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ABSTRACT 

     Plasma sputtering is widely used to improve the surface properties of metals. In this study, plasma sputtering was used 
to enhance the surface properties of Ti-6Al-4V alloy, which is commonly used in biomedical application, due to its 
superior strength-to-weight ratio, excellent corrosion resistance, and outstanding fatigue performance. Despite these good 
properties, there is an obstacle when using it in the human body, especially for knees replacements, as it has low wear 
resistance in aggressive surroundings. Plasma was applied in a vacuum chamber to a titanium rod for different periods (3 
and 6) hours, respectively. The chemical composition of the alloy was identified before and after the sputtering process 
using energy-dispersive spectroscopy (EDS), and the thickness of the deposition layer and its properties were determined 
using a scanning electron microscope (SEM), while the phases were identified using X-ray diffraction (XRD). Tafel 
polarization and cyclic polarization tests were used to evaluate the general and pitting corrosion resistance respectively. 
Finally, a wear test was conducted in a simulated body fluid environment, where the results showed a noticeable 
improvement in the properties of the alloy that was treated for 6 hours. A thick layer of niobium oxide (Nb2O5) was 
deposited on the surface. 
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1. Introduction 

     Titanium alloys, especially α+β Ti-6Al-4V alloy, have excellent biocompatibility, good corrosion resistance, and 
strength-to-weight ratio that making them favored in medical applications. Compared to cobalt-based alloys and stainless 
steel, titanium is characterized by its ability to form a protective surface layer of titanium dioxide (TiO2) which has high 
stability to the alloy surface, and its ability to protect the alloy from corrosion in body fluids [1,2]. Unfortunately, this layer 
has poor tribological properties, which makes it susceptible to degradation in corrosive environments, where these alloys 
do not fully comply with the specifications required for several application [3,4]. 

     When this alloy is exposed to wear stresses in an aggressive medium, the protective surface layer is exposed to 
deterioration and fracture, which leads to the exposure of the new surface to a corrosion environment leads to the release of 
both vanadium and aluminum ions into the body fluid, leading to the risks of toxicity in the body [5]. 

     To overcome this problem, the mechanical properties of the surface alloy must be improved, especially when exposed to 
a corrosive environment, which has been enhanced using various engineering techniques, including Physical-Vapor-
Deposition, Ion-Implantation-Nitriding, Thermal-Spraying, and Plasma-Sputtering [6,7]. Furthermore, the use of plasma 
sputtering is particularly advantageous in biomedical applications, as it allows for the precise deposition of homogenous 
biocompatible coatings that can improve the corrosion resistance and wear resistance, enhancing their long-term 
performance in the human body, [8]. 

     This study aims to improve the corrosion resistance and wear characteristics of biocompatible Ti-6Al-4V alloys in 
simulated body fluid through the plasma sputtering process to form a niobium oxide layer for different periods (3 and 6 
hours) in a vacuum chamber. 



2. Methodology 

2.1 Materials and Methods 

     A titanium alloy rod provided by MC MASTER USA was used to produce a cylindrical specimen with a 16 mm 
diameter and  3.5 mm thickness using a DEM cutting machine. For quality assurance purposes, each sample was replicated 
three times to confirm the accuracy and reliability of the experimental results. The chemical composition of the alloy was 
examined by EDS before plasma sputtering, as shown in Figure 1: 

 

Figure-1. EDX for Ti-6Al-4V alloy before treated. 

     Before starting the plasma sputtering process, silicon carbide paper (120-1200 μm) was used to smooth the surface of 
the samples. Subsequently, the specimens were cleaned with purified water and polished using a polishing cloth with a 
suspended diamond solution (9,6,3, and1 μm) to obtain a shiny surface like mirrors. After that, the samples were cleaned 
using ultrasound with an ethanol medium for five minutes to achieve a clean surface free of any impurities. Then, the 
samples were dried using hot air. Kroll’s reagent solution was prepared for the etching process by mixing 6 ml of water 
(H₂O), 3 ml of nitric acid HNO₃, and 1 ml of hydrofluoric acid (HF). These specimens were submerged in this mixture for 
five seconds, then rinsed with distilled water and dried by dry air, was also conducted by [9]. 

2.2 Plasma Sputtering for Surface Modification 

     Mirror-polished samples from Ti-6Al-4V alloy were processed using plasma sputtering in a DC glow discharge system 
for (3 and 6 hours). This system consists of a vacuum chamber that has a cylindrical shape with a diameter of 16cm and a 
length of 25cm  ،where this system is supplied with an accessory of a high-efficiency gas discharge system to obtain low-

pressure gas discharge inside the system chamber. The chamber of the system consists of two electrodes, the top one has a 
diameter of 7cm while the bottom one has a diameter of 12 cm, they are called the cathode and anode respectively, and the 
gap between them during the sputtering process is 3.3 cm [10], as shown in Figure 2. 

