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Abstract: In this work, the corrosion resistance of Ti-6Al-4V alloy with nitride and oxynitride coatings was investigated in isotonic 0.9 % 
NaCl solution and Ringer's solution at temperatures of 36 оС and 40 оС, which simulates the transition from normal to inflammatory 
condition of the human body. It was determined that the change of temperature of both physiological solutions does not decrease the 
protective function of nitride coating on Ti-6Al-4V alloy. It was shown that the corrosion properties of oxynitride coating are deteriorated by 
increasing the temperature up to 40 оС, especially in 0.9 % NaCl solution. 
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1. Introduction 
Titanium alloys are widely used for orthopaedic and dental 

implants under load-bearing conditions because of their excellent 
characteristics such as chemical inertia, low density, mechanical 
resistance, absence of toxicity, resistance to corrosion and 
biocompatibility [1–4]. Among all titanium alloys, Ti-6Al-4V alloy 
is the most frequently used as hard tissue replacement in artificial 
bones, joints and dental implants [5–7]. 

The relatively poor tribological properties and possible 
corrosion problems using titanium implants require the surface 
engineering to increase near-surface strength, improving the 
hardness and abrasive wear resistance thereby reducing the 
coefficient of friction as well as avoiding or reducing the 
transference of ions from the surface or bulk material to the 
surrounding tissue [4, 7–10]. Titanium nitrides can effectively 
improve the corrosion and wear resistance of titanium alloys, so 
they are widely used in implants as coating material [8, 9, 11]. The 
addition of oxygen to titanium nitride (TiN) to form titanium 
oxynitride (TiNxOy) has recently attracted attention [8, 9, 12, 13]. 
This is due to the fact that titanium oxynitrides benefit from many 
remarkable properties of both insulating titanium oxides (chemical 
stability, optical properties) and metallic titanium nitrides (hardness, 
wear resistance). In comparison with TiN, titanium oxynitride has 
shown new interesting properties that can be used as biomaterials. 

All the surgically implantable metallic materials, including the 
most corrosion-resistant materials, undergo chemical or 
electrochemical dissolution due to the influence of corrosive 
environment of human body [14, 15]. Therefore, the investigations 
of the corrosion behaviour of Ti-6Al-4V alloy with protective 
coatings in physiological solutions simulating the human body fluid 
are sufficiently urgent. 

The purpose of this work is to study the corrosion resistance of 
Ti-6Al-4V alloy with nitride and oxynitride coatings at the change 
of temperature of the physiological solutions (0.9 % NaCl solution 
and Ringer's solution) from 36 оС to 40 оС. 

2. Experimental procedure 
The samples of (α+β) Ti-6Al-4V alloy (Al – 6.0, V – 4.0, Fe –

 0.25, C – 0.1, O – 0.15, N – 0.04, H – 0.015 wt. %, Ti – balance) of 
dimensions 15×10×1 mm were investigated. The samples were 
mechanically ground using different grades of SiC papers, followed 
by diamond polishing to a surface roughness of Ra=0.06 μm. Then 
they were ultrasonically cleaned with alcohol and dried. 

Nitriding of Ti-6Al-4V alloy was conducted by the 
thermodiffusion treatment in nitrogen at 850 оС for 12 h. The partial 
pressure of nitrogen was 1 Ра. 

Titanium oxynitrides were formed by the subsequent oxidation 
of preformed titanium nitrides in oxygen-containing gas medium on 
the cooling stage from 650 оС to 500 оС. 

The phase of surface layers of Ti-6Al-4V alloy after 
thermodiffusion treatment was determined using X-ray 
diffractometer (XRD) with CuKα radiation operated at 30 кV and 
20 mА. The diffraction pattern profiles were refined by the Rietveld 
method with two different pseudo-Voigt functions using Powder 
Cell 2.4 [16] and Sietronix programs. Titanium oxynitride was 
identified using the standard diffraction pattern obtained in 
accordance with the model by Levi et al. [17]. This model assumed 
that the non-metal sub-lattice was disordered (the N and O atoms 
randomly occupied the (½ ½ ½) positions), whereas the Ti atoms 
occupied the (0 0 0) positions. 

Elemental analysis of the alloy surface after potentiodynamic 
polarization was evaluated using energy dispersive X-ray 
spectrometer INCA Energy 350. 

