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ABSTRACT: The aim of this work was to help to understand the tribological behavior of the pair 

ZrO2/Ti6Al4V, commonly used in dental implants. This is a critical aspect for the stability and durability of 

these devices. 

After characterization of the materials topography, morphology and wettability, the friction 

coefficient (μ) was determined in a nanotribometer in dry and lubricated conditions. Experiments were 

carried out in water, saliva electrolyte solution, solutions of the main biomacromolecules present in saliva 

(albumin, mucin and lysozyme) and also human saliva. For a ZrO2(sphere)/Ti6Al4V(flat surface) geometry it was 

concluded that although the μ obtained in lubricated conditions is very similar for the various lubricants, it is 

lower in the presence of aqueous albumin solution and even lower with saliva. Unexpectedly, the μ 

obtained in dry conditions was significantly lower than in lubricated conditions. It was therefore decided to 

investigate the behavior of the inverse geometry: Ti6Al4V(sphere)/ZrO2(flat surface). In this case, μ in dry 

conditions is slightly higher than in lubricated conditions, where no significant differences were observed 

for this parameter. Tribocorrosion experiments showed that differences inμ between the two geometries 

are due to differences in the passivation film. 

The effect of TiN coating on the Ti6Al4V flat surface was also investigated. It observed that μ 

decreased in all cases, being this effect more pronounced in lubricated conditions. This approach seems 

promising to improve the performance of dental implants. 
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1. INTRODUCTION  

Dental implants are used in order to 

replace one or more teeth that have 

suffered damage (e.g. wear or trauma) and 

thatcan not be restored. The implant is 

constituted by two components:  one is 

fixed within the bone mimicking the tooth 

natural root (implant - metal part) and the 

other which is outside the gingiva - 

(abutment - ceramic part), showed in Figure 

1.  

 

 

 

 

 

Figure 1: Schematic dental implant 
[6]

. 
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Different materials are used in 

commercial dental implants applied by 

dental care professionals. However the 

ZrO2/Ti6Al4V pair is among the preferred 

systems 
[1]

. Ti6Al4V is the most widely used 

metallic alloy for this purpose due to its 

excellent properties, namely, good bone 

biocompatibility and capacity to support the 

mechanical forces that are exerted during 

the mastication process, which are in the 

order of hundreds of Newtons 
[2-4]

. Dental 

implants abutment are usually made of 

ceramic zirconia, since this material, 

besides being nontoxic and biocompatible, 

possess good mechanical properties. The 

connection between the implants and the 

abutments in dental implants usually has a 

hexagonal shape. It is often observed that a 

significant wear of the surfaces occurs in 

this connection, due to mechanical and/or 

biological factors. This may lead to 

loosening or even fracture of the abutment 

and/or complete fracture of the implant.  

This work focused on the study of the 

tribological behavior of the pair 

ZrO2/Ti6Al4V 
[5]

.  Experiments were carried 

out using a nanotribometer, in order to 

determine the friction coefficient (μ) in dry 

and in lubricated conditions, namely, in 

water, saliva electrolyte solution, solutions 

of the main biomacromolecules present in 

saliva (albumin, mucin and lysozyme) and 

in real human saliva.  Two geometries were 

used: ZrO2(sphere)/Ti6Al4V(flat surface) and the 

opposite Ti6Al4V(sphere)/ZrO2(flat surface).   The 

flat surfaces were characterized relatively to 

their topography (AFM), wettability (water 

contact angle) and morphology (SEM).  

The effect of coating the metallic surface 

with titanium nitride (TiN) was also 

investigated, since TiN is biocompatible and 

has been used in other applications to 

minimize wear. 

2. EXPERIMENTAL PART 

 

Samples preparation  

Zirconia samples (ZrO2) containing 3% 

(mol) of yttria (Y2O3), as stabilizer, 3Y-TZP, 

were subjected to sintering in an oven at 

1500°C (Zirkonofen 600/V2, Zirkonzahn 

GmbH, Gais, Italy). The obtained samples 

were examined under microscope to ensure 

the absence of structural defects. The 

diameter of the samples used in the 

experiments was 8.05mm and the height 

2.5 – 3mm.  

