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A B S T R A C T   

Highly porous Ti was investigated under fretting-corrosion conditions as a function of load and amplitude. To 
obtain a correlation between mechanical and electrochemical responses according to amplitude, a new repre-
sentative master curve was suggested: the A ratio (dissipated energy over total energy) vs. 1st OCP drop that 
fitted well the fretting-corrosion behaviour. Fretting-corrosion mechanisms were presented and a fretting map 
was illustrated. There was a significant load- and amplitude-dependent response, showing gross slip and partial 
slip regimes can occur with expected OCP variations. The promising structure of highly porous Ti was preserved 
after 16 h of fretting-corrosion under severe solicitations.   

1. Introduction 

The elderly population is increasing and together with lack of proper 
physical activity resulting in trauma or disease, the rate of implants used 
is rising. Implants require long-term stability and rapid healing however 
the existing Ti-based implant materials do not meet completely the 
current expectation [1,2]. 

Macro-porosity in the Ti implant was presented as a beneficial way to 
reduce the biomechanical mismatch, in order to approach the value of 
Young’s modulus of the implant to the one found in the bone. It also 
gives the opportunity of ingrowth of new bone tissue inside of the pores 
[3–5]. 

Depending on the target implant application that can be dedicated 
for dental, hip, craniofacial or mandible, the functional requirements 
and aesthetics aspects should be considered where the mechanical 
properties can change throughout the implant and consequently, the 
functionality requirements will be heterogeneous through the implant. 
Macro-porosity can be combined with dense regions in order to achieve 

an implant structure that will fulfil the specified requirements for every 
section. Porosity may promote high vascularization and direct osteo-
genesis while the dense structure may promote mechanical stability. For 
example, in the case of the hip, the head part should be dense while the 
stem may be partly porous. In the case of the mandible, the dental 
abutment should be a dense region while the body of the implant may 
have porosity [3,6–9]. These approaches, with tailored design, can lead 
to several complications due to the introduction of additional interfaces, 
which are subjected to various loading conditions and micro-motions. 

The study of simultaneous wear and corrosion (tribocorrosion) is one 
of the most important aspects of load-bearing systems. A hip implant is 
affected by sliding contact between the femoral and the tibial or 
acetabular component and it is immersed in body fluids, therefore it is 
susceptible to tribocorrosion. There are micro-motions in the points of 
the implant fixation. On the other hand, dental implants are also 
exposed to cyclic micro-motions at the implant–abutment and 
implant–bone interfaces. These micro-motions are leading to debris and 
consequently to ions released by fretting-corrosion [2,10]. 
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A very limited number of tribocorrosion studies on porous structures 
[11,12] have been published, leaving a lack of understanding of the 
evaluation of the contacts between porous-dense Ti-based structures. 
This work aims at investigating, to the best of the authors’ knowledge for 
the first time, the triboelectrochemical consequences of the 
micro-movements between the highly porous Ti against Ti alloy struc-
tures under fretting-corrosion solicitations. The fretting-corrosion 
behaviour of highly porous Ti in foetal bovine serum solution was 
studied as a function of normal load and according to displacement 
amplitude. 

2. Materials and methods 

Powder metallurgy with space holder technique was used to produce 
highly porous Ti samples (Ø =12 mm). Angular shaped Ti powders 
(Grade 2, Alfa Aesar, D50 = 36 μm) and angular shaped urea particles 
(Scharlau, <500 μm), 50 vol%, were prepared in a ball mill for 4 h at 130 
rpm with alumina balls, in an argon atmosphere. Then the procedure 
continued with the pressing stage where a zinc stearate lubricated 
nitrided stainless steel die was used to uniaxially press the power blends 
under 350 MPa for 2 min. Then, green compacts were subjected to a 
thermal cycle for space holder removal, performed at 450 ◦C for 3 h 
under argon atmosphere. Afterwards, the sintering step was performed 
at 1100 ◦C, for 3 h under high vacuum (<10− 5 mbar). Highly porous Ti 
was characterized by tomography using a Nanotom 180 (Phoenix|X-ray, 
GE) equipment, with an accelerating voltage of 160 kV and a current of 
75 μA. The sample was scanned in continuous mode and 2000 pro-
jections were performed around 360◦ with an exposure time of 500 ms 
for each projection. 

Ti alloy (Ti-6Al-4 V) samples were manufactured according to ASTM 
F136. 