The electrochemical tests of Ti-6Al-4V alloy with nitride and 
oxynitride coatings were carried out in isotonic 0.9 % NaCl solution 
and Ringer's solution ((in g/l): NaCl – 9.0; KCl – 0.43; CaCl2 – 
0.24; NaHCO3 – 0.20) at temperatures of 36  оС and 40 оС. The 
transition from normal to inflammatory condition of the human 
body was simulated by the change of temperature of the solution. 
The potentiodynamic polarization curves were recorded using IPC-
pro potentiostat in the potential range of -1.0...2.5 V at a scan rate of 
2 mV/s. All potentials were measured against the Ag/AgCl 
reference electrode. Three-electrode glass cell with a platinum 
counter electrode and a saturated Ag/AgCl reference electrode was 
used. Surface of the working electrode of Ti-6Al-4V alloy was 
coated with epoxy resin, leaving area for exposure to the electrolyte 
of 1 cm2. 

3. Results and discussion 
The nitride film delimited from the alloy matrix by diffusion 

zone was formed in the process of nitriding of Ti-6Al-4V alloy. 
According to the results of X-ray analysis (Fig 1 a), the film 
contains mainly Ti2N phase (∼ 65 %), represented by the (101), 
(111), (002), (320) and (321) reflections. At the same time the 
(111), (200) and (220) reflections of the weak relative intensity 
indicate on the presence of TiN phase (∼ 4 %). 

 
Fig. 1 Diffraction spectra of Ti-6Al-4V alloy after nitriding (a) and 
subsequent oxidation of nitride coating (b). 
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During oxidation of Ti-6Al-4V alloy with nitride coating the 
oxynitride film was formed on its surface. It is represented by the 
(111), (200) and (220) reflections (Fig 1 b). In addition, the 
reflections of Ti2N phase and α-Ті phase are presented in the 
diffraction spectrum of the alloy. 

The potentiodynamic polarization curves obtained for Ti-6Al-
4V alloy with nitride and oxynitride coatings in isotonic 0.9 % NaCl 
solution and Ringer's solution at 36 оС and 40 оС are shown in 
Fig. 2–Fig. 5. Table 1 and Table 2 represent the corresponding 
corrosion parameters. 

On the anodic branch of the potentiodynamic curve of Ti-6Al-
4V alloy with nitride coating in 0.9 % NaCl solution at 36 оС 
(Fig. 2, curve 1) there are two peaks of the anodic dissolution at 
potentials of 0.07 and 0.3 V after the region of the active dissolution 
of the film. They are associated with the dissolution of the nitride 
film with the formation of corrosion products on the surface. 

 
Fig. 2 Potentiodynamic curves of Ti-6Al-4V alloy with nitride coatings in 
0.9 % NaCl solution at 36 оС (curve 1) and 40 оС (curve 2). 

 
By increasing the temperature of the solution to 40 оС two 

peaks of the anodic dissolution are observed on the anodic branch 
of potentiodynamic curve also (Fig. 2, curve 2). The passive region 
is observed in the range of potentials 0.75…1.5 V. The passive 
current density is 0.9 A/m2. This is due to the formation of more 
protective passive films on the surface which slow the anodic 
dissolution of surface. The decrease of chlorine content on the 
surface from 0.23 to 0.11 wt. % also indicates on the less 
dissolution of nitride film at 40 оС. The corrosion current density 
decreases in 1.5 times (Table 1). 

Table 1: Corrosion parameters of Ti-6Al-4V alloy with nitride coatings in 
physiological solutions. 

Physiological 
solution 

36 oC 40 oC 

ik [A/m2] Ek [V] ik [A/m2] Ek [V] 

0.9 % NaCl 
solution 

0.006 -0.20 0.004 -0.30 

Ringer's 
solution 

0.020 -0.23 0.023 -0.41 

 
On the anodic branch of the potentiodynamic curve of Ti-6Al-

4V alloy with nitride coating in Ringer's solution at 36 оС 
(Fig. 3, curve 1) the anodic dissolution of surface film is occured to 
potential of 0.45 V. Further decrease of the anodic current density is 
obviously caused by the formation of unstable films on the surface, 
which then dissolve. 