 

Figure-2. Electrode shape and installation before the sputtering process. 



     Niobium metal was installed on the cathode electrode while titanium alloy was placed on the anode electrode, the 
chamber was closed and evacuated from gas at a pressure of (1×10-5 mbar), and argon and oxygen gases were injected into 
the chamber at pressures of (1.1×10-2  and 2.4×10-2 mbar) respectively, where oxygen gas oxidizes niobium after being 
impacted by argon gas, which leads to the deposition of niobium-oxide on the surface of the titanium alloy. As illustrated in 
Figure 3 [11,12], fixed factors applied in this process are shown in Table 1. 

 

Figure-3. Plasma formation during the plasma-sputtering process. 

Table-1. plasma-sputtering parameters. 

Fixed parameter values 

Gas used Ar + O 

Total pressure 3.5× 10⁻2 mbar 
DC voltage 2.5 KV 

Discharge current 3 mA 

     The furnace with inert argon gas was used to recrystallize the niobium oxide deposited on the surface of the titanium 
sample at 700°C for one hour, and the samples were slowly cooled in the furnace [13,14]. 

2.3 Characterization of Titanium Alloy 

     A Scanning-electron-microscope (SEM) LEITS-type was used to identify the surface morphology of the sputtering 
layer, and its homogeneity with the substrate alloy.   X-ray diffraction (XRD) Shimadzu XRD-6000 was utilized to identify 
phase changes during the alloy modification, using a Ni filter with a Cu target (Kα= 0.15418 nm). 

     Potentiodynamic polarization was used to determine the general corrosion of the alloy by measuring current density and 
corrosion potential, while cyclic-potentiodynamic-polarization was utilized to recognize the pitting behavior of this alloy. 

     This test was conducted in an electrolyte solution similar to body fluid (Ringer solution) at 37oC. It was done at 0.4 
mV/s, using an initial potential of 2000 mV above - below open circuit potential to investigate all corrosion behavior,[15]. 

Table-2. Chemical composition of Ringer solution (100ml), [16]. 

Elements Composition (g) 
CaCl2.2H2O 0.033 

KCl 0.03 

NaCl 0.86 

H2O qs 

     The wear test (pin-on-disk) using a pin consisting of a silicon carbide ball with a diameter of 16 mm to determine the 
wear rates and coefficient of friction. This test was done by applying a normal load of 10N and 15N respectively, a speed 
200 rpm (0.2 m/s), sliding distance of 99 m, with a Ringer's solution as the lubricated solution at 25oC. ASTM G99-04 
standards were used as a reference in this test. 

3. Results and discussions 



3.1 Microstructure Observation 

     The surface morphology and cross-section of modified Ti-6Al-4V alloy by plasma sputtering were evaluated using 
scanning-electron-microscopy (SEM) as showed in figure 4. The results showed an excellent adhesion between the 
uniformly thick sputtering layer and the substrate without any detectable gap. Another result identified from SEM was the 
thickness of the sputtering layer, where the 3 hours sputtering have a thinner layer (4.04 μm) compared to 6 hours 
sputtering (9.95 μm). The thickness was measured using ImageJ 1.54  software. The surface of the alloy after the sputtering 
process consisted of three regions the first one sputtering layer, the second one heat-affected zone, and the substrate alloy, 
[17].  

  
Figure-4. The cross-section area of Ti-6Al-4V alloy for: a- 3-hour plasma reactive sputtering, and; b- 6-hour plasma 

reactive sputtering. 

     The results obtained from EDS show significant influence of plasma-sputtering on the chemical composition of Ti-6Al-
4V alloy and the sputtering time also has a great influence. where the formation of Nb2O5 increases with the time of 
sputtering and which significantly effects on the wear rate and corrosion resistance. To clarify, the chemical composition 
was measured at the surface of the specimen as illustrated in Figure 5 and Figure 6. 

 

Figure-5. EDX for Ti-6Al-4V alloy for 3-hour plasma reactive sputtering. 



 

Figure-6. EDX for Ti-6Al-4V alloy for 6-hour plasma reactive sputtering. 

3.2 Phase Identification of sputtering alloy 

     X-ray diffraction (XRD) was employed to identify the phases present. The results shows that the phases present in the 
untreated sample exclusively α-Ti and β-Ti phases where the diffraction peaks of α-Ti appear at 2θ angles of 35.3°,40.5°, 
and 63°.while the diffraction peak of β-Ti appears in 2θ angle 38.09° as illustrated in figure 7. 