Fretting-corrosion tests were carried out at room temperature (25 ±
2 ◦C) in a normal air atmosphere using a fretting-corrosion set-up where 
a mechanical (hydraulic and electro-mechanical) part contains the 
samples and the fixing parts. The sensors, based on linear voltage dis-
placements transducers (LVDT) or capacitive ones, control the actual 
displacement. Moreover, the tangential load, Ft, is registered with load 
transducer and the dissipated energy, surface of Ft vs. displacement, is 
calculated. The normal load is driven through the contact pressure 
highlighted in the modular junction. The drawback of some electro-
magnetic motors is related to the low tangential load that is applied 
compared with hydraulic machines (more details described elsewhere 
[13–15]). The schematic representation of the fretting-corrosion 
equipment was illustrated in Fig. 1a. Metal surfaces were electrically 
insulated from the experimental device. Porous Ti were insulated with 
blue silicone (Loctite SI 5926) and Ti alloy samples were electrically 
insulated with oxidized zirconium (Zircalloy) alloy plates and varnished 
(RSPRO 19-1480), exposing to the electrolyte the surfaces facing each 
other. The tests were performed during 57600 cycles, i.e. 16 h. The 
electrolyte used was foetal bovine serum (Biowest™) with a protein 
content of 30 g/L. The initial protein content of the fresh solution was 60 
g/L diluted that was deionized with water to obtain a protein content of 
30 g/L (each solution was sealed in an airtight container and stored in 
the refrigerator immediately after every test). 300 mL of foetal bovine 

serum solution was used for each test to ensure that the samples were 
fully submerged into the solution. Electrochemical data was continu-
ously monitored with a potentiostat (Parstat 2263) connected to the 
device of fretting-corrosion. During electrochemical measurements, a 
three-electrode configuration was used with a highly porous Ti sample 
as working electrode and platinum and saturated calomel electrodes 
(SCE) as counter and reference electrodes, respectively. The protocol 
started with a cathodic polarization at − 1 VSCE for 5 min followed by 
open circuit potential (OCP) monitorization, before, during and after 
fretting solicitation. 

A substantial range of loads (no load applied, 22.5, 42.5, 85, 127.5, 
170 and 200 N) was applied where linear voltage displacement trans-
ducer sensors on the device were in charge of controlling a displacement 
of ± 10, 40, 70 and 100 μm sinusoidal displacement. Tests were repeated 
to a minimum of 3 times (5 times max.) to ensure the reproducibility for 
±40 μm sinusoidal displacement. For the rest of the amplitudes under 
study, only one test per load was carried out in order to obtain a fretting 
map. For each test, new samples of porous Ti and Ti alloy were used. It 
was not possible to apply the higher loads (170 N and 200 N) when 
higher amplitudes (± 70 and 100 μm) were imposed because the 
tangential load limit exceeded the limit that the tangential transducer 
was able to measure. 

The usual master curve used in tribology is wear volume vs. total 
dissipated energy [16,17]. Due to corrosion phenomena in solution, the 
wear volume is not only the consequence of some mechanical degra-
dations (friction). This statement provides the opportunity to combine 
both effects, i.e. electrochemistry and mechanics. In order to build and 
suggest a new master curve for each amplitude under study according to 
the load, 1st OCP drop vs the A ratio (dissipated energy over total en-
ergy) was calculated. After 1 h of stabilization, fretting started and 1st 
OCP drop was obtained by the difference between the potential before 
and after fretting started. The schematic representation of the 
fretting-corrosion protocol was illustrated in Fig. 1b. The A ratio 
(dissipated energy over total energy) was obtained with a mean of the 
last hour under fretting solicitation. Dissipated energy is the area of 
every tangential load vs. imposed displacement cycle. 

3D profilometry (NT9100 ex. Veeco, Bruker™) was used in order to 
obtain wear profile for all the samples under study. The morphological 
features of the fretted corroded zones were assessed using scanning 
electron microscopy (SEM, Zeiss™Supra 55, 20 kV of voltage). Special 
attention was paid on the conduction of the holder in order to avoid 
some electrical charges accumulation, especially on porous titanium 
that exhibits non uniform oxide films. 

3. Results and discussion 

Fig. 2 presented the three-dimensional tomographic reconstructions 
of highly porous Ti sample together with the optical microscope (OM) 
images of the top surfaces. Supplementary video obtained by tomo-
graphic analysis and Fig. 2 showed a general look of the macro-porosity 
of highly porous Ti structures, presented closed and open (inter-
connected) pores well distributed through the sample. This work is a 
follow up of previous works where porous Ti was characterized. While 
processing more samples for this study, the characterisation was 

Fig. 1. Schematic representation of the fretting-corrosion a) equipment step-up and b) protocol.  

A.I. Costa et al.                                                                                                                                                                                                                                 



Corrosion Science 190 (2021) 109696

3

performed and the values were confirmed, proving reproducibility in the 
processing route. Induced (nominal) porosity was 50 %, but previous 
studies [18,19] with identical processing conditions showed that real 
porosity obtained by image analysis was around 37 %. About 80 % of the 
pores were in the range 50–350 μm, with an average pore size of around 
200 μm [18,19]. 

