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Titanium has garnered significant attention as an implant material due to its favorable strength-to-weight ratio, high 
mechanical strength, excellent corrosion resistance, and superior biocompatibility. Understanding the corrosion rate of 
implant materials in simulated body fluids is crucial for assessing their long-term performance in biomedical applications. 
This study investigates the corrosion behavior of commercially pure titanium (CP-Ti) in Hank’s solution, a fluid composition 
that closely mimics the human physiological environment. Corrosion testing was performed using a three-electrode cell 
method, where CP-Ti samples were immersed in the test solution at room temperature and physiological temperature 
(37 °C, pH 6.8). Post-immersion surface morphology analysis was conducted using scanning electron microscopy (SEM) 
and energy-dispersive X-ray spectroscopy (EDX) to examine surface changes. The results showed that CP-Ti exhibited 
an average corrosion rate of 8.136 × 10⁻⁵ mm/year at room temperature and 7.691 × 10⁻⁵ mm/year at 37 °C, indicating 
enhanced corrosion resistance under physiological conditions. Comparisons with literature data further confirmed that CP-
Ti has lower corrosion rates than commonly used implant alloys such as Ti-13Nb, Co–28Cr–6Mo, and 316L stainless steel. 
Surface morphology analysis revealed uniform corrosion without pitting, consistent with the passive behavior of titanium. 
Overall, these findings suggest that CP-Ti is a promising material for biomedical applications due to its stable passive film 
and superior corrosion resistance at body temperature.

INTRODUCTION

	 Globally, the prevalence of osteoporosis continues 
to rise in parallel with the growing elderly population, 
leading to an increasing demand for implant materials 
to replace bone structures compromised by the disease. 
Additionally, the high incidence of fractures resulting 
from traffic accidents and natural disasters further 
amplifies the need for biomedical implants. To date, 
orthopedic medicine has predominantly relied on metallic 
materials for implants due to their superior mechanical 
strength and the ability to be mass-produced efficiently 
while maintaining consistent mechanical properties. 
Metal implants are typically inserted through surgical 
procedures. Once the healing process is complete and 
the bone has successfully fused, the implanted material 
is subsequently removed [1].

	 Metal implants are commonly made from materials 
such as 316L stainless steel and titanium. Among these, 
316L stainless steel is often preferred due to its lower 
cost compared to titanium [1]. However, despite its 
affordability, 316L stainless steel has certain drawbacks 
that can impact both bone integrity and overall health. 
One of its primary concerns is the presence of nickel, 
which can ionize and leach into bodily fluids, potentially 
causing allergic reactions [2]. Moreover, the release 
of nickel ions has been associated with adverse 
health effects, including hypersensitivity reactions, 
carcinogenic risks, and general toxicity [3]. The allergic 
responses induced by metal implants are closely related 
to the corrosion process, where metal ions dissolve into 
bodily fluids due to the natural tendency of the material 
to revert to its original state [4,5]. In addition to metal 
composition, corrosion susceptibility is also influenced 
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by physiological factors such as body temperature and 
fluid pH. Given these concerns, titanium emerges as a 
more favorable alternative to 316L stainless steel for 
biomedical applications. 
	 Titanium and its alloys are widely recognized as 
one of the most suitable materials for biomedical implant 
applications due to their excellent biocompatibility, 
high specific strength, and superior corrosion resistance 
in physiological environments. The remarkable 
corrosion resistance of titanium is primarily attributed 
to the spontaneous formation of a stable and protective 
titanium dioxide (TiO₂) passive film on its surface, 
which acts as a barrier against aggressive ionic species 
present in body fluids. This passive layer plays a critical 
role in preventing metal ion release and ensuring 
long-term implant performance [6, 7]. Despite these 
advantages, the corrosion behavior of titanium in 
simulated physiological environments remains a subject 
of ongoing investigation, particularly under varying 
environmental conditions. Simulated Body Fluid (SBF) 
is commonly used to replicate the ionic composition 
of human plasma and to evaluate the in vitro corrosion 
performance of biomaterials. However, several studies 
have reported inconsistencies in corrosion responses due 
to differences in testing parameters, such as temperature, 
electrochemical conditions, and surface preparation. 
Among these factors, temperature is especially important, 
as it can significantly influence electrochemical reaction 
kinetics, ion diffusion, and the stability of passive films 
[8, 9]. 
	 Among various titanium-based materials, 
commercially pure titanium (CP-Ti) is considered the 
most biocompatible for implants. As an α-phase titanium, 
CP-Ti demonstrates superior corrosion resistance 
compared to Ti-6Al-4V [10,11], Ti-15Mo [11], TNTZ 
[12], and Ti-35Nb [13]. Furthermore, CP-Ti is more cost-
effective than Ti-6Al-4V, TNTZ, and Ti-12Cr, making it 
a practical choice for medical implant applications.
	 Previous research has demonstrated that increasing 
temperature generally accelerates corrosion processes 
by enhancing ionic mobility and electrochemical 
activity. Nevertheless, for passive metals such as 
titanium, temperature effects are more complex, as they 
may simultaneously promote passive film formation 
and degradation. As a result, the relationship between 
temperature and corrosion resistance of titanium in 
SBF is not yet fully understood, particularly in terms 
of electrochemical behavior and passive film stability 
[10-50]. In addition, these findings indicate that CP-Ti 
exhibits superior corrosion resistance compared to Ti-
6Al-4V [10,11], Ti-15Mo [11], TNTZ [12] or Ti-35Nb 
[13] when tested in Hank’s solution at 37 °C. 
	 Furthermore, many existing studies focus primarily 
on reporting corrosion rate values without providing 
a comprehensive mechanistic interpretation of the 
electrochemical processes involved. This limitation 
reduces the ability to generalize findings and apply 

