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Abstract
Degradations of implants during their service life lead to rejection because of corrosion and wear-related problems, i.e., toxic 
ions and wear particles released into the human body. In this case, tribocorrosion tests are appropriate ways to investigate the 
synergistic effect of the corrosion and wear phenomena, on the material implant in simulated body fluids. This study aims to 
analyze the bio-tribology as well as the tribocorrosion performances of porous TiNi alloys, fabricated from elemental powder 
mixture (Ti, Ni) by powder metallurgy. The effect of the level in porosity, resulting from four (04) different cold pressing, was 
investigated against alumina ball in phosphate-buffered saline solution (PBS) at 37 °C. SEM/EDS microstructural analyses 
revealed the presence of various phases with TiNi as the predominant phase. Obtained results showed that the lowest friction 
coefficient was recorded for the sample with 33% in porosity rate when sliding against an alumina ball in dry conditions. A 
high tribocorrosion resistance for all the studied TiNi compositions was also observed. Based on the corrosion parameters 
and the wear rate, the composition with the highest porosity exhibited the optimum performance.

Graphical Abstract
Influence of the porosity rate on the specific wear rate.
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1  Introduction

Ti–Ni (50/50) alloys (nearly equal Ti and Ni composi-
tions) have been widely studied in respect of their excep-
tional properties, including excellent corrosion resistance, 
high mechanical characteristics, shape memory effect, and 
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biocompatibility [1–3]. Specifically, diverse biomedical 
applications emerged such as fixation plates of the bone 
fracture, orthodontic wires, staples, and correction rods of 
the spine [4]. Moreover, these alloys exhibit high wear resist-
ance due to cyclic hardening and pseudo-plastic deforma-
tion [5, 6]. Zhang et al. studied the sliding wear behavior 
of a super-elastic Ti–Ni alloy; the obtained results showed 
a resistance ten (10) times higher than that of a pure Ti and 
Ni, respectively [7]. Rabin et al. attributed the increase in 
resistance to indentation and wear of the TiNi alloy to the 
Young's modulus/hardness (E/H) ratio [8]. Another study 
showed that the mechanism of the alternative sliding wear 
can be associated to abrasion, adhesion, and delamination 
[9]. The wear resistance of this alloy was found to be condi-
tioned by the precipitation of Ti3Ni4 phase and by the ther-
mal characteristics of the martensitic transformation [10].

The porous form of Ti–Ni alloys has also been utilized 
in the biomedical field because of the supplementary prop-
erties, such as low density, high toughness, relatively low 
stiffness, and a Young's modulus very similar to that of 
human bone [10–12]. Alternatively, open porosities can alter 
the bone growth by cell migration and, thus, improve the 
fixation at the interface bone/implant [13, 14]. Yong-Hua 
et al. analyzed the influence of the porosity on the corrosion 
characteristics of a porous Ti–Ni alloy in a physiological 
medium. The obtained results indicated that the corrosion 
resistance decreased with increase in porosity rate [15, 16]. 
However, no agreement regarding the tribological perfor-
mances of the porous Ni–Ti alloy has been reached. Wu 
et al. studied the wear properties of a shape memory Ni–Ti 
alloy for orthopedic implants with different porosities. It was 
found that porosity, phase transformation temperature, and 
annealing temperature are the major factors influencing the 
wear characteristics of the porous Ni–Ti alloy [17]. Mean-
while, another work reported that low porosity leads to better 
wear resistance, which was attributed to the super elasticity 
[18]. Therefore, the influence of the porosity on wear behav-
ior was not well defined as reported in numerous studies. 
Nevertheless, some studies reported the beneficial effect of 
porosity and suggested that, it can help absorb the impact 
energy that accompanies cracks. Besides, porosity can act 
as lubricant reservoir under wet sliding conditions, which 
is a considerable advantage in the wear process. Porosity 
improves the roughness of materials’ surface, reduces the 
area of contact between two rubbing surfaces, and conse-
quently promote the detachment of particles during sliding 
as reported in the literature [19].

In the field of prostheses biocompatibility, it is impor-
tant to highlight that the release of metal ions and wear 
particles in fluids and tissues of human/animal body [11] 
are the major problems that challenges scientific research 
so far. Among the proposed strategies used to solve this 
problem, this is to minimize, at the extreme limits, the wear 

rate parameter [20]. In this context, this research work aims 
to investigate the effect of porosity on the tribocorrosion 
performances of porous Ti–Ni alloys elaborated by powder 
metallurgy process under varying pressure before sintering.