Maximum Hertzian contact pressure for dense Ti/Ti alloy contact 
was calculated for all the loads under study (22.5, 42.5, 85, 127.5, 170 
and 200 N) and results showed 210, 280, 400, 490, 570, 620 MPa 
respectively. A dense structure was assumed for contact pressure cal-
culations, thus, it is reasonable to assume that the values during the tests 
were much higher due to reduced contact area because of porosity. 
These values of contact pressure were considerably above to the ones 
found in the human body for most of the cases in implant materials that 
are lower than 10 MPa [20–22]. For example, on the femoral structure 
(acetabulum cavity), the peak pressure for normal walking can be 3.26 
MPa while standing up is 8.97 MPa [23]. 

Micro-movements occurring during the healing phase may lead to 
fibrous encapsulation of the implant and usually, they were in the range 
3–50 μm, showed a maximum displacement of 71.9 μm [24–29]. Ac-
cording to this, 0.08 mm of displacement amplitude was investigated 
and representative curves from the results regarding fretting-corrosion 
tests for 16 h were presented in Fig. 3. Coefficient of friction (COF) 
values presented in Fig. 3a, showed a trend since values were decreasing 
with the increase of the load, with the exception for 127.5 N. For lower 
loads, 22.5 and 42.5 N, oscillations can be seen during the 16 h of the 
tests. On another way, for the rest of the loads, the COF was relatively 
stable through the duration of the test. The decreasing of the COF values, 
while the load was increasing, may be related with several factors, 
creating a complex system under study, where lubrication by the elec-
trolyte, tribolayer formation and adhesive wear from the metal/metal 
contact can contribute. For instance, highly porous Ti presented pro-
trusions that may be flattened while the load was increasing, promoting 
a decreased of COF. In order to evaluate tribocorrosion and 
fretting-corrosion behaviours as well as wear damages, COF evolution is 
widely used but following the results, in this study, an isolated COF 
evolution did not present a valuable contribution regarding fretting 

regimes and their transition. In this work, COF evolution was considered 
to compare the behaviour between the loads under study. 

The representative curves for the evolution of OCP with time during 
fretting solicitations were presented in Fig. 3b. These OCP values were 
mixed potential values of highly porous Ti and Ti alloy, as well, mixed 
potential values of both the active (worn) and passive (unworn) surfaces 
of both materials. Highly porous Ti consisted of a mixture of open and 
closed pores (as presented in Fig. 2) and previous 3D reconstructions 
samples [18] showed that electrolyte can cross completely the samples. 
Although samples were isolated to prevent leaking of the electrolyte, a 
more extensive metallic area from the porous samples was exposed to 
the electrolyte than from Ti alloy. When fretting solicitations were 
starting, a decrease in the potential was observed for all the loads under 
study. The highest OCP drop was related to the test under 22.5 N indi-
cating a higher perturbation of the native oxide film and more exposure 
of the underlying metal surface to the electrolyte. After fretting stopped, 
all samples recovered their potential values up to the ones registered 
before fretting soliciting. This may indicate that the repassivation pro-
cess and growth of the oxide film happened once fretting finished. 

Depending on the applied load, different characteristics are high-
lighted between the conditions in the acquired fretting hysteresis loops 
(tangential load vs. displacement) as observed in Fig. 3c and d. While 
fretting-corrosion was occurring, modifications of the contact parame-
ters were happening depending on the load, and consequently, fretting 
hysteresis loops presented a dynamic response [30]. In this way, the 
response at cycle 10, correspondent to 3 h and 20 min of fretting so-
licitations (Fig. 3c) and cycle 240, correspondent to 16 h of fretting 
solicitations (Fig. 3d) were presented in order to show the main differ-
ences in the evolution between the fretting hysteresis loops at the 
beginning and the end of the experiments, respectively. While 22.5 N 
was being applied, gross slip was occurring for all the cycles. This 
behaviour was promoted by a contact that was characterised by a con-
stant friction force associated with a pure dissipative behaviour and that 
was why the fretting hysteresis loops presented a quadratic shape [31]. 
For 42.5, 85, 127.5, 170 and 200 N fretting hysteresis loops, an elliptic 
shape was obtained. However, for 42.5 N, the final loop presented a 
different shape than the one presented in the beginning, and that can 

