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A B S T R A C T

While titanium alloy biomaterials have moderate overall properties, they are often surface-engineered to 
enhance corrosion resistance, wear, biocompatibility, and antimicrobial qualities. Among various coating pro
cesses, PEO is favoured for its ability to embed ions and nanoparticles into the oxide coating. In this study, Ca, P 
and B-embedded titania layers were successfully formed on the surface of Ti45Nb substrates using PEO. In order 
to investigate the effect of the boron amount on tribocorrosion and antibacterial/antimicrobial properties, two 
different boron contents were used in B-embedded coatings. The results were compared with those of the sci
entific literature. As a result of XRD analyses, anatase and rutile phases, the two main polymorphs of TiO2, were 
detected on the substrate surfaces as expected. Ca, P and B ions embedded in the oxide layer were determined by 
XPS analyses. The simultaneous effects of wear and corrosion in the SBF fluid on the oxide coating with and 
without B embedment were investigated. At the same time, the impact of the presence of boron ion in the oxide 
layer and the amount of boron in the electrolyte on antimicrobial/antibacterial properties were analysed.

1. Introduction

The idea of producing biomaterials with properties closest to cortical 
bone is still one of the most important research topics in the scientific 
world. Despite all their disadvantages, due to their excellent properties, 
stainless steel, cobalt alloys, and Ti and Ti alloys are still considered 
unrivalled, especially in implant production. Nevertheless, among all 
these biomaterials, Ti and its alloys are the most preferred and used 
materials in knee and hip joint implants, bone plates, and fracture fix
ation screws due to their biocompatibility and good corrosion resistance 
[1–6]. Although Ti6Al4V, an α + β Ti alloy, is currently used commer
cially in the biomedical field, studies on β-Ti alloys have also increased 
considerably [7–10]. One of the main reasons for this trend is the 
mismatch between the elastic modulus of the implant material and the 
host bone, which can lead to stress shielding, resulting in bone resorp
tion and implant loosening [10–14]. Compared to other biomaterials, 
their low Young’s modulus, often called “bone-like modulus”, eases the 
stress shielding between the bone and the substantially stiffer implant 

material [15]. Also, their corrosion resistance and biocompatibility have 
recently brought β-Ti alloys to the forefront.

Among titanium alloys, Ti45Nb is one of the most promising β-Ti 
alloys, which can be a perfect substitute for cortical bone. Ti45Nb is an 
appealing material nowadays for biomedical applications because of its 
good cellular responses and enhanced cellular adhesion and prolifera
tion [16,17]. Some studies showed that Ti45Nb promotes osteoblast 
activity and inhibits adverse reactions, which is vital for the rapid 
healing of tissues and reducing the possibility of implant loosening 
[18–20]. In contrast to their adequate corrosion resistance and good 
biocompatibility, Ti45Nb alloys have inferior wear and tribocorrosion 
resistance. For this reason, Ti45Nb alloys, like all other Ti alloys, cannot 
be used in dynamic contacts such as artificial joint applications inside 
the human body. The combined effect of wear and corrosion, which 
defines tribocorrosion, increases material removal at the dynamic con
tact point. The dissolution of debris in the blood over time and its 
accumulation in human tissues can lead to health problems such as 
inflammation, toxicity, carcinogenic response, damage of cell tissue, and 
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even loosening of the implant [21].
In the past few decades, surface engineering approaches have been 

frequently applied to Ti and its alloys to impart desired properties or to 
enhance their existing ones, such as bioactivity, antibacterial properties, 
and tribocorrosion behaviour. In this context, there are studies in the 
scientific literature using many methods, such as PVD, plasma spraying, 
ion implantation, anodic oxidation, sol–gel coating, plasma electrolytic 
oxidation (PEO), etc. Among all these methods, PEO stands out as an 
adjustable technique that enhances surface properties and eases the 
formation of advanced surface structures through nanoparticle (NP) 
and/or ion doping [22–27]. While the oxide layer formed by the PEO 
process provides better resistance to wear and corrosion in the body 
environment, nanoparticles or ions such as Ga, Au, Cu, Ca, P and B 
embedded in the structure offer improved osseointegration, bioactivity, 
biocompatibility and antibacterial properties. Boron-doped oxide coat
ings have been an intriguing area for researchers in recent years. The 
incorporation of B in coatings on biomaterial surfaces in specific doses 
(<20 mg in adults) is biocompatible and has been reported to have many 
benefits. Boron is a unique trace element that enhances biocompatibility 
by reducing cytotoxicity and improving cellular adhesion, antibacterial 
properties, surface hardness, durability, bone integration and healing. 
Boron also enhances the corrosion resistance of the implant material in 
the human body [28–32]. In contemporary research, investigations are 
being conducted regarding the antibacterial properties of boron. 
Numerous studies have indicated that boron-containing coatings possess 
direct antibacterial properties against a range of bacterial species, 
including Staphylococcus aureus, Pseudomonas aeruginosa, and 
Escherichia coli [33]. Furthermore, additional studies have demon
strated efficacy against biofilm-forming pathogens and multidrug- 
resistant strains [34]. While the mechanisms underlying this antibac
terial effect have not been entirely elucidated, the antibacterial char
acteristics observed in boron-doped TiO2 coatings are linked to either 
the formation of hydroxyl groups or the formation of various compounds 
consisting of boron and oxygen. [35–38].

