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A B S T R A C T   

In this manuscript the tribocorrosive behavior of two common biomaterials adopted in dentistry such as Tita-
nium Grade V and Steel 316 L was investigated by a tribometer equipped with a three electrodes potentiostat and 
a confocal interferometric apparatus for a deep worn surface analysis. The experiments underlined that the pH 
and higher concentration of NaCl induced greater material loss, especially in terms of mechanical-chemical 
combined action which, estimated by synergistic approach, had a significant impact on the total wear. In 
addition, Titanium Grade V alloy showed a superior tribocorrosive wear resistance respect to Steel 316 L because 
of its higher hardness. Lastly, a linear correlation between tribocorrosive current and synergistic factor was found 
out which could be adopted in future analytical wear models.   

1. Introduction 

Tribocorrosion can be defined as the phenomenon involving the 
simultaneous action of tribological effects and electrochemical processes 
in form of redox reactions, triggered by aggressive external environ-
ment, causing the deterioration of the coupled materials [1]. Nowadays, 
it affects different society sectors such as the marine industry [2], 
automotive components [3], food processing [4] and, especially, 
biomedical applications [5] like knee or hip replacements [6] but also 
dental prosthesis [7], in particular in the interface between abutment 
and implant [8]. The coexistence of mechanical wear, in all its forms 
such as adhesive, abrasive, fatigue, etc., and of corrosive wear, in terms 
of galvanic, pitting, fretting corrosion, cannot be studied separately, 
since that their synergy could determine an increase in material loss [9]. 
An example of the latter is the acceleration of corrosive attack originated 
by the sliding between samples which removes the protective passive 
layer formed on the surface. On the other hand, the corrosive wear 
product could act as third body, most of the times hard oxide particles, 
inducing mechanical abrasion on the counterpart [10]. Unfortunately, 
the amount of total wear, and the consecutive contact surfaces modifi-
cations, has a great influence on the potential loss of functionality of a 
prothesis [11] or on the microfractures in materials used as medical 
implants requiring, most of the times, a revision surgery. In that sense, 
relevant clinical consequences may occur such as the spreading of some 
metallic ions such as titanium, vanadium, chromium, which are toxic 

and therefore very dangerous for human cells [12], leading to clinical 
complications such as severe immune responses, inflammations (peri-
implantitis) [13] and so on. Unsurprisingly, the common biomaterials 
like ceramics, metals, polymers, composites [14] are often coupled with 
specific treatments [15] or coatings having specific anti-wear properties 
[16]. For instance, Azzi et al. [17] stated that by adding to stainless steel 
316 L a SiNx:H bond layer and diamond-like carbon film, the corrosion 
and total wear resistance increased, and the friction reduced. Currently, 
several techniques are available for investigating tribocorrosion [18] 
such as open circuit potential (OCP), potentiostatic, potentiodynamic, 
galvanic cell, electrochemical impedance measurements, and so on [19, 
20], during and in absence of sliding, under free potential or with 
imposed one. Similarly, the tribocorrosive wear forecast models are, at 
the moment, object of study [21], both experimental [22] and numerical 
[23]. In addition, many authors have been carried out different exper-
iments in the last years. As example, Dalmau et al. [24] investigated the 
relation between current and friction of Ti-Nb-Zr-Ta alloy in phosphate 
buffered solution. In particular, when current increases, a drop in co-
efficient of friction was noted. Wang et al. [25] noticed the effect of SiC 
particle concentration and load applied for Ti-25 Nb-3Mo-3Zr-2Sn alloy 
in Ringer’s solution, finding out that the wear increased if the particle 
concentration was higher, and the applied load was lower. The porosity, 
instead, was investigated by Shivaram et al. [26] for Ti–20 Nb–5Ag in 
simulated body fluid noting that it has a positive role in tribocorrosion 
response. Even from a biological point of view, because the bone can 
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grow inside the micropores providing major stability. Royhman et al. 
[27] compared the mechanical performance of Titanium Grade V with 
CoCrMo alloy in synovial fluid as temporomandibular implants, noting 
that the second one had better anti-corrosive wear properties. However, 
the choice of biomaterial is not a trivial task because it should take in 
consideration not only the mechanical but also the topographical vari-
ables such as roughness which, as demonstrated by Sivakumar et al. 
[28], is strictly correlated with the corrosion resistance and total wear. 
On the other hand, even the biological and chemical properties like 
biocompatibility and bioactivity are relevant for a long-term survival of 
the prothesis. Moreover, Neto and Rainforth [29] evaluated, for four 
type of titanium alloys, immersed in a new-born calf serum, the impact 
of potential and microstructure on total wear. The outcomes showed the 
abrasion as dominant mechanism and the formation of graphite tribo-
films and denatured proteins. Wang et al. [30] analyzed the impact of 
proteins on CoCrMo alloy which determined more deformation influ-
encing, at the same time, the microstructure of the sample. The latter 
induces also diverse material response as indicated by Carquigny et al. 
[31] comparing the tribocorrosive behavior of stainless steel 316 L, Ti-
tanium Grade V and Ti–10Zr–10 Nb–5Ta alloys noting better anti-wear 
performance of titanium samples in all solutions with the exception of 
the ones including the proteins. Consequently, the constituents of the 
biological fluid play a significant role in the tribocorrosive behavior, in 
terms of ion release and passive film formed, of the samples, as stated by 
Yan et al. [32] concerning the structure of bovine serum. The normal 
load, instead, was evaluated by Axente et al. [33] for stainless steel 304 L 
in biological Hank medium: more volume loss was appreciated when the 
force increases. On the contrary, Yazdi et al. [34] for Titanium Grade V 
immersed in phosphate buffered saline solution, found out that the 
specific wear rate for unit of force decreased when the load increased as 
result of a higher coverage of the tribofilms. Hence, a general law, 
capable of correlating all the factors impacting on the phenomenon, has 
not been achieved yet. The main complication is the great number of 
variables involved [35] from different engineering areas: the chemical 
as pH and solution chemical composition; the mechanical with hardness 
and Young’s modulus; the physical as density, temperature; the tribo-
logical as coefficient of friction, the forces exchanged and etc. 

