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Abstract
Tribocorrosion resistance, low elastic modulus, and faster promotion of osseointegration are among the current requirements 
to avoid aseptic loosening in artificial joints. Therefore, in this work, a promising orthopedic Ti-40Nb alloy was used and its 
surface was modified by micro-arc oxidation (MAO), resulting in a multi-scale porous surface incorporated with multiple 
bioactive species (Ca, P, Mg, Zn, and Sr) and ZrO2 nanoparticles (ZrO2 NPs). The effect of different processing voltages 
is discussed on the formation mechanisms of the coatings and incorporation of ZrO2 NPs. The resulting tribocorrosion 
behavior is elucidated for two loading conditions in phosphate-buffered saline (PBS) solution. Similar growth mechanisms 
were observed for all films, resulting in a triplex structure (barrier film, inner porous layer, and outer porous layer). How-
ever, higher processing voltage produced thicker anodic films with smaller average surface porosity and increased rutile 
content. Higher voltage also resulted in higher amounts of ZrO2 NPs in the coating. A mechanism is proposed to explain 
the incorporation of NPs, based on the combined effect of electrophoresis and strong micro-arcs and discharges originated 
during MAO treatment. That enhanced incorporation of ZrO2 NPs may retard eventual phenomena of cracking associated 
with harder materials (rutile) under vigorous mechanical solicitations.
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1  Introduction

Knee and hip are articulations significantly affected by bone 
degenerating diseases, namely osteoarthritis and osteopo-
rosis, leading to a growing demand for total joint replace-
ments [1–3]. The artificial joint devices’ lifespan depends 

on several factors, from the surgical technique to the com-
plex interactions between implant, surrounding bone, and 
patient’s organism. After surgery, aseptic loosening has 
been widely reported as one of the main complications by 
prosthesis-associated factors [4–6]. It can be originated 
from excessive wear of articular surfaces, biomechanical 
mismatch between bone and implant, and relative micro-
motion effect [7, 8].

The process of wear in total joint replacements can occur 
at their articular surfaces due to relative movements between 
implant and adjacent bone during physiological cyclic loads. 
The deterioration of the material may be aggravated by com-
bining the harsh biological environment’s actions due to the 
presence of corrosive body fluids. The simultaneous action 
of wear and corrosion is defined as tribocorrosion. Under tri-
bological conditions, it is well known that the wear and cor-
rosion mechanisms can be intensified by each other, result-
ing in a total material loss significantly higher as compared 
to that by individual wear or corrosion damages [7, 9–11]. 
Furthermore, a critical consequence of excessive wear is 
the release of wear debris to the surrounding environment. 
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Wear debris may lead to macrophages (inflammatory cells) 
to secrete cytokines and chemokines that induce osteoclas-
togenesis with consequent bone resorption [4].

Another major clinical problem discussed by current 
studies is the large difference in Young’s modulus between 
bone (10–30 GPa) and the currently available Ti-based 
implant materials (commercially pure Ti: 110 GPa, Ti-6Al-
4V: 114 GPa) [12, 13]. This biomechanical mismatch 
decreases stress distribution at the bone–implant interface 
(a phenomenon known as stress shielding), which results in 
bone resorption due to the lack of mechanical stimulation 
needed for bone development [14, 15].

Also identified as a cause of aseptic loosening, the micro-
motion effect can be induced by poor osseointegration [7], a 
fundamental bone formation process strongly dependent on 
the implant material’s surface properties [16, 17].

To overcome the significant clinical concerns above 
referred, various studies have been devoted to develop-
ing novel β and near β-type Ti alloys (mainly due to their 
promising low elastic modulus). Besides, multiple surface 
treatments have been proposed to enhance tribocorrosion 
performance and bioactivity, also avoiding other issues such 
as bacteria adhesion [13, 18, 19].

Alloys from the binary Ti–Nb system have been under 
special attention. In fact, a positive in vitro interaction with 
osteoblastic cells may qualify Nb as a promising alloying 
element for Ti alloys [20]. As Nb is a strong β-stabilizing 
element, this phase can be retained from 30% in weight of 
Nb in bulk, resulting in Ti alloys with low elastic modulus 
[13, 21]. Additionally, β-type TiNb alloys have demonstrated 
high corrosion resistance by forming a TiO2 and Nb2O5 pas-
sive layer on the metallic surface [22].

Among the modified surfaces of Ti, micro-arc oxidation 
(MAO)-treated coatings have excellent corrosion and tri-
bocorrosion resistance through the porous Ti oxide layers 
with both anatase and rutile phases [23–27]. The bioactive 
agents such as Ca and P [28–30], Zn [31], Mg [27], and Sr 
[32–35] incorporated into those anodic films also provide 
favorable biological behavior at the bone–implant interface. 
It can be found in the literature that it is also possible to 
bio-functionalize Ti–Nb alloys using MAO treatments [36], 
although joint incorporation of the mentioned bioactive ele-
ments is still not reported.

Due to its great versatility, the MAO technique can be 
coupled with electrophoretic deposition to incorporate par-
ticles (nm or μm scale) into the oxide films. Their incorpora-
tion mode (inert, partial, or reactive) depends on numerous 
parameters, including voltage used during the process, which 
is capable of modifying electrophoretic forces and discharge 
events. On the other hand, the type of incorporation seems to 
affect the tribological properties in different ways. It is con-
sidered that the wear protection can be increased by adding 
hard particles (inert incorporation) or forming new phases 

with high hardness (reactive incorporation) in the anodic 
coatings [37, 38]. In this view, electrolytes with ZrO2 parti-
cles have been largely employed to fabricate MAO coatings 
with improved wear and corrosion resistance. Studies on the 
incorporation of such particles have involved different sub-
strate materials, such as Mg and its alloys [39–45], Al and its 
alloys [46–49], and also pure Ti [38, 50, 51] and Ti-6Al-4V 
alloy [52]. Nevertheless, there is a lacking of investigation 
on the formation of ZrO2 particles-incorporated MAO coat-
ings on β-type Ti alloys, and consequently, their tribocorro-
sion degradation mechanism is poorly understood.

Thus, this work aimed to be the first insight on the growth 
mechanisms and tribocorrosion behavior of bio-functional-
ized ZrO2 nanoparticles-containing MAO coatings formed 
on Ti-40Nb alloy. The substrates of 40% in weight of Nb 
were chosen due to their low Young’s modulus (62 ± 7 GPa 
[53]). Joint incorporation of Ca, P, Zn, Mg, and Sr was con-
sidered to bio-functionalize the MAO-treated coatings. Two 
different voltages were applied during anodic treatments to 
evaluate their influence on the formation mechanisms of the 
coatings and incorporation of the ZrO2 nanoparticles. Fur-
thermore, the resulting tribocorrosion behavior of the oxide 
films is finally elucidated.