Research presented in the scientific literature indicates that calcium 
phosphate (CaP)- containing coatings produced via the plasma electro
lytic oxidation (PEO) method exhibit superior corrosion resistance [39], 
bioactivity, biocompatibility and antibacterial properties compared to 
titanium alloy base materials [40,41]. Furthermore, boron doping has 
been demonstrated to enhance these properties even further 
[35,36,42–44].

Although numerous publications exist in the literature regarding the 
investigation on formation of CaP-doped, B-doped, or CaP and B co- 
doped TiO2 layers using plasma electrolytic oxidation (PEO), to the 
best of our knowledge, there currently appears to be no publication in 
the scientific literature addressing the impact of variations in the 
amount of boron on both bio-tribocorrosion and antibacterial proper
ties. In this study, using the PEO technique, a boron, Ca and P-embedded 
titania layer was successfully produced on Ti45Nb alloy. In addition to 
the desired properties obtained with boron doping, Ca and P were added 
to make the coating more bioactive and biocompatible. The bio- 
tribocorrosion and antibacterial properties of the composite coatings 
formed by varying the amount of boron in the electrolyte content were 
comparatively investigated.

2. Material and methods

2.1. Sample preparation and coating procedure

Specimens with dimensions of 14 × 14 × 3 mm3 were cut from Grade 
36 commercial Ti45Nb bars (Nanografi, Turkiye). The samples were 
ground, polished and ultrasonically cleaned in ethanol and distilled 
water and dried in air before the process. The coatings were utilised 
using an AC-pulsed plasma electrolytic oxidation device. The main 
electrolyte solution consisted of 0.06 M calcium acetate monohydrate 
(Ca(C2H3O2)2⋅H2O − Merck), 0.01 M trisodium phosphate 

dodecahydrate (Na3PO4⋅12H2O − Merck) and distilled water. In order to 
vary the amount of boron in the coating structure, three different solu
tions, E1-E2 and E3, were prepared by adding various amounts of 
disodium tetraborate decahydrate (Na2B4O7⋅10H2O – Merck) to the 
main solution. E1-E2 and E3 solutions contained 0.005 M, 0.01 M and 
0.02 M Na2B4O7⋅10H2O, respectively. The process is performed for 5 
min at a constant bipolar voltage of + 470/-100 V with a duty cycle of 
10 % at 100 Hz. The temperature of the solution was kept constant using 
a circulation pump, and the electrolyte was stirred continuously at 250 
rpm.

2.2. Sample characterisation

The cross-section and surface of the samples were examined and 
characterised using an energy dispersive spectroscopy (EDS) equipped 
scanning electron microscope (SEM − ZEISS 300, Germany). SEM and 
EDS measurements were carried out on the surfaces of the samples 
before and after the PEO process and after the bio-tribocorrosion tests. 
The incident beam energy was set to 20 kV for EDS and SEM. The 
number of pores was calculated from the SEM images using ImageJ 
software. An X-ray diffractometer (XRD − Panalytical Empyrean, UK) 
was utilised in continuous scan mode for the phase studies. The source of 
the device was CuKα (λ = 1.5406 Å), the generator voltage was 45 kV, 
the emission current was 40 mA, and the scan rate of the device was 
0.0125◦/s. X-ray photoelectron spectroscopy (XPS − Specs FlexMod, 
Germany) measurements were performed to define the chemical states 
of the elements in oxide films with Monochromatised AlKα X-rays using 
a Specs Flex-Mod system. The amounts and chemical bondings of Ti, Nb, 
O, Ca, P and B elements were determined in all samples depending on 
the peaks obtained via XPS spectra of all samples. The Ar ion etching was 
applied to the samples to remove surface contaminations and subse
quently get better results. The etching processes were carried out till 
reaching ~ 3 nm depth from the surface at 3 kEV for 10 min in an area of 
500x500 μm2. The etching processes were carried out till reaching ~ 30 
nm depth from the surface at 3 kEV for 10 min in an area of 5x5 mm2. 
The peak centres of the XPS spectra were determined using Voight fit. In 
addition, to correct the XPS spectra after etching, the binding energy of 
the Ar element (243.5 eV) was taken as the reference.

