of 5 N at a sliding speed of
9000 mm/min, which is an improvement compared to those subjected to loads of 1 N.
This behavior was also evident for coatings with loads of 3 N and 4 N and wear rates
of 1.71 × 10−10 mm3/N a 9000 mm/min y 2.07 × 10−10 mm3/N mm at 6000 mm/min,
respectively. The wear rate results indicate that the surface wear of the coatings could occur
at low loads 1 N and 2 N and was related to adhesion phenomena and the production of
abrasive particles causing abrasive wear. The abrasive particles come from the formation
of oxides in the substrate, which, when delaminated on the surface, promote abrasive
wear. Although wear rates are low, the gold coating acts as a protective layer preventing
the formation of abrasive particles and surface wear of this coating. Although for loads
of 3 N, 4 N, and 5 N, the wear rates were initially low, the difference lay in the sliding
speed because speeds greater than 6000 mm/min was necessary to reach the state of wear
in equilibrium and was related to the reduction in the wear on the surface of ceramic
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coatings. This result suggests that the present wear mechanisms differ for the lower sliding
loads and speeds (3000 mm/min and 4500 mm/min). As the sliding speed increased, the
local temperature increased due to the sliding of the pin against the coating surface. The
asperities and particles observed by atomic force microscopy (Figure 5) are oxides that
determined that anodic zones provided greater resistance so that movement could occur,
generating lower values of wear rates.
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Sliding wear under tribocorrosive conditions is related to the adhesion tendency be-
cause of the applied load and chemical reactivity concerning sliding velocities that influence
the current density. Figure 9a shows the impact of 1 N and 2 N loads for sliding speeds
between 3000 mm/min and 4500 mm/min. The result is a tendency for plastic deforma-
tion due to the transfer of oxide particles from dissolved or solid corrosion products [37].
Figure 9b associates the effect of increasing the load to 3 N. When the coating surface comes
into contact with the aqueous medium, thermodynamic and kinetic processes are initiated
which are responsible for the formation of an electrochemical interface, and generate ductil-
ity, thus decreasing the wear rate, especially at a sliding speed of 9000 mm/min. Figure 9c
corresponds to the results obtained for 5 N loads with low wear rates. Wear resistance
varies by magnitude depending on the operating conditions during sliding contact.
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Figure 9. Types of wear generated by the interaction of the load and sliding speed. (a) The presence
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Figure 10 shows the scanning electron microscopy images of the tracks in the coatings
at 1 N, 2 N, 3 N, 4 N, and 5 N loads for sliding speeds at low speeds (3000 mm/min) and
high speeds (9000 mm/min). The results show differences in terms of the morphology of
the wear track depending on the applied load. For 1 N (Figure 10a,b) and 2 N (Figure 10c,d)
loads, a more significant accumulation of fragments inside was observed in the wear
pattern at low speeds and at the sides of the tracks. This coating did not suffer damage and
plastic deformations in the form of grooves due to an increased temperature because of
tribological contact when carrying out the wear tests. For 3 N loads (Figure 10e,f), similar
results to those indicated above (1 N and 2 N loads) were observed. The only appreciable
difference is the smaller size of the wear track. There are no grooves or deformations that
can be related to good anti-wear behavior. Regarding the results found for loads of 4 N
(Figure 10g,h) and 5 N (Figure 10i,j), it was determined that at high sliding speeds, the pin
would not generate the central groove. Therefore, it is possible to affirm that the evaluated
coatings provided greater resistance to wear and low wear rates.
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4. Conclusions

The titanium oxide and gold interlayer coatings were successfully deposited by r.f.
magnetron sputtering on titanium substrates. Their crystallographic, morphological, tribo-
logical, and electrochemical properties were determined.

The tribocorrosive behavior of nanostructured titanium oxide composites with a gold
intermediate layer was evaluated as an average load and sliding velocity function. The
study determined the increased resistance to tribocorrosion at higher loads and sliding
speeds. The results indicate that the resistance was almost the same between the loads
and low speeds associated with the increase in the real contact area and the tendency
for adhesion. This conclusion is based on the wear rates of the coatings experienced in
each charge.

The structural characterization of the gold and TiO2 compound was obtained by
including an intermediate layer of gold in the system.

The topography was modified depending on the manufacturing parameters of coat-
ings, the interface layer of gold, and the TiO2 superficial layer.

The films showed the growth of small superficial grains with size variation for the
intermediate layer. Gold films were affected by the type of substrate and the deposition
temperature. The application of TiO2 layers favored the nucleation of larger and more
homogeneous surface grains.

The influence of the load applied to the coatings; the slip speed on the tribologi-
cal and electrochemical response was determined dually. Through the potentiodynamic
polarization curves, an increase in the corrosion rate was observed at loads of 1 N and
2 N. The trend in corrosion resistance values at sliding speeds between 3000 mm/min
and 4000 mm was also determined. Loads of 3 N, 4 N, and 5 N positively affected the
wear and electrochemical properties (corrosive), and a significant decrease in the rate of
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deterioration was observed. It is clear that increasing the pin slip speed positively affected
the tribo-electrochemical properties.

With the results obtained, it was possible to determine the material’s useful life. In
addition, this information allowed us to know the material through the operation time. It
is possible to predict the type of wear and areas of greater affectation due to the effect of
the load depending on the corrosion mechanisms.

The most significant limitation of this developed work was optimizing the deposition
process by modifying variables such as gas flow (Ar and O2), polarization voltage, working
pressure, and power density to obtain multilayer coatings with thicknesses close to 3 µm,
which could be implemented in implantology.

In the next phase of this research, biocompatibility tests of the obtained coatings are
required, and the information regarding osteoblastic differentiation and bacterial resistance
needs to be evaluated. Therefore, TiO2 has the necessary surface morphology to modify
orthopedic implants.
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