2 � Material and Methods

2.1 � Preparation of the Alloy

Commercially pure titanium (grade 2; Sandinox) and nio-
bium (99.8% purity; Companhia Brasileira de Metalurgia 
e Mineração, CBMM) were used as precursor materials. 
Initially, the metals were etched in acidic solution [1:4 
( VHF ∶ VHNO3

 ) for Ti, and 2:2:1 ( VHF ∶ VHNO3
∶ VH2O

 ) for 
Nb], ultrasonically cleaned in acetone for 15 min, and then 
dried with warn air. Ingots of the Ti-40Nb (wt%) alloy were 
produced by an arc-melting furnace composed of non-con-
sumable tungsten electrode, water-cooled copper crucible, 
and controlled argon atmosphere. The ingots were re-melted 
for five times to provide homogeneity.

2.2 � MAO Processing

As-cast Ti-40Nb samples were bio-functionalized by MAO 
treatment using electrolyte composition of 0.35 M calcium 
acetate monohydrate (CaA), 0.02 M β-glycerophosphate 
disodium salt pentahydrate (β-GP), 0.1  M magnesium 
acetate tetrahydrate (MgA), 0.02 M zinc acetate dihydrate 
(ZnA), and 0.04 M strontium acetate (SrA) (reagents from 
Sigma-Aldrich), with and without the addition of 9 g/L 
ZrO2 nanoparticles (ZrO2 NPs) (size of 40–60 nm; acquired 
doped by 3 mol% Y2O3, TOSOH). All electrolyte composi-
tions showed pH level of 7.3–7.4. Prior to the treatment, 
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the samples were polished till #800 grit SiC waterproof 
paper and cleaned in propanol for 10 min in ultrasonic bath, 
followed by chemical etching in Kroll’s reagent solution 
(2:10:88 in vol. of HF, HNO3 and H2O, respectively) during 
30 s, then sonication in propanol (10 min) and distilled water 
(5 min). Using a DC power supply (Keysight Technologies 
N5772A), each MAO treatment was carried out at room tem-
perature during 1 min, with a limiting current of 2.5 A. To 
investigate the influence of the voltage on ZrO2 NPs incor-
poration, values of 300 and 400 V were chosen to be applied 
between the samples (anode) and a pure Ti (grade 2) plate 
(cathode). A distance of about 7 cm was kept between elec-
trodes. The MAO treatment (depicted in Fig. 1) was done 
in triplicate, under magnetic agitation (500 rpm). After the 
treatment, the samples were rinsed with distilled water and 
propanol and then dried with warm air. The samples were 
named according to Table 1.

2.3 � Surface and Cross‑Section Characterization 
of the Porous TiO2 Films

Surface of the MAO-treated coatings was investigated 
by field emission gun scanning electron microscopy 

(FEG-SEM) (TESCAN LYRA 3) and energy-dispersive 
X-ray spectroscopy (EDS) (Oxford Instruments). Average 
surface porosity (% of area occupied by pores) was meas-
ured by ImageJ software. Three SEM images were processed 
for each sample representing three different zones of the 
surface, and three samples were examined per group. Cross-
section of the samples was obtained by using a dual beam 
instrument equipped with focused ion beam (FIB) (TES-
CAN LYRA 3), operating a Ga+ ion source. To protect the 
samples from unnecessary sputtering, a Pt layer was locally 
deposited in situ through a gas injection system and 0.2 nA 
Ga+ ion current accelerated at 30 keV. To reveal the sub-
strate–film interface, bulk etching was performed with 5 nA, 
and fine milling (polishing) was performed on the edge of 
the trenches with 1 nA, both at 30 keV. Structural charac-
teristics of the coatings were evaluated by X-ray diffraction 
(XRD) (PANalytical X’Pert PRO X-Ray), operating at 40 kV 
and 40 mA, CuKα radiation (λ = 0.15405 nm), spinner mode 
with revolution time of 4 s, scan ranging from 20° to 60° 
(2θ) with steps of 0.0334° and a counting time of 10 s/step. 
Peaks data were recorded by X’Pert Data Collector software. 
XRD patterns were indexed using Inorganic Crystal Struc-
ture Database (ICSD) (card numbers: anatase #9852, rutile 
#33837, tetragonal-phase zirconia #66781, and β-phase tita-
nium #44391). The phase percentage was calculated using 
the following Eq. (1):

2.4 � Tribocorrosion Tests

For the tribocorrosion experiments, samples were fixed 
in a tribo-electrochemical cell and mounted on a ball-
on-disk reciprocating sliding tribometer (CETR-UMT-2) 
(Fig. 2). The cell was filled by the electrolyte with the 
testing surface area facing upwards. A two-electrode setup 
was used, considering samples as working electrode and 
a saturated Ag/AgCl electrode as reference electrode. To 
simulate human body conditions, the electrolyte consisted 

(1)%Phase
�
=

∑

I
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∑
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Fig. 1   Schematic illustration of the MAO treatment setup

Table 1   Groups of samples 
and their respective treatment 
condition

Group Electrolyte composition Potential 
applied (V)

CaA (M) β-GP (M) MgA (M) ZnA (M) SrA (M) ZrO2 
NPs 
(g/L)

TiNb Etched samples (without MAO treatment) –
TiNb0-300 0.35 0.02 0.1 0.02 0.04 – 300
TiNb0-400 0.35 0.02 0.1 0.02 0.04 – 400
TiNb9-300 0.35 0.02 0.1 0.02 0.04 9 300
TiNb9-400 0.35 0.02 0.1 0.02 0.04 9 400
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of phosphate-buffered saline (PBS) solution (8 g/L NaCl, 
0.2 g/L KCl, 0.24 g/L KH2PO4, and 1.44 g/L Na2HPO4 
in distilled water, with adjusted pH of 7.4) at 37 ± 2 °C. 
Alumina balls (10 mm diameter; Ceratec) were used as 
counter-body to slide for 30 min on the samples surface, 
with linear stroke amplitude of 3 mm, and frequency of 
1 Hz. The degradation mechanism of the samples was 
assessed by applying two different normal loads: 2 and 
3 N, corresponding to maximum Hertzian contact pres-
sures of approx. 370 and 430 MPa, respectively, for the 
untreated Ti-40Nb alloy, in order to assume mechanical 
solicitations significantly higher compared to the ones 
reported for both hip (between approx. 3 and 9 MPa) [54] 
and knee (between approx. 2 and 32 MPa) [55] implants, 
but still not exceeding the yield strength of dense Ti-
40Nb substrates (around 544 ± 66 MPa) [53]. Open circuit 
potential (OCP) was monitored until stabilization (ΔE 
bellow 60 mV/h), during the whole 1800 cycles of slid-
ing, and also after the mechanical actions, for 30 min, 
using a potentiostat Gamry Reference 600 coupled to 
Gamry framework software. The coefficient of fric-
tion (COF) was calculated through the tangential forces 
recorded during sliding by UMT-2 software coupled to 
the tribometer. To ensure repeatability of the results, 
at least three samples of each treatment condition were 
tested. After tribocorrosion tests, samples were ultrasoni-
cally cleaned in propanol for 15 min, followed by 10 min 
in distilled water, and finally rinsed with propanol and 
dried with warm air.

