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Abstract: The present study aims to explain how the incorporation of anatase TiO2 nanoparticles at
three different concentrations, i.e., 1, 3, and 5 g/L, into the ceramic-like oxide plasma electrolytic
oxidation (PEO) coatings on pure titanium substrate can affect the friction and wear behavior
of the coatings in simulated body fluid (SBF) aqueous solution. For this purpose, a ball-on-disk
friction and wear tester was utilized to characterize the wear performance of the PEO coatings. The
morphology and dimensions (width and depth) of wear tracks were analyzed by scanning electron
microscopy (SEM) and 2D depth profilometry, respectively. The results indicated that abrasive wear
was identified in all PEO coatings; however, the coefficient of friction (COF), wear volume loss, and
wear rate were strongly affected by the concentration of TiO2 nanoparticles. The coatings containing
TiO2 nanoparticles presented a lower COF, less wear volume loss, reduced wear rate, and improved
wear resistance due to having smoother surfaces and the presence of hard TiO2 nanoparticles on
their surfaces and inside the pores. The coating with 3 g/L of TiO2 nanoparticles demonstrated
the lowest wear rate value of 1.33 × 10−6 mm3/Nm (about a 32% reduction compared with that of
coating without TiO2 nanoparticles) and the best wear protection properties among all coatings under
investigation. The findings suggest TiO2 nanoparticles incorporated PEO coatings as a promising
choice of surface treatment wherein the load-bearing capacity of titanium implants is critical.

Keywords: TiO2 nanoparticles; titanium; plasma electrolytic oxidation (PEO); wear; simulated body
fluid (SBF)

1. Introduction

Titanium and its alloys are very popular in orthopedic and dental implant applications,
owing to their suitable mechanical strength, corrosion resistance, and biocompatibility [1–3].
The excellent corrosion resistance of titanium is because of the natural oxide film of a few
tens of nanometers that spontaneously forms over its surface upon exposure to air or
moisture [4,5]. However, major problems with titanium and its alloys, which substantially
confine their clinical performance in load-bearing implant applications, are their weak
wear-resistance properties and high friction coefficient caused by damage to the thin and
brittle oxide film that results in severe adhesive wear [3,4,6,7]. Wear of the implants releases
significant amounts of metallic particles into the human body, causing local irritations or
systemic issues and loosening of the implants which could result in their removal [8,9].
Therefore, to enhance the titanium implants’ tribological properties and increase their
long-term service life, proposals have included coating their surfaces using different sur-
face modification techniques such as plasma electrolytic oxidation (PEO), physical vapor
deposition (PVD), chemical vapor deposition (CVD), and plasma spray [8,10,11].

As a simple, efficient, and eco-friendly electrochemical process applied at high external
potential, PEO is considered an promising method for modifying the surface of titanium
and its alloys [12–14]. PEO ceramic-like oxide coatings are porous, hard, and thick, and

Metals 2023, 13, 821. https://doi.org/10.3390/met13040821 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met13040821
https://doi.org/10.3390/met13040821
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0001-9560-0049
https://orcid.org/0000-0001-5090-4866
https://doi.org/10.3390/met13040821
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13040821?type=check_update&version=1


Metals 2023, 13, 821 2 of 14

adhere well to the substrate, providing high resistance to corrosion and wear [15]. Moreover,
the porous nature of the PEO coatings brings an opportunity for incorporating nano- or
micro-sized particles such as SiC, TiO2, ZrO2, CeO2, and Al2O3 added into the electrolyte
into them, thereby enhancing the coatings’ hardness and wear properties [16–20]. As
an example, Shokouhfar et al. [18] found that the integration of SiC, Al2O3, and TiO2
nanoparticles into the PEO coatings increased their surface hardness and reduced their
surface roughness, coefficient of friction (COF), and wear rate (W). In another study,
Xu et al. [21] concluded that the incorporation of SiO2 nanoparticles into the PEO coating
reduced COF and W values of the coating, because of the high hardness and self-lubricating
properties of such particles, and eventually improved its tribological performance.