Samples of titanium alloy (Ti6Al4V) were 

cut into discs with diameter of 25mm and 

8.8mm of height. Some of these samples 

were polished in a three-step process:  first 

with SiC sandpaper of 240, 360, 600, 800, 

1200, 2400-4000; followed with a second 

polishing step with a alumina cloth (colloidal 

liquid suspension of alumina, grain size 

0,8μm) and finally with a OPS cloth (oxide 

polishing – finisher polishing cloth with 

colloidal liquid suspension of alumina grain 

size less than 1μm). After polishing, the 

samples were ultrasonically washed with a 

15% Extran (Merck) solution for 5min and 

then with ultra-purified water for 5min (three 

times) to ensure complete removal of 

detergent. To finalize, samples were rinsed 

with alcohol (96%) and dried with nitrogen 

gas. The remaining Ti6Al4V discs were 

coated with TiN at CERAMED without any 

additional treatment. Coating was 

performed by PVD (physical vapor 

deposition) with METAPLAS equipment at 

300°C. Briefly, samples are attacked by 
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titanium ions to remove any oxides present 

on the surface, following deposition process 

with sputtering current 200A, 100V voltage 

and gas pressure 1.4x10
-5

bar. 

Spheres with a diameter of 3mm for 

Ti6Al4V alloy and 2.8mm for ZrO2 were 

acquired to the company Technoball to be 

used in the nanotribologic experiments. 

 

Solutions  

For running both nanotribological and 

tests and tribocorrosion experiments, the 

following solutions were prepared: saliva 

electrolyte with pH~7.4 (composition 

described in Table 1), albumin solution in 

water and in electrolyte (1.2mg/dL BSA), 

mucin solution in electrolyte (0.88mg/dL 

mucin), and lysozyme solution in electrolyte 

(0.66mg/dL lysozyme) 
[7-10]

. Human saliva 

was also used in the tests. Its collection 

was performed by stimulation of the glands 

and gravity from 4 males with ages 

between 25 and 35 years, without any 

deviant behaviors, no smoking in the seven 

days prior to collection and also without 

ingest food within three hours before 

harvesting. 

 

Table 1: Concentration of the ionic components used 
in the preparation of the saliva electrolyte solution 

[8]
. 

Saliva 

electrolyte 

Concentration 

(g/L) 

NaHCO3  0.63 

KCl 1.12 

CaCl2 0.17 

K2HPO4 1.51 

NaCl 0.38 

MgCl2 0.06 

Nanotribological tests 

The friction coefficient (μ) was 

determined using a CSM (InstrumentX) 

nanotribometer equipped with a medium 

load cantilever (ML 205).  

 

The behavior of the tribological pair 

ZrO2/Ti6Al4V was studied using two inverse 

geometries (Figure 2); ceramic 

sphere/metallic flat surface (Geometry 1) 

and metallic sphere/ceramic flat surface 

(Geometry 2). In addition, the metallic flat 

surface coated with the hard ceramic TiN 

was tested against the ceramic sphere. 

 

Figure 2: Tribological pairs used in nanotribological 

tests. (i) ZrO2(sphere)/Ti6Al4V(surface); (ii) Ti6Al4V 

(sphere)/ZrO2 (surface) and (iii) ZrO2(sphere)/TiN(surface). 

 

The experiments were performed at 

room temperature, using a sliding speed of 

0,65cm/s and a normal applied force of 20 

mN. This force, calculated to simulate the 

loads of mastication 
[14-19]

, leads to a 

maximum pressure of 237MPa and a 

medium pressure of 158MPa.   Each 

experiment consisted of 1300 cycles with a 

range of motion of 1mm.  The tests run in 

lubricated conditions were done in a liquid 

cell. 

 

Surface characterization 

The flat surfaces topography was 

analyzed by atomic force microscopy(AFM 

Nanosurf easyscan2) in contact mode, 

using silicon tips (CONTSAuD PPP) with 

resonance frequency between 1–57 kHz 

and constant force between 0,01-1,87N/m. 