2.5 � Characterization of the Worn Surfaces

Morphology and elemental composition of the worn sur-
faces were assessed by FEG-SEM (FEI Nova 200) and 
EDS (Pegasus X4M). The sub-surface damage of the 
films was evaluated by FEG-SEM, with the support of 
FIB to obtain the cross-section (TESCAN LYRA 3) using 
the same procedure previously referred in Sect. 2.3.

3 � Results

3.1 � As‑Processed Surfaces

Top-view SEM images of the as-functionalized sam-
ples are given in Fig. 3. A typical multi-scale (nm and 
µm) porous structure was obtained for all samples, but 
some differences in morphology can be observed when 
the voltage of the anodic treatment was changed. For the 
400 V-treated groups, various cracks propagating through 
small pores are visible throughout the surface (Fig. 3b, 
d). By adding ZrO2 NPs into the electrolyte, the coatings 
were decorated by light regions corresponding to tiny par-
ticles and agglomerates of such particles (Fig. 3c, d). As 
indicated by the dotted arrows in the backscattered elec-
tron (BSE) images, the numerous ZrO2 NPs were found 
protruded or embedded in the coating surface, as well 
as inside the pores or cracks, regardless of the voltage 
value. The average surface porosity (% of area occupied by 
pores) showed distinct values between TiNb0-300 (7.5%) 
and TiNb9-300 (7.1%) samples. On the other hand, MAO 
processing at higher voltage led to smaller porosity, with 
value of 5.3% for the TiNb0-400 coatings, and significant 
decrease for 3.3% when the coating was treated with ZrO2 
NPs (TiNb9-400).

Figure 4 gives a representative EDS mapping of the 
surface of each coating (with and without nanoparticles). 
The presence of Ti, Nb, and O was identified for all coat-
ings. TiNb0-300 and TiNb0-400 samples (represented in 
Fig. 4a) showed elements Ca, P, Mg, Zn, and Sr uniformly 
distributed over the surface. The successful incorpora-
tion of these bioactive species can be also seen for the 
coatings treated with ZrO2 NPs (TiNb9-300 and TiNb9-
400 samples represented in Fig. 4b). Regions containing 
brighter zones on the micrographs of Fig. 3c, d exhibited 
a higher concentration of Zr in the EDS analysis, which 
reinforces an agglomeration of ZrO2 NPs in these sites. 
On the other hand, P atoms seem to be agglomerated at 
the same regions probably due to the proximity between 
the P Kα (2013 eV) and the Zr Lα (2042 eV) peaks in the 
EDS spectrum.

Figure 5 presents the cross-sectional FIB-SEM micro-
graphs of the as-functionalized samples. Three main 
layers are revealed for all coatings. At the metal/oxide 
interface, there is a compact and thin layer which is rec-
ognized as barrier film (A). The following two layers 
are characterized by pores: an inner porous layer having 
small pores (B), whereas the outer porous layer mostly 
presents larger pores (C) [23, 56]. From these cross-
sectional images, the presence of cracks could be more 
evident as the voltage increased to 400 V (Fig. 5b, d). 
Regarding the coatings treated with zirconia (Fig. 5c, d), 

Fig. 2   Schematic diagram of the tribocorrosion tests setup
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those ceramic nanoparticles were identified above the bar-
rier film (mainly layers C) by brighter regions in the BSE 
images (marked by the dotted arrows). The cross-section 
of the TiNb9-300 samples showed embedded nanoparti-
cles, whereas pores and cracks of the TiNb9-400 coating, 
were also well-distinguished sites for the incorporation 
of ZrO2 NPs. The waved topography of the oxide layers 
can be responsible for a large variation in thickness [27]. 
From these cross-sectional images, the thickness was esti-
mated ranging from 5–7 to 6–8 µm for the TiNb0-300 and 
TiNb9-300 coatings, respectively. For the coatings grown 
at 400 V, the thickness was significantly higher, within the 
ranges of 11–13 and 10–16 µm for TiNb0-400 and TiNb9-
400 samples, respectively.

XRD spectra obtained on the samples are given in Fig. 6. 
All coatings presented a mixture of crystalline structures 

of anatase and rutile (TiO2). The presence of peaks of zir-
conia in its tetragonal phase (t-ZrO2) is another indicative 
of ZrO2 NPs incorporated into the TiNb9-300 and TiNb9-
400 coatings. A characteristic shoulder of amorphous phase 
is detected within the range between 25° and 37° (2θ) for 
both 400 V-treated groups. It is also observed a significative 
increase in the rutile to anatase ratio (R/A) at higher voltage 
(400 V) applied during MAO treatment, with R/A equal to 
0.29 and 0.35 for the TiNb0-300 and TiNb9-300 samples, 
respectively, and R/A equal to 0.95 and 1.11 for the TiNb0-
400 and TiNb9-400 coatings, respectively. In addition, these 
results indicated that the presence of ZrO2 NPs in the elec-
trolyte also seems to favor the formation of rutile, especially 
for the TiNb9-400 samples. Concerning the crystalline ZrO2/
TiO2 ratio, the values of 0.10 and 0.13 were measured for the 
TiNb9-300 and TiNb9-400 coatings, respectively.

Fig. 3   Surface SEM micrographs of the a TiNb0-300, b TiNb0-400, c TiNb9-300, and d TiNb9-400 coatings. Inset images represent areas at 
higher magnification in both backscattered electron (BSE) and secondary electron (SE) modes. ZrO2 NPs indicated by dotted arrows
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3.2 � Characterization After Tribocorrosion 
Experiments

3.2.1 � Normal Load: 2 N

Figure 7 represents the tribo-electrochemical response of the 
MAO-treated groups and the untreated Ti-40Nb alloy sam-
ples, through evolution of OCP before, during, and after slid-
ing under 2 N normal load, as well as the evolution of their 
respective COF values recorded throughout the mechanical 
solicitations.

Before sliding, the MAO-treated groups showed OCP 
significantly nobler comparing to the one recorded on the 
untreated TiNb samples, indicating that the growth of anodic 
coating could decrease the corrosion susceptibility [27].