This manuscript, thus, provides an attempt to better understand this 
phenomenon in different ways: analyzing the material response, 
figuring out the relevance of determined variables and trying to find out 
probable correlations which provide the basis for the construction of 
analytical models. More in detail, two biomaterials were chosen: stain-
less steel 316 L and Titanium Grade V, which are commonly adopted in 
implantology as dental prosthesis material [36,37]. Their mechanical 
and chemical response was investigated in the two biological solutions 
as Ringer and physiological one and discussed from a tribological point 
of view. The current, potential, friction trends and the total wear con-
tributes, calculated by the synergistic approach, were presented and 
discussed. 

2. Materials and methods 

The samples, object of investigation, were stainless steel 316 L and 
Titanium Grade V alloy of mechanical and chemical properties reported 

in Table 1. The compositions by weight of the specimens were 
respectively:  

1. 63.145% Fe, 18% Cr, 14% Ni, 2% Mn, 2% Mo, 0.75% Si, 0.045% P, 
0.03% S, 0.03% C  

2. 90% Ti, 4% V, 6% Al 

The geometries of the contact bodies are cylindrical of diameter 25 
mm and height 6 mm; each one presents a value of arithmetical surface 
roughness of 0.70±0.5 µm. They were coupled with Titanium Grade V 
sphere (Fig. 1) of diameter 6 mm (Ra=0.6 µm), providing a mean 
Hertzian pressure of 548 and 458 MPa and a maximum Hertzian pres-
sures respectively equals to 822 and 687 MPa. This range of pressure 
outlines the stress regime of the coupling implant-abutment of a com-
mon dental implant [38]. The specimens were immersed in two bio-
logical solutions as Ringer’s and physiological one of compositions 
reported in Tables 2–3. Finally, before the tests, the samples were 
cleaned from all the potential impurities in ethanol bath and subse-
quently dried off. 

The experiments were carried out by a Ducom POD-4.0 modular 
reciprocating tribometer and Ivium potentiostat with three electrodes 
(Fig. 2), both equipped by own software for output processing. The 
working electrode (WE) is connected by a metallic frame with the 
sample, whereas the counter electrode (CE) is in graphite and the 
reference (RE) in silver chloride (AgCl/saturated KCl, E = 0.197 V). 
Finally, the pin holder and the cup are in polyethylene since it is elec-
trically insulating. 

