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Abstract 

Titanium (Ti-6Al-4V) alloys had been mostly used for medical applications due to its good mechanical and chemical 

properties. This alloy tendency to emanate toxic aluminium (Al) and vanadium (V) due to their low corrosion resistance in 

body conditions. In this work, radiofrequency magnetron sputtering was used to prepare the Al2O3 thin films at different 

temperatures (400, 500, and 600oC) to increase the biocompatibility of Ti-6Al-4V alloy. The structure of the Al2O3 films was 

determined by the X-Ray diffraction (XRD) technique. The phases of Al2O3 thin films observed after heat treatment and its 

intensity phases increase at 600oC. The effect of depositing temperature on the microstructural morphologies of the thin films 

was studied by Field Emission Scanning Electron Microscope (FESEM). The particle size of the sputtered Al2O3 films 

ranged from 200 nm to 400 nm and was strongly influenced by annealing temperatures, the morphology of the films deposited 

before and after annealing has a characteristic agglomeration of particles. Potentiodynamic polarization analysis of the Al2O3 

films confirms the inverse relationship between polarization resistance and corrosion current. The biocorrosion measurements 

for Al2O3 films deposited on the Ti-6Al-4V substrate in 3.5% NaCl solution have also been obtained. Clear improvement in 

the corrosion resistance was observed rather than for untreated, especially for thermally annealed (600oC) Al2O3 /Ti-6Al-4V 

samples. The corrosion rate was 0.356 mm/y for the uncoated sample, while 0.055 mm/y for Al2O3/Ti-6Al-4V in samples 

after annealing at 600oC. The average corrosion potential calculated was - 0.117 V. The results confirmed that coated alloys 

with 600°C thermally treated exhibited a better electrochemical behaviour compare with uncoated and non-thermally treated 

alloys possibly due to the better cohesion degree of the coatings. 

 
Keywords: RF magnetron sputtering technique, Al2O3 thin films, Ti-6Al-4V alloy, simulated biological 3.5% NaCl solution and corrosion.

1. Introduction 

Biomaterials are artificial materials such as metals, 

ceramics, composites, polymers, or natural materials 

that are utilized to replace missing or sick biological 

elements in implants, constructions, or joints. Due to 

their great strength and corrosion resistance, metal 

biomaterials are widely employed in medical 

applications in addition, stainless steel, Ti, 

magnesium, and Co-based alloys, among other metal 

biomaterials, have outstanding biomedical qualities. 

Biocompatibility is one of the best qualities of 

titanium and titanium-based alloys(1). Thin film 

coating has been increasingly important in a variety 

of technical and industrial applications in recent 

years. Because it combines common substrate 

characteristics (weight, flexibility, durability, 

thickness, absorbency, and transparency) with unique 

surface characteristics (2). Despite their superior 

bioactivity, biocomposites consisting of ceramics and 

polymers will never equal the strength and stability of 

metallic implants(3). Alumina (Al2O3) thin films have 

gained increasing interest in various industrial 

Egyptian Journal of Chemistry 
http://ejchem.journals.ekb.eg/ 

 

737 

 

http://ejchem.journals.ekb.eg/


 Hamil M. I. et.al. 

_____________________________________________________________________________________________________________ 

________________________________________________ 

Egypt. J. Chem. 65, No. 11 (2022) 

 

 

414 

applications, ranging from optoelectronic devices, 

medical insets, and wear resistant coatings to 

catalysis applications, due to their excellent 

properties, such as wide bandgap, high transparency, 

large hardness, high wear resistance, excellent 

dielectric properties, and good chemical and thermal 

stability (4). The thermal expansion coefficient of 

Al2O3 is quite similar to that of Ti alloy; Ti alloy 

substrate thermal expansion coefficient is 8.7 10-6/K, 

while Al2O3 thermal expansion coefficient is 8.2 10-

6/K. This resulted in a lower mismatch between the 

coated layer and the substrate, as well as the 

prevention of fracture formation when cooled from 

the evaluated temperature(5). Since alumina is an 

excellent insulator, a radio frequency (RF) alternating 

current has been used in many sorts of study for the 

formation of alumina thin films with deposition by 

magnetron sputtering. Because alumina is an 

excellent insulator, radio frequency (RF) alternating 

current is the best approach to employ in magnetron 

sputtering (6). The Ti-6Al-4V alloy is the most 

commonly used titanium alloy, and it was also the 

first titanium alloy to be recognized as an implant 

material under ASTM standards. Although titanium 

alloys have a variety of clinical qualities, this alloy 

has demonstrated corrosion susceptibility in both in 

vivo and in vitro circumstances. The corrosion 

aftereffects would result in the dissolution of V and 

Al ions, which would have negative consequences 

such as the development of Alzheimer's disease and 

cancer. Furthermore, one of the drawbacks limiting 

the use of titanium alloy has been its weak surface 

hardness(7). As a result, the goal of this research is to 

use a radiofrequency magnetron sputtering process to 

create a novel biocompatible and Al2O3 coating on 

Ti-6Al-4V alloy, as well as to explore surface 

characterisation, corrosion behavior, and 

hemocompatibility. In the present work, we used 

radiofrequency magnetron sputtering to study surface 

properties with the corrosion behavior of Ti-6Al-4V 

alloys. R F sputtering was used to explore these 

effects on the passive mechanisms of the Ti-6Al-4V 

alloys with respect to the surface conditions at the 

microstructure level. 