Fig. 2. Three-dimensional tomographic reconstructions of highly porous Ti sample with Ø =12 mm: a) top surface and b) cross-sectional view; c) and d) OM images 
from the top surface. 
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mean a mixed slip regime, starting with partial slip and then became 
more close to a gross slip regime [31]. The difference in the values of 
dissipated energy presented in Fig. 3e is a consequence related to the 
shape of the hysteresis loops due to the difference in the fretting regimes. 
22.5 N and 42.5 N presented hysteresis loops with a quadratic shape that 
consequently expressed in high values of dissipated energy. 200 N pre-
sented a hysteresis loop with a bigger area than intermediate loads (85, 
127.5 and 170 N) and consequently higher dissipated energy was ob-
tained for 200 N. When the dissipated energy obtained is around 0 (like 
it was obtained for 85, 127.5 and 170 N), adhesion and partial slip are 
preponderant phenomena due to changes in the mechanical degrada-
tion. Fretting regimes can also be characterized by the ratio obtained 

between the dissipated energy over the total energy called the A ratio 
[15]. This energy ratio, defined by Mindlin and Deresiewicz [32] 
approach, followed by Fouvry et al. [17], allows accessing the transition 
between partial and gross slip regimes. If the A ratio (in a cylinder vs. 
plane contact) is below 0.2, a partial slip regime is occurring as pre-
sented by Fig. 3f for 42.5, 85, 127.5, 170 and 200 N. For 22.5 N, it was 
possible to see that the first cycles were under a gross slip regime (energy 
ratio > 0.2), in accordance with the fretting hysteresis loops shown in 
Fig. 3c, followed by a transition for the partial slip regime. On the other 
hand, 42.5 N presented an evaluation of the A ratio that followed the 
opposite trend, showing lower values, in the beginning, increasing the 
values at the end of the test, being closer to a gross slip regime, as in 

Fig. 3. a) Coefficient of friction evolution, b) open circuit potential evolution; c) representative fretting hysteresis loops (tangential load vs displacement) for cycle 10 
and d) for cycle 240; e) dissipated energy evolution and f) the A ratio evolution between Ti alloy vs highly porous Ti under fretting-corrosion tests for several loads 
with 0.08 mm of displacement amplitude. 
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accordance with the fretting hysteresis loops presented in Fig. 3d. 
Worn surfaces of highly porous Ti and Ti alloy were evaluated by 

SEM and optical profilometry and representative images for the 
respective loads under study were given in Figs. 4 and 5, respectively. 
Highly porous Ti worn surfaces presented parallel sliding grooves due to 
abrasive wear together with the compacted oxidized wear debris. From 
22.5 to 200 N, the deepness of the grooves and the small particles as 

wear debris seemed to be decreased, suggesting that at lower loads, 
friction was more efficient. This may be linked with COF evolution, 
where 22.5 N presented the highest COF values (Fig. 3a). With the 
entrapment of the wear debris, adhered and dense oxidized patches on 
the worn surfaces were getting thicker, surface roughness was conse-
quently getting higher, leading to higher COF values. At 127.5 N, Fig. 4a 
presented a decrease in the number of noticeable grooves, showing the 

Fig. 4. SEM images of a) highly porous Ti and b) Ti alloy worn surfaces for several loads with 0.08 mm of displacement amplitude; c) EDS spectrum obtained in the 
wear tracks of highly porous Ti. 

A.I. Costa et al.                                                                                                                                                                                                                                 



Corrosion Science 190 (2021) 109696

6

smoothing of the porous structures. At 200 N, less visible degradation 
was noticed, pointing that a sort of polishing and smoothing of the 
surface occurred due to partial slip behaviour. 

Macro-pores presented loose oxidized wear debris. On porous 
structures, wear debris generated can go inside of the pores and can be 
compacted. In this way, the ejection of the wear debris into the pores can 
decrease the third-body abrasion that also contributed to an improved 
tribocorrosion performance [12]. 

In accordance with what was noticed in the highly porous Ti wear 
tracks, Ti alloy presented grooves more pronounced at lower loads, as 
presented in Fig. 4b. At 22.5 N, this phenomenon was well visible, 
decreasing at 42.5 N where just low marks and slightly less marked 
grooves were visible. SEM image presented for Ti alloy at 42.5 N rep-
resented the mixed slip regime discussed above in Fig. 3 since the bot-
tom part of the wear track showed signs of sticking and adhesion while 
the rest showed a slip mechanism. At 200 N, no grooves were visible 
together with no substantial marks, proving an idea of sticking mecha-
nism with small friction. At 200 N, Ti alloy surfaces presented only 
crystals precipitated from the electrolyte showing no wear debris for-
mation. Ti alloys worn surfaces presented more distinguished parallel 
sliding grooves than porous Ti and it was previously stated that wear 

tracks were less noticeable in porous Ti structures than in dense struc-
tures when tribocorrosion tests were performed against a ceramic ma-
terial [12]. The same trend was found for the compacted wear debris or 
tribolayer. These oxides compacted in a layer can play a protective role 
by reducing the wear due to adhesive wear, but they can also be freely 
moving in the electrolyte and/or they can work as third body wear. 
Under fretting solicitations, wear particles can also become entrapped in 
the fretted regions, in this way they can work as load-carrying plateau 
[33,34]. 