The average roughness (Ra) was obtained 
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from the total image profile using the 

software WSxM. The water contact angle 

on the flat surfaces was determined using 

the sessile drop method. The substrates 

were previously dried in a vacuum oven for 

24 hours. Drops with average volume 3 L 

were placed on the solid surfaces using a 

micrometric syringe. Images were acquired 

for 1 minute (10 images at pre-defined 

intervals) using a video camera JAI CV-A50 

mounted on a microscope WildM3Z 

connected to a frame grabber Data 

Translation DT3155.  

. The analysis of the images was made 

using the software ADSA-P (Axisymmetric 

Drop Shape Analysis - Profile).The flat 

surfaces morphology was studied by 

scanning electron microscopy (SEM) using 

an Hitachi S2400 apparatus, that operates 

at a voltage of 20kV to obtain secondary 

electron images, in vaccum. Only zirconia 

samples (not a conductive material) 

required coating with gold. The film 

(thickness of1nm) was produced in a 

Polaron E500 apparatus, applying a current 

intensity of 12mA during 10 minutes in 

argon atmosphere.  

 

Tribocorrosion tests 

To perform the tribocorrosion tests it was 

necessary to couple to theCSM 

nanotribometer one calomel reference 

electrode (Gamery Ref.600) and a platinum 

counter electrode (homemade). The 

working electrode was the Ti6Al4V counter 

body. This equipment allowed to measure 

the open circuit potential (OCP) in real time, 

during the nanotribological tests. These 

tests were carried out in the presence of 

electrolyte solution. Before starting the 

relative motion of the surfaces, the 

electrodes were stabilized for 30 minutes. 

The experiments were done under the 

same conditions of force, velocity, 

amplitude and number of cycles than the 

nanotribological tests.  

 

Table 3: Ra values obtained from AFM sample 

analysis. 

 

 

 

 

 

 

 

 

 

 

 

3. RESULTS AND  DISCUSSION 

3.1. SURFACE CHARACTERIZATION 

3.1.1.  Morphology  

 

Morphology analysis was performed 

before and after the tribological tests for 

Ti6Al4V and ZrO2 flat surfaces in order to 

allow the identification of eventual 

differences on the surfaces induced by the 

tribological tests. 

In Figure 3 we can observe the 

microstructure of Ti6Al4V as well as the 

size of the alloy grains that have a 

hexagonal shape. Also in Figure 3, zirconia 

SEM image shows that grains of this 

ceramic material have smaller dimensions 

and an irregular shape. 

 

 

 

 

Samples Ra (nm) 

Dental implant 

(Ti6Al4V) 

62~86 

Ti6Al4V 35 

ZrO2 166 

TiN 3.1 
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Figure 3: SEM images of Ti6Al4V (a) and ZrO2 (b) 

flat surfaces before tribological tests. 

 

3.1.2.  Topography 

 

The AFM analysis (Figure 4) of the flat 

surfaces under study allowed us to 

determine their average roughness, so that 

it can be compared with the roughness of 

commercial dental implants. The surface 

roughness (Table 2) of the metal used in 

this study is of the same order of magnitude 

as that observed for the metallic part of the 

dental implant (almost half).. 

The coating with TiN leads to a 

significative reduction in the roughness.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: AFM topographical images of 10x10 μm
2
 

Ti6Al4V samples and ZrO2, respectively. 

 

3.1.3. Wettability 

The wettability measurements results 

(Figure 5) demonstrate that the ZrO2 is the 

most hydrophilic material and that Ti6Al4V 

surfaces, although hydrophilic, lead to the 

higher water contact angles.  

 

 

 

 

 

 

 

 

 

Figure 5: Water contact angles average obtained 

using the sessile drop method on Ti6Al4V, ZrO2 and 

TiN. 

 

The obtained values are are below those 

found in the literature for the same 

materials (e.g. 72º to ZrO2, 50º-60º to 

Ti6Al4V and 30º-60º for TiN ) 
[21-24]

. 

