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  Abstract 

Titanium and Ti-alloys are recognized as corrosion resistant alloys, which have biomedical applica-

tions as orthopedic implantations due to this film of titanium oxide formed on its surface. However, 

the inflammatory conditions could affect the corrosion resistance of this alloy. The research work 

aims to investigate the electrochemical behavior of commercial virgin titanium and aspects of blend-

ing it with either V or Al on its resistivity. The study was extended to include the effect of addition 

of H2O2 on the corrosion behavior of Ti and Ti-alloys. The electrochemical behavior of the pure Ti 

and its alloys Ti-4AL-2V and Ti-6Al-4V was evaluated using the potentiodynamic polarization as 

well as by electrochemical impedance spectroscopy, EIS. Scanning electron microscope, SEM was 

used to study the surface morphology of the investigated Ti-alloys. Energy dispersive X-ray analysis, 

EDX, technique was used to determine the composition of the deposited oxide layer formed on the 

surface after immersion in the electrolytic solution. On the other hand, the metals released into the 

electrolyte was detected using atomic absorption spectrophotometry, AAS. It was found that Ti-

alloys corrosion resistance was affected by the inflammatory conditions, where the pure Ti has the 

highest polarization resistance and the smallest corrosion rate when compared with Ti-4AL-2V and 

Ti-6Al-4V alloys. 
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1. Introduction  

Biomedical materials are commonly used in the replace-

ment and repair of human tissues, and it requires a multi-

disciplinary approach to ensure that these materials 

implanted in living organisms do not cause adverse reac-

tions. After being inserted into the body, the materials 

may rub against human tissue or other implants, causing 

the implants to deteriorate over time. Osteolysis and 
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inflammation may bring on by the wear and tears of im-

plants in the human body can have an impact on both the 

health of the patient and the longevity of the implant [1, 2].  

Surgical procedures are used to repair, replace, or regen-

erate damaged tissue [3].  Alternative biomaterials was 

developed to avoid the problems caused  bio-implants 

such as Ni-toxicity, corrosion degradation and others [4, 

5].Titanium and its alloys  are one of the widely used 

components that have biomedical applications [6-9] due to 

their higher corrosion resistance, good biocompatibility 

and they also have  special features including high spe-

cific strength and osseointegration as well [10, 11] .  In ad-

dition, Ti, and Ti-alloys can be used to replace hard tissues 

in orthopedics [12-15]. The higher passivation of Ti and Ti-

alloys was attributed to the formation of a spontaneously, 

passive and thermodynamically stable TiO2 protective 

layer [15, 16]. Alloying Ti with different metals may be re-

sulted in modulation of the alloy properties, such as hard-

ening and tensile strength [17, 18]. Although their excellent 

mechanical properties and non-cytotoxicity Ti and Ti al-

loys have some disadvantages such as their biological in-

ertness and poor antibacterial properties, which inhibits 

their further development.  

Various studies on the corrosion behavior of Ti and Ti-al-

loys have been reported [17, 19-24], and investigated in dif-

ferent media [25, 26]. There are various parameters, which 

may significantly affect the corrosion behavior of Ti-alloys 

such as corrosion medium, pH and temperature [27]. In ad-

dition, the physiological species in simulated physiologi-

cal environments may also influence the corrosion behav-

ior [28-35]. The effect of proteins and reactive oxygen spe-

cies on the corrosion behavior of Ti-6Al-4V was reported 

[36]. It was noticed that the activities of Reactive Oxygen 

Species (ROS) ROS can cause serious pathological disor-

ders such as diabetes, ageing and neurodegradation when 

they overwhelm the body's antioxidant mechanisms [37]. 

Hydrogen peroxide (H2O2) is an important oxidizing com-

ponent and a factor that may influence the corrosion pro-

cess of Ti-alloys [38]. Enzymes in the body destroy super-

oxides by catalyzing their conversion to hydrogen perox-

ide (H2O2), which potentially damaging the implanted 

materials [39, 40]. In the present work aims to investigate 

the effect of aggressive simulated inflammatory condi-

tions on the electrochemical properties of Ti and its alloys. 