2.3. Bio-tribocorrosion experiments

The combined effect of wear and corrosion on the degradation of 
coated surfaces was determined using sliding bio-tribocorrosion exper
iments. A linear reciprocating pin-on-plate tribotester (Turkyus 
PODWT&RWT, Turkiye), which can simulate bearing surfaces on joint 
implants, coupled with a potentiostat/galvanostat (Gamry G750, USA), 
was used for the tests. A standard three-electrode cell was coupled with 
the device for the in situ electrochemical tests. The pin and plate were 
immersed in the electrolyte while the specimens were isolated using 
insulating fixtures.

The tribological tests were performed using an Al2O3 ball with a 
diameter of 6 mm as a counterpart under a normal load of 3 N with a 
frequency of 1 Hz and a stroke length of 8 mm. For the electrochemical 
measurements, samples were used as the working electrode (WE), 
saturated Ag/AgCl electrode was selected as the reference electrode (RE) 
and graphene electrode was chosen as the counter electrode (CE). All 
electrochemical experiments were performed in Kokubo’s simulated 
body fluid (SBF) with a temperature of 37 ± 2 ◦C, the recipe for which 
can be found in our previous studies. Before sliding, the tribopair’s open 
circuit potential (OCP) was allowed to stabilise for 7200 s. Then, the 
sliding was activated for 3600 s, and the OCP measurement continued 
throughout the sliding process. The OCP measurements were performed 
at 900 s idle before and after wear. The scanning range for potentio
dynamic polarisation (PP) experiments was − 1; 2.6 V, with a scanning 
rate of 1 mV/s. As a result of bio-tribocorrosion experiments, wear rates 
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were calculated using the Archard equation 
(

k = Q
W.L

)

, which depends 

on mass loss determined by three repeated weighing results. According 
to the formula, Q represents the missing net volume, W denotes the 
nominal load, and L signifies the total wear distance.

2.4. Cell viability tests

Leeds Dental and Skeletal Tissue Bank (DREC approval no. 040221/ 
AA/317) supplied the periodontal ligament stem cells (PDLSCs) used in 
cell viability tests isolated from a donor’s first molar. An alpha-modified 
minimum essential medium, also called alpha MEM complete media, 
was used to culture the cells. The media was supplemented with 20 % 
fetal bovine serum (FBS), 2 mM glutamine, and 100 U penicillin/0.1 
mg/mL streptomycin. The cells were then incubated at 37 ◦C, 5 % CO2. 
In this work, cells that were 70–80 % subconfluent were employed 
during passages 4–8, and the medium was changed every 5–7 days. A 
live/dead viability/cytotoxicity kit designed for mammalian cells 
(LIVE/DEAD ®, Invitrogen™, Thermo Fisher Scientific, USA) was used 
to evaluate the viability of PDLSCs in response to various coatings of 
titanium blocks. ZEN 2012 v. 6.1.7601 software package was utilised to 
generate the images. Titanium samples were divided into 3 test groups 
(E1, E2 and E3) according to the coating material applied and one 
control group. In a 6-well tissue culture plate, triplicate samples of each 
group were first sterilised under the UV light for 1 hr and then seeded 
with PDLSCs at a density of 2x105 cells/well. Samples of each group 
were incubated for 1 week at 37 ◦C and 5 % CO2. After incubation, 500 
µL of the combined live/dead test reagents were added to each well, and 
live/dead stain was applied. After that, the plate was then incubated in 
the dark for 45 min to 1 h at room temperature. A fluorescent micro
scope (Zeiss, Germany) was used to image the cells after incubation to 
check the PDLSCs’ vitality and how they responded to the coating on the 
titanium blocks. The cell viability assay experiment was accomplished in 
3 biological replicates from one donor. Data were analysed using 
GraphPad Prism version 10. The one-way ANOVA and Tukey’s multiple 
comparison tests were used to compare the group mean values.

2.5. Antimicrobial tests

According to the boron content of the electrodes used in the coatings, 
the samples were divided into three test groups, E1, E2 and E3 and 
uncoated ones were used as a control sample. The specimens were 
placed in 12-well plates and subjected to sterilisation under UV light for 
one hour on both sides within the fume hood. Porphyromonas gingivalis 
(P. gingivalis) was used in this study to assess the AMR of the applied 
coat, as it is often linked to subgingival and peri-implant infections [45]. 
Bacteria were cultured from a − 80 freezer for 5 days and maintained 
anaerobically on Fastidious anaerobe agar with 5% horse blood. Bac
terial suspensions were prepared using 12 hr culture diluted in fresh 
Pero-Base broth. OD 600 was adjusted to a concentration of 0.1.