As soon as the counter-body starts to move, an abrupt 
potential drop is noticed for the untreated TiNb samples, 
which suggests destruction of the passive oxide layer and 
consequent exposure of the bare titanium alloy to the cor-
rosive physiological environment [27, 57]. During the suc-
cessive contact events by sliding, these metallic samples 
showed OCP values of around − 0.70 VAg/AgCl, accompanied 
by some small oscillations generally related to phenomena 
of mechanical depassivation and electrochemical repassiva-
tion [27, 58]. Once sliding is interrupted, the OCP exhibits 
an anodic shift, reaching similar level as observed before 

starting the mechanical actions, which may indicate recovery 
of the passive film on the wear track region [10].

For each MAO-treated coating, there is no significant dif-
ference in the electrochemical behavior throughout the test. 
These stable OCP values suggest increased wear resistance 
for the coated samples, regardless of their MAO processing 
parameters.

Regarding the COF evolution during sliding, the 
untreated TiNb samples kept a relatively stable value 
around 0.7 during the whole period of mechanical solici-
tations. However, distinctive COF measurements are 
observed for the MAO-treated coatings. In the case of the 
TiNb0-300 samples, as soon as the sliding begins the COF 
stabilizes around 0.35, increasing at a very gradual rate 
in the next moments till reach around 0.45. After that, it 
is observed a small but fast increase in the COF values to 
approximately 0.5. A similar behavior in the COF is seen 
between both TiNb0-400 and TiNb9-300 samples, present-
ing COF values ranging between 0.45 and 0.5 after the 
initial sliding stage. In respect to TiNb9-400 samples, after 
the first moments of the running-in period, the COF values 
remain relatively stable around 0.55 till the end of sliding. 
Although some of the COF values have been changed, 
they still remained much lower than the one recorded for 
the untreated TiNb samples, which means that the sliding 
mainly took place between the alumina sphere and the 

Fig. 4   Representative EDS mapping of the coatings a not treated (TiNb0-300 and TiNb0-400) and b treated (TiNb9-300 and TiNb9-400) with 
ZrO2 NPs
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Fig. 5   Cross-sectional FIB-SEM micrographs of the a TiNb0-300, 
b TiNb0-400, c TiNb9-300, and d TiNb9-400 coatings, with their 
respective higher magnification selected zones in both backscattered 

electron (BSE) and secondary electron (SE) modes. ZrO2 NPs indi-
cated by dotted arrows
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anodic films. In fact, those variations were too small to be 
detected in the meantime on the OCP evolution.

Figure 8 gives representative lower magnification SEM 
images of the wear tracks, taken in backscattered electron 
(BSE) and secondary electron (SE) modes. Darker areas 
on BSE mode can be related to oxidized regions for both 
bare alloy and coated samples, whereas the most damaged 
areas of the coatings can be identified by brighter zones. 
Untreated TiNb samples (Fig. 8a) exhibited typical worn 
surface features for Ti, indicating abrasive wear as high-
lighted by parallel sliding grooves, together with some 
compacted oxidized wear debris [10, 57].

The wear tracks of all MAO-treated groups (Fig. 8b–e) 
presented poor exposure of the substrate (brighter zones), 
confirming the stable OCP evolution. Considering the 
groups treated at 300 V (Fig. 8b, d), similar wear tracks can 
be observed regardless of the presence of ZrO2 NPs. The 
top peaks of the coating were erased, producing wear debris 
that eventually filled up and covered undamaged porous 
structures, finally creating smoothed zones as the alumina 
ball moved [27]. However, the worn surface appears to be 
affected when the potential was increased to 400 V. Indeed, 
the samples treated without nanoparticles (Fig. 8c) presented 
wear scar dimension significantly higher comparing to the 

Fig. 6   XRD patterns of the 
as-functionalized samples, and 
reference to Rutile/Anatase 
(R/A) and ZrO2/TiO2 ratios

Fig. 7   Representative OCP and COF evolution recorded during tribocorrosion tests in PBS under 2 N normal load for TiNb, TiNb0-300, TiNb0-
400, TiNb9-300, and TiNb9-400 samples
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other anodic films, although still smaller than the one of the 
TiNb samples. In the periphery of the wear track, it is also 
observed an evident brittle removal of the outermost oxide 
layer. Some of the resulting oxide debris from these regions 
may have contributed to form a tribolayer in central zones of 
the wear track, as consequence of smashing and compaction 
in the contact region. On the other hand, these features could 
not be observed when the samples were treated with ZrO2 
NPs (Fig. 8e). In fact, for those tribocorrosion experiments 
under 2 N loading, TiNb9-400 samples presented worn sur-
face features similar to the ones observed on the TiNb0-300 
and TiNb9-300 samples. Figure 9 shows a more detailed 
view on the wear tracks of the MAO-treated coatings, con-
firming different worn surfaces between TiNb0-400 and the 
other as-functionalized samples.

3.2.2 � Normal Load: 3 N

The MAO-treated coatings were also tested under more 
severe conditions (3 N loading), and the evolution of both 
OCP and COF during these new experiments is shown on 
Fig. 10. By applying higher contact pressures, the OCP 
evolution obtained during sliding was clearly affected. Both 
TiNb0-300 and TiNb9-300 coatings presented a sudden drop 
on OCP after some period of sliding, followed by a small 
decreasing trend. This behavior may be related to a severe 

damage of the anodic film in multiple regions over the wear 
track, as result of the harsher rubbing of the oxide layers 
against counter material at higher contact pressures. Then, 
the wear debris created can be smashed through the continu-
ous movement of the alumina ball, resulting in the formation 
of a tribolayer (as it will be exhibited ahead) that may give 
a limited protective role, retarding further sharp decays on 
OCP [10, 59]. The OCP falls down early for the TiNb9-300 
surfaces; however, this decrease was relatively slow and the 
OCP values remained slightly nobler as compared to the 
TiNb0-300 groups during sliding.

Concerning the OCP evolution on the TiNb0-400 sam-
ples, it can be observed smaller OCP decay in comparison 
with the MAO surfaces treated at 300 V. This slow decreas-
ing trend was interrupted when the counter-body stopped 
moving. In contrast, when ZrO2 NPs were added, the OCP 
evolution kept unaltered throughout the test for the TiNb9-
400 samples.

The OCP evolution is interconnected to the COF values, 
as it can be also seen on Fig. 10. As general, significative 
increases on COF values were accompanied by significative 
drops on OCP, as mostly evidenced for the TiNb0-300 and 
TiNb9-300 groups that may suggest the appearance of some 
large regions of the substrate after film destruction.