2 � Experimental Procedures

2.1 � Samples Elaboration

Porous Ti–Ni alloys were prepared by the solid-phase-sin-
tering process from elementary Ti (99.9% of purity and an 
average particle size ~ 100 μm) and Ni powders (99.8% of 
purity and 25 µm in size). The 50/50 at.% powder mixture 
was milled for 2 h using a ball mixer then subjected to cold 
compaction in a tungsten carbide (WC) matrix under differ-
ent pressures (221, 295, 369, and 443 MPa). The purpose of 
varying the compaction pressure was to obtain samples with 
different porosities. The dimensions of obtained spherical-
shaped tablets are 13 mm in diameter and 5 mm in thickness. 
Subsequently, the as-obtained tablets were sintered at 950 °C 
for 7 h in a tube furnace under a flow argon atmosphere. The 
experimental procedure flow chart is depicted in Fig. 1.

Figure 2 displays SEM images of porous Ti–Ni alloys. It 
can be observed that (i) four main crystalline phases com-
pose the microstructure, i.e., Ti-rich phase, TiNi, Ti2Ni, 
and TiNi3 (Fig. 2a), which are in good agreement with the 
literature [21]; (ii) a number of pores (regardless of size) 
are distributed over the surface of the entire samples which 
decreases as the compaction pressure increases. In addi-
tion, all samples display interconnected pores with different 
and complex shapes (Fig. 2a–d) while spheroidization of 
pores is only observed in the sample compacted at 443 MPa 
(Fig. 2d). The adopted fabrication method and the micro-
structural characteristics presented in Table 1 (phase com-
position and porosity) of the different specimens have been 
described in detail in previous study [21].

The data reported in Table 1 reveal a close chemical 
composition (Ti and Ni) of both samples X1 and X3, but 
the porosity percentage is quite different. The level of the 
applied pressure (P) during cold-pressing agglomeration 
step is the main factor that influences the final microstruc-
ture of TiNi powder alloys; i.e., higher P leads to less poros-
ity and vice versa but there will be no influence on size dis-
tribution and shape of pores as reported in the literature [21].

2.2 � Dry Tribological Tests

The tribological tests were carried out using an oscillating 
tribometer TRIBO tester. All tests were conducted under 
conventional ball-and-disk configuration with alumina 
ball (13 GPa) as a static partner, at ambient temperature 
and about 40% of relative humidity. The tribological test 
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parameters (10 mm/s of sliding speed, 20 m in total sliding 
distance, and 5 N of applied load) are kept constant for all 
the specimens. Prior to the test, the sample was gradually 
polished SiC papers until No. 1200, rinsed in distilled water, 
ultrasonically cleaned in acetone bath and then air-dried.

2.3 � Tribocorrosion Tests

Tribocorrosion tests were performed by means of a three-
electrode cell made of Teflon with the sample as the working 
electrode, a platinum wire as the counter-electrode, and Ag/
AgCl as a reference electrode. The experiments were car-
ried out in phosphate-buffered saline solution (PBS) which 
includes (in g/l) NaCl = 8, KCl = 0.2, Na2HPO4 = 1.15, and 
KH2PO4 = 0.2 [22] at ambient temperature. The same tri-
bological parameters (applied load, sliding speed, and total 
sliding distance) as for dry tribological tests were adopted.

The electrochemical tests were performed using a Poten-
tiostat/Galvanostat Solatron Analytical 1285A. The poten-
tiodynamic polarization curves during sliding were plotted 
in the potential range between − 0.6 and + 0.8 V with a scan-
ning speed of 1 mV/s. All the experiments were duplicated.

Polarization resistance (Rp) was determined from linear 
polarization measurements as the slope of the linear region 
of the Potential vs. Current curve, near corrosion potential 
(Ecorr). The corrosion parameters [Ecorr, anodic (βa), and 
cathodic (βc) slopes] were estimated from the Tafel extrapo-
lation method. The corrosion current density Icorr was also 
calculated based on one form of the classical Stern–Geary 
equation (Eq. 1).

(1)
1

Rp

= 2.3

(
�a +

||�c||
�a
||�c||

)

Icorr.