The samples were arranged in a 12-well plate, ensuring the coated 
surface was oriented upwards. Subsequently, each well containing the 
test sample was inoculated with 3 ml of P. gingivalis (0.1 OD600nm) in 
Perio-Base broth. The uncoated Ti discs were maintained in a positive 
culture and a negative media blank. The experiment was done in trip
licates, and the samples were incubated for 24 h.

The antibacterial resistance of coated samples was assessed using 
biofilm formation evaluation and bacterial cell viability calculation, 
employing live-dead stain and confocal scanning laser microscopy 
(CSLM). Following the incubation period, the samples underwent a PBS 
wash and were subsequently stained with the FilmTracer™ LIVE/ 
DEAD® Biofilm viability kit for 30 min under conditions of darkness. A 
PBS wash was employed to eliminate any surplus stains from the sam
ples. Following this, the samples were placed in a sterile Petri dish with 
the biofilm facing upwards on the coated surface. Subsequently, they 
were subjected to observation using a confocal laser scanning micro
scope. A Leica Microsystems Confocal Laser Scanning Microscope, 
equipped with a 10× wet lens, was used to obtain the images of the 
samples. The maximum projection setting was applied to create 3D 
images. The biofilm image layers were combined to create 2D images 
using ImageJ software to quantify the biofilm viability (RGB measure
ment tool) as outlined by [46]. Data were analysed using GraphPad 
Prism version 10. The one-way ANOVA and Tukey’s multiple compari
son tests were used to compare the group mean values.

Fig. 1. XRD spectra of untreated and surface-treated samples.
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3. Results and Discussion

3.1. Structural investigations

The XRD graphs of untreated and PEO-treated Ti45Nb samples are 
shown in Fig. 1. The XRD patterns of the uncoated samples reveal that 
only Beta (β)-Ti peaks are reflected from this sample. However, when the 
PEO-applied samples are examined, it is seen that the intensities of the 
β-Ti peaks decrease after the treatment in these samples and Anatase (A) 
and Rutile (R) titanium oxide phases are formed. In addition, the XRD 
graphs show that the dominant oxide phase for these samples is Anatase 
(A). Another phenomenon encountered here is that the B structure could 
not be observed individually or in compound form in the XRD graphs of 
the B-doped samples. Due to boron’s low atomic number, its interaction 
with X-rays is limited. Even when boron is part of a crystalline phase, its 
signal can remain weak [47]. The amorphous nature of boron poses 
additional challenges for XRD analyses. In boron-containing oxides, 
boron is often in a non-crystalline or amorphous state, which results in a 
lack of sharp diffraction peaks. Moreover, overlapping peaks may 
obscure the already weak boron signals. In thin films, diffraction signals 
are generally low, and given boron’s weak scattering characteristics, 
detecting it via X-ray diffraction (XRD) in thin films is particularly 
difficult [47,48]. In this context, the absence of boron detection can be 
attributed to the influence of overlapping peaks, the low atomic number 
of boron, or the limitations inherent to the thin films.

The EDS analysis results obtained to determine the chemical com
positions of Ti45Nb samples coated with oxide using PEO are given in 
Fig. 2. Here, Ti and Nb peaks were observed in each sample as expected. 
In addition, although it was not detected in XRD analyses, it was 
determined in EDS analyses that B was present in the structure of PEO- 

treated samples. As a result of EDS analyses, the amount of B obtained 
from E3 was higher than that obtained from E1 and E2. As previously 
defined in the Material and Methods section, since the amount of B 
added to the solution was higher in E3 than in E1 and E2, this situation 
was also confirmed in EDS analyses. In addition, the presence of O in the 
structure was also proven as a result of EDS analyses, and Ca, P and Cl 
elements coming from the coating solution were found in the samples.