them to real biomedical conditions. Therefore, a more 
systematic investigation that combines electrochemical 
analysis with mechanistic interpretation is needed to 
better understand the corrosion behavior of titanium in 
physiological environments [52, 53]. 
	 Based on the findings of these studies, it is evident 
that variations in corrosion characteristics of CP-Ti exist 
under different conditions, such as in artificial saliva and 
Hank’s solution. Furthermore, no research has yet been 
conducted to evaluate the corrosion behavior of CP-Ti 
in Hank’s solution using the three-electrode cell method. 
To address the limitations of previous studies, the three-
electrode cell method was selected due to its higher 
accuracy and ability to directly measure the corrosion 
rate. In contrast, other methods such as immersion and 
weight loss testing require significantly longer duration, 
often extending beyond several months, to obtain results 
[8].
	 In this study, the corrosion behavior of 
commercially pure titanium in Simulated Body Fluid 
was systematically evaluated at different temperatures 
using electrochemical techniques. The objective of this 
work is to clarify the effect of temperature on corrosion 
kinetics and passive film stability, as well as to provide a 
deeper understanding of the underlying electrochemical 
mechanisms governing titanium performance in 
physiological conditions. The findings of this study are 
expected to contribute to the optimization of titanium-
based biomaterials for improved reliability and long-
term performance in biomedical applications.

EXPERIMENTAL

Material Preparation

	 The material used in this study was commercially 
pure titanium (CP-Ti, ASTM F67 Grade 2) in the form 
of a plate with dimensions of 10 × 10 × 2 mm. Prior to 
electrochemical testing, the samples were mechanically 
polished using silicon carbide (SiC) abrasive papers with 
progressively finer grit sizes from 320 to 7000 grit to 
obtain a smooth and uniform surface. The specimens 
were then rinsed with distilled water, degreased with 
ethanol, and ultrasonically cleaned to remove any 
surface contaminants. Finally, the samples were dried 
in air before testing. Each specimen was then connected 
to a conductive wire by soldering and subsequently 
mounted in epoxy resin, exposing only one surface to the 
test solution. To ensure a highly reflective surface, the 
exposed area was further polished with 8000 and 14000 
grit abrasives prior to testing.

Preparation of the Test Solution

	 Hank’s balanced salt solution was prepared to serve 
as the test medium. The composition is shown in Table 1. 
A pH of 6.8 was selected in this study to simulate slightly 
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acidic physiological conditions, such as those found 
in inflammatory environments, which may influence 
the stability of passive films on titanium surfaces. 
The prepared solution was maintained at a controlled 
temperature during experiments.

Surface Morphology and Chemical 
Composition Analysis

	 Surface morphology was examined using a Scanning 
Electron Microscope (SEM, Hitachi S-3400N, Japan) 
equipped with an Energy-Dispersive X-ray Spectroscopy 
(EDX, EMAX X-act detector) system. SEM analysis 
was performed on the CP-Ti specimens before and after 
corrosion tests to observe surface changes, while EDX 
was used to confirm the elemental composition of the 
material.