The fretting response from the material is linked with a regime 
characterized by its mechanisms of surface degradation and wear track. 
For example, the partial slip regime is usually associated with few 
amounts of wear. The explanation is the low dissipated energy produced 
during the test where some parts of the contact remain adhered to each 
other and no relative motion takes place between them. Consequently, 
there is no wear. In this regime, only a smaller part of the contact ex-
periences relative motion (thus low dissipated energy). Partial slip 
regime can be divided into two main domains: a security domain 
without damage and a domain where cracking appears. Usually, 
cracking first appears under partial slip conditions, whereas the material 
removal and the debris formation are mainly encountered under large 

Fig. 5. Worn surfaces images by optical profiles for a) highly porous Ti and b) Ti alloy for several loads with 0.08 mm of displacement amplitude.  
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displacement conditions. Gross slip regime is characterized by a high 
dissipated energy due to the sliding phenomena that occurs between the 
surfaces of the contacting bodies. Gross slip regime usually presents 
severe surface damage by wear due to significant material removal, with 
a lot of third body effects while mixed slip regime generates competition 
between cracking and wear [31,35,36]. 

EDS analysis, presented in Fig. 4c, detected some Al and V elements 
in the composition of porous Ti worn surfaces, from the Ti-6Al-4V 
counter-face, supporting the transfer mechanism between highly 
porous Ti and Ti alloy. During fretting of Ti structures, multiple wear 
mechanisms, such as adhesive, abrasive and oxidative wear, can occur 
sequentially or simultaneously. Ti structures are characterised by high 
adhesion, severe adhesive wear and high-and-unstable friction when 
sliding against nearly any other material. It is known that Ti structures 
have a high tendency for adhesion which causes sticking. Under 
dynamically loaded conditions, severe adhesive wear may occur when 
Ti slides against Ti, creating a lot of debris. Adhesion occurs in the case 
of direct contact between two metallic surfaces. If the distance between 
the two surfaces is in the order of the interatomic distance of the metal 
lattice, metallic bonds have established that cross the gap between both 
surfaces. When the surfaces move on, these new bonds often prevail and 
fracture occurs at some distance to the surface, leading to so-called 
fretting. The surface roughness, as well as oxide layers on top of the 
surfaces, normally hinder direct metallic contact. Plastic deformation of 
the surface, however, can lead to a flattening of roughness as well as to 
cleavage of oxide surface layers. The mechanism of adhesive wear de-
scribes the transference between sliding surfaces that are in very close 
proximity of soft material to a harder mating counter-face. It is caused 
by the solid-phase welding of asperities and when sliding is continuous, 
these junctions shear causing the material to be transferred. The for-
mation of the transfer film is governed by the counter-face material, 
surface roughness and sliding conditions [37–39]. At the regions of real 
contact, strong adhesion or cold-welding occurs and the friction force is 
essentially the force required to shear the junction formed. With sliding 
motion present, junction growth occurs and eventually, junction 
shearing takes place. As sliding continues, fresh junctions will form and 
be ruptured in turn. If the adhesive strength is stronger than the cohesive 
strength of either of the two materials, then the junction will rupture 
within the weaker asperity. As a result, the material is transferred from 
one surface to the other and some are eventually detached to form loose 
wear particles. By contrast, if the process of damaging the oxide film 
predominates, then the wear becomes worse and severe wear takes 
place, characterised by surface roughening and coarse metallic debris 

[37–39]. In this way, adhesive wear is a very serious form of wear 
characterized by high wear rates and a large unstable COF, supported by 
the COF values presented in Fig. 3a for lower loads under study for 0.08 
mm of displacement amplitude. 

A smoothing of the porous structure can also be detected in Fig. 5. On 
the wear profiles of the porous structures, it was noticed material 
compaction and as well wear debris inside of the macro-pores, as can be 
seen in Fig. 5a, for 170 N condition represented by the green isolated 
zones inside of the big pore coloured in blue. Highly porous Ti structures 
exhibited a damaged surface represented by the green parts, surrounded 
by a less damaged zone coloured in red, except for 200 N. Parallel 
grooves for all Ti alloy images were highlighted by the optical profiles 
depicted in Fig. 5b, following what was discussed above in Fig. 4b. Once 
again, sticking phenomena was highlighted at 200 N, since highly 
porous Ti profiles showed less damage and Ti alloy profiles presented 
less pronounced grooves. 