2.1. Techniques of investigation 

First of all, the tests were conducted at environmental temperature 
(22±1 ◦C). The open-circuit potential tests for the four couplings were 

Table 1 
Mechanical and chemical properties of samples investigated.  

Material Density 
ρ 
[g/ 
cm3] 

Hardness 
H 
[MPa] 

Molecular 
weight 
MM 
[g/mol] 

Young’s 
modulus 
E 
[MPa] 

Poisson’s 
coefficient 
ν 
[] 

Steel 316 
L  

7.70  2255  56.11 206′000  0.33 

Titanium 
Grade V  

4.42  3884  46.75 110′000  0.32 

Ringer’s solution (pH=7.3) Fig. 1. Schematical representation of the tribological coupling.  
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achieved when the OCP potential changes of less than 50 mV per half an 
hour [39], requiring an interval of time variable in the range 1–3 h ac-
cording to the sample type. During this phase, an oxide passive layer is 
formed on the contact surface, in accordance with the chemical reaction 
described in Eq. (1): 

M + nH2O→MOn + 2nH+ + 2ne− (1)  

Where M is the general corroded metal, the water as the corresponding 
fluid medium, n the number of exchanged electrons and MOn the oxide 
layer. 

After that, the potentiodynamic curves were extrapolated by starting 
at − 0.1 V under the OCP imposed and increased up to + 0.1 V over OCP 
with a scan rate 0.1 mV/s. Concerning the tribocorrosion, the trib-
ometers was set up with the following input parameters: frequency 2 Hz, 
stroke length 5 mm, normal load 4 N, for a duration of exactly 1 h but 
divided in three phases reported just below.  

1. 20 min without sliding for OCP stabilization  
2. 20 min of sliding with no imposed potential and current to control 

the synergistic effect of wear and corrosion. A total of 2400 cycles 
were performed simulating a daily masticatory activity [40]  

3. 20 min with no sliding to monitor of OCP in static conditions after 
the impact of tribocorrosive wear 

In addition, potentiostatic tests with OCP imposed were carried out 
with aim of monitoring the current trend during sliding between the 
bodies and of comparing this value to that with no movement between 
surfaces obtained by potentiodynamic technique. The test lasted, in this 

case, 15 min divided in one phase of 300 s with no sliding, 300 s with 
sliding where an average current was calculated, and final 300 s with no 
motion. 

Lastly, all the tests were carried out three times for achieving 
repeatability of the results. 

2.2. Wear model 

The total wear (W) was estimated by synergistic approach [41] as 
indicated in Eq. (2). The mechanical wear (M) was achieved by the 
classical Archard’s Eq. (3) carrying out a dry tribological test of 20 min 
for the calculation of wear constants, with the same input conditions 
presented previously. On the other side, the chemical part (C) was 
calculated by Faraday’s law (4). The synergy (S), finally, as subtraction 
of these two terms from the total. 

W = M +C+ S (2)  

M = K
H⋅N⋅s (3) 

In (3), K is Archard’s constant (reported for both the investigated 
tribosystems in Table 4); their value were comparable with the ones 
presented in literature [42], N is the normal load, H the hardness and s 
the total sliding, which resulted equals to the frequency x stroke length x 
2 x testing time. 

C = I⋅MM⋅t
n⋅F⋅ρ (4) 

In (4), I is the current obtained by potentiodynamic curves [39], MM 
is the molecular weight, t the testing time, n the number of electrons 
exchanged in the tribosystem, equals to 2 for the stainless steel 316 L 
and 4 for titanium alloy [43], F the Faraday constant equals to 96, 
485 C/mol and ρ the density. Subsequently, the topography of the 
samples was deeply investigated via optical confocal laser microscope 
capable of conducting confocal technique or interferometry techniques, 
equipped with lens of 5x-20x and 50x of magnification. The tool owns a 
damping table to cutoff potential external vibrations and Sensofar 
software to process the measured data. The total wear was estimated 
both by subtracting the post-test profile from the original one and by 

Table 2 
Chemical composition of Ringer’s solution.  