Figure 11 presents the wear tracks of the MAO-treated 
coatings after the tests under 3 N loading, taken on both 

Fig. 8   Lower magnification SEM images of the worn a TiNb, b TiNb0-300, c TiNb0-400, d TiNb9-300, and e TiNb9-400 samples, after tribo-
corrosion tests under 2 N
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Fig. 9   Higher magnification SEM images of the worn a TiNb0-300, b TiNb0-400, c TiNb9-300, and d TiNb9-400 samples, after tribocorrosion 
tests under 2 N

Fig. 10   Representative OCP and COF evolution recorded during tribocorrosion tests in PBS under 3 N normal load for TiNb0-300, TiNb0-400, 
TiNb9-300, and TiNb9-400 coatings
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BSE and SE modes in lower magnification. As general, 
the 300 V-treated groups showed very similar wear tracks 
(Fig. 11a, c), with huge areas of film destruction, as well as 
an evident tribolayer represented in the central region of the 
wear track. However, some of the oxide layers maintained 
their integrity in the periphery of the contact region with 
alumina ball. Moreover, it seems that the TiNb9-300 coat-
ings presented some more oxidized zones over the central 
region of the wear track as compared to the TiNb0-300 sam-
ples, which may be associated with the slightly nobler OCP 
values on the TiNb9-300 samples, retarding higher exposure 
of the underlying TiNb substrate to the corrosive effect of 
PBS.

When the 400 V-treated samples were tested under higher 
loading conditions (3 N), their outermost oxide layers could 
not withstand, resulting in an expanded wear track character-
ized by brittle oxide removal in its periphery, as observed 
on the Fig. 11b, d. However, a much less exposure of the 
substrate (brighter zones in BSE mode) is also observed on 

the wear tracks, comparing the ones of the 300 V-treated 
groups. The differences in the wear tracks between TiNb0-
400 and TiNb9-400 samples seem to be mostly attributed to 
the visible mechanical damage. The wear of the TiNb0-400 
samples appears to be at a higher stage of development, as 
more regions of film destruction could be detected on the 
wear scar. Besides, TiNb9-400 samples showed a tribolayer 
in the central region of the wear track, whereas TiNb0-400 
samples presented a few adhered patches representing a 
discontinuous tribolayer, which may provide a very limited 
protection [57].

Figure 12 exhibits a closer look at the worn surfaces after 
mechanical solicitations carried out under 3 N normal load, 
along with EDS spectra obtained from the characteristic 
zones. Three typical distinguished zones can be detected in 
the wear tracks. Zones where the substrate was exposed after 
film destruction (Z1, Z4, and Z7), which are represented by 
higher amount of Ti and Nb (substrate), lower concentration 
of O, and poor quantity of bioactive elements (Ca, P, Mg, 

Fig. 11   Lower magnification SEM images of the worn a TiNb0-300, b TiNb0-400, c TiNb9-300, and d TiNb9-400 samples, after tribocorrosion 
tests under 3 N
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Zn, and Sr). Part of these removed anodic layers (mixture of 
titanium and niobium oxides) was re-deposited to the surface 
through continuous compaction during sliding, forming a tri-
bolayer (zones Z2, Z3, Z6, and Z9) rich in bioactive agents, 
together with high amount of elements from the physiologi-
cal fluid, such as K, P, Na, and Cl. Other oxidized zones 
represent the surface practically not disturbed (Z5 and Z8), 
maintaining its porous morphology, and incorporated with 
the bioactive elements through the anodic treatment, with 
low presence from PBS composition.

TiNb0-300 surfaces (Fig.  12a) mainly exhibited two 
distinctive zones; Z1 represents film destruction, whereas 
Z2 depicts a tribolayer, due to the large difference on the 
O, Ti, and Nb contents (Fig. 12e). An additional oxidized 
zone (Z5) is observed on the wear track of the TiNb9-300 

samples (Fig. 12c), not significantly damaged and still bio-
functionalized (Fig. 12g). Traces of the element Al may 
indicate transfer of material from the counter-body to both 
coatings grown at 300 V. A discontinuous tribolayer (Z3) is 
verified on the TiNb0-400 samples (Fig. 12b), along with a 
zone of film destruction (Z4) characterized by a significant 
increase of Ti and Nb and practically no content of bioac-
tive species (Fig. 12f). The wear track of the TiNb9-400 
samples can be observed in more detail on Fig. 12d (the few 
and small areas of film destruction—represented by brighter 
areas (BSE mode) on Fig. 11d—were not analyzed). There 
is a huge presence of O and bioactive agents in both zones 
Z8 and Z9 (Fig. 12h). Element Zr could be well detected in 
these regions, instead of the zones Z5 and Z6 on TiNb9-300 
surfaces.

Fig. 12   Higher magnification SEM images of the worn a TiNb0-300, 
b TiNb0-400, c TiNb9-300, and d TiNb9-400 samples, together with 
correspondent e–h EDS spectra taken from the inset red zones (Z1–

Z9), after tribocorrosion tests under 3 N. Atomic percentage (at.%) of 
the element Zr L inserted on (g) and (h)
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Figure  13 shows FIB prepared cross-sectional SEM 
images of the worn sub-surfaces, taken as perpendicular to 
the sliding direction after tribocorrosion tests under 3 N nor-
mal loading. The coating grown during MAO treatment on 
the TiNb0-300 surfaces (Fig. 13a) was not observed under 
the tribolayer formed. Instead, it was identified a severe 
damage to the metallic substrate, characterized by a plastic 
deformation. Concerning both TiNb0-400 and TiNb9-300 
samples (Fig. 13b, c, respectively), the porous coating was 
still found under tribolayer, but presenting a significative 
damage characterized by either extensive propagation of 
cracks previously formed during MAO, or nucleation of new 
ones that possibly were induced by mechanical actions. This 
type of damage seems to be even more aggravated for the 
TiNb0-400 coatings, which also presented some cracks near 
the metal/oxide interface. In contrast, TiNb9-400 coatings 
showed sub-surface cracks at a lower level of development 
(Fig. 13d). For these samples, some wear debris were found 
deposited inside the pores. As it was analyzed before tribo-
corrosion experiments (on the Fig. 5c, d), ZrO2 NPs (indi-
cated by dotted arrows) were preferentially identified along 
the oxide layers of the TiNb9-400 samples (either inside 
the pores and cracks, or embedded in the coating), in com-
parison with the TiNb9-300 samples which mostly presented 
some embedded nanoparticles.

4 � Discussion

This work aimed at studying, for the first time, the tribocor-
rosion behavior of bio-functionalized ZrO2 nanoparticles-
containing MAO coatings grown on Ti-40Nb alloy. The 
following subsections emphasize important topics, such as 
growth mechanisms of the MAO coatings, incorporation of 
ZrO2 NPs, and the tribocorrosion behavior of the novel sur-
faces developed.