XPS survey spectrum and high-resolution spectra of PEO treated 
samples are given in Fig. 3. When the survey spectrum of the samples is 
examined; it is seen that Ti and Nb peaks belonging to substrate and O, 
C, Ca and B coming from electrolyte solution are observed. It is seen in 
both survey and high-resolution spectrum of Ti (Fig. 3a and d), Ti 2p3/2 
and Ti 2p1/2 peaks are obtained at around 458 eV and 463.7 eV as re
ported in the literature [49]. Furthermore, the O 1s peak is seen at 530 
ev (Fig. 3a), indicating the formation of Ti-O bonds. This result confirms 
that TiO2 layers are grown on the substrate. However, when the high- 
resolution XPS spectra of Ti and O are examined (Fig. 3d and g), it is 
clearly seen that all the PEO-treated samples show peak shifts. It is 
mentioned in the literature that the mixed Rutile-Anatase phases in the 
structure and the film defects can cause peak shifts [50,51]. Therefore, 
these shifts can be attributed to the mixed phase structure and defects in 
TiO2 layers. The survey and high-resolution spectra of Nb are shown in 
Fig. 3a and e, respectively. The doublet with binding energies of 207.3 
eV and 210.05, respectively, has been identified in the literature as 
belonging to Nb 3d5/2 and Nb 3d3/2. These peaks are related to photo
electrons emitted from Nb atoms with a +5 oxidation state (Nb 5+), 
which indicates the presence of Nb2O5 in the structure. In addition, the 
peaks around 205.65 eV and 208.4 eV are related to Nb 3d5/2 and Nb 
3d3/2 electrons, which are emitted from Nb atoms with +4 oxidation 
state (Nb 4+), and this shows the presence of NbO2 [52]. In light of the 

Fig. 2. EDS results of (a) E1, (b) E2 and (c) E3 samples.
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information given here, in terms of niobium oxide structures formed, it 
can be seen that the dominant structure for E1 and E3 samples is Nb2O5, 
whereas NbO2 is dominant for E2 samples. This result highlights the fact 
that niobium oxide constitutes different forms in the samples. However, 
no direct relationship exists between the changing electrolyte content 
and the type of dominant oxide structures formed. The high-resolution 
spectrum of B is shown in Fig. 3f. The standard binding energy of B 1s 
in B2O3 or H3BO3 is 193.0 eV (B-O bond), and in TiB2 is 187.5 eV (B-Ti 
bond) [53]. Furthermore, it has been reported that the peak centred at a 
binding energy of 189.9 eV corresponds to sp2-BN [54]. In this regard, as 

can be distinguished from Fig. 3f, while B-O bonds are dominant for E1 
and E3, the sp2-BN bond is dominant for E2. Moreover, the presence of 
Ca and P in the structures can be seen in Fig. 3b and Fig. 3c. In the 
literature, the peaks for Ca 2p3/2 and Ca 2p1/2 have been reported at the 
binding energies of around 346.9 eV and 351 eV, respectively [55], 
consistent with the peak positions in Fig. 3b. In addition to this, P has 
different valances in its oxides, and the binding energies from 131 eV to 
136 eV confirm the presence of phosphorus oxides [56–58]. In this 
respect, it can be understood from Fig. 3c that PEO-treated samples have 
various phosphorus oxides. In addition to the information given here, 

Fig. 3. XPS spectra of surface-treated samples: (a) Survey spectrum, high-resolution spectra of (b) Ca, (c) P, (d) Ti, (e) Nb, (f) B and (g) O.

Table 1 
The compounds, bond characteristics and ratio of elements obtained from XPS analysis of PEO-treated samples (at.%).

Sample Elements Compounds Bond Character

Ca (2p3/2) Ti (2p3/2) Nb (3p3/2) O (1s) P (2p) B (1s)

E1 14.80 7.40 3.88 64.64 6.06 3.23 TiO2 (main) Ionic + covalent
Nb2O5 Ionic + covalent

E2 8.30 6.46 4.85 68.89 5.77 5.73 NbO2 Covalent + metallic
B2O3 Covalent

E3 12.06 7.63 3.42 62.42 7.19 7.28 H3BO3 Covalent + hydrogen
TiB2 Ionic + Covalent + metallic
BN Covalent
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Fig. 4. SEM images showing the cross-section of the samples: (a) E1, (b) E2 and (c) E3.

Fig. 5. Surface SEM images of the samples: (a) E1, (b) E2 and (c) E3.

Fig. 6. The coefficients of friction (COFs) for all conditions under (a) OCP and (b) PP.

Y.S. Vangolu et al.                                                                                                                                                                                                                              Applied Surface Science 709 (2025) 163668 

6 



the elemental contents obtained from each PEO-treated sample as a 
result of XPS analysis are given in Table 1 as atomic percentages. The 
ratios of Ti and Nb from the substrate and Ca, O, P and B from the so
lution are given in this table. Here, the ratio of each element varies 
according to the process conditions, but the most striking point is the 
ratio of B. The B ratio is E3 > E2 > E1 from high to low, which confirms 
the B ratios in the solution content given in the material and methods.