Fig. 1   SEM micrographs of the 
fabricated specimens cold com-
pacted under different pressures 
of a 221 MPa where (1 repre-
sents Ti rich, 2-Ti2Ni, 3-TiNi, 
and 4-TiNi3), b 295 MPa, c 
369 MPa, and d 443 MPa
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2.4 � Surface Characterization

The surface and the chemical composition of the speci-
mens before and after tribo-tests were analyzed by scan-
ning electron microscope (ZEISS-EVO/MA25) coupled 
with energy dispersive spectroscopy (OXFORD Instru-
ments X-MaxN).

The specific wear rate (Ws) was calculated based on the 
Archard law equation [23]:

where V is the wear volume loss (mm3), P is the applied load 
(N), and L is the sliding distance (m). The wear volume (V) 
was estimated from the 2D profile of the wear track using an 
optical profilometer type Veeco Wyko N19300.

(2)Ws =
V

PL
,

3 � Results and Discussion

3.1 � Tribological Behavior

The dry-sliding conditions have been selected as a means 
to accelerate the wear process. Since the purpose was to 
assess the relative wear resistance of the porous TiNi speci-
mens, dry-sliding test against ceramic ball was considered 
as extreme aggressive conditions. Therefore, such data are 
required, in the optic to evaluate the material performances, 
and in order to get a clearer idea about degradation mecha-
nisms before tests in vivo.

Figure 3 illustrates the evolution of the coefficient of fric-
tion (COF) as a function of the sliding time of the tested 
samples in dry conditions. Overall, the representative curves 
shown in Fig. 3 manifest the same trend characterized by 
two distinct stages. In all cases, the COF starts at low val-
ues (0.16) corresponding to the first contact of alumina ball 
asperities against specimen’s surface. The running-in period 
is the first step, clearly shown in X1 and X3 cases. X1 samples 
exhibited the larger one. After that, the COF increases drasti-
cally reaching an optimum value of ~ 0.7, as a consequence 
of an increase in frictional forces, probably due to abrasion 
wear and maintaining a steady state. The average values of 
the COF are 0.417 and 0.6 for X1 and X3, respectively. Very 
short running-in periods are observed for X2 and X4 samples. 

Fig. 2   Experimental procedure flow chart

Table 1   Chemical composition of the fabricated TiNi alloys

Specimen Pressure (MPa) Porosity (%) Ti (wt%) Ni (wt%)

X1 221 33 52.24 47.76
X2 295 30 48.65 51.35
X3 369 27 52.43 47.57
X4 443 25 53.41 46.59
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The first stage corresponds to an accommodation of the two 
surfaces when rubbing against one another. Alumina ball 
has a higher hardness, thus the relief (roughness) of the 
tested specimens was reduced by plastic deformation. The 
second stage begins when the COF acquires stability. The 
average values of the COF are 0.59 and 0.64 for X2 and X4, 
respectively.

As observed, an increase in the specimen porosity leads 
to a decrease in the average COF at the steady state, because 
voids (pores) facilitate plastic deformations of the superficial 
layers in direct contact with the static partner. Finally, the 
evolution of COF as a function of the sliding time indicates 
that the porosity rate level has direct influence on the friction 
and wear regime of TiNi porous materials.

Figure 4 depicts the wear rate (Ws) estimation based on 
the volume loss calculation of the tested samples. It can be 

seen that the value of Ws decreases with increase in the total 
porosity percentage. The positive influence (Ws reduction) of 
the total porosity is remarkable in the studied range between 
20 and 35%; therefore, the interdependence “COF-Ws” has 
been established.

3.2 � Wear Mechanisms Analysis

Figure  5 shows wear tracks of the tested specimens. 
Scratches and grooves parallel to the sliding direction are 
common features for all the samples (Fig. 5a–d). It is evident 
that specimens have undergone abrasive wear. Small cracks 
can be detected on the worn surface joining two adjacent 
pores as indicated by blue arrows (Fig. 5a). One can also 
observe wear particles entrapped in pores, as highlighted 
in circles in Fig. 5a, b. The latter indicates a fatigue rupture 
of the top layers and wear debris formation, respectively. 
Particles of wear debris are produced by breaking of the 
asperities, removed from disk specimens and/or created by 
tribochemical layer formation (oxidation during rubbing of 
the opponent pairstatic partner) wiche becomes brittle, then 
transformed into debris after several sliding cycles against 
alumina ball. It is important to mention that wear debris can 
play the role of a third body wear and consequently contrib-
ute to plowing specimen surfaces.