 

2. Materials and Methods 
Surface alteration of Ti-6Al-4V alloys by 

deposited biocompatibility of Al2O3. Using an RF 

magnetron sputtering technique and Ar gas, Al2O3 

thin films were produced on Ti-6Al-4V alloy from 

Al2O3 targets. The Ti-6Al-4V samples were cut to a 

diameter of (20 mm x 20 mm), ground with 500 

microns SiC grinding paper, and used as subtractions 

in a plasma sputtering system. The substrates were 

cleaned twice with ultrasonic in 96% ethanol (Sigma 

Aldrich, England), then distilled water for 15 minutes 

and dried in a discaiter at room temperature for 24 

hours  (8) . The sputtering chamber was evacuated to a 

pressure of (2*10-2) Torr before the sputtering gas 

(argon) was admitted. This was followed by a 

15minute pre-sputtered operation to clean the target 

surface. As indicated in table, the deposition 

procedure was carried out with a fixed argon gas rate 

of (5.5 *10-2) Torr, RF power of 150 W, chamber 

pressure of (2 *10-2) Torr, and a deposition time of 1 

hour (9). However, to examine the crystalline phase 

effect in the deposited thin films, the substrate 

temperature was changed from 400 to 600oC. X-ray 

diffraction (Philips Geiger utilizing CuKa, =1.54 A0) 

was used to determine the structural parameters of 

Al2O3 thin films. The morphology of the films was 

observed using the FESEM (TESCAN MIRA3). 

ASTM G1-03/ASTM G102 was used to determine 

the corrosion process, and the corrosion behavior was 

evaluated by measuring the polarization curve 

(Tafel). 

3. RESULTS AND DISCUSSION 

3.1 X-Ray diffraction  
Figure 1 shows the X-ray diffraction patterns of 

the samples before and after heat treatment at 400, 

500, and 600oC for 1 hour. There are four peaks that 

occur at 31.100, 39.220, 460, and 60.10, respectively, 

corresponding to (111), (222), (400), and (333) (10, 

11) agreement with JCPDF code 21-1307(12). The 

planes' Bragg angles have moved to a new angle. The 

tetragonal Al2O3 phase was more clearly visible with 

planes (111), (107), (200), (222), (311), (400) and 

(401) on the XRD pattern of the thermally annealed 

films formed at 600oC with deposition time 1h. 

(333)(13). Furthermore, as the annealing temperature 

is increased, the position of the peaks appears to alter. 

Shifting peaks are most likely caused by the release 

of inherent strain during the annealing process. The 

change of peak positions also suggests that the films 

are all under stress at the same time (10). Peak 
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brooding can arise as a result of changes in lattice 

structure in synthetic films. The thermal energy 

generated by annealing improves the mobility of 

active sites. Grain growth and flaw reduction during 

the annealing process are responsible for the 

increased mobility (14). 

 

Table 1. Reactive RF sputtering conditions for 

depositing Al2O3 thin films. 

 

  

 

 

 

 

 

 

 

 

 

Figure (1): The X-ray diffraction of Al2O3 films  
deposited. 

 

3.2. Surface morphology of the Al2O3 layers 

Figure 2 (a – f) shows typical FESEM images of 

Al2O3 films formed under various deposition currents 

before and after annealing at 400, 500, and 600°C. 

Before heat treatment, amorphous particles and 

nonuniform clumping were found. Clusters were 

formed as a result of the particles agglomerating. The 

average particle size of Al2O3 as-deposited was found 

to be in the region of in the FESEM micrograph (25 

nm). It was discovered that following annealing, the 

Al2O3 crystallite size increased, with the average 

particle size of Al2O3 coated at 400, 500, and 600oC 

increasing to 50, 50, and 70 nm, respectively. 

Increasing the annealing temperature (i.e., increasing 

the crystallinity of the film) supplies additional 

energy to the adatoms, resulting in increased 

microstructure order and particle size. However, an 

excessive supply of annealing temperature may cause 

the desired orientation to deteriorate, and the film 

will be bombarded with highly charged particles, 

resulting in internal film flaws (15). 

 

3.3 Corrosion measurements 

Various electrochemical techniques, such as 

potentiodynamic polarization, have been used to 

investigate corrosion behavior (Tafel analysis). When 

the open-circuit voltage is imposed on a metal 

sample, Tafel analysis is a well-established 

electrochemical technique that records the current. 

The polarization resistance (Rp), which is computed 

using Equations 1 and 2 (8), has an inverse 

relationship with corrosion current. 