Compositions Quantity [g] for 1 L of solution 

Sodium chloride-NaCl 9 
Calcium chloride dihydrate-CaCl2x2H2O 0.24 
Potassium chloride-KCl 0.43 
Sodium bicarbonate-NaHCO3 0.2 
Water-H2O 990.13 

Physiological solution (pH=7.5). 

Table 3 
Chemical composition of Physiological solution.  

Compositions Quantity [g] for 1 L of solution 

Sodium chloride-NaCl 3 
Water-H2O 997  

Fig. 2. In-situ machine setup for tribocorrosion test: lateral view with the three electrodes (a) and frontal view with the potentiostat connected.  

Table 4 
Archard’s constants of the samples analyzed.  

Material Archard’s constant 

Steel 316 L 1.01 * 10−4 

Titanium Grade V 7.72 * 10−5  
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weighing method through a scale of sensitivity of 0.1 mg. The entire 
procedure for the estimation of tribocorrosive wear is summarized in the 
flow chart reported in Fig. 3: after the definition of mechanical and 
chemical properties of specimens and solution, pre-test topographical 
characterization was carried out. Successively, the five techniques dis-
cussed were performed providing the factors required by the synergistic 
approach. At the end, the post-test surface characterization was 

achieved, and the total wear calculated. 

3. Results and discussion 

In a first phase, each sample was tested in absence of sliding and 
under free potential, in order to evaluate the open circuit potential for 
the two solutions. The stabilization phase provides OCP values (vs AgCl/ 

Fig. 3. Flow chart of tribocorrosive wear evaluation.  

A. Ruggiero and M. De Stefano                                                                                                                                                                                                              



Tribology International 190 (2023) 109033

5

saturated KCl) respectively for stainless steel 316 L and Titanium Grade 
V, of − 2.70±0.14, − 25.04±1.25 mV, for Ringer’s solution and of 
− 33.60±1.68 and + 24.68±1.23 mV, for the physiological one. After 
that, the samples were subjected to the potentiodynamic tests in 
accordance with the input conditions introduced previously. The curves 
E-log I can be appreciated in Fig. 4, highlighting the diverse response of 
the two samples for Ringer’s solution (Fig. 4a) and for physiological one 
(Fig. 4b), whereas in Table 5 the values of the current and polarization 
resistance extrapolated from the curves are reported. The range of po-
tential imposed plays a key role in corrosive behavior modelling of real 
biological applications because simulating the change of the chemical 
composition of human saliva, as result of food habits, or of the chemical 
components of synovial fluid. In addition, it is possible to estimate the 
chemical behavior of the materials without any mechanical damage 
[44]. 

As it easily observable the corrosive behavior of the samples is 
different due to the chemical nature of the medium. Indeed, the Ringer’s 
one is more corrosive than the physiological owing to the higher con-
centration of NaCl [45,46] and to the slightly lower pH [47,48]. In 
particular, the current becomes even 10–30 times higher whereas the 
polarization resistance 6 times greater by switching the two solutions as 
prove of the relevance of its chemical structure. Moreover, focusing on 
the material, it was found that titanium had the worst performance 
compared with the stainless steel in both the solutions, because of the 
formation of less tough protective oxide layer. Moreover, the stainless 
steel owns chemical elements such as chromium and molybdenum 
which help alloys to contrast the corrosive effect. In any case the current 
range is of the order of 10−7-10−9A and the polarization resistance of 
104-105 Ω which are extremely small values but, at the same time, 
reasonable both considering the resistance to corrosion of these samples 
in these biological fluids and that the solutions are essentially not acid 
simulating normal conditions [49]. Secondly, the tribocorrosion tests 
were conducted providing the trends shown in the next graphs for 
stainless steel 316 L (Fig. 5a) and Titanium Grade V (Fig. 5b). After 
20 min where the potential is completely stabilized, the sliding starts 
with a foreseeable decrease as a consequence of the rupture of the initial 
oxide layer which subjects the sample to the synergistic action of 
corrosion and wear. During the motion, the fluctuations can be inter-
preted as the rupture and the successive formation of the protective 
layer with no possibility of total recovery [50] because of the plastic 
deformation induced by the wear. Finally, when the motion is stopped, it 