The surface morphology of the highly porous Ti was preserved after 
16 h of fretting-corrosion for all the loads under study: no destruction of 
the structure, low wear, few/no grooves and a porous structure high-
lighted. As a result of microscopical and profilometric observations, 
together with electrochemical and fretting analysis, a proposed fretting- 
corrosion mechanism of highly porous Ti against Ti alloy is illustrated in 
Fig. 6. Due to the reduced contact area of the macro-porous surfaces, 
higher contact pressures were obtained on the contact zones leading to 
more severe local damage, where the most pultruded zones of the porous 
structures were flattened, creating wear debris. These new wear debris 
that were generated can be work-hardened, and/or can be mixed with 
the oxidized wear debris (third-bodies). Consequently, wear debris can 
be compacted on the worn surfaces, forming oxidized patches, whereas 
some of these debris may adhere on counter-body surfaces that can 
abrade the metal leading to the formation of grooves on the worn sur-
faces or move freely on the sliding surfaces, acting as third-body parti-
cles (Fig. 6), or can go inside of the pores. Compacted oxidized debris in 
Fig. 5 supports the transfer mechanisms and transferred material is 
illustrated in Fig. 6. For porous structures, as the load was decreasing, it 
seemed that the severity of abrasive wear increased. In the literature, 
under the conditions most similar to this work, the contribution of 
corrosion on the wear is minimal, and the dominant degradation 
mechanism is mechanical wear [40–42]. 

The focus of this study was to evaluate, to the best of the authors’ 
knowledge for the first time, the tribocorrosion behaviour of highly 
porous Ti against Ti alloy, simulating fretting-corrosion interfaces of 
implants. Depending on the load and the amplitude imposed, highly 

Fig. 6. Schematic draw of the suggested fretting-corrosion mechanisms for highly porous Ti against Ti alloy.  
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porous Ti against Ti alloy can present a different behaviour. In order to 
obtain a correlation between the mechanical and electrochemical re-
sponses according to the displacement amplitude [43], Fig. 7 presented 
the evolution of the 1st OCP drop when fretting started according with 
the A ratio. 0.02 mm as displacement amplitude was characterized by 
low values of the 1st OCP drop and low values of the A ratio, as pre-
sented in Fig. 7a, showing a partial slip behaviour for all the loads under 
study. No significant differences can be seen between all the loads under 
study. In accordance with Fig. 3, for 0.08 mm as displacement ampli-
tude, Fig. 7b presented that the biggest drop on OCP under fretting was 
the test with the extreme minimum load under study, 22.5 N, followed 
by 42.5 N condition. Fretting micro-motions at lower load (22.5 N) 
induced gross slip with high and unsteady COF values (Fig. 3a), and 
presented a big OCP drop when fretting was applied (Fig. 3b), supported 
by hysteresis loops (Fig. 3c and d) with quadratic shape, that conse-
quently expressed in high values of dissipated energy (Fig. 3e). The A 
ratio (Fig. 3f) allowed accessing that during the test, a regime transition 
may occur from gross slip to partial slip. Under 42.5 N, a mixed slip 
regime was presented, with contrary behaviour of the previous one 
described. According to hysteresis loops (Fig. 3c and d), response started 
with partial slip and with time, the behaviour became closer to the gross 
slip regime, supported by the A ratio evolution (Fig. 3f), presenting high 
values for dissipated energy (Fig. 3e). For higher loads (85, 127.5, 170 

and 200 N), most of the dissipated energy (Fig. 3e) decreased back to 
near zero that together with the A ratio (Fig. 3f), showed that with 
higher loads the response becomes more robust showing to be in a 
partial slip regime. No significant differences can be seen between 85, 
127.5, 170 and 200 N, showing a similar response under 
fretting-corrosion at the interface highly porous Ti against Ti alloy, 
characterizing a partial slip behaviour. For 0.14 mm, the values ob-
tained for the loads that were possible to study, presented in Fig. 7c, 
showed a shift for the right side of the graph. 42.5 N presented a mixed 
slip regime while the rest of the load presented a partial slip regime. The 
transition from partial to gross slip was occurring around 0.14 mm, 
presenting this displacement amplitude as a threshold of the 
fretting-corrosion behaviour. Regarding tests with an amplitude 
imposed of 0.2 mm, presented in Fig. 7d, all the loads were shifted for a 
higher A ratio, in comparison with the values obtained for the other 
amplitudes under study, except for 22.5 N. This high A ratio obtained 
showed a gross slip behaviour for all the loads under this imposed 
amplitude. 