To date, scholars have mainly focused on the role of incorporated nano- or microparti-
cles in PEO coatings on dry friction and wear properties of coatings and only a few studies
have investigated the tribological behavior of these in wet and lubricating environments.
This work aims to study the wear and friction characteristics of PEO oxide coatings formed
on pure titanium substrate under the influence of anatase TiO2 nanoparticles added into
the electrolyte in simulated body fluid (SBF) solution, using the ball-on-disk technique.
Accordingly, the surface microstructure and roughness, phase composition, COF, wear
volume loss (V), and W values and also wear mechanism of the obtained PEO-coated
specimens are investigated.

2. Materials and Methods

Commercial pure titanium (grade 2) 20 × 20 × 1 mm3 plates were utilized as substrate
material (anode). Samples were ground using SiC sandpapers, cleaned with ethanol,
and then rinsed with distilled water before the coating process. The PEO treatment was
conducted in pulsed direct current (DC) mode (PM700/7 PRC, IPS apparatus) in an aqueous
electrolyte solution containing Na3PO4.12H2O, KOH, and Ca3(PO4)2 without and with
different concentrations of anatase TiO2 nanoparticles. The average diameter of TiO2
nanoparticles was 20 nm. Na3PO4.12H2O and KOH were used as agents for preparing an
alkaline electrolyte and increasing the electrical conductivity of the electrolyte, respectively.
Ca3(PO4)2 is a biocompatible material that is used as a source of Ca and P, the two main
compositional elements of human bone, in the PEO process electrolytes to prepare Ca-P
coatings for biological applications [22]. The composition of the electrolytes used in this
study is given in Table 1. A MIRA III TESCAN scanning electron microscope (SEM—made
in Brno, Czech Republic) was used to record the image of the TiO2 nanoparticles (see
Figure 1). To disperse the TiO2 nanoparticles in the electrolytes, we used an ultrasonic
instrument. During the coating process, the electrolyte was continuously agitated by a
magnetic stirrer and cooled with cold water to hold its temperature below 35 ◦C. The
settings of the PEO process were as follows: 2000 Hz for the frequency of the pulse,
5 A/dm2 for the current density, 30% for the duty ratio, and 5 min treatment time.

Table 1. The chemical composition of the PEO process electrolytes for each sample code.

Sample Code
Components (g/L)

Na3PO4.12H2O KOH Ca3(PO4)2 TiO2 Nanoparticles

0-TiO2 5 3 1 0
1-TiO2 5 3 1 1
3-TiO2 5 3 1 3
5-TiO2 5 3 1 5
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Figure 1. The SEM image of the anatase TiO2 nanoparticles at a magnification of 100,000×.

The PEO coatings’ surface morphology was observed using the SEM images (captured
by a QUANTA 200 FEI microscope, made in Hillsboro, OR, USA). The SEM images of
the PEO coatings were further analyzed using Microstructural Image Processing (MIP)
software in order to determine their average pore size and porosity percentage. The
phase identification of the coatings was performed with an X-ray diffractometer (PHILIPS-
PW1730 diffractometer equipped with a Cu Kα source, operating at 40 kV and 30 mA with
a step size of 0.05◦, made in Eindhoven, Netherlands). The quantitative analysis of the
anatase and rutile TiO2 phases of the PEO coatings was performed according to the Rietveld
refinement method utilizing Material Analysis Using Diffraction (MAUD) software. The
RT2200 PCE roughness tester (made in Meschede, Germany) was employed to measure the
surface roughness of the PEO coatings. Each measurement was made 10 times on each side
of the sample, and the obtained data were averaged.