Electrochemical Corrosion Testing

	 Corrosion behavior was evaluated using a 
three-electrode electrochemical cell connected to a 
potentiostat/galvanostat. The working electrode was 
the CP-Ti specimen, the reference electrode was Ag/
AgCl (saturated KCl), and the counter electrode was 
a platinum mesh. Prior to polarization, the specimens 
were immersed for 30 minutes to allow the open-circuit 
potential (OCP) to stabilize.
	 Potentiodynamic polarization tests were conducted 
with a potential scan rate of 1 mV·s-1, over a potential 
range from –250 mV to +250 mV vs. OCP. Tafel 
plots were obtained from the polarization curves, and 
corrosion potential (Ecorr) and corrosion current density 
(Icorr) were extracted by extrapolating the anodic and 
cathodic branches [54]. The corrosion rate (CR, in mm/
year) was then calculated using Equation (1) according 
to ASTM G102, with CP-Ti density (ρ) = 4.51 g·cm-3 and 
equivalent weight (EW) = 11.98.

	 The corrosion test was conducted at both 37  °C 
(body temperature) and room temperature for all four 
samples.

RESULTS AND DISCUSSION

Surface Characteristics  
Before Corrosion Testing

	 The surface morphology of CP-Ti prior to corrosion 
testing, obtained by SEM, is shown in Figure  1. The 
surface appeared relatively smooth with only minor 
scratches from polishing and no visible defects, 
consistent with previous studies on CP-Ti [55].

	 EDX analysis confirmed the material’s composition 
(Figure 2). The spectra showed a dominant titanium 
peak, characteristic of commercially pure titanium. 
While the spectra indicated predominantly Ti, trace 

Table 1.  Composition of Hank’s Solution.

Component	 Concentration (g·L-1)
NaCl		  8.00
KCl		  0.40
CaCl₂		  0.14
NaHCO₃		  0.35
MgCl₂·6H₂O		  0.60
MgSO₄·7H₂O		  0.06
Na₂HPO₄		  0.06
KH₂PO₄		  0.60
Glucose·2H₂O		  1.00

(1)

Figure 1.  SEM image of CP-Ti surface morphology before 
corrosion treatment.

Figure 2.  (a). Investigation Area of Chemical Composition of 
CP-Ti (b) Spectrum of Chemical Composition CP-Ti
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elements typically present in CP-Ti Grade 2 (e.g., Fe, O, 
C) may not be detected due to the sensitivity limits of 
EDX. This result nonetheless validates the authenticity 
of the tested material.

Corrosion Behavior After Immersion
Electrochemical Behavior  

of CP-Ti in SBF
	 The electrochemical behavior of commercially pure 
titanium in Hank’s solution at different temperatures 
was evaluated using potentiodynamic polarization 
measurements. The polarization curves obtained exhibit 
typical characteristics of passive metals, with a distinct 
passive region indicating the formation of a protective 
oxide layer on the titanium surface. The corrosion 
potential (Ecorr) and corrosion current density (Icorr) 
were determined from the Tafel extrapolation method. 
The results indicate that temperature has a significant 
influence on the corrosion behavior of titanium. As the 
temperature increases, a shift in Ecorr and a change in 
Icorr values are observed, suggesting modifications in 
the electrochemical kinetics of the system.
	 Tafel curves of CP-Ti at room temperature and at 
37 °C are shown in Figures 3-6. The curves exhibit well-
defined anodic and cathodic branches, indicating stable 
electrochemical behavior. The extracted values of Ecorr 
and Icorr, along with the calculated corrosion rates, are 
summarized in Table 2.

	 The results demonstrate that CP-Ti exhibited a lower 
average Icorr and corrosion rate at 37 °C compared to 
room temperature. This suggests that CP-Ti forms a more 
stable passive oxide film at physiological temperature, 
likely due to enhanced kinetics of TiO₂ formation and 
repair, which improves corrosion resistance. These 
findings are consistent with prior reports, which showed 
that temperature influences the stability of titanium oxide 
films in simulated body fluids.
	 Figure 3 and Figure 4 illustrate the anodic and 
cathodic regions of the Tafel curve. The left region 
represents the anodic area, where the applied current 
increases as the voltage decreases until it reaches 
a saturation point. Conversely, in the cathodic area 
(right region), both the current and voltage increase 
simultaneously.

	 From the Tafel curve, the corrosion current density 
(Icorr) and corrosion potential (Ecorr) were determined 
by drawing tangent lines to the anodic and cathodic 
branches until they intersected. At the intersection 
point, a horizontal projection provided the Icorr value, 

Table 2.  Corrosion parameters of CP-Ti in Hank’s 
solution.

Temperature	 Icorr	 Ecorr	 CR
	 (A·cm-2)	 (mV)	 (mmpy)
Room T	 (9.389±0.85)	 1.95±0.7	 (8.136±0.74)
	 ×10⁻⁹		  ×10⁻⁵
37 °C	 (8.856±0.62)	 3.82±0.6	 (7.691±0.59)
	 ×10⁻⁹		  ×10⁻⁵

Figure 3.  Tafel Curve of CP-Ti at Room Temperature.