The cross-sectional SEM image of the coatings grown using the PEO 
method is shown in Fig. 4. Here, it is seen that approximately 10 µm of 
oxide layer has been grown on the Ti45Nb substrate in all samples. This 
is expected because each sample was subjected to the process under the 
same coating conditions (current–voltage characteristics and values). In 
addition, it is understood from this that the changing amount of B 
element added to the coating solution has not caused any change in the 
coating thickness. In addition, from the cross-sectional image of each 
oxide film, it is seen that the films have grown uniformly on the sub
strates, and there was no separation or lack of adhesion between the 
substrate and the oxide layers; from this, it is understood that the film- 
substrate adhesion is relatively high.

Fig. 5 displays the surface SEM pictures of the oxide coatings. It is 
observed that the oxide films grown on the surface of all samples have a 
porous structure, as expected, due to the nature of the PEO process. In 
addition, the quantity of pores following the coating process was 
recorded as 1092, 652, and 497 for E1, E2, and E3, respectively. It can 
also be seen that the E2 and E3 samples shown in Fig. 5b and c, 
respectively, have less porosity than the E1 sample (Fig. 5a). From this 
point of view, it has been determined that the increasing amount of B- 
embedding reduces the amount of porosity on the surface, which has 
also been stated in different literature studies [6,59,60].

3.2. Bio-tribocorrosion investigations

In Fig. 6, the coefficients of friction (COFs) obtained for bio- 
tribocorrosion experiments performed under OCP (Fig. 6a) and poten
tiodynamic polarisation (PP) (Fig. 6b) are given. When these graphs are 

examined, they can explain the changes in the COFs of surface hardness 
and corrosion products. In both conditions, an increase in the COF is 
observed on harder surfaces developed with coating. The resistance to 
abrasive wear increases significantly with the addition of Ca, P and B. In 
the OCP control, the oscillation in the COF of the untreated sample is 
lower than that of PP (Fig. 6a). The oscillation in PP starts to show a 
significant increase after 1000 s. A change in the friction character oc
curs due to the formation of a brittle oxide layer on the surface in a more 
intense form of the forced potential. This change is much more marginal 
in the untreated sample with weaker corrosion resistance (Fig. 6b). The 
order of COF does not change in the coated samples under PP compared 
to OCP. However, there are increases in oscillations similar to the un
treated surface. This effect shows that harder third-body wear in the bio- 
tribocorrosion mechanism, especially as the coatings are damaged [61].

Within the scope of bio-tribocorrosion experiments, open circuit 
potential (OCP) and potentiodynamic polarisation (PP) measurements 
were taken with reciprocate wear, and the surfaces’ performances were 
analysed. First, the potential values for the measurements taken under 
OCP were compared (Fig. 7). According to this measurement result, the 
entry potential of the untreated sample to the wear zone is − 0.57 V, the 
lowest value. The exit potential is − 0.91 V. It also represents the weakest 
corrosion resistance among the exit potentials. In contrast to the un
treated sample, a positive increase is observed in E1. The more noble 
surface character shows the existence of wear under the natural poten
tial. In this context, the entry potential increases by 0.05 V. This dif
ference in the exit potential increases to 0.11 V. Thus, the contribution of 
Ca, P and B elements to bio-tribocorrosion is minimal in this condition. 
Under E2 and E3 conditions, the potentials climb more significantly, 
especially with the increase in P and B contribution. In the E2 condition, 
the entry potential increases by approximately 50%, reaching − 0.28 V. 
Similarly, the output potential is also quite high (− 0.49 V). The noblest 
behaviour is obtained from the E3 surface. The input potential is about 
three times higher than the untreated surface. The output potential 
reaches − 0.32 V. In the wear zone, the potential swing is higher in the 
untreated sample. The swing is lower on more noble and harder 

Fig. 7. OCP results for bio-tribocorrosion.
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surfaces.
In Fig. 8, curves belonging to samples polarised under reciprocating 

are given for all samples. Unlike the curves under OCP, the bio- 
tribocorrosion effect has become much more damaging in samples 

exposed to intense corrosion attacks. The impact of the complex mech
anism on the surfaces can be defined by the unstable current density, 
especially in the anodic branches of the curves [62]. This situation 
continues even for the Tafel region and beyond for the untreated sample 

Fig. 8. The potentiodynamic polarisation test results of the samples conducted from the wear tests: (a) untreated, (b) E1, (c) E2 and (d) E3.

Fig. 9. The surface SEM images of the samples after the tests performed under open circuit potential: (a) untreated, (b) E1, (c) E2 and (d) E3.
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(Fig. 8a). For coated samples, the oscillation in the region where oxygen 
reduction starts and ends has decreased considerably. Thus, the corro
sion rate amounts have decreased for surfaces that exhibit relatively 
inert behaviour against stronger oxygen attacks [63]. As a result, the 
material loss due to corrosion within the tribocorrosion mechanism has 
decreased (Fig. 8b–d). Therefore, the coating morphology has contrib
uted not only to the wear performance but also to the corrosion per
formance. However, this change is not as substantial as the wear 
performance. Nevertheless, it is possible to state that the corrosion po
tentials in the coated samples have increased positively.