The wear behavior of the PEO coatings was assessed using a ball-on-disk oscillating
tribometer (Faragir Sanat Mehrbin, Isfahan, Iran) with a 5 N normal load, a rotation speed
of 50 rpm, and a track diameter of 10 mm with a sliding distance of 50 m in SBF solution
(pH = 7.4) at room temperature. The composition of the SBF solution is summarized in
Table 2 [23]. Al2O3 ceramic balls of 6 mm diameter were utilized as abrasive friction
partners. During the experiments, the COF of the samples was recorded using a computer
connected to the tribometer. To calculate the V of the samples, the wear profile was
measured after each wear test with a 2D depth profilometer (Mitutoyo, SJ-210/310/410,
made in Bangkok, Thailand). Then, the W corresponding to each PEO-coated sample was
obtained using Equation (1) [24]:

W = V/PL (1)

where V is the wear volume loss, P is the normal load, and L is the sliding distance. Each
measurement was repeated 3 times for each PEO-coated sample. Finally, the morphology
of the wear tracks was examined using SEM images.
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Table 2. The chemical composition of SBF solution used in tribological tests.

Component Amount

NaCl 8.035 g/L
NaHCO3 0.355 g/L

KCl 0.225 g/L
K2HPO4.3H2O 0.231 g/L
MgCl2.6H2O 0.311 g/L

1.0M-HCl 39 mL
CaCl2 0.292 g/L

Na2SO4 0.072 g/L
Tris 6.118 g/L

3. Results and Discussions
3.1. Surface Microstructure and Roughness of Coatings

The surface microstructure and roughness of the PEO coatings are among the impor-
tant factors affecting the wear-resistance properties of the coatings. Figure 2 shows the
surface microstructure of the PEO coatings without and with different concentrations of
TiO2 nanoparticles at low and high magnifications. It was observed that the surfaces of all
coatings were characterized by micropores, as typical features of the PEO process [25,26],
though the size, number, and shape of the micropores differed between each coating. Ac-
cording to the reported data in Table 3, the coating without TiO2 nanoparticles possessed
the lowest degree of porosity (2.17%) but the highest average pore size (1.42 ± 0.75 µm)
among all the tested coatings. The addition of TiO2 nanoparticles into the electrolyte
reduced the surface porosity of the coatings from 5.73% to 2.28% due to the closure of many
micropores. On the other hand, the average pore size of the coatings with TiO2 nanoparti-
cles decreased from 1.38 ± 0.72 to 1.00 ± 0.63 µm as the concentration of TiO2 nanoparticles
was increased from 1 to 3 g/L, and then increased to 1.27 ± 0.71 µm with further addition
of TiO2 nanoparticles up to 5 g/L. This might have been caused by changes in the size and
intensity of the sparks that occurred on the surface of the anode during the coating process
with the increase in the concentration of TiO2 nanoparticles in the electrolyte.

Additionally, tiny white nanoparticles (indicated by yellow arrows) and agglomerates
of such particles could be seen over the surface and in the pores of the TiO2 nanoparticles-
containing coatings (see Figure 2c,e,g). It seems that most of the TiO2 nanoparticles were
spread over the surfaces rather than filling the pores. Having a zeta potential of −20.20 mV
in the PEO experimental alkaline electrolyte (with a pH of 12.46), the TiO2 nanoparticles
were charged negatively and then migrated toward the anode due to electrophoresis [27],
and were successfully included in the coatings. With the addition of greater amounts of
TiO2 nanoparticles into the electrolyte, more nanoparticles entered the coatings. According
to our previous study [28], adding TiO2 nanoparticles into the electrolyte did not alter the
coatings’ thickness significantly (see Table 3).