The phase identification after reactive plasma sputtering shows the creation of Nb2O5 on the surface of the Ti-6Al-4V alloy. 
The analysis revealed the phase of Nb2O5 present at 3-houer sputtering has a lower peak intensity compared with 6-houer 
sputtering. Furthermore, the diffraction peaks of Nb2O5 are observed  at 2θ angles of (22.5°,26.5°,36.8°,39.4°, and 46°). In 
addition, a slight reduction in the diffraction peaks of α-Ti and β-Ti is observed due to the formation of a thin Nb₂O₅ layer. 

 

Figure-7. X-ray diffraction of Ti-6Al-4V alloy before and after plasma spluttering. 

3.3 Corrosion Performance of Plasma Sputtered Ti-6Al-4V Alloy 

3.3.1 Tafel potential polarization 

     The study focuses on the current density and its effect on plasma sputtering time to identify electrochemical behavior of 
the alloy after and before the treatment immersed in ringer solution at 37oC as showed in figure 8. This test was conducted 
using Ringer's solution as an electrolyte at 37°C. As shown from the results, the corrosion current density has an inverse 
relationship with sputtering time where the minimum current density is observed at 6-hour [18]. In contrast, the base alloy 
exhibits better corrosion behavior than 3-hour sputtering due to the presence of porosity and amorphous Nb2O5 on the 
surface of Ti-6Al-4V,as shown in the SEM image in Figure 9, These findings are consistent with [19]. 



Table-3. Corrosion rate for sputtering and untreated Ti-6Al-4V alloy. 

(α+β) Ti-6Al-4V alloy Ecorr (mV) Icorr *10-3 (mA/cm2) Corrosion Rate (mpy) 
3 hours sputtering -819.3 1.96 6.67×10-4 

6 hours sputtering -172 0.083 0.282×10-4 

Untreated -72.2 0.976 3.343×10-4 

 

Figure-8. Potentiodynamic polarization curves for Ti-6Al-4V alloy in Ringer solution at 37oC. 

  
Figure-9. The surface morphology of Ti-6Al-4V alloy for (a) 3-hour plasma reactive sputtering, (b) 6-hour plasma reactive 

sputtering. 

3.3.2 Cyclic Polarization 

     Concurrently, localized corrosion may occur in aggressive media causing a breakdown of the passive protective film in 
a specific position leading to the pit formation on the alloy surface. Thus,  the resistance of materials to this type of 
corrosion should be examined, depending on this explanation, this test was conducted by anodic cyclic polarization, [20]. 

     As illustrated in Figure 10 this alloy exhibits a high resistance to pitting corrosion in Ringer's solution at 37oC in both 
untreated and reactive sputtered samples. Nonetheless, the passivity increases of alloy with sputtering time.  

Table-4. Cyclic polarization parameters in Ringer solution for untreated and reactive sputtering specimens. 

Ti-6Al-4V E Protection 
(mV) 

Passive current density at 500mV 
(mA/cm2) cyclic 

Passive current density at 500mV 
(mA/cm2) tafel 

3 hours sputtering -100 0.0208 0.0283 

6 hours sputtering 10 0.00011 0.00028 

Untreated -20 0.0101 0.0214 



 

Figure-10. Cyclic polarization curves in Ringer solution for untreated and reactive sputtering specimens. 

3.4 Wear Test (Pin on Desk) 

     Wear rate and friction coefficient play a meager factor in biocompatibility, especially in surgical implants. Therefore, 
this study investigates the effect of sputtering time on wear performance. Depending on the experimental outcomes, the 
sputtering time greatly impacts wear rate and friction coefficient. Observably, both wear rate and friction coefficient 
decrease with increasing sputtering time as a result of the formation of the thin protective layer, as described in previous 
studies, [21]. 

Tabel-5. Friction coefficient and Wear rate at room temperature in Ringer solution 

Samples conditions Friction 
coefficient 

Wear rate 10-4 

(mm3/Nm) 
Load (N) Sliding speed (rpm) Time (s) 

Untreated 0.46 2.053 

10 

200 900 

3 hours sputtering 0.42 1.824 

6 hours sputtering 0.4 0.684 

Untreated 0.42 2.432 

15 3 hours sputtering 0.38 1.976 

6 hours sputtering 0.32 1.520 

4. Conclusions 

     Depending on experimental investigation, sputtering time has a significant influence on the thickness of the deposited 
layer. According to these results: 

1- Niobium oxide formation on the surface of Ti-6Al-4V alloy can be revealed through XRD analysis. 

2- Scanning electron microscope investigation proves an increase in the thickness of Nb₂O₅ with increasing sputtering time 
and decreased porosity. 

3- The corrosion behavior and wear performance for Ti-6Al-4V alloy will be improved for 6 hours of sputtering time, in 
contrast to the 3 hours of sputtering time, a decrease in corrosion resistance was observed. 
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