Moreover, the worn surfaces of X3 and X4 specimens, hav-
ing lesser total porosity (25% and 27% in Fig. 5c, d), indicate 
another aspect of wear tracks. In addition to the scratched 
marks, signs of delamination wear are also observed. Higher 
magnification SEM micrographs reveal that the wear track 
of TiNi disk exhibits specific regions (indicated by yellow 
arrows) suggesting delamination of the tribo-layer in largest-
flake type debris. Finally, under the conditions of the tests 
conducted against alumina balls, higher porosity (30% and 
33%) results in an abrasive wear while lower porosity (25% 
and 27%) manifests a delamination wear in addition to an 
abrasive wear.

3.3 � Tribocorrosion Behavior

Figure 6 illustrates the tribocorrosion results obtained simul-
taneously under the conditions adopted in this study. Fig-
ure 6a shows the evolution of COF of the samples recorded 
during the tribocorrosion tests. It can be noticed that the 
curves have a similar appearance to those obtained under 
dry test conditions, i.e., characterized by two stages. One 
can see that the PBS solution does not play any lubrica-
tion role; it only diminishes friction forces. The average 
values of the COF are smaller. Figure 6a is marked by the 
presence of a fluctuation in each curve and that this trend 
exists in all friction curves regardless the total porosity rate 
in TiNi materials. X3 and X4 manifest the lowest mean fric-
tion coefficient ~ 0.4 compared to ~ 0.46 for X1 and X2. The 

Fig. 3   The COF evolution vs. sliding time of the TiNi specimens, at 
different level in porosity (porosity rate) in dry conditions

Fig. 4   Influence of the total porosity on the specific wear rate
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COF fluctuates along the periods around 180–190 s upon the 
sliding time in all cases. This phenomenon can be related 
to the most probable main mechanisms: (i) the formation 
of wear debris, which persists in the contact area during 
a certain period resulting in the rise of the COF, followed 
by the elimination of these debris through the flow of the 
electrolyte inducing a decrease of the COF. (ii) The presence 
of pores that conditions the efficiency and stability of the 
passive film, i.e., the formation and rupture of an unstable 
Ti oxide layer.

Figure 6b illustrates the potentiodynamic polarization 
measurements in PBS solution. The variation in the poros-
ity level of studied samples may cause some difficulties to 
quantify precisely the corrosion current density (Icorr). The 
exact estimation of the surface in contact with the electro-
lyte is not conceivable, since the Icorr value depends upon it. 
However, the evaluation of the electrochemical performance 
was possible by means of comparison of the evolution of 
the corrosion parameters. Overall, one can note that all the 
curves depicted in Fig. 6b present the same trend. They are 
characterized by the presence of a wide constant current 
plateau in the anodic region, which means that samples 
spontaneously passivate in this condition (i.e., formation 
of a thin oxide passive layer on the external surface). The 
main electrochemical parameters of the investigated speci-
mens calculated based on the Tafel curves are presented in 
Table 2 (all the presented potentials are relative to the Ag/
AgCl value).

Considering the Ecorr parameter, the most elec-
tropositive value was demonstrated by the X3 

Fig. 5   Wear tracks analysis after tribo-tests of a X1, b X2, c X3, and d X4

Fig. 6   Tribocorrosion tests results a coefficient of friction as function 
of time, b potentiodynamic polarization curves (Tafel plots)
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specimen (Ecorr =  + 0.068  V) closely followed by X2 
(Ecorr = − 0.072 V), which presents also the smallest value 
of corrosion current density (Icorr = 2.79 0.10–7 A/cm2). 
Besides, when taking into account the polarization resist-
ance, the highest value was observed in the case of X2 
(Rp = 885 kΩ).

The X1 sample (black curve) presents the largest hori-
zontal plateau, with a pitting potential Epp = 300  mV 
and a ΔE = 431  mV calculated from of the formula 
ΔE = Epp − ECorr. This confirms the tendency for sample 
X1 to passivate. Moreover, the presence of the fluctuations 
associated with the sliding on the curve of the X1 sample is 
attributed to the damage of the passive film by the mechani-
cal action. However, the curves of samples X2, X3, and X4 do 
not show a pitting in the anodic range.

Finally, in the same tested conditions conducted during 
tribocorrosion process, the X2 specimen shows the highest 
(best) electrochemical performances. This is may be due to 
the homogeneous distribution of the porosity.