By increasing the temperature of the solution to 40 оС the 
corrosion current density of Ti-6Al-4V alloy with nitride coating 
isn’t changed practically (Table 1). The first passive region is 
occurred in the range of potentials -0.1…0.4 V (Fig. 3, curve 2). 
The passive current density is 0.08 A/m2. The second passive region 
is observed at the potentials of 1.10…1.34 V. It is due to the 
formation of more protective passive films on the surface. The 
passive current density is 0.3 A/m2. 

 
Fig. 3 Potentiodynamic curves of Ti-6Al-4V alloy with nitride coatings in 
Ringer's solution at 36 оС (curve 1) and 40 оС (curve 2). 

Thus, increasing the temperature of both 0.9 % NaCl solution 
and Ringer's solution from 36 оС to 40 оС does not deteriorate the 
corrosion properties of Ti-6Al-4V alloy with nitride coating. 

On the anodic branch of the potentiodynamic curve of Ti-6Al-
4V alloy with oxynitride coating in 0.9 % NaCl solution at 36 оС 
(Fig 4, curve 1) the wide passive region at the potentials of 
0.1….1 V is observed. The passive current density is 0.013 A/m2. 
The existence of this passive region is caused by the resistance of 
oxynitride film formed in the process of oxidation of preformed 
titanium nitride. In addition, according to the results of the energy 
dispersive X-ray spectroscopy, the corrosion products on the base of 
titanium, oxygen and chlorine are formed on the surface in the 
process of polarization. It obviously provides the additional 
protection of the surface. 

 
Fig. 4 Potentiodynamic curves of Ti-6Al-4V alloy with oxynitride coatings in 
0.9 % NaCl solution at 36 оС (curve 1) and 40 оС (curve 2). 

By increasing the temperature of the solution to 40 оС the 
corrosion current density increases in 6.5 times (Table 2) and 
corrosion potential shifts to more negative potential range (Fig. 4, 
curve 2). It indicates on the decrease of the corrosion resistance of 
oxynitride film. 

Table 2: Corrosion parameters of Ti-6Al-4V alloy with oxynitride coatings 
in physiological solutions. 

Physiological 
solution 

36 oC 40 oC 

ik [A/m2] Ek [V] ik [A/m2] Ek [V] 

0.9 % NaCl 
solution 

0.002 -0.41 0.013 -0.43 

Ringer's 
solution 

0.017 -0.33 0.022 -0.40 

 
On the anodic branch of the potentiodynamic curve of Ti-6Al-

4V alloy with oxynitride coating in Ringer's solution at 36 оС 
(Fig. 5, curve 1) there is a wide passive region at the potentials of    
-0.1….0.7 V. It is due to the resistance of oxynitride film formed in 
the process of the oxidation of preformed titanium nitride. The 
passive current density is 0.06 A/m2. 
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Fig. 5 Potentiodynamic curves of Ti-6Al-4V alloy with oxynitride coatings in 
Ringer's solution at 36 оС (curve 1) and 40 оС (curve 2). 

By increasing the temperature of the solution to 40 оС the 
interaction of chloride ions with the surface intensifies: the content 
of chlorine increases to 1.14 wt.%. The corrosion potential shifts to 
more negative potential range and corrosion current density 
increases (Table 2). The short passive region is observed in the 
potential range of 0.10…0.25 V (Fig. 5, curve 2). The passive 
current density is 0.2 A/m2. Further increase of the current density 
is caused by the dissolution of surface film. The passivation of 
surface is observed at the potentials of 0.65…1.0 V. The passive 
current density is 0.4 A/m2. 

Thus, increasing the temperature of both physiological solutions 
from 36 оС to 40 оС leads to decrease of the corrosion protection of 
Ti-6Al-4V with oxynitride coating, especially in 0.9 % NaCl 
solution. 

4. Conclusions 
Increasing the temperature of both 0.9 % NaCl solution and 

Ringer's solution from 36 оС to 40 оС, which simulates the 
environment of human body in normal and inflammatory 
conditions, does not deteriorate the protective function of nitride 
coating on Ti-6Al-4V alloy. 

By increasing the temperature of the physiological solutions 
from 36 оС to 40 оС the corrosion protection of Ti-6Al-4V alloy by 
oxynitride coating is deteriorated due to an activation of the 
interaction of the surface with chlorine ions. 

5. References 
1. Souza J.C.M., Barbosa S.L., Ariza E., Celis J.-P., Rocha 

L.A., Simultaneous degradation by corrosion and wear of 
titanium in artificial saliva containing fluorides, Wear, 
292-293, 2012, 82-88. 