In order to simulate the per implant inflammatory condi-

tions in-vitro studies were conducted with addition of 

H2O2. Different electrochemical techniques, e.g. polariza-

tion techniques and EIS, were used essential to clarify the 

fundamentals of the corrosion / passivation processes, 

which may occurs at the alloy solution interface. The mor-

phology of the alloy surface was analyzed by EDX and 

SEM. 

 

2. Experimental procedures 

2.1. Electrochemical cell 

An experimental method was developed to investigate the 

corrosion behavior of Ti and Ti-alloys in simulated body 

fluids and in H2O2 as an inflammation medium. Samples of 

Ti and some of its alloys with different Al, V content (Ti-

4Al-2V and Ti-6Al-4V) were used. The Ti-samples were 

obtained from different sources such as plates and screws 

then they were fabricated into rods to fit the measure-

ment cell. The chemical compositions of prepared alloys 

are listed in Table 1. 

The electrochemical cell with three electrodes working 

electrode (Ti alloys surface area was 0.283, 0.196 and 

0.196 cm2 for Ti, Ti-4Al-2V and Ti-6Al-4V respectively), 

the counter electrode was a Pt-electrode and a saturated 

calomel electrode (SCE) as a reference electrode. Before 

experimental work, the alloy surface was polished using 

emery papers up to 3000 grit, rubbed and then exten-

sively washed with deionized water.  

2.2. Solutions 

The chemical composition of the electrolyte solutions, 

which simulate the physiological conditions of the human 

body with pH 7.5 were used for in vitro corrosion studies 

was given in Table 2 [41]. As reported in the literature, a 

volume of 50 mM H2O2 solution titrated to pH 5.0 was 

used to simulate inflammatory conditions [42]. 
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2.3. Techniques 

I. A digital pH meter was used to adjust the pH dur-

ing tests. The electrochemical measurements 

were performed using 150 mL solution at 37 °C ± 

0.2 °C and for reproducibility, each experiment 

was repeated three times.  

II. The electrochemical measurements were per-

formed on the Voltalab 10 PGZ100 “All-in-one 

“potentiostat/ Galvanostat. Open circuit potential 

(OCP) was used to record the EIS experiments, 

which was monitored for 120 h under simulated 

body fluid and in inflammation conditions [41, 43]. 

The potentiodynamic measurements were con-

ducted at a scan rate of 10 mV/s. 

III. The concentration of released metals was meas-

ured using atomic absorption spectroscopy 

(AAS) using a SHIMADZU AA7000 analyst instru-

ment with ASC-7000 auto-sampler and GFA- 

7000 graphite furnace atomizer.  

IV. The surface morphology and elemental composi-

tion of the tested alloys were investigated before 

and immersion in the simulated inflammation for 

120h using scanning electron microscopy (SEM) 

of type ZEISS Gemini SEM-field emission scan-

ning electron microscope with an X-ray diffrac-

tion patterns (EDX) were collected using Cu-Ka 

monochromatic radiation at room temperature 

on a Bruker D8 ADVANCE diffractometer. 

 

3. Results and Discussion 

3.1 Electrochemical Measurements 

3.1.1 Potentiodynamic Polarization Measure-
ment 

Corrosion behavior of Ti-alloys was determined by esti-

mating the chemical composition of alloys, dissolved ele-

ments, formation of titanium oxide (TiO2) and by catalyzed 

decomposition of the peroxide [44]. Linear polarization was 

used to evaluate the corrosion behavior of pure Ti and Ti-

alloys in simulated body fluids either in absence or in the 

presence of H2O2. The more negative shift of the potential, 

the lower icorr and the higher corrosion passivation, which 

in turn led to decreasing in the corrosion rate [45].  

Figure 1(a, b) showed the potentiodynamic polarization 

curves of the pure Ti , Ti-4Al-2V  and Ti-6Al-4V  samples 

in simulated body fluid (SBF) and  under simulated in-

flammation condition after immersion for 120 h. It was 

found that the corrosion current density decreased for Ti-

4Al-2V and Ti-6Al-4V samples, which were tested in SBF 

compared to the samples, which are tested in inflamma-

tion condition (SBF/H2O2), this is may be attributed to the 

formation of  a protective passive film on the alloy sur-

face.  