increases again, as expected, because of the repassivation [51], almost 
reaching its initial value [52] with maximum discrepancy, respect to the 
starting one, equals to 8 mV for Titanium Grade V in Ringer’s medium. 
More precisely, the stainless steel 316 L provided a final potential of 
− 7.5±0.38 mV and − 38.86±0.9 mV respectively for Ringer’s and 
physiological solution. On the contrary, Titanium Grade V respectively 
− 33±1.25 mV and 23.35±1.17 mV. The maximum drop during the 
motion, was, instead, 20.24±1.01 mV and 43.16±2.18 mV respectively 
for Steel 316 L and Titanium Grade V in Ringer’s medium, 
16.30±0.82 mV and 30.01±1.5 mV in physiological one. The highest 
discrepancies are referred to titanium sample in both solutions con-
firming again the formation of less hard passive layer. 

From a tribological point of view, instead, the trend of friction co-
efficient (Fig. 6) was estimated during a tribocorrosion test at no po-
tential conditions [53] for 1200 s. After a rapid rise with the sliding 
inception as a result of the removal of the protective layer, the COF 
evolution is characterized by several oscillations emerged from the 
rupture of oxide and wear debris [54], followed by a progressive 
decrease. It is reasonable to suppose that both the oxide and the bare 
material particles are not completely ejected from the sliding track, 
probably because the number of particles removed, which is influenced 
by the normal load [55], is lower than ones formed during the motion 
[56], acting, therefore, as protective third bodies against the tri-
bochemical attack of the tribosystem. In Fig. 7, the mean values of 
friction coefficient are indicated in order to compare the different 
response of the materials object of investigation. The outcomes under-
line the absence of a complete fluid lubrication for all the couplings 
where the dominant kind is the mixed one, except for the Titanium 
Grade V immersed in physiological solution which presented a fluid film 
lubrication. Moreover, the highest values are reached by steel 316 L 

Fig. 4. Potentiodynamic curves of the two samples for Ringer (a) and physiological (b) solution.  

Table 5 
Current and polarization resistance values of the two samples for both solutions 
extrapolated by the potentiodynamic curves.  

Material 
\solution 

Ringer Physiological 

Icorr [µA] Rp [Ω] Icorr [µA] Rp [Ω] 

Steel 
316 L 

0.12±0.006 1.50±0.08 * 104 0.004±0.001 1.01±0.15 * 105 

Titanium 
Grade V 

0.26±0.013 1.13±0.06 * 104 0.025±0.003 6.74±0.34 * 104  
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followed by titanium alloy, proportionally to the decrease of hardness, 
for both solutions. On the other hand, also the chemical aspect has its 
importance as showed by the graphs where a significant decrease, for 
both the samples, is noted when the solution is changed. The results 
highlights, thus, the multidisciplinary of tribocorrosion phenomenon as 
well as the synergistic action of both mechanical and chemical proper-
ties. This will be confirmed successively when the analysis of the current 
during a tribocorrosion test will be presented, demonstrating a massive 
increase of this variable respect to the potentiodynamic case [57]. 

3.1. Wear estimation 

The different wear tracks, obtained after the tests, are exposed in  
Fig. 8 whereas the total estimation of material loss, calculated after the 
tribocorrosion experiments, is reported in Fig. 12. The track is almost 

evident only for stainless steel 316 L and titanium alloy in Ringer’s 
medium with average depth of 25 µm and 5 µm highlighting again the 
more aggressivity of the first medium. On the other hand, since in sliding 
wear the performance of the entire tribosystem counts, also the wear 
response of counterpart was analyzed founding out that the titanium 
sphere was only partially worn. For instance, the maximum was referred 
to the stainless steel 316 L in Ringer solution where the wear was esti-
mated equals to 8•10−4±0.03 mm3 (8.33•10−6 mm3/Nm) and, thus, 
more than two order of magnitude lower than the specimen. Similar 
results were noted for the other couplings. Concerning, instead, the main 
mechanism of material loss, the investigation was carried out adopting a 
lens of 50x of magnification and the software MountainsLab Premium 9. 
Arithmetical roughness values changes were found out in all the cou-
plings, but more pronounced for Ringer’s medium, as result of wear 
action. In particular, as reported in Fig. 9, a particle analysis applying 

Fig. 5. OCP trend during the tribocorrosion test for Steel 316 L (a) and Titanium Grade V (b) immersed in Ringer and physiological solutions.  