Moreover, the PEO coatings that incorporated TiO2 nanoparticles had lower surface
roughness values (in the range of 0.35 ± 0.03 to 0.38 ± 0.01 µm) in comparison with the
coating without TiO2 nanoparticles (with a surface roughness value of 0.52 ± 0.03 µm) (see
Table 3). This may have resulted from the smaller micropores size and the trapping of some
nanoparticles in the micropores of coatings with TiO2 nanoparticles. However, there was
no major dissimilarity between the surface roughness values of the PEO coatings prepared
with the addition of different concentrations of TiO2 nanoparticles into the electrolyte.
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(f,g) 5 g/L of anatase TiO2 nanoparticles at low and high magnifications (5000× and 20,000×, respectively).
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Table 3. The average pore size, porosity percentage, surface roughness, and thickness values of the
PEO coatings without and with different concentrations of anatase TiO2 nanoparticles.

Sample Average Pore Size (µm) Porosity (%) Roughness (µm) Thickness (µm)

0-TiO2 1.42 ± 0.75 2.17 0.52 ± 0.03 3.66 ± 0.83
1-TiO2 1.38 ± 0.72 5.73 0.35 ± 0.03 3.75 ± 0.86
3-TiO2 1.00 ± 0.63 2.50 0.38 ± 0.03 2.85 ± 0.62
5-TiO2 1.27 ± 0.71 2.28 0.38 ± 0.01 2.70 ± 0.75

3.2. The Phase Identification of the Coatings

The XRD patterns of different PEO coatings are given in Figure 3. While the coating
without TiO2 nanoparticles contained anatase (reference code 00-002-0387) and a small
amount of rutile (reference code 01-078-1510), as two major polymorphs of TiO2, the
coatings with TiO2 nanoparticles were mainly composed of anatase. The formation of rutile
and anatase is due to the outward migration of titanium and the inward migration of oxygen
at the metal–electrolyte interface [22,29]. Moreover, the peaks of the titanium substrate
(reference code 00-001-1198) were mainly caused by the porosity and low thickness of
the coatings within the penetration depth of the X-rays. According to the calculated
mass fraction of anatase and rutile phases present in the coatings, as shown in Table 4,
by increasing the concentration of TiO2 nanoparticles in the electrolyte up to 3 g/L, the
quantity of anatase decreased from 76.6 to 62.0 wt.%. However, it did not change further
with addition of TiO2 nanoparticles up to 5 g/L. Therefore, it was apparent that despite the
increase in the concentration of TiO2 nanoparticles in the electrolyte, the amount of anatase
in coatings did not increase. Based on our previous study [28], Fourier-transform infrared
spectroscopy (FTIR) analysis confirmed the presence of phosphate (PO4

3−) compounds in
the coatings caused by the use of phosphate-based electrolytes in the PEO process.
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Table 4. The anatase and rutile phases’ mass fraction of the PEO coatings without and with different
concentrations of anatase TiO2 nanoparticles.

Sample Anatase (wt.%) Rutile (wt.%)