4.1 � General Growth Mechanisms 
of the MAO‑Treated Coatings

Ti-40Nb substrates were coated by micro-arc oxidation in 
the report of Gebert et al. [36]. As general, the alloy fol-
lowed the same oxide growth mechanisms established for 
titanium. In this light, it is believed that all coatings in the 
present work were formed through the same main stages 
reported for bulk Ti treated by similar MAO parameters [23, 
27, 30, 56, 60]. During the initial moments of the process, 
the metallic substrate goes through a uniform film growth 
stage, which is linked to the formation of a compact and 
thin oxide layer, generally called by barrier film [23, 56] as 
depicted in Fig. 5. Afterwards, by reaching a critical poten-
tial value, a phenomenon named dielectric breakdown takes 
place at sites of the oxide with less resistance, originating 

numerous energetic micro-arcs (sparks) and discharges over 
the surface. After the appearance of such features, a cas-
cade of events has been discussed. The high temperatures 
and pressures promoted by the micro-arcs, contribute to the 
formation of small nanocrystals such as anatase and rutile 
into the amorphous matrix of the coating [27, 30] (as seen 
by the XRD analysis on Fig. 6). Due to its higher ionic resis-
tivity comparing to the one of amorphous phase, the crys-
talline oxide can favor the oxygen (gas) generation within 
the coating [61, 62]. Formation of pores is also a typical 
consequence of the high local temperatures achieved by the 
micro-arcs spread over the entire surface, as well as of the 
eventual bursting of some oxygen-filled bubbles occluded in 
the growing anodic film. Meanwhile, in the process of local 
melting and fast re-solidification of the oxide in contact with 
the electrolyte, the bioactive elements from the electrolyte 
are allowed to be incorporated into the new coating material 
[27, 30], as it was observed the successful incorporation of 
Ca, P, Mg, Zn, and Sr species by EDS analysis (Fig. 4). It 
is noteworthy that the presence of Nb detected by chemical 
mapping may indicate that all coatings were also composed 
of niobium oxide such as amorphous Nb2O5 [62]. Sparks are 
continually initiated and extinguished at spots of dielectric 
breakdown as the new local coating material restores the 
resistance to the current flow [63]. As potential is increased 
with time, the micro-arcs and discharges become more pow-
erful, leading to the formation of larger and protruding pores 
[27]. As final result, it is observed a multi-scale porous sur-
face (Fig. 3) and a cross-section with triplex structure (bar-
rier film, inner porous layer, and outer porous layer) (Fig. 5), 
according to the results of Alves et al. [23, 56] for Ti coated 
by similar MAO parameters. Furthermore, both porous lay-
ers are thicker than the barrier film as the current flow con-
centrates at the sparking locations, contributing for a faster 
and localized thickening of the oxide [63].

When the MAO treatments were performed by applying 
a higher voltage (400 V), some specific characteristics of 
the coatings were affected. It is reported that the voltage 
of anodization has a significant effect on the intensity of 
the sparks formed during the oxide growth [64, 65] and, as 
previously discussed, various properties of the MAO coat-
ings are strongly dependent on the sparking events occur-
ring at the surface. The higher potential applied could have 
contributed for micro-arcs and discharges more energetic, 
leading to higher local temperatures and pressures and 
facilitating the transformation of anatase to rutile [56], 
which is evidenced by higher R/A ratio as in the case of 
the 400 V-treated groups of this work (Fig. 6). By using 
similar processing parameters of this study, Oliveira et al. 
[27] explained that the outermost parts of the anodic film 
are expected to re-solidify at first so quickly that an atomic 
rearrangement could not take place, what ends up in coatings 
containing an amorphous layer at superficial regions. This 
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Fig. 13   Cross-sectional FIB-SEM micrographs taken from wear 
tracks of the a TiNb0-300, b TiNb0-400, c TiNb9-300, and d TiNb9-
400 samples after tribocorrosion tests under 3 N, with their respective 

higher magnification selected zones in both backscattered electron 
(BSE) and secondary electron (SE) modes. ZrO2 NPs indicated by 
dotted arrows
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finding was also reported by Ribeiro et al. [30]. The charac-
teristic shoulder of amorphous phase found on XRD analysis 
(Fig. 6) may suggest that the 400 V-treated groups presented 
an increased amorphous content at the superficial regions, 
although further investigation needs to be conducted in order 
to confirm this assumption. The appearance of cracks has 
been presumed from thermal stresses due to the sharp drop 
in the temperature of the molten oxide in contact with cold 
electrolyte, and/or stresses due to phase transformations in 
the coatings [66], which were both conditions more prone 
to occur for the potential applied of 400 V. Therefore, crack-
ing phenomenon was more clearly observed on the surface 
(Fig. 3b, d) and along the cross-sections (Fig. 5b, d) of the 
400 V-treated samples. In addition, cracks are among the 
zones more prone to dielectric breakdown [27], which may 
have originated several crack-liked tracks accompanied by 
small pores over the surface (Fig. 3b, d). These features may 
have significantly contributed for smaller surface porosities 
for the 400 V-treated groups, despite the presence of some 
larger and elongated pores due to the more powerful micro-
arcs. TiNb0-400 and TiNb9-400 coatings were significantly 
thicker thanks also to the micro-arcs and discharges more 
energetic [65]. Finally, MAO processing at higher voltage 
did not affect the successful incorporation of the bioactive 
species (Ca, P, Mg, Zn, and Sr), which were uniformly dis-
tributed over the surface as observed in representative EDS 
mapping (Fig. 4).

4.2 � Incorporation of ZrO2 NPs into the MAO‑Treated 
Coatings

It has been reported that most of the particles are negatively 
charged in alkaline electrolytes by acquiring a negative sur-
face charge [37], as observed for ZrO2 NPs in several works 
[40, 43, 50, 51, 67]. Afterwards, through electrophoresis, the 
charged ZrO2 NPs suspended in the electrolyte can migrate 
towards the anode under influence of the electric field. The 
electrophoretic velocity (v) of the nanoparticle suspension 
is given by Eq. 2:

where Q is the surface charge of the particles, E is the poten-
tial difference applied to the particle suspension to generate 
the electric field, r is the particle radius, and ƞ is the viscos-
ity of the particle suspension [68]. As the composition of 
the base electrolyte and the type, size, and concentration of 
nanoparticles were the same for both TiNb9-300 and TiNb9-
400 samples, the parameters Q, r and ƞ can be considered 
constant. Therefore, the voltage of the MAO treatment was 
the principal factor affecting the electrophoretic velocity of 
the ZrO2 NPs. This indicates that MAO treatments at 400 V 

(2)v =
QE

4�r�

facilitate the incorporation of nanoparticles, making them 
move more easily towards the positive electrode (TiNb sub-
strates) under effect of the higher electric field.

Micro-arcs and discharges also play a key role on the 
incorporation of nanoparticles, creating opportunities for 
them to either be inertly incorporated or be incorporated by 
chemical reactions. In the first possibility, the particles are 
generally introduced to the coatings through different trans-
port pathways (e.g., open pores, cracks, and short-circuit 
channels) without forming new phases; consequently, they 
are easily traced and identified in the oxide layers by imag-
ing techniques, even if some superficial chemical reaction 
may take place at the particle/coating interface [37, 46, 69]. 
In the second case, the particles can be entirely melted due 
to the high local temperatures achieved, and then react with 
other components from electrolyte and coating matrix, origi-
nating new zirconium compounds such as ZrTiO4 [38, 51].