Fig. 6. Coefficient of friction evolution during a tribocorrosion test for Steel 316 L (a) and Titanium Grade V (b) for the two solutions.  
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Watershed algorithm [58] with threshold for merging motifs lower than 
5% of profile maximum height (Sz), was performed in order to evaluate 
the peaks density in the wear track. As expected, increasing the wear the 
number of peaks becomes higher, and in that sense the stainless steel 
316 L provided a greater density (130 and 122 particles/mm2 for 

Ringer’s and physiological medium) than the Titanium Grade V alloy 
(103 and 91 particles/mm2 for Ringer’s and physiological medium) with 
equivalent radius in the range 10–35 µm. In addition, it was found that 
the mechanical adhesive wear with the presence of directional grooving 
along the sliding direction was the dominant mechanism as shown in 

Fig. 7. Mean values of COF of all couplings.  

Fig. 8. Wear tracks and depth for Steel 316 L in Ringers’ solution (a), physiological solution (b), for Titanium Grade V in Ringer’s solution (c) and physiological 
solution (d). 
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Fig. 9a-b where the particles in the wear track have the shape of grooves. 
More precisely, among the four mechanisms of adhesive wear [59], 
seizure, scoring, scuffing and galling, since the coupling conditions of 
sliding speed and normal load, the prevalent one was the moderate 
scoring characterized by evident scratches in the direction of motion and 
due to the formation of metal-metal contact because of the failure of 
lubricant fluid, which plays a key role in the biological tribosystems 
[60]. In addition, pitting corrosion presence was even observed in Steel 
316 L and Titanium Grade V (Fig. 10) especially when immersed in 
Ringer’s solution. Indeed, for these samples, the synergistic component, 
as it will be showed successively, was notable. Moreover the three main 
texture directions, related to the three biggest peaks, of these samples 
were reported in Fig. 11. Applying frequency thresholds of 5% and 80% 
and considering that the secondary peaks at less than 5◦of an already 
detected peak are not taken in account, the directions were for both the 
materials, in the range 90–115◦ (Table 6) confirming again the direc-
tionality of the wear tracks. Similar results were found out for the same 
couplings in the physiological medium. The total volume loss was the 
highest for the stainless steel 316 L in Ringer’s solution 
(0.019±0.003 mm3) whereas the lowest for Titanium alloy in the 
physiological solution (0.0024±0.001 mm3). The other tests provided 
0.0072±0.001 mm3 for Titanium Grade V in Ringer’s medium and 
0.0088±0.004 mm3 for stainless steel 316 L in physiological solution. 
The specific wear rates are respectively, in Ringer’s medium, of 

1.58•10−4 and 6•10−5 mm3/Nm for steel 316 L and titanium alloy, 
whereas, in physiological solution, of 7.33•10−5 and 2•10−5 mm3/Nm 
in concordance with literature outcomes [31,61]. The total wear was, 
therefore, higher in Ringer’s biological fluid than in the other one 
proving again the impact of chemical solution on tribocorrosion ex-
periments. Moreover, titanium alloy performed better than the Steel 
316 L, for both the solutions, having a lower mechanical and conse-
quential tribocorrosive wear [62], although its initial corrosive response 
was worse. The answer is hidden in its higher hardness but more pre-
cisely into the different microstructure of the samples which undergo 
severe plastic deformation. Indeed, Titanium Grade V owns aluminum 
and vanadium which stabilize respectively the α and β form providing a 
greater strength respect to the stainless steel. On the other hand, these 
two chemical elements are, if spread out, potentially dangerous for our 
organism: the former may be correlated with osteomalacia (weakness of 
the bone) [63] while the latter may induce cytotoxic effects and adverse 
tissue reactions [64]. Hence, the wear debris, considering the biological 
environment, are of crucial importance because of all the clinical com-
plications likely established. Indeed, the former may be incorporated by 
macrophages causing their death if the dimensions are large, or not great 
enough to activate macrophages activity and therefore digested by cells. 
Moreover, the material loss causes the deterioration and the weaking of 
the implant-abutment interface and, thus, the performance of the 
prothesis [65]. 