0-TiO2 76.6 9.3
1-TiO2 74.6 1.7
3-TiO2 62.0 -
5-TiO2 63.5 1.0

3.3. Wear Behavior of the Coatings in SBF Solution

The COF curves in terms of the sliding distance and calculated average COF values of
the PEO coatings without and with different concentrations of TiO2 nanoparticles obtained
by the ball-on-disk wear test with a load of 5 N and 50 m distance against an Al2O3
ceramic ball in SBF solution are shown in Figures 4 and 5, respectively. As can be observed
in Figure 4, a sharp increase in COF was observed in all curves at the beginning of the
test. Piling up of wear debris on the wearing path and the rolling of fine particles over
each other, in addition to cold bonding between the surfaces, led to fluctuations in the
COF curves of all the PEO-coated samples. The coatings with TiO2 nanoparticles showed
smaller average COF values (in the range of 0.06 to 0.20) than the coating without TiO2
nanoparticles (with an average COF value of 0.27). The reason for this can be traced back
to the lower surface roughness values of the coatings with TiO2 nanoparticles (see Table 3).
The surface roughness of solid materials is an important factor that affects the contact
stress, adhesion, and friction between two surfaces [30]. Similar results were obtained
by Shokouhfar et al. [18]. Moreover, while the average COF value of coatings with TiO2
nanoparticles initially decreased from 0.20 to 0.06 by incorporating TiO2 nanoparticles up
to 3 g/L, the extra addition of the TiO2 nanoparticles up to 5 g/L resulted in an increase of
the average COF value to 0.14.
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The electron microscopy images from the worn surfaces of the PEO-coated samples are
exhibited in Figures 6 and 7. Due to the small thickness and the high brittleness of the PEO
ceramic coatings, all coatings appeared to have been completely worn out. The titanium
substrate under the coatings was plowed after sliding for 50 m. The worn surfaces mainly
displayed plowed grooves parallel to the sliding direction with some detached wear debris,
indicating a characteristic feature of the abrasive wear mechanism. According to the review
paper by Guo et al. [31], while the wear behavior under dry friction conditions usually
involves adhesive wear and material transfer, the liquid medium to a certain extent inhibits
adhesive wear and material transfer. Therefore, it seems that the liquid SBF medium
inhibited the adhesive wear in the coatings and the transfer of material from the Al2O3
ceramic ball. It can be observed that the wear track on the surface of the PEO coatings
with TiO2 nanoparticles was narrower, smoother, and more uniform with noticeably less
damage, compared with that on the surface of the coating without TiO2 nanoparticles. The
latter showed extensive delamination and plowing of the titanium substrate. Therefore,
as was expected, the incorporation of TiO2 nanoparticles into the coatings had a positive
effect on the wear behavior.

The above observations were further supported by the 2D depth profiles of the coatings’
wear tracks. According to Figure 8, the cross-sectional area of the wear track on the surface
of the coating without TiO2 nanoparticles (with measured width and depth of 1.21 mm
and 24.47 µm, respectively) was wider and deeper than that on the surfaces of coatings
incorporating TiO2 nanoparticles. Therefore, it can be concluded that the introduction of
TiO2 nanoparticles into the electrolyte effectively lowered the wear volume loss and wear
rate values of the coatings from 0.49 to 0.33 × 10−3 mm3 and 1.97 to 1.33 × 10−6 mm3/Nm,
respectively, (see Figure 5), and thereby improved the coatings’ wear resistance properties.
Generally, the wear performance of PEO coatings can be affected by their mechanical
properties (e. g. surface hardness), chemical composition, surface roughness and porosity,
and thickness [20,30]. Accordingly, the better anti-wear properties of the coatings with
TiO2 nanoparticles may be attributed to the presence of hard TiO2 ceramic nanoparticles on
the surfaces and inside the pores as well as the lower surface roughness of the coatings.
PEO coatings’ wear resistance can be effectively enhanced with the addition of hard
nanoparticles [20,32]. Moreover, PEO coatings with high surface roughness show an
increased rate of wear [33,34].
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(g,h) 5 g/L of anatase TiO2 nanoparticles after the ball-on-disk wear test in SBF solution, viewed at
magnifications of 50× and 2000×.