 

3.2. NANOTRIBOLOGICAL TESTS 

–Geometry 1 

(ZrO2(sphere)/Ti6Al4V(flat surface)) 

 

Contrarily to what was expected, the 

lowest value for the friction coefficient () 

was obtained in dry conditions (0.5) while 

in lubricated conditions the values of  

reach higher values (from 0.85 to 1.3) – 

Figure 6.  

 

Figure 6: Friction coefficient of system 

ZrO2(sphere)/Ti6Al4V(flat surface) – Geometry 1. 
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In a study reported in the literature 
[25, 26]

 

involving the same system, the authors 

observed that in dry conditions the friction 

coefficient value was higher than that 

observed in lubricated conditions (0.5 

versus 0.25). This study was performed at a 

force of 3N (~500MPa) and a speed of 

0,08m/s, using  ZrO2 spheres with diameter 

of 6.35mm and 25% bovine serum 

solution
[25]

. 

The behavior found by those authors 

(i.e. higher friction coefficient in dry 

conditions) is the most common and was 

found in a large number of studies, for other 

systems (e.g. 
[26]

). However, it should be 

underlined that the values obtained for 

friction coefficient, strongly depend on the 

experimental conditions (e.g. applied force, 

velocity, surface roughness).  

Concerning the effect of the liquids 

composition, human saliva was the fluid 

that showed the higher lubricating power, 

which may be attributed to its complex 

composition. Differences were not 

significant for the other liquids, except for 

BSA solution in water, which led to a 

slightly lower friction coefficient. 

The observation of the surfaces after the 

nanotribological tests allow to identify 

transference of material to the zirconia 

sphere (dark spot).SEM images of the 

metallic surfaces (Figure 7) suggest that  

the main wear mechanism in dry conditions 

should be  abrasion, while in lubricated 

conditions delamination signs are evident. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: SEM images of Ti6Al4V sample after 

nanotribological tests in dry (A) and lubricated 

conditions (B) – Geometry 1. 

 

–Geometry 2 

(Ti6Al4V(sphere)/ZrO2(flat surface)) 

 

To verify the effect of system geometry, 

the inverse system was studied. Unlike 

what was observed in the previous 

geometry, in dry experiments friction 

coefficient proved to be slightly higher than 

in lubricated conditions. The different tested 

liquids didn’t lead to significantly different 

values of friction coefficient. Results are 

compared with those obtained with 

Geometry 1 in Figure 9.  

Figure 9: Friction coefficients of the system under 

study for Geometry 1 and Geometry 2. 

 

The SEM observation of ZrO2 samples 

allows detecting the transference of the 

Ti6Al4V to the ceramic surface, as well as 

the removal of some zirconia asperities, 

after the nanotribological tests in lubricated 

conditions. 

 

 

 

A B 
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Figure 10: SEM image of ZrO2 sample after 

nanotribological test in lubricated conditions – 

Geometry 2. 

 

-Geometry 1 coated 

(ZrO2(sphere)/Ti6Al4V+TiN(flat surface)) 

One alternative that has been studied in 

other systems to increase the wear 

resistance and to preserve the integrity of 

the materials is the coating of the metal 

surfaces with a hard ceramic such as 

titanium nitride (TiN). Thus, nanotribological 

tests were carried out in dry and lubricant 

conditions with geometry 1 containing the 

metallic surface coated with TiN. 

 

 

Figure 10: Friction coefficient for the system in 

Geometry 1 with the metallic surface uncoated and 

coated with TiN. 

 

In dry medium, the friction coefficient for 

the system with TiN is slightly lower than 

observed with the uncoated surface. This is 

in accordance with results reported in 

literature 
[27]

. 

In lubricated conditions, the values of  

obtained with TiN are higher than in dry 

medium. However, they are always 

significantly lower than those obtained with 

the uncoated surfaces. 

3.3. TRIBOCORROSION TESTS 

Open circuit potential experiments in 

lubricated conditions were performed to 

understand the cause of the increased 

friction coefficient obtained in Geometry 1 

relatively to Geometry 2. 