In this work, the main locations of ZrO2 NPs (which were 
observed embedded or protruded from the oxide, and also 
inside the pores and cracks) are clearly distinguishable as 
brighter regions due the atomic number contrast on BSE 
mode (Figs. 3c, d, 5c, d), which are supported by EDS analy-
sis (Fig. 4b). Interestingly, with regard of the cross-sections, 
the nanoparticles were only identified above the barrier film 
(Fig. 5c, d), which confirms the essential role of powerful 
micro-arcs and discharges on the incorporation of ZrO2 NPs. 
Moreover, there was no formation of new compounds, as 
only tetragonal-phase peaks of the original ZrO2 NPs were 
found for both TiNb9-300 and TiNb9-400 samples (Fig. 6). 
Therefore, it can be assumed that the ZrO2 NPs were inertly 
incorporated into the MAO-treated coatings, even after 
sparking events more energetic taking place on the TiNb9-
400 surfaces due to the higher voltage applied. Inert incor-
poration of zirconia nanoparticles is also demonstrated by 
other studies [39, 40, 45, 46].

The addition of nanoparticles did not affect the success of 
the incorporation of bioactive elements (Ca, P, Mg, Zn, and 
Sr), which could be analyzed in both TiNb9-300 and TiNb9-
400 coatings (Fig. 4b). An in-depth quantitative chemical 
analysis of these elements and their impact on biological 
properties are in the scope of further investigation. On the 
other hand, some modifications on the thickness, R/A ratio, 
and surface porosity could be observed for the ZrO2 NPs-
treated coatings (especially in the case of the TiNb9-400 
samples) as compared to the nanoparticle-free ones. Similar 
observations are already reported in the literature [43, 67]. 
It has been explained that the presence of nanoparticles in 
the electrolyte can contribute to the oxide growth due to the 
higher consumption of the plasma energy at sparking sites 
[51]. That higher energy consumption may also have con-
tributed to the transformation of anatase to rutile, which was 
highlighted by higher R/A values for the samples containing 
nanoparticles (Fig. 6), especially for the TiNb9-400 coatings 
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that were produced under conditions of better migration of 
ZrO2 NPs towards the oxide/electrolyte interface. On the 
other side, the surface porosity can be decreased as nano-
particles agglomerate inside the pores, creating a sealing 
effect [67, 70], which probably was more evident for the 
TiNb9-400 samples as also consequence of the higher elec-
trophoretic attraction.

In fact, in direct comparison between TiNb9-300 and 
TiNb9-400 coatings, some differences can be found regard-
ing the incorporation of ZrO2 NPs. Such particles are not 
so visible throughout the cross-section of the TiNb9-300 
samples, as opposite for the TiNb9-400 coatings which pre-
sented abundant nanoparticles inside the pores and cracks 
as well as embedded in the oxide (Fig. 5c, d). Together with 
higher values of crystalline ZrO2/TiO2 ratio (Fig. 6), these 
results suggest preferential incorporation of nanoparticles 
for the TiNb9-400 samples, as result of combined effect of 
better delivery of ZrO2 NPs and stronger micro-arcs and 
discharges during MAO processing at higher voltages [44].

To sum up, the mechanism of ZrO2 NPs incorporation 
is proposed by four main stages as shown on Fig. 14. The 
nanoparticles get negative surface charge when suspended 
in alkaline electrolyte (Fig. 14a). By applying a potential 
difference between electrodes, the nanoparticles start to be 
attracted to the surroundings of the anode by electropho-
resis (initial stages of the anodic process corresponding to 
the formation of a barrier film) (Fig. 14b). After dielectric 

breakdown, the high local temperatures caused by micro-
arcs and discharges lead to a physical mixing between 
attracted ZrO2 NPs and the fluctuating molten titanium 
oxide, along with some superficial chemical mixing that may 
take place at their interfacial region (Fig. 14c). Once the 
sparking events extinguish and the zones are cooled by the 
electrolyte, ZrO2 NPs become entrapped at the sites of oxide 
growth, being found inside the pores or cracks, or embedded 
in the coating (Fig. 14d). Moreover, some nanoparticles can 
be observed protruding from the surface, as a result of depo-
sition or possible superficial chemical mixing to the oxide.

4.3 � Tribocorrosion Behavior of Bio‑Functionalized 
ZrO2 NPs‑Containing MAO Coatings

Ponthiaux et al. [71] have explained that the OCP provides 
important information on the electrochemical state of the 
material. A more passive state is reflected by an increase in 
the OCP (anodic shift); as opposite, a more active state is 
given by a decrease (cathodic shift). All as-functionalized 
samples showed undoubtedly better tribo-electrochemical 
response than the untreated TiNb substrates in the tests 
under 2 N loading (Fig. 7). The MAO layers provided pro-
tection for the surfaces, avoiding exposure of the underlying 
substrate (Figs. 8, 9). In fact, the porous structures can act 
as entrance channels for corrosive fluids. However, MAO-
treated coatings grown by similar parameters of this work 

Fig. 14   Schematic illustration of the suggested incorporation mecha-
nism of ZrO2 NPs, divided into four main stages: a negative surface 
charged nanoparticles in alkaline electrolyte, b attraction of the nan-
oparticles to the anode by electrophoresis, c physical mixing (along 

with some superficial chemical mixing) between nanoparticles and 
fluctuating molten titanium oxide caused by sparking events, and d 
entrapment and preservation of nanoparticles at the sites of oxide 
growth and coating surface
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have improved the corrosion behavior of the material, mostly 
due to the presence of the barrier film [23, 56, 60]. On the 
other side, higher asperities of those MAO surfaces suffer 
from the greatest contact pressures under loading condi-
tions, becoming more prone to mechanical degradation 
[27]. Nevertheless, tiny wear debris can be accumulated in 
the lower zones and undamaged pores, creating smoothed 
zones and minimizing the chances of wear by third-body 
abrasion, which is commonly reported for contacts between 
flat surfaces, being very detrimental for the material [10]. 
As explained by Oliveira et al. [27], the increased tribocor-
rosion resistance of MAO coatings can also be due to the 
mixture of anatase and rutile, with preferential presence of 
rutile around the upper pores, acting as an effective barrier 
against severe deterioration.