Fig. 9 shows the surfaces of the samples after the tests performed 
under OCP. When the figure is examined, it is determined that the widest 
wear scar width is observed in the untreated sample, while the scar 
width in the coated samples is narrower compared to the untreated 
sample. Moreover, the scar width decreases further with the increase in 
the B additive ratio. The lowest scar width among the coated samples is 
observed in the E3 sample with the highest B additive ratio. Fig. 10
shows the surfaces after the tests performed under potentiodynamic 
polarisation. When this figure is examined, similar to the results ob
tained in the open circuit potential tests, the untreated sample has the 
highest wear scar width. In contrast, the trace width of the coated 
samples is lower than that of the untreated sample, and the narrowest 
wear scar width is observed in the E3 sample with the highest B content. 
When Fig. 9 and Fig. 10 are examined comparatively, it is seen that the 
wear track width observed under potentiodynamic polarisation condi
tions in all samples, whether untreated or coated, is lower than the track 
widths under open circuit potential conditions. This result is a condition 
because, contrary to the potentiodynamic polarisation condition, there 
is no forced potential in the tests performed at open circuit potential. 
The first thing that stands out for both experimental conditions is that 
the amount of wear on the coated samples is lower than the uncoated 
samples. This is an expected situation. Because the oxide films grown on 
the Ti45Nb material increase the resistance to wear load due to their 
high hardness, these films prevent wear by showing lubricating prop
erties. However, the remarkable point for both test conditions is that the 
amount of wear decreases with increasing B content in the coated 
samples. This is thought to be due to the increase in TiO2 film hardness 
with increasing B content. It has been stated in the literature that the 
hardness of TiO2 increases when B is added to the structure [64], and it 
is understood from this that the increasing amount of B addition pro
vides a further increase in hardness values. Therefore, the best plastic 

deformation and consequent tribocorrosion resistance are obtained from 
the sample with the highest B content for both open circuit potential and 
potentiodynamic polarisation conditions.

Beyond these conclusions, another critical issue is the wear mecha
nism seen in the samples. It is observed that the untreated samples are 
subjected to severe adhesive wear under both OCP and PP conditions. In 
both situations, material accumulations at the edges of the wear marks 
are observed because of the plastic deformation caused by the applied 
load in untreated samples (Fig. 9a and Fig. 10a). However, it is noted 
that the coated samples exhibit less of this plastic deformation effect. 
Despite adhesive wear being seen in the PEO-treated samples at E1 
conditions, partial micro scratches are observed when the wear marks 
are examined. This indicates that in addition to adhesive wear, these 
samples are subjected to abrasive wear because of the effect of the de
tached oxide particles coming from the surface and salt particles coming 
from the solution (Fig. 9b and Fig. 10b). Moreover, it is understood from 
the relevant images that the E2 sample is exposed to less wear compared 
to the untreated samples as expected. The oxide layer on the surface of 
this sample increases the resistance to plastic deformation due to its high 
hardness, provides support to the substrate in terms of bearing the wear 
load and has a wear-reducing effect due to the lubricating effect of the 
film.

Another noteworthy point is that wear occurs at much lower levels in 
E2 and E3 samples compared to other samples. While abrasive wear, 
albeit relatively superficial, is observed in E2 samples (Fig. 9c and 
Fig. 10c), wear marks are almost invisible in E3 samples (Fig. 9d and 
Fig. 10d). From this, it is understood that the increasing amount of B 
additive has an effect on increasing the tribocorrosion resistance, which 
can be attributed to the increase in TiO2 film hardness with the increase 
in B amount, as mentioned before. For this reason, the highest tribo
corrosion resistance among the coated samples is observed in the E3 
sample, which has the highest B additive. The results show that the hard 
oxide layer formed on the surface by the PEO process improves the 
tribocorrosion resistance of Ti45Nb, which increases with the increase in 
the B ratio.