Fig. 12. Total volume loss [mm3] and wear rate [mm3/Nm] for stainless steel 316 L and titanium alloys in Ringer and physiological solution.  

Fig. 9. Example of particle analysis achieved by Watershed algorithm for stainless steel 316 L (a) Titanium Grade V alloy (b) in Ringer’s solution.  
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Observing the single factors (Fig. 13a-b), estimated in accordance 
with synergistic approach [66] it is almost evident that the mechanical 
and synergistic effect, for all the samples, are far higher (Figure13a) than 

the corrosion part (Fig. 13b) [67] as a consequence of the very low 
current values [68] which was estimated in the order of 0.01–0.12%, as 
could be expected taking in account that the samples adopted in the 

Fig. 10. Extrapolation of wear track of stainless steel 316 L (a) and Titanium Grade V (b) in Ringer’s solution. Presence of directional grooving and pitting corrosion.  

Fig. 11. Texture directions of stainless steel 316 L (a) and Titanium Grade V (b) immersed in Ringer’s solution.  
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analysis are passive metals [69]. In particular, stainless steel 316 L and 
Titanium Grade V, in Ringer’s medium, have the values of synergy, 
respectively equals to 77% and 73% of the total wear, but also in the 
other solution the simultaneous effect of wear and corrosion is not 
negligible but with lower values, as expected since the diverse chemical 
nature of the solution, equals respectively to 51% and 20%. This com-
bined action, estimated in the interval 20–80% as stated in literature 
[70], can be interpreted as both mechanical wear-accelerated corrosion 
and corrosion-accelerated mechanical wear. In conclusion, the remain-
ing part is attributed to the pure mechanical wear which was principal 
factor for both the specimens in physiological solution. 

Finally, since the synergy impacts on the total wear, as demonstrated 
also in other works [71,72], an attempt was made to figure out which 
variable may be correlated with it. In that sense, a direct relationship 
between friction coefficient and synergy was found, following a linear 
trend with determination coefficient (R2) equals to 0.98, as indicated in  
Fig. 14. It is commonly accepted that friction, considering its physical 
nature, is connected with mechanical wear [73] via the microcontacts 
established between asperities [74,75]. This provided the basis for this 
assumption with the difference that, in this experiment, a corrosive 
environment is involved, modifying the tribological coupling. Conse-
quently, the COF was related not with the mechanical component but 
with the synergistic wear, where both corrosion and wear act: the former 
through chemical reactions and the latter trough the rupture of the 
contacts induced by the sliding. 

3.2. Tribocorrosive current trend 

In reference to the conditions introduced in the previous section, the 
current trend (Fig. 15) was evaluated during a tribocorrosion test, for 

the four couplings, and compared, in terms of average value with the one 
obtained via potentiodynamic tests (Fig. 16a-b). After sliding starting, 
an increase in current, followed by several oscillations, was noted for the 
samples tested with the exception of Titanium Grade V in physiological 
solution where it was almost constant. In addition, the effect of motion is 
more evident for Ringer’s medium than the physiological one, where the 
increase in anodic current value is even present, due to its higher 
aggressivity. The trends reported in Fig. 15 can be explained considering 
that the sliding destroys the passive film creating a galvanic coupling 
between two zones: one active, corresponding to the worn surface, 
where the protective layer is removed, and one passive, where the latter 
is still intact [76]. Moreover, the frequency of motion does not provide 
the sufficient time for a complete repassivation, which was estimated in 
the interval 25–150 s, subjecting the specimen to tribocorrosive attack 
of counterpart and solution. In that sense, the sliding promotes the 
corrosion with values of current even 20 times higher than the ones 
obtained via potentiodynamic tests where no motion was imposed. 
Comparing the material response, instead, the titanium alloy, when 
immersed in Ringer’s solution, showed an average value lower than the 
stainless steel 316 L (1.88±0.09 µA vs 2.4±0.12 µA) owing to the 
stronger oxide film. Instead, in physiological one, are almost comparable 
(respectively 0.14±0.07 µA and 0.13±0.06 µA). Overall, the effect of 

Table 6 
Main directions of stainless steel 316 L and Titanium Grade V immersed in 
Ringer’s solution.  