2. Xie F.X., He X.B., Cao S.L., Lu X., Qu X.H., Structural 
characterization and electrochemical behavior of a laser-
sintered porous Ti-10Mo alloy, Corrosion Science, 67, 
2013, 217-224. 

3. Fojt J., Joska L., Málek J., Corrosion behaviour of porous 
Ti-39Nb alloy for biomedical applications, Corrosion 
Science, 71, 2013, 78-83. 

4. Yildiz F., Yetim A.F., Alsaran A., Efeoglu I., Wear and 
corrosion behaviour of various surface treated medical 
grade titanium alloy in bio-simulated environment, Wear, 
267, 2009, 695-701. 

5. de Assis S.L., Wolynec S., Costa I., Corrosion 
characterization of titanium alloys by electrochemical 
techniques, Electrochimica Acta, 51, 2006, 1815-1819. 

6. El-Taib Heakal F., Ghoneim A.A., Mogoda A.S., Awad 
Kh., Electrochemical behaviour of Ti-6Al-4V alloy and 
Ti in azide and halide silutions, Corrosion Science, 53, 
2011, 2728-2737. 

7. Gu Y.W., Khor K.A., Cheang P., In vitro studies of 
plasma-sprayed hydroxyapatite/Ti-6Al-4V composite 
coatings in simulated body fluid (SBF), Biomaterials, 24, 
2003, 1603-1611. 

8. Probst J., Gbureck U., Thull R., Binary nitride and 
oxynitride PVD coatings on titanium for biomedical 
applications, Surface & Coatings Technology, 148, 2001, 
226-233. 

9. Subramanian B., Muraleedharan C.V., Ananthakumar R., 
Jayachandran M., A comparative study of titanium nitride 
(TiN), titanium oxynitride (TiON) and titanium aluminum 
nitride (TiAlN), as surface coatings for bio implants, 
Surface & Coatings Technology, 205, 2011, 5014-5020. 

10. Vadiraj A., Kamaraj M., Effect of surface treatments on 
fretting fatigue damage of biomedical titanium alloys, 
Tribology International, 40, 2007, 82-88. 

11. Piscanec S., Colombi Ciacchi L., Vesselli E., Comelli G., 
Sbaizero O., Meriani S., De Vita A., Bioactivity of TiN-
coated titanium implants, Acta Materialia, 52, 2004, 
1237-1245. 

12. Martin N., Lintymer J., Gavoille J., Chappé J.M., Sthal F., 
Takadoum J., Vaz F., Rebouta L., Reactive sputtering of 
TiOxNy coatings by the reactive gas pulsing process. Part 
II: The role of the duty cycle, Surface & Coatings 
Technology, 201, 2007, 7727-7732. 

13. Do H., Wu Y.-H., Dai V.-T., Peng C.-Y., Yen T.-C., 
Chang L., Structure and property of epitaxial titanium 
oxynitride grown on MgO(001) substrate by pulsed laser 
deposition, Surface & Coatings Technology, 214, 2013, 
91-96. 

14. Güleryüz H., Cimenoğlu H., Effect of thermal oxidation 
on corrosion and corrosion-wear behaviour of a Ti-6Al-
4V alloy, Biomaterials, 25, 2004, 3325-3333. 

15. Kwok C.T., Wong P.K., Cheng F.T., Man H.C., 
Characterization and corrosion behavior of 
hydroxyapatite coatings on Ti6Al4V fabricated by 
electrophoretic deposition, Applied Surface Science, 255, 
2009, 6736-6744. 

16. Kraus W., Nolze G., Powder Cell – a program for the 
representation and manipulation of crystal structures and 
calculation of the resulting X-ray powder patterns, Journal 
of Applied Crystallography, 29, 1996, 301-303. 

17. Levi G., Kaplan W.D., Bamberger M., Structure 
refinement of titanium carbonitride (TiCN), Materials 
Letters, 35, 1998, 344-350. 

INTERNATIONAL SCIENTIFIC JOURNAL "MACHINES. TECHNOLOGIES. MATERIALS." WEB ISSN 1314-507X; PRINT ISSN 1313-0226

YEAR IX, ISSUE 1, P.P. 29-31 (2015)31