 

 

 

 

 

 

 

 

 

 

Figure 11: OCP evolution for the tribological pair 

ZrO2/Ti6Al4V in the two geometries studied. (a) 

Stabilization, b) wear test, c) contact materials without 

movement, d) materials without contact. 

 

The drastic drop in potential observed 

with Geometry 2 (Ti6Al4V(sphere)) 

indicates that the passivation film is 

destroyed and the metal was exposed to 

the solution while in Geometry 2 (Ti6Al4V(flat 

surface))  the destruction of the passivation 

film is offset by the continuous exposition to 

the liquid medium, and thus, the variation in 

the potential is much lower. 

Results also show that the recovery 

kinetics of OCP after the tribological test in 

the case of Ti6Al4V sphere is smaller when 

the materials are in contact, possibly due to 

aeration difficulties on the interface of the 

materials, which leads to greater difficulty in 

regeneration of the passivation film. 
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4. CONCLUSION 

The failure of ZrO2/Ti6Al4V system can 

be attributed to the wear in the connection 

between the two materials that leads to 

loosening and consequent loss of the 

implant. 

The samples were characterized 

concerning topography, wettability and 

morphology. The AFM results showed that 

the roughness of the metallic flat surface 

used in this work is of the same order of 

magnitude as that found in the dental 

implant.  Wettability experiments lead to 

values ranged between 33º and 45º for all 

surfaces (Ti6Al4V, ZrO2 and TiN), which 

were much lower than those reported in the 

literature. The cause of this discrepancy 

was not identified. 

Nanotribological experiments were 

performed with ZrO2(sphere)/Ti6Al4V(flat surface) 

(Geometry 1), in dry and lubricated medium 

, to mimic the conditions in the mouth. 

Contrarily to what was expected, the friction 

coefficient in dry was lower than in 

lubricated conditions. Among the studied 

fluids, human saliva led to the lower friction 

coefficient, proving its lubricant power. 

Differences were not significant for the 

other liquids, except for BSA solution in 

water, which led to a slightly lower friction 

coefficient. 

SEM observation of Ti6Al4V surfaces 

after nanotribological tests revealed that the 

main wear mechanism in dry tests was 

abrasion, while in lubricated conditions 

were evident delamination signs. In both 

cases transference of titanium to the 

ceramic surface was detected. The wear of 

the metal surfaces was expected due to the 

difference in hardness between titanium 

and zirconia. In order to investigate the 

effect of the system geometry it was 

inverted to: Ti6Al4V(sphere)/ZrO2(flat surface) 

(Geometry 2). In this case, the friction 

coefficient obtained in dry is higher than in 

lubricated medium. The values obtained in 

lubricated conditions are lower than in 

Geometry 1. However, significant 

differences were not observed between 

them. The SEM analysis of the zirconia 

surface (Geometry 2) showed transference 

of metal to zirconia. 

Tribocorrosion tests showed that in the 

case of Geometry 1, the oxide layer present 

on the metal flat surface (passivation film) is 

continuously removed and restored during 

the nanotribological tests. The exposition of 

the metallic surface to the corrosive liquid 

medium leads to the formation of corrosive 

products which shall be responsible by the 

increase in the friction coefficient in 

lubricated conditions. In Geometry 2, , after 

removal of the passivation film, the metallic 

surface of the sphere remains protected 

from the direct exposition to the liquid 

medium, since it is in permanent contact 

with the solid surface. This origins relatively 

low values for the friction coefficient in 

lubricated conditions. 

In order to improve the performance of 

the studied tribological pair, we investigated 

the effect of coating the flat metal surface 

(Geometry 1) with an hard ceramic (TiN) . 

The friction coefficient values obtained were 

lower than those observed without coating, 

either in dry or lubricated conditions, 

although the decrease in the latest was 

more pronounced. This may be due to the 

low surface roughness presented by the 

coating, making the surface smoother and 
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thus less prompt to abrasive wear. 

Moreover, TiN protects the metal surface, 

preventing transference of material to the 

sphere. Hence, the results suggest that the 

use of TiN coatings should improve the 

performance of dental implants. 
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