Over immersion at different times is represented in Fig-

ures (2, 3), the icorr was significantly higher for Ti than 

other alloys in SBF and for Ti-4Al-2V in SBF/ H2O2. In SBF, 

the presence of Al, V in the tested samples increased the 

stability of the deposited passive film, where V act as a -

stabilizing element while Al is an -stabilizing element, 

while in SBF/H2O2 the charge transfer resistance CpTi of 

the formed oxide on Ti-surface was extremely high if com-

pared to that’s of Ti-6Al-4V and Ti-4Al-2V. So, the smaller 

slope of CpTi was due to the increased charge transfer ki-

netics across its oxide film [41]. 

The polarization parameters after different immersion 

times were calculated from the polarization curves, and 

their values are represented in Tables (3-8). The corrosion 

rate values of pure Ti, Ti-4Al-2V and Ti-6Al-4V alloys after 

immersion for different times in simulated body fluid with 

and without H2O2 were calculated from the equation: 

𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝑚𝑚 𝑦) = 3.27 × 10−3  × 𝑖𝑐𝑜𝑟𝑟(𝜇𝐴 𝑐𝑚2⁄⁄ )

× 𝑀(𝑔 𝑚𝑜𝑙⁄ )/[𝑛 × 𝑑(𝑔 𝑐𝑚3⁄ )]    (1) 

 

The results of the variation of the corrosion rate with the 

immersion time showed that the corrosion rate decreased 

with increasing of the immersion time. The anodic polari-

zation film became more stable as a result of the dissolu-

tion of the metal and formation of a passivated film.  

3.1.2. Electrochemical impedance spectroscopy 
(EIS) 

The open-circuit impedance (OCI) for pure Ti and the 
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investigated alloys were traced over 120 h after electrode 

immersion in the simulated body fluid with and without 

H2O2 solutions. The recorded impedance spectra were an-

alyzed as Nyquist plots as shown in Figure (4). Generally 

Nyquist plots showed an increased Rp values were re-

ported for Ti-4Al-2V and Ti-6Al-4V alloys in SBF/H2O2 so-

lution compared to SBF solution. The opposite behavior 

was observed for pure Ti. The electrochemical impedance 

for pure Ti and their alloys were investigated with differ-

ent working time in the SBF medium.  

The recorded impedance spectra were analyzed as 

Nyquist and Bode plots as shown in Figures (5-7). Bode 

plots (see figures 5-7 a) for pure Ti and its alloys in SBF at 

different immersion time showed two-phase maxima 

peaks appeared in the phase angle plots. The presence of 

two-phase maxima at both low and high frequencies in 

Bode plots for all of the investigated samples indicated that 

the corrosion process was controlled by two-time con-

stants. The first, at the low-frequency region may be at-

tributed to the charge transfer resistance, Rct, and the dou-

ble-layer capacitance, Cdl, at the electrode surface. At 

higher frequency, the second time constant was due to the 

formation of a partially protective film [46]. On the hand, 

Bode plot showed that the total impedance (Z) increased 

with time, which explained the formation of a progressive 

passive film until a steady state was obtained [47-49]. The 

gradual increase of the phase maximum with the increase 

of the immersion time revealed a decrease in the corrosion 

rate [48]. 

In Nyquist plots, the impedance spectra were nearly the 

same except for the diameters of the loops assigning the 

corrosion resistance (see Figures 5, 6 and 7 b), this simi-

larity indicated that the corrosion mechanism of the tested 

alloys were similar but with different corrosion rates [50]. 

An equivalent circuit models was suggested to enable an 

accurate analysis of the EIS data Figure 8 and the calcu-

lated equivalent circuit parameters for the different alloys 

in the SBF solution were presented in Tables (9-11).  

Tables (9-11 showed that Rp values increased with in-

creasing immersion time while Cdl decreasing. The low ca-

pacitances could be associated with both an increase of the 

thickness of the passive layer and a decrease of the dielec-

tric constant of the oxide film, which are conducive to a no-

bler electrochemical corrosion behavior. Thus, the corro-

sion resistance of the biomaterials are better visualization 

of the effect of the simulated solution.  