Main directions Steel 316 L Titanium Grade V 

First direction 90◦ 101◦

Second direction 114◦ 96◦

Third direction 109◦ 90◦

Fig. 13. Synergistic approach. Specific contribution in percentage of mechanical and synergy (a) and chemical (b) wear on total volume loss.  

Fig. 14. Synergistic wear-COF relationship: linear trend with determination 
coefficient R2 = 0.98. 
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sliding on corrosion can easily summarized as potential drop and anodic 
current increase in a such way that the particles removed during the 
motion are subjected to anodic oxidation before they leave the contact 
zone. Lastly, a correlation was found also for tribocorrosive current and 
friction coefficient (Fig. 17) in accordance with a linear trend (R2 

=0.75). This means that when the friction becomes higher more 
microcontacts are formed and successively destroyed leading to higher 
currents values [77]. In conclusion, coupling the graphs reported in 
Figs. 14 and 17 a direct relationship between synergy and tribocorrosive 
current (R2 =0.76) is noted which may be adopted for modelling, from 
an analytical point of view, the synergistic effect. Indeed, at the moment, 

the latter is evaluated mainly experimentally since a general law has not 
been provided yet. 

4. Conclusions 

In this study, two common biomaterials adopted in dental field as 
stainless steel 316 L and Titanium Grade V, coupled with a Titanium 
Grade V sphere, were tested in two biological solutions as Ringer’s and 
physiological. Open-circuit potential, potentiostatic, potentiodynamic 
tests, tribological dry and tribocorrosive experiments were performed 
allowing to evaluate the OCP during and in absence of sliding, friction 

Fig. 15. Current trend during a tribocorrosion test of Steel 316 L (a) and Titanium Grade V (b).  

Fig. 16. Current values of all the couplings obtained by potentiodynamic test and during a tribocorrosion experiment for Ringer (a) and physiological (b) solutions.  
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coefficient, current trends and total wear. The latter was calculated by 
synergistic approach and the impact of the single wear component 
(mechanical, chemical, synergistic) was discussed. In the limitations of 
this work such as the absence of deeper chemical and topographical 
characterization of the samples, the manuscript provides interesting 
outcomes which may be used as future developments for a better 
comprehension and definition of an ever-changing and interesting sce-
nario as the tribocorrosion one. They can be summarized as follows:  

1. The Ringer’s medium provided the highest friction coefficients 
value, tribocorrosive current and material loss. On the other hand, 
analyzing the material behavior, the Titanium Grade V performed 
better than stainless steel 316 L in both solutions outlining the best 
alternative as dental implant material. Nevertheless, the wear debris 
are absolutely a clinical issue for their effect on human tissues such as 
inflammations or toxic reactions, reason why new materials or 
coatings may be added to the bulk material providing increased 
mechanical and chemical anti-wear properties  

2. The total wear is composed mainly of mechanical and synergistic 
components. In addition, the latter had a significant impact on ma-
terial loss (20–80%) underling the relevance of the simultaneous 
action of wear and corrosion which is crucial in the interface be-
tween implant and abutment  

3. The current values obtained by the potentiodynamic curves were 
compared with the ones obtained during a tribocorrosion test. An 
evident increase in current was noted, above all in Ringer’s solution. 
In this light the mechanical wear promotes the corrosion  

4. Linear trends between friction coefficient and synergy, and friction 
with tribocorrosive current, were found (determination coefficient, 
R2 =0.98 and 0.75 respectively) confirming a direct relationship 
between synergy and tribocorrosive current (R2 =0.76) which may 
be involved in future analytical models 

Overall, tribocorrosion is a multivariable phenomenon, including 
several factors, from different engineering areas. The topic is, with no 
doubt, current and, at the same time, needing of other experimental tests 
where diverse setup conditions, varying the chemical composition of the 
solution or the specimen material for example, may be adopted with aim 
of strengthening the current scientific knowledge. In that sense, other 
approaches could be useful as numerical analysis, especially finite 
element method which is a very common tool in biomedical dental ap-
plications [78], as much as clinical trials, investigating the tribocorro-
sive behavior of the samples in a more complex biological environment, 
involving also the presence of bacteria. 
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