Representative SEM images of highly porous Ti worn surfaces for 
22.5 N with 0.02 mm of amplitude, 22.5 N and 42.5 N with 0.14 mm of 
amplitude were presented in Fig. 7e, f and g respectively. These images 
were chosen in order to represent the features correspond to partial slip 
(Fig. 7e and f) and gross slip regime (Fig. 7g), presented more noticeable 

Fig. 7. Evolution of the 1st OCP drop when fretting started according to the A ratio for the displacement amplitudes imposed: a) 0.02, b) 0.08, c) 0.14 and d) 0.2 mm; 
SEM images of highly porous Ti worn surfaces for e) 22.5 N with 0.02 mm of amplitude, f) 22.5 N and g) 42.5 N with 0.14 mm of amplitude. 
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grooves. With the increase of the displacement amplitude, gross slip 
regime started to be established and consequently, one may assess the 
COF decreased by wear, which generated a compliant third body layer 
together with higher worn material removal and a shorter crack length 
[31,35,36]. 

This study presented an amplitude and load-dependent responses 
under fretting-corrosion solicitations between highly porous Ti and Ti 
alloy. Fig. 7 allowed the construction of a schematic illustration of a 
fretting map in terms of contact load and displacement amplitude ob-
tained regarding the consequences of the micro-movements between 
highly porous Ti against Ti alloy, presented in Fig. 8. A fretting map is a 
diagram showing the relevant regimes in two variables, with regime 
boundaries representing critical values for the transition from one 
regime to another [36]. The obtained fretting map was in accordance 
with [44,45], where partial slip was followed by a mixed slip regime and 
then gross slip for higher displacement amplitudes. 

Open circuit potential with the mechanical data from the tangential 
force and displacement analysis can provide information about the 
properties and behaviour of materials during fretting-corrosion tests. 
However, there were several limitations to this study. Firstly, for 0.02, 
0.14 and 0.2 mm of displacement amplitude, only one test was per-
formed for each load under study. In this way, a number of repetitions 
need to be performed in order to verify the proposed fretting map. 
Secondly, in the literature, master curves are presented using with the 
evolution of the wear rate or wear volume according to the cumulated 
dissipated energy [16,17,45,46], however when evaluating tribocorro-
sion behaviour of porous materials, this approach was not viable since it 
was difficult to distinguish a pore with wear damage. Besides, wear 
debris may go inside the pores and/or being compacted inside the pores, 
misguiding wear or weight loss measurements. However the A ratio vs. 
1st OCP drop seems to make sense according to the tribological 
behaviour. Thirdly, in order to use this contact geometry approach, 
dense-on-porous contact, it was difficult to calculate the accurate real 
contact pressure. Actually, due to the surface roughness, the real contact 
between two counter-parts was composed of many small asperity con-
tacts. In lubricated conditions like in this study, the hydrodynamic film 
may stay in these small junctions and carries part of the applied normal 
force. In this way, the actual force applied will be reduced comparing to 
non-lubricated condition where the total applied normal force was 
carried solely by the contacting asperities [47]. Since one of the 
counter-parts was a porous structure, it was possible that at the start of 
the tests, only some points were in contact, mainly due to the existence 
of pores. Afterwards, with the destruction of the top of the porous 
structure, the contact area was increasing which may lead to 

underestimation of the contact pressure as the porous Ti material was 
degraded, giving relatively lower contact pressure at the end of the test. 

Even so, this study provided, to the best to the authors’ knowledge, a 
first insight on the evaluation of porous Ti material under fretting- 
corrosion solicitations. These results can support the next in-
vestigations with the aim to evaluate the viability of this material for 
potential use in orthopaedic implants. Nevertheless, there is a need for 
generic standards that deal with fretting as well as test standards for 
specific devices [44], and these results showed that a new master curve 
of the A ratio vs. 1st OCP drop may be promising to study and to evaluate 
such complex systems. 

Further investigations should focus on fatigue corrosion evaluation 
to study how porous Ti materials behave with crack initiation and 
propagation during cyclic stresses that can lead to the creation of new 
non-passivated surfaces in the metallic structures. Further investigations 
should also evaluate the synergism between corrosion and wear during 
fretting corrosion tests. It should be noted that in future studies that the 
study of corrosion in dynamic fluids containing proteins and micro- 
organisms that can affect the electrochemical and triboelectrochemical 
response of porous materials is crucial, to mimic the in vivo conditions. 

4. Conclusions 

This study complies the characterization of highly porous Ti as a 
potential bone substitute under fretting solicitations. 

The fretting response was highly dependent on the applied load and 
several mechanical responses were obtained, from gross slip under low 
normal load until partial slip under high loads. 