The steady state impedance, of pure Ti and the investi-

gated alloys were traced over 120 h from electrode immer-

sion in the inflammatory conditions. Nyquist plots for pure 

Ti and its alloys in SBF/H2O2, at different immersion time 

were presented in Figure (9).  The results indicated that 

the film resistance follows the order Ti-6Al-4V> Ti-4Al-2V 

>Ti. These results are in a good accordance with the polar-

ization measurement results. Adding H2O2 to SBF highly 

decreased   the film resistance value for pure Ti  and 

slightly decreased  it for Ti-4AL-2V and Ti-6Al-4V alloys 

as showed in Nyquist plots (see Figure 9 ) [42, 51].  

The EIS data (Nyquist plots) were fitted according to the 

equivalent circuit showed in Figure 8. It clearly revealed 

the presence of two distinguishable time constants as a re-

sult of two different processes.  

3.2. Surface analysis 

The surface morphology of each sample was investigated 

using SEM after 12  h immersion in solution. The surface of 

pure Ti, Ti-4Al-2V and Ti-6Al-4V alloys was subjected to 

EDX analysis to record the different constituents of the 

passive film. Fig 10 (a, b and c) represents the SEM- EDX 

measurements of these alloys. Generally, the three ele-

ments, Ti, Al, and V are participating in the passivation af-

ter 120 h immersion in the inflammation solution at 37oC. 

The surface morphology of each one represented the abil-

ity of each alloy to resist the metal dissolution and forming 

a passive film to separate the core metal from the corrosive 

medium. This study was carried out in a highly aggressive 

inflammation medium to show the behavior of each alloy 

and determine the feasibility to be used in the human 

body. The surface morphology of Ti-6Al-4V and Ti-4Al-2V 

with aluminum and vanadium content was presented and 

revealed a large degree of film cracks, which made it more 

susceptible to a different type of corrosion as pitting cor-

rosion and that appeared in EDX results, which revealed a 
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high Ti, Al concentration for Ti-6A-4V and Ti-4Al-2V alloys 

. The pure Titanium showed very low cracks on the surface 

which may be responsible for less or no pits on the surface. 

The general behavior of these alloys indicated that Al and 

V content had high dissolution in the inflammatory condi-

tions so it does not improve the alloy performance against 

corrosion in simulated inflammation conditions at pH 5 

and 37˚C.  

3.3. Metal released Investigation 

The metal ions concentrations in the test solutions SBF and 

SBF/H2O2 after the 120 h immersion were measured (Fig-

ure 11). It was noticed that in case of pure Ti, the addition 

of the H2O2 did not significantly affect the amount of Ti ions 

released into the solution, but it was significantly in-

creased the amount of Ti and V ions released in case of Ti-

6Al-4V alloy [41]. As stated previously, V is considered as a 

-stabilizing element while Al is an -stabilizing element. 

Therefore, an increase in the concentration of the released 

Ti and V ions was accompanied with a constant concentra-

tion of the released Al ions, this may be attributed to selec-

tive dissolution process [52].  

 

 

4. Conclusion  

 The corrosion behavior of pure Ti, Ti-4Al-2V and Ti-6Al-

4V alloys in a SBF and SBF/H2O2 at the temperature of 37°C 

was investigated by potentiodynamic polarization and 

electrochemical impedance spectroscopy. Simulated phys-

iological body solution with constant amount of H2O2 was 

used to simulate the inflammation condition. The results 

demonstrated that Al and V content in the two alloys did 

not modify the properties of the pure Ti. The potentiody-

namic polarization results indicated that by increasing 

time pure Ti, Ti-4Al-2V and Ti-6Al-4V attained the lowest 

icorr, nobler Ecorr and smallest corrosion rate, which was due 

to the formation of a protective oxide film. In addition, the 

experimental impedance results confirmed that increasing 

time increased the thickness and the resistance of the de-

posited passive film.  
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Table 1.Chemical composition of different samples of Titanium (in wt.%) 

Ti Fe N C O V Al Alloys 

Balance 
Balance 
Balance 

0.04 

0.03 

0.04 

 

0.03 

0.03 

0.03 

 

0.08 

0.03 

0.03 

0.25 
0.25 
0.30 

– 

1.82 

4.02 

- 
4.45 
5.87 

 

Pure Ti 
Ti –4Al-2V 

Ti–6Al-4V 

Table 2. Reagents amount for preparing 1000 mL of the SBF in gm [42]  

Reagent NaCl NaHCO3 KCl K2HPO4 
3H2O 

MgCl2 
H2O 

HCl 
1.0 M 

CaCl2 Na2SO4 TRIS HCl 
1.0 M 

SBF 8.035 0.355 0.255 0.231 0.311 39 mL 0.292 0.072 6.118 0-5 mL 
 

Table 3: Potentiodynamic polarization parameters of Pure Ti after different immersion time in SBF/ H2O2 at 37 oC. 