However, it is important to pay attention to the quantity 
of rutile formed. While the presence of rutile can improve 
mechanical properties of the MAO-treated coatings [25, 
27, 72], it is also expected that, after some period under 
high loading conditions, these materials can be more prone 
to brittle cracking associated with the harder rutile [27]. 
TiNb0-400 samples may have severely suffered from this 
phenomenon as evidenced by the morphology of destruction 
of their anodic film (Figs. 8c, 9b). That brittle oxide removal 
in the peripheral regions of the wear track can be quite unde-
sirable, since it can give rise to large third-body particles, 
which can freely move on the surface aggravating even more 
the damage [10, 27], or be released to the host environment 
and compromise biological functions. This quantity of vis-
ible damage could not be identified when the samples were 
treated with ZrO2 NPs (TiNb9-400 groups) (Figs. 8e, 9d), 
which might indicate a delayed effect on the brittle removal 
of the outermost oxide layers. This assumption is further 
confirmed when the MAO-treated coatings were also tested 
under more severe conditions (3 N as normal load).

By applying higher contact pressures, the OCP evolu-
tion obtained during sliding reflected more clearly the 
mixed potential values, from both active (worn) and passive 
(unworn) zones in the wear track. Also, the characterization 
of both wear tracks and the worn sub-surfaces could provide 
valuable information on the wear mechanisms. It is reason-
able to state that the processing voltages together with the 
incorporation of ZrO2 NPs played a key role on the resulting 
wear mechanisms of the coatings.

The 400 V-treated groups did not share the same wear 
mechanisms of the coatings submitted to 300 V. Tribolayers 
on the TiNb0-300 (Fig. 12a, e) and TiNb9-300 (Fig. 12c, 
g) samples, presented some Al that may indicate the trans-
fer of material from the alumina ball during sliding. Even 
under higher loading conditions (3 N), both TiNb0-400 and 
TiNb9-400 surfaces presented much less visible mechanical 
damage (exposure of the substrate) (Fig. 11b, d) compar-
ing to the 300 V-treated groups (Fig. 11a, c). However, the 

favorable formation of rutile seems to induce brittle removal 
of the outermost oxide layers, as it is clearly observed an 
enlargement of the wear tracks for the 400 V-treated groups. 
These findings reinforce that both TiNb0-400 and TiNb9-
400 coatings presented similar wear mechanisms (but dif-
ferent from the 300 V-treated groups), although the incor-
poration of ZrO2 NPs could provide some more protection 
to the superficial oxide layers as also observed during the 
previous test (2 N loading), minimizing in that case a brittle 
oxide removal (Fig. 8c, e).

It is suggested that an enhanced inert incorporation of 
ZrO2 NPs could better accommodate the internal stresses 
and retard the eventual phenomena of brittleness and crack-
ing associated with rutile during vigorous mechanical 
solicitations. In fact, possible damage owing to fatigue wear 
appears to occur at a lower stage of development for the 
TiNb9-400 samples (Fig. 13d), in contrast to the extensive 
nucleation and/or propagation of sub-surface cracks for the 
TiNb9-300 (Fig. 13c) and TiNb0-400 (Fig. 13b) groups.

To sum up, the Fig. 15 shows schematically the wear 
mechanisms proposed for the as-functionalized samples 
tested in this work. TiNb0-300 samples (Fig. 15a) showed 
mainly joint features of abrasive and adhesive wear, which 
were evidenced by various zones of complete film destruc-
tion, reaching the substrate and provoking plastic deforma-
tion, as well, the formation of tribolayers (with some transfer 
of Al from counter material). The visible surface damage 
was slightly reduced for the TiNb9-300 samples (Fig. 15b), 
but they may also have presented signs of fatigue wear gov-
erned by sub-surface cracks in the MAO layers. When the 
coatings were grown at higher processing voltages, zones 
of exposure of the substrate were significantly reduced, and 
the coatings seem to be mostly damaged in the top oxide 
layers (Fig. 15c, d). However, TiNb0-400 samples exhibited 
more zones of film destruction as compared to TiNb9-400 
samples. Without nanoparticles, the coatings were covered 
by some small oxidized patches (discontinuous tribolayers) 
offering a very limited protection, and an extensive nuclea-
tion and/or propagation of cracks was detected throughout 
the remaining oxide layers (Fig. 15c). On the other hand, 
an enhanced inert incorporation of ZrO2 NPs (TiNb9-400 
coatings, Fig. 15d) may have delayed eventual phenomena 
of brittleness and cracking associated with harder materials 
(rutile) under vigorous mechanical solicitations.

4.4 � Limitations of the Present Study

In this paper, a first insight on the tribocorrosion behavior of 
micro-arc oxidation films incorporating ZrO2 particles was 
investigated. Due to the novelty of the study, it was decided 
to report the obtained results that open new directions for 
further research. Therefore, limitations of the present work 
should be referred.
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As only OCP measurements were carried out, no infor-
mation on the rate of the corrosion reactions neither on the 
synergism between wear and corrosion phenomena is pro-
vided in this work. Therefore, further experiments should 
be conducted under potentiostatic conditions to quantify 
the corrosion current released from the material during 
mechanical actions. Furthermore, as future work, it would 
be of upmost importance to address potentiodynamic 
polarization analysis and electrochemical impedance spec-
troscopy (EIS), in order to extract detailed information 
on the corrosion mechanisms of those anodic coatings, 
bringing new understanding of the role of ZrO2 NPs dis-
tributed along the MAO layers. An in-depth tribocorrosion 
investigation is needed, performing wear volume measure-
ments and, especially, trying to simulate more closely the 
clinical environment where proteins are also present in the 
body fluids. Finally, a new study design is being drawn 
and applied in the tribocorrosion tests, considering both 
the porous nature of the contacting surfaces (MAO coat-
ing and bone) and the conditions of osseointegration well 
established after implantation.

5 � Conclusions

Ti-40Nb alloy substrates were coated by MAO at different 
voltages in order to develop bio-functionalized surfaces 
incorporated with ZrO2 NPs. Oxide growth mechanisms, 
incorporation of NPs, and tribocorrosion behavior were 
discussed. Within the limitations of this work, the main 
outcomes can be summarized as follows:

–	 Regardless the processing voltage and addition of ZrO2 
NPs, all coatings were incorporated with multiple bio-
active species, as well, presented a multi-scale porous 
surface and a cross-section with triplex structure (bar-
rier film, inner porous layer, and outer porous layer)

–	 An inert incorporation of ZrO2 NPs was proposed to be a 
combined effect of electrophoresis and strong micro-arcs 
and discharges originated during MAO treatment. Higher 
processing voltage seems to improve that incorporation

–	 An enhanced incorporation of ZrO2 NPs was shown 
to provide a better tribological behavior to the grown 

Fig. 15   Schematic illustration of the suggested tribocorrosion mechanisms of a TiNb0-300, b TiNb9-300, c TiNb0-400, and d TiNb9-400 sam-
ples
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oxide coating, possibly retarding eventual phenomena 
of brittleness and cracking associated with harder mate-
rials (rutile) under vigorous mechanical solicitations
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