In order to obtain a correlation between the mechanical and elec-
trochemical responses according to displacement amplitude, a new 
representative master curve was suggested: the A ratio vs. 1st OCP drop. 
0.02 mm as displacement amplitude was characterized by low values of 
1st OCP drop and low values of the A ratio, showing a partial slip 
behaviour for all the loads under study. For 0.08 mm of displacement 
amplitude, 22.5 N presented gross slip regime, 42.5 N a mixed slip 
regime and the rest of the loads presented partial slip regime. 0.14 mm 
was presented as a threshold amplitude for behaviour because tests with 
0.2 mm, presented higher A ratio, shifting the behaviour for gross slip 
regime. A fretting map was built in terms of contact load and displace-
ment amplitude regarding the consequences of the micro-movements 
between highly porous Ti against Ti alloy. 

The surface morphology of the highly porous Ti was mostly pre-
served after 16 h of fretting-corrosion solicitations. The benefits of 
porous titanium seem promising for replacing some metallic parts well 
used in dentistry and implants field. 

Author’s contribution 

Author’s detailed description of their diverse contributions to the 
published work are given below: 

A.I. Costa: Conceptualization (equal), Data curation (lead), Meth-
odology (equal), Validation (equal), Formal analysis (lead), Investiga-
tion (equal), Writing - original draft (lead), Visualization (lead), Funding 
acquisition (supporting). 

F. Viana: Writing - review & editing (supporting), Supervision 
(equal), Project administration (lead), Funding acquisition (lead). 

F. Toptan: Conceptualization (equal), Methodology (equal), Valida-
tion (equal), Writing - review & editing (lead), Supervision (equal), 
Project administration (lead), Funding acquisition (lead). 

J. Geringer: Conceptualization (equal), Methodology (equal), Vali-
dation (equal), Investigation (equal), Resources (lead), Writing - review 
& editing (lead), Supervision (equal), Project administration 
(supporting). 

All authors discussed the results and contributed to the final 
manuscript. 

Fig. 8. Schematic illustration of a fretting map in terms of contact load and 
displacement amplitude obtained regarding the consequences of the micro- 
movements between highly porous Ti against Ti alloy. 

A.I. Costa et al.                                                                                                                                                                                                                                 



Corrosion Science 190 (2021) 109696

10

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors would like to thank Mr. Albert Boyer for machining the 
Ti alloy samples, Ms. Maryline Mondon for the assistance in the SEM 
investigations and Mr. Olivier Valfort for the tomography analysis. This 
work was a result of the project Operation NORTE-08-5369-FSE-000051 
supported by Norte Portugal Regional Operational Program (NORTE 
2020), under the PORTUGAL 2020 Partnership Agreement, through the 
European Social Fund (ESF) and M-ERA-NET/0001/2015 project sup-
ported by FCT. This work was also supported by FCT national funds, 
under the national support to R&D units grant, through the reference 
project UIDB/04436/2020 and UIDP/04436/2020. 

Appendix A. Supplementary data 

Supplementary material related to this article can be found, in the 
online version, at doi:https://doi.org/10.1016/j.corsci.2021.109696. 

References 

[1] M. Geetha, A.K. Singh, R. Asokamani, A.K. Gogia, Ti based biomaterials, the 
ultimate choice for orthopaedic implants – a review, Prog. Mater. Sci. 54 (2009) 
397–425. 

[2] J. Villanueva, L. Trino, J. Thomas, D. Bijukumar, D. Royhman, M.M. Stack, M. 
T. Mathew, Corrosion, tribology, and tribocorrosion research in biomedical 
implants: progressive trend in the published literature, J. Bio- Tribo-Corros. 3 
(2017). 

[3] A. Bansiddhi, D.C. Dunand, Titanium and NiTi Foams for Bone Replacement, 
Woodhead Publishing Limited, 2014. 

[4] A. Nouri, Titanium foam scaffolds for dental applications, Met. Foam Bone (2017) 
131–160. 

[5] A.C. Alves, R. Thibeaux, F. Toptan, A.M.P. Pinto, P. Ponthiaux, B. David, Influence 
of macroporosity on NIH/3T3 adhesion, proliferation, and osteogenic 
differentiation of MC3T3-E1 over bio-functionalized highly porous titanium 
implant material, J. Biomed. Mater. Res. - Part B Appl. Biomater. 107 (2019) 
73–85. 

[6] A. Kumar, K. Biswas, B. Basu, Hydroxyapatite-titanium Bulk Composites for Bone 
Tissue Engineering Applications, 2014, pp. 1–16. 

[7] F.A. España, V.K. Balla, S. Bose, A. Bandyopadhyay, Design and fabrication of 
CoCrMo alloy based novel structures for load bearing implants using laser 
engineered net shaping, Mater. Sci. Eng. C 30 (2010) 50–57. 

[8] J. Parthasarathy, B. Starly, S. Raman, A design for the additive manufacture of 
functionally graded porous structures with tailored mechanical properties for 
biomedical applications, J. Manuf. Process. 13 (2011) 160–170. 
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