Time 
/ h 

Ecorr 
/mV 

icorr 

/µA 
βa 

/mV 
βc 

/mV 
Corr. Rate 

/ mm/y 

2 -1489.374 158.640 1278.3 -254.1 4.67 

24 -1502.927 137.172 746.4 -268.3 4.22 

72 -1417.479 115.257 482.2 -278.2 3.55 

120 -1467.691 85.431 421.5 -183.5 2.63 

 

Table 4: Potentiodynamic Polarization parameters of Ti-4Al-2V alloy after different immersion time in SBF/ H2O2 at 37 oC. 

Time 
/ h 

Ecorr 
/mV 

icorr 

/µA 
βa 

/mV 

βc 
/mV 

Corr. Rate 
/ mm/y 

2 -1561.658 261.250 4776.8 -467.4 11.63 

24 -1489.00 256.33 1898.8 -376.3 11.41 

72 -1360.00 222.508 4348.9 -344.0 9.90 

120 -1477.310 175.774 931.5 -231.2 7.74 

 

Table 5: Potentiodynamic polarization parameters of Ti-6Al-4V alloy after different immersion time in SBF/ H2O2 at 37 oC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Time 

/ h 
Ecorr 
/mV 

icorr 

/µA 
βa 

/mV 
βc 

/mV 
Corr. Rate 

/ mm/y 

2 -1590.017 244.861 1374.4 -330.2 10.90 

24 -1525.803 224.359 1123.6 -407.8 9.98 

72 -1661.892 188.594 1338.0 -195.8 8.31 

120 -1674.749 160.542 714.9 -200.7 7.14 
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Table 6: Potentiodynamic polarization parameters of pure Ti after different immersion time in SBF at 37oC. 

Time 
/ h 

Ecorr 
/mV 

icorr 

/µA 
βa 

/mV 
βc 

/mV 
Corr. Rate 

/ mm/y 

2  -1 600.0 328.9 2198.4 -342.6 10.14 

24  -1 529.4 252.6 1068.7 -290.3 7.79 

72  -1 544.1 230.1 1053.4 -267.5 7.09 

120  -1 617.4 212.4 849.0 -292.5 6.55 

 

Table 7: Potentiodynamic polarization parameters of Ti-4Al-2V alloy after different immersion time in SBF at 37oC. 

Time 
/ h 

Ecorr 

/mV 

icorr 

/µA 
βa 

/Mv 
βc 

/mV 
Corr. Rate 

/ mm/y 

2  -1 499.2 293.0 2079.1 -352.8 9.03 

24  -1 508.0 231.8 955.1 -288.3 7.14 

72  -1 494.6 146.0 467.1 -238.4 6.50 

120  -1 587.1 194.4 634.2 -265.9 5.99 

 

Table 8: Potentiodynamic polarization parameters of Ti-6Al-4V alloy after different immersion time in SBF at 37 oC. 

Time 
/ h 

Ecorr 
/mV 

icorr 

/µA 
βa 

/mV 
βc 

/mV 
Corr. Rate 

/ mm/y 

2 -1 604.4 273.6 1386.8 -335.0 8.43 

24  -1 450.8 212.8 778.3 -267.1 6.56 

72 -1 573.6 140.7 408.9 -188.1 6.26 

120 -1 646.9 105.3 342.9 -169.5 4.68 

 

Table 9: Electrochemical impedance measurements of pure Ti after different immersion time in SBF at 37oC. 