3.4 � Quantification of Wear After Tribocorrosion 
Tests

The quantitative interpretation of the tribocorrosion phe-
nomena takes into consideration, both the degradation due 
to the corrosion and the mechanical wear. The total volume 
loss of the synergistic effect (Vt) parameter can be used to 
appreciate the resistance against tribocorrosion:

where Vm and Vc are the volume loss due to the mechani-
cal wear and the electrochemical corrosion, respectively. 
According to the Stack criteria, the (Vc/Vm) ratio is an estab-
lished approach to determine the predominant mechanism 
of degradation in the contact zone. Therefore, the following 
possibilities may exist [24]:

•	 Vc/Vm < 0.1: the degradation takes place by mechanical 
wear.

•	  < Vc/Vm < 1: the mechanical effect is dominant; the deg-
radation is controlled by wear-corrosion.

•	  < Vc/Vm < 10: the chemical effect is dominant; the deg-
radation is controlled by corrosion-wear.

(3)Vt = Vm + Vc,

•	 10 < Vc/Vm: the degradation takes place only by corro-
sion.

The determination of the Vm is established by the analysis 
of the geometry of wear traces (Eq. 2) while Vc is calculated 
using Faraday's law [25] (Eq. 4):

where Ip is the passivation current density; M is the atomic 
mass; t is the time; n is the charge number for the oxidation 
reaction (n = 2); F is the Faraday number (96,500); and ρ is 
the density.

Based on the above criteria, it is found that the calculated 
(Vc/Vm) is < 0.1. Besides, previous work reported that the 
passive film formed on the surface consists of two layers for 
all the specimens [21]. This will improve the electrochemical 
behavior of the porous Ti–Ni alloys during tribocorrosion 
processes. Therefore, only the deterioration by mechanical 
wear has to be taken into consideration when estimating the 
specific wear rate Ws after the tribocorrosion tests.

Figure 7 depicts the variation of the wear rate obtained 
after the tribocorrosion tests, based only on Vm (Eq. 2). It 
can be noticed that the same trend already obtained for dry 
sliding is observed; i.e., the wear rate decreases with the 
increase in the porosity level. However, it shall be noted that 
the values obtained at lower porosity rates (25% and 27%) 
are in the same order as for Ws under dry conditions, while 
for the high porosity rate (30% and 33%), the obtained values 
represent half as for dry conditions (divided by factor 2). 
This result confirms the role of trapping the porosity of loose 
particles by reducing the abrasive wear in the contact area 
[24]. In addition, the good tribological properties of titanium 
oxide (TiO2) formed during immersion in the electrolyte, 
have already been demonstrated in previous studies [26, 27].

3.5 � Tribocorrosion Mechanisms Analysis

Figure 8 displays the tribocorrosion results in terms of the 
synergistic effect of both the rubbing against alumina ball 
(mechanical wear) and the chemical attack by aggressive 
ions in the Phosphate-Buffered Saline Solution (corrosion). 

(4)Vc =

IpMt

nF�
,

Table 2   Electrochemical 
parameters from tribocorrosion 
tests at 37 °C in phosphate-
buffered saline solution

Specimen βa
(mV dec.−1)

βc
(mV dec.−1)

ICorr 10–7

(A/cm2)
ECorr
(V)

Rp
(kΩ cm2)

X1 235.42 185.66 58.1 − 0.13 7.756
X2 792.02 202.06 2.79 − 0.072 884.74
X3 731.84 511.55 7.61 0.068 171.93
X4 361.07 352.04 3.11 − 0.034 249.00
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The two degradation mechanisms do not proceed separately 
but mainly proceed concurrently.

The analysis of wear mechanisms, evolving in the tri-
bocorrosion system in this study, indicates that all the 
specimens manifest the same trends regarding the surface 
degradation. SEM micrographs of X1 (highest porosity 
level), X3 (middle level), and X4 (lowest level) are presented 
in Fig. 8a–c. The worn zones reveal the presence of plas-
tic deformation areas, particles embedded in pores, and 
scratches oriented along the sliding direction. It is noticed 
also that all the wear tracks are free of oxides and no delami-
nation zones can be found, indicating the absence of oxida-
tive and delamination wear mechanisms during the tribocor-
rosion tests. However, the three worn surfaces show different 
aspects in morphology. The microstructural component Ti-
rich phase (Fig. 1) remains in X1 specimen (Fig. 8a; yellow 
circle) while it disappears totally from surfaces, leaving 
voids (Fig. 8b, c) after its transformation into wear debris. 
Consequently, the high porosity rate results in the lowest 
wear rate (Fig. 7), and therefore, enhances the resistance 
against tribocorrosion.