It was observed that the wear rates obtained by conducting wear tests 
with OCP were higher under more dominant wear damage and for the 
same samples compared to PP. There is a similar order in wear rates 
proportional to the trace widths for OCP. According to this calculation, 
the wear rate in the untreated sample is on average 5.95 × 10-4 mm3/ 
Nm. The wear rates for E1, E2 and E3 conditions are 1.16 × 10-4 mm3/ 

Fig. 10. The surface SEM images of the samples after the tests performed under potentiodynamic polarisation: (a) untreated, (b) E1, (c) E2 and (d) E3.
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Nm, 9.88 × 10-5 mm3/Nm and 8.75 × 10-5 mm3/Nm, respectively. 
When the experiments were calculated for PP controlled wear tests, it 
was determined that the order between the specimens did not change. In 

this context, the wear rate for PP in the untreated sample decreased to 
1.22 × 10-4 mm3/Nm compared to OCP. This decreasing trend also in
cludes the coated samples. The wear rate for E1 is 8.43 × 10-5 mm3/Nm, 

Fig. 11. The effect of the amount of boron for (a) E1, (b) E2, (c) E3, and (d) control samples on the viability of PDLCs after 7 days of incubation. (e) the percentage of 
live cells.

Fig. 12. CLSM Images of P.gingivalis biofilms after 24 h of growth on coated Ti blocks. Confocal images of a) Control, b) E1, c) E2 and d) E3 samples in 2D maximum 
projection, combining all 3D layers and e) Live/Dead ratio calculated by the area of red and green within the maximum projection images.
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Fig. 13. 3D P.gingivalis biofilm images of a) Control, b)E1, c) E2 and d) E3 samples in two different plans.
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for E2 3.66 × 10-5 mm3/Nm, and finally for E3 it is 2.12 × 10-5 mm3/ 
Nm. Based on all these measurements, it can be concluded that the trace 
widths increase in direct proportion to the trace depths based on mass 
loss.

3.3. Cell viability investigations

Fluorescent microscopic images were taken after 7 days of incuba
tion of PDLCs with the titanium blocks coated with the three test ma
terials (E1, E2, and E3) (Fig. 11a-d). Most of the cells are viable (stained 
green) with minimal cell death (cells stained red) and acquire a spindle 
morphology, indicating cell attachment to the surfaces. All test samples 
are comparable to the control. The percentage of viable cells was 
calculated by Image J analysis using this equation:

Viability (%) = [(ratio of viable cells (green)/total of live and d 
ead cells ) ]× 100. The mean percentage of cell viabilities was calculated 
as 99.52 ± 0.53, 97.97 ± 1.55, 95.19 ± 2.42, and 96.11 ± 1.00 for 
control, E1, E2, and E3, respectively. As illustrated by the results and in 
Fig. 11e, no significant differences were observed between the three 
tests and the control samples (p = 0.4857).

3.4. Antimicrobial investigations

The results show that the 24-hour P. gingivalis biofilm is grown on the 
samples of each group (Fig. 12a-d and Fig. 13a-d). A different percent
age of viability is shown depending on the boron amount of the applied 
coating. E2 samples show the lowest percentage of biofilm viability 
compared to E1, E3 and the control uncoated group. E3 samples show 
the least biofilm density compared to the other two experimental groups 
(Fig. 12e). Mean percentage of biofilm viabilities was calculated as 
99.17 ± 0.31, 90.27 ± 5.49, 77.21 ± 28.31, and 81.31 ± 10.06 for 
control, E1, E2, and E3, respectively (p = 0.361). The results show that 
there was no statistically significant difference found between the 
boron-doped groups.

4. Conclusions

In this study, boron and Ca-P doped titania layers with a thickness of 
app. 10 μm were successfully formed on the surfaces of Ti45Nb speci
mens by the PEO method. XRD analyses revealed the formation of 
anatase and rutile phases of TiO2 on the substrate surfaces. Although not 
observed in XRD graphs, EDS and XPS analysis confirmed the presence 
of Ca, P and B in the film layer. According to SEM images, the oxide layer 
had a rough and porous structure, which is of great importance for 
osseointegration and bone growth. The porosity was relatively low in 
the samples with higher boron content. The addition of boron increased 
the tribocorrosion resistance of all coated materials. These properties 
were found to be directly proportional to the increasing amount of boron 
in the electrolyte. It was determined that E3 samples with the highest 
boron content showed relatively the best resistance to the combined 
effect of wear and corrosion. The coatings were not found to signifi
cantly affect the viability of periodontal ligament stem cells (PDLSCs), 
indicating that B-doping in given amounts did not negatively affect the 
biocompatibility of Ti45Nb. All boron-doped coatings exhibited anti
microbial properties against P. gingivalis compared to control samples. 
Although sample E2 showed the lowest biofilm viability percentage, 
considering the margins of error, it can be said that E2 and E3 actually 
have similar antibacterial properties. This can be explained by the fact 
that the antibacterial properties of the surface are relatively better at 
higher boron amounts.

In general, the results of this study suggest that boron-doped titania 
coatings on Ti45Nb by PEO can enhance both bio-tribocorrosion resis
tance and antimicrobial properties while maintaining biocompatibility, 
making them promising for biomedical applications.
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