 

        
        

                 
                                 (Eq. 1) 

 

Where,  = anodic Tafel slope,    =  Tafel 

slope. 

 

Corrosion Rate (C.R) =  
                 

     
            (Eq. 2) 

 

K= constant that define the units of the corrosion rate 

= 3.27210-3 mm/(µA year), EW= equivalent weight 

(g/equivalent) = 11.768 g/eq., d = density (g/cm3) = 

4.420 g/cm3, A = sample area (cm2) = 0.151 cm2. 

 

 

 

 

 

 

 

 

 

 

 

Parameters Values 

Total pressure (Torr) 5 x 10-3 

Sputtering power (Watt) 150 

The target to substrate distance (mm) 60 

Substrates Ti6AL4

V 

Deposition time (hour) 1 

Gas ratio (Ar)  Argon 

Substrate temperature  373K 
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Figure (2). (a-b) FESEM image and histogram of Al2O3 film before annealing, (c-d) FESEM image and 

histogram of Al2O3 film coated at 400oC, (e-f) FESEM image and histogram of Al2O3 film coated at 

600oC. 
 

 

 

 

(a) 

(c) 

(e) 
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Figure 3 shows the polarization curve (Tafel) 

diagram for Al2O3 coated Ti-6Al-4V alloy (3). The 

average corrosion potential of the Ti-6Al-4V alloy 

when immersed in a simulated biological 3.5% NaCl 

solution (16-18) is - 0.317 V. For samples covered 

with Al2O3 before and after annealing, the corrosion 

potential migrated to the cathode side, with potential 

values of - 0.320, - 0.335, - 0.344, and -0.357 V, 

respectively. 

Furthermore, by extrapolating the anodic and 

cathodic branches of the polarization curve to the 

corrosion potential, the corrosion current Icorr was 
determined from the polarization curves. Al2O3 films 

had corrosion currents of 2.5286*10-7 and 4.8088*10-

8 A/cm2 before and after annealing, respectively. In 

addition, when compared to Ti-6Al-4V alloy, the 

corrosion rate of coated samples was lower at 400, 

500, and 600oC. 

Another common technique for studying corrosion 

is open-circuit potential (OCP). The fluctuation of 

OCP with immersion time for Al2O3 coated Ti-6Al-

4V alloy in 3.5% NaC% solution at 25oC is shown in 

figure (4). The initial OCP for untreated Ti-6Al-4V 

was – 12.74 V, and for the samples Al2O3 coated 

before and after thermal annealing, the potential 

steadily increased to – 7.731, - 3.794, and -1.993 V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compared to the bare substrates, the coated 

samples demonstrate a positive shift in corrosion 

potential and a decrease in both corrosion current and 

corrosion rate values, as shown in table (2). With 

thermal annealing, a positive shift in corrosion 

potential is observed, as well as a decrease in both 

corrosion current and corrosion rate. The creation of 

a passive layer is responsible for these results. 

 

4. CONCLUSIONS 

   Al2O3 films were successfully synthesized on Ti-

6Al-4V alloy by RF-magnetron sputtering technique 

at high temperature, the coating of Ti-6Al-4V alloy 

with Al2O3 layer to improve the corrosion properties, 

such as the corrosion rate (Cor. Rate) and the 

polarization resistance (RP). It has been observed that 

the particle sizes and corrosion properties were 

strongly influenced by temperature annealing, where 

the average particle size increased to 50 and 70 nm 

for the films heated at 400, 500, and 600oC. The 

corrosion rate of Al2O3 film deposited on Ti-6Al-4V 

substrate decreased, where it was 0.356 mm/year for 

uncoated sample while being 0.055 mm/year Al2O3 

for the sample annealed at 600oC, this sample also 

presents the polarization resistance of 957.3 KΩ/cm2, 

while it was 280.7 KΩ/cm2 for the uncoated sample. 

All the coated samples and hear treatment appeared 

to be nobler in corrosion behaviors and decreased the 

value of corrosion values and current, meaning the 

TiO2 coating has good protection for Ti-6Al-4V alloy 

in SBF and could be used in biomedical applications. 

  

Figure (3): Polarization curves (Tafel) for Al2O3 films 

deposited on Ti-6Al-4V alloy by RF sputtering at 40 

W for 1 hour. (A)Ti-6Al-4V alloy, (B) Al2O3 coated 

Ti-6Al-4V alloy (C) Al2O3 coated Ti-6Al-4V alloy at 

400oC. (D) Al2O3 coated Ti-6Al-4V alloy at 500oC. (E) 

Al2O3 coated Ti-6Al-4V alloy at 600oC. 

  
 
 
Figure 4. Open-circuit potential variation with time 

curve of Al2O3 coated on Ti-6Al-4V alloy by RF 

sputtering 40 W for 1 hour. (A)Ti-6Al-4V alloy, 

(B) Al2O3 coated Ti-6Al-4V alloy (C) Al2O3 coated 
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Table (2): Corrosion characteristics of Ti-6Al-4V samples coated with Al2O3. 
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