Finally, the mechanisms of degradation evolving dur-
ing tribocorrosion are essentially plastic deformations and 
micro-abrasion wear, meanwhile the porosity rate plays a 
positive effect on the tribocorrosion resistance.

3.6 � Discussion

In this study, the mechanical degradation effect is consid-
ered as the major parameter in the estimation of the tribo-
corrosion wear rate. It is supposed that no chemical dis-
solution phenomenon takes place, e.g., no galvanic effect, 

oxide-reduction, etc. Only rubbing under constant load, 
against alumina is responsible for the surface degradation 
of specimen. Therefore, the interpretation of the obtained 
results may be as follows.

During the tribocorrosion process, asperities of alumina 
balls started scratching the surface of the disk, creating 
wear debris. After several cycles, two schemas (possibili-
ties) become possible, regardless of the porosity.

The first one (Fig. 8c) is that when the metallic Ti-rich 
phase, transforms into wear debris leaving voids, and con-
tributed to the increase of the wear rate value estimation 
(Ws) because it depends on volume loss calculation (based 
on 2D profiles).

The second possible way (Fig. 8a) is that when Ti-phase 
resists (not removed) and penetrates deeply in the matrix. 
Therefore, the volume loss estimation (and consequently 
Ws value) is only relative to the debris formed by the 
micro-abrasion process.

In fact, as mentioned above, the tribocorrosion process 
occurs according to the synergistic effect following the 
occurrence of the dual degradation processes. Therefore, 
to better understand how the porosity influences the wear 
rate (Ws), it is necessary to take into account the chemical 
effect.

Herein, it is established that during the tribocorrosion 
test, the passive film is continuously being destroyed and 
re-formed (Fig. 5a). The variation (fluctuation) of COF 
corresponds to the de-passivation and re-passivation of 
the alloy. The passive film, most probably TiO2, processes 
as a chemical reaction against the electrolyte completely 
different, compared to that of alloy’s surface (mixture of 
TixNiy phases). Alternatively, galvanic cells are established 
during the wear process in the electrolyte, where the bare 
metal (worn zone) can act as an anode and its edge (the 
passive layer) acts as a cathode. Therefore, the electro-
chemical reactions occur non uniformly over the entire 
surface and somehow can explain the difference in the 
tribocorrosion behavior of the tested specimens.

On the other hand, the applied pressure during the fab-
rication process (cold compaction), which ultimately rep-
resents the difference between specimens, does not play 
any role in the tribocorrosion process through the induced 
residual stresses. Because sintering the sample at 950 °C 
annihilates all of the residual stresses, so, this factor can-
not be considered here.

Finally, it has been deduced that both mechanical 
and electrochemical mechanisms are responsible for the 
removal of particles from the alloy during friction. As a 
result, the plastic flow of the alloy through plowing, parti-
cle detachment, and third body formation are found to be 
directly dependent on the porosity.

Fig. 7   Evolution of wear rate as function of the porosity of TiNi 
alloys
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4 � Conclusion

The tribocorrosion behavior of porous Ti–Ni alloys, with 
different porosity level obtained by solid phase sintering 
under different cold compaction pressures, was studied. 
Based on the results obtained, the following conclusions 
are drawn:

•	 The microstructural examinations showed that TiNi-
phase is dominant.

•	 The average friction coefficient in dry-sliding tests 
decreases with increase in the porosity level.

•	 Two wear mechanisms were identified in dry condi-
tions, namely abrasive and delamination.

•	 The formation of the protective oxide film was found 
to be the main phenomenon that governs the variation 
of the friction coefficient during tribocorrosion. Fur-
thermore, the wear mechanisms were mainly plastic 
deformation and micro-abrasion.

•	 The best resistance against corrosion was demonstrated 
by X2 (30% in porosity) specimen based on potentiody-
namic polarization curves.

Fig. 8   Wear tracks analysis after tribocorrosion tests of specimens a X1, b X2, and c X3. White circles indicated the initial pores and holes. Voids 
left by initial Ti-rich phase removal (dissolved) are circled in yellow
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•	 The tribocorrosion behavior of the studied specimen was 
mainly related to the porosity and stability of the passive 
film formed on the surface.

4.1 � Future Work

Bacterial infection, corrosion, and wear are the most com-
mon causes of the failure of the use of biomedical metal-
lic implants. Therefore, additional work should focus on 
biocompatibility, i.e., the investigation of the antibacterial 
activity of the elaborated materials against biofilm-related 
microbes.
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