Time 
/ h 

Rs 
/Ω 

Rct 
/kΩ cm-2 

Cdl 
/µF cm-2 

α1 Rpf 
/kΩ cm2 

Cpf 
/µF cm-2 

α2 

2  4.727   1.717 3.707 0.99 115.9 13.72 0.999 

24  6.331   2.025 1.964 0.99 187.5 8.488 1 

48  6.053   2.489 2.557 0.99 278.5 5.713 1 

72  1.152   3.659   6.871 0.99 322.5 4.934 1 

120  4.349 4.995 7.964 .99 580.0 2.744 1 
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Table 10: Electrochemical impedance measurements of Ti-4Al-2V alloy after different immersion time in SBF at 37oC. 

Time 
/ h 

Rs 
/Ω 

Rct 
/kΩ cm-2 

Cdl 
/µF cm-2 

α1 Rpf 
/kΩ cm2 

Cpf 
/µF cm-2 

α2 

2  4.726 3.153 2.019 .99 124.6 12.76 .99 

24  5.272 3.601 0.883 0.99 297.8 4.275 1 

48  5.456 4.599 0.865 0.99 334.3 3.008 0.999 

72  3.584 4.616 0.217 0.98 371.0 1.715 1 
120  11.92 5. 343 0.941 0.99 475.3 1.339 1 

 

Table 11: Electrochemical impedance measurements of Ti-6Al-4V alloy after different immersion time in SBF at 37 oC. 

Time 
/ h 

Rs 
/Ω 

Rct 
/kΩ cm-2 

Cdl 
/µF cm-2 

α1 Rpf 
/kΩ cm2 

Cpf 
/µF cm-2 

α2 

2  4.972 3.718 60.067 0.98 220.9 7.204 0.999 

24  23.87 4.104 6.257 0.99 463.4 2.747 1 

48  17.80 4.796 4.180 0.99 737.6 1.726 1 

72  21.64 4.657 4.305 0.99 947.8 1.679 1 

120  19.20 5.561 7.154 0.96 1000.1 1.431 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Potentiodynamic Polarization curves of pure Ti and Ti-4Al-2V and Ti-6Al-4V alloys after 120 h of electrode immersion in (a) 
SBF (b) SBF/H2O2 solutions at 37 °C. 
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Fig. 2: Polarization curves of pure Ti and Ti-4Al-2V and Ti-6Al-4V alloys in inflammation simulated body fluid with H2O2 after 
different immersion times at 37 °C: (a) pure Ti, (b) Ti-4Al-2V, (c) Ti-6Al-4V and (d) variation of corrosion rate with immersion time.  
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Fig. 3: Polarization curves of pure Ti and Ti-4Al-2V and Ti-6Al-4V alloys in SBF after different immersion times at 37 °C: (a) pure Ti, 
(b) Ti-4Al-2V, (c) Ti-6Al-4V and (d) variation of corrosion rate with immersion time. 
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Fig. 4: Nyquist plots for pure Ti, Ti-4Al-2V and Ti-6Al-4V at 120 h from the electrode immersion in (a) SBF (b) SBF/H2O2 solutions at 
37oC. 

 

 

Fig. 5: Nyquist and Bode plots of pure Ti after different immersion time in SBF solution at 37oC. 
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Fig. 6: Nyquist and Bode plots of Ti-4Al-2V alloy after different immersion time in SBF solution at 37oC. 

 

Fig. 7: Nyquist and Bode plots of Ti-6Al-4V alloy after different immersion time in SBF solution at 37oC. 

 

 

 

 

 

 
 

 
 

Fig. 8: Equivalent circuit used to model the EIS data recorded on the Ti and its alloys. 
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Fig. 9: Nyquist plots for (a) pure Ti, (b) Ti-4Al-2V and (c) Ti-6Al-4V alloys after the immersion of the electrode in SBF /H2O2 solution 
at 37 °C.  
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Fig. 10: SEM images and EDX analysis after 120 h immersion in simulated inflammation solution of (a) pure Ti, (b) Ti-4Al-2V alloy 
(c) Ti-6Al-4V alloy at 37oC. 

 

 

 

 

 
 

 

 

 

 

 

Fig. 11: Total concentration of Ti, Al, V release from Ti and its alloys after 120 h immersion of the electrode in (a) SBF/H2O2 and (b) 
SBF solutions at 37 °C. 
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