It is evident from Figure 8 that the width and depth of the wear tracks on the surfaces
of the PEO coatings with TiO2 nanoparticles decreased for different concentrations of the
nanoparticles, in the following order: 1 and 5 g/L < 3 g/L and 3 g/L < 5 g/L < 1 g/L,
respectively. Due to the incorporation of more TiO2 nanoparticles and also the reduction of
the size and content of the porosity, the wear performance of the coatings was enhanced by
increasing the concentration of TiO2 nanoparticles up to 3 g/L (see Figure 5). Porosities
and pores may play a nocuous role in the tribological performance of PEO coatings because
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they may cause the application of higher stresses to the outmost surfaces or could be
initiation sites for cracks [35]. However, the addition of 5 g/L of TiO2 nanoparticles into
the electrolyte had a detrimental effect on the wear resistance of the coating in terms of
increasing the wear volume loss and wear rate (from 0.33 to 0.45 ×10−3 mm3 and 1.33
to 1.80 × 10−6 mm3/Nm, respectively) (see Figure 5). This might be due to the increase
in the average size of the pores after the addition of more TiO2 nanoparticles into the
electrolyte. Aliofkhazraei et al. [36] reported that lower amounts of nanoparticles distribute
well and provide better anti-wear performance in coatings, due to the agglomeration of
nanoparticles in the valleys of coatings that occurs at high concentrations. Therefore, the
higher agglomeration of TiO2 nanoparticles at a concentration of 5 g/L might deteriorate
the wear performance of the coating. The best wear protection properties were obtained in
the coating with 3 g/L of TiO2 nanoparticles, leading to a reduction of about 32% in the
wear rate value. Therefore, the wear-resistance properties of the PEO coatings were found
to be dependent on the concentration of TiO2 nanoparticles.
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Our results are in good agreement with those of other research works. Improvement
in the friction and wear behaviors of PEO coatings after the addition of nanoparticles has
also been demonstrated by other researchers. For example, Shokouhfar et al. [18] observed
that due to its lowest COF value, despite having a lower surface hardness, a PEO coating
with TiO2 nanoparticles showed a lower wear rate value compared with coatings without
nanoparticles or with SiC and Al2O3 nanoparticles. Mozafarnia et al. [30] concluded that
increasing the concentration of TiO2 nanoparticles in the electrolyte up to 3 g/L led to
reduced wear weight loss and wear rate values, due to the increase in surface hardness of
the PEO coatings. However, further addition of TiO2 nanoparticles in the electrolyte up
to 4 g/L increased the wear weight loss and wear rate values of the coatings, because of
the increase in surface roughness and the size of the pores. Aliofkhazraei et al. [20] found
that the wear rate of the PEO coatings was reduced by adding CeO2 nanoparticles into the
electrolyte. They reported that the lowest wear rate and the best anti-wear properties were
obtained when the concentration of CeO2 nanoparticles in the electrolyte was 25 g/L. CeO2
nanoparticles reduced the microstructural defects and surface roughness of the coatings
and therefore improved the wear-resistance properties of coatings. However, the wear rate
of the coating increased when more CeO2 nanoparticles up to 50 g/L were embedded into
the coating. This might be due to the increasing surface porosity and roughness of coatings
caused by the further addition of CeO2 nanoparticles.

4. Conclusions

In the present study, ceramic porous oxide coatings consisting of anatase and rutile
TiO2 phases were prepared successfully via the plasma electrolytic oxidation (PEO) coating
process using the electrolytes with different amounts (0, 1, 3, and 5 g/L) of anatase TiO2
nanoparticles on pure titanium substrate. The incorporation of TiO2 nanoparticles into the
coatings increased their porosity while decreasing the mean size of the pores and the surface
roughness. However, by adding TiO2 nanoparticles into the electrolyte, no significant effect
on the thickness of the coatings was observed. The morphology of worn surfaces after the
ball-on-disk wear test in simulated body fluid (SBF) solution indicated plowed grooves
parallel to the sliding direction with some detached wear debris, suggesting abrasive
wear as the main wear mechanism. Due to their smoother surfaces and the presence
of hard TiO2 nanoparticles on the surfaces and inside the pores, the coatings with TiO2
nanoparticles showed better wear resistance (lower coefficient of friction and wear rate)
than the coating with no TiO2 nanoparticles. Furthermore, the wear resistance of the TiO2
nanoparticles-containing coatings increased in the order of 1 g/L < 5 g/L < 3 g/L. The
coating with 3 g/L of TiO2 nanoparticles had the minimum coefficient of friction and
wear rate values (0.06 and 1.33 × 10−6 mm3/Nm, respectively) and thus the best anti-wear
performance in SBF solution. By the addition of 3 g/L of TiO2 nanoparticles into the
electrolyte, the wear rate was reduced by about 32% in comparison to the coating without
TiO2 nanoparticles.
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