Figure 4.  Tafel Curve of CP-Ti at 37 ℃.

Figure 5.  Tafel Curve of CP-Ti at room temperature (a) sample 
1, (b) sample 2, (c) sample 3, and (d) sample 4.
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while a vertical projection indicated the Ecorr value 
[56, 57] These results are illustrated in Figure 5 (room 
temperature) and Figure 6 (37°C).
	 In the Tafel curve at 37°C (Figure 6a, Sample 1), the 
corrosion potential (Ecorr) was determined as 3.64 mV, 
while the corrosion current density (Icorr) was calculated 
as antilog (-5.08948 mA/cm²) = 8.138 × 10⁻⁶ mA·cm-2 = 
8.138 × 10⁻⁹ A·cm-2.

	 The obtained Icorr values from the Tafel polarization 
curve were then used to calculate the corrosion rate based 
on Equation 1 (ASTM Vol 03.03 G02). The results of 
these calculations are presented in Table 3 and Figure 7.
	 Based on Table 3, the average Icorr value for CP-
Ti in Hank’s solution was 8.855 × 10⁻⁹ A·cm-² at 37 °C 
and 9.797 × 10⁻⁹ A·cm-² at room temperature. Since a 
lower corrosion current density (Icorr) corresponds to a 
lower corrosion rate [58, 59], it can be concluded that the 
corrosion rate of CP-Ti at 37 °C was lower than at room 
temperature.
	

In general, higher temperatures tend to increase the 
corrosion current density due to enhanced ionic mobility 
and accelerated electrochemical reactions. However, 
in the case of titanium, this effect is moderated by the 
formation of a stable passive film, which limits the 
overall corrosion rate.

Corrosion Mechanism  
and Passive Film Formation

	 The corrosion resistance of titanium in SBF is 
primarily governed by the formation of titanium oxide 
(TiO2) passive film [14, 15]. The anodic and cathodic 
reactions involved in the corrosion process can be 
described as follows:

Anodic Reaction:
Ti → Ti4+ + 4e-

Cathodic Reaction:
O2 + 2 H2O + 4e- → 4 OH-

	 The Ti4+ ions generated during anodic dissolution 
rapidly react with oxygen species in the electrolyte 
to form a compact and adherent TiO2 layer [12]. This 
passive film acts as a barrier that reduces further metal 

Table 3 Values of Icorr and the corrosion rate of CP-Ti

Temperature	 Test 	 Icorr (A·cm-2)	 Ecorr (mV)	 CR (mm/y)
37 °C 	 1	 8.138 × 10-9	 3.64	 7.072 × 10-5

	 2	 7.573 × 10-9	 3.81	 6.576 × 10-5

	 3	 1.014 × 10-8	 3.91	 8.798 × 10-5

	 4	 9.573 × 10-9	 3.93	 8.317 × 10-5

	 average	 8.856 × 10-9	 3.82	 7.691 × 10-5

Room	 1	 9.985 × 10-9	 1.67	 8.665 × 10-5
	 2	 8.062 × 10-9	 2.47	 7.003 × 10-5

	 3	 1.022 × 10-8	 1.77	 8.885 × 10-5

	 4	 9.288 × 10-9	 1.90	 7.989 × 10-5

	 average	 9.389 × 10-9	 1.95	 8.136 × 10-5

Figure 6.  Tafel Curve of CP-Ti at 37 °C (a) sample 1, (b) 
sample 2, (c) sample 3, and (d) sample 4.

Figure 7.  Comparison of the score of corrosion rate CP-Ti in 
room temperature and 37 °C.
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dissolution and stabilizes the surface against aggressive 
ions such as Cl⁻ present in SBF [16]. The presence of this 
passive layer explains the relatively low corrosion current 
density observed across all tested temperatures [17]. 
Moreover, the wide passive region in the polarization 
curves indicates strong passivation behavior, which is 
essential for biomedical implant applications.

Effect of Temperature  
on Corrosion Kinetics

	 Temperature plays a dual role in the corrosion 
behavior of titanium. On one hand, increasing 
temperature enhances ion diffusion and electron transfer 
rates, which tends to accelerate corrosion reactions [18]. 
On the other hand, it can also influence the formation, 
thickness, and stability of the passive oxide film [19].
	 The experimental results suggest that although 
higher temperatures promote electrochemical activity, 
the protective TiO₂ film remains sufficiently stable to 
maintain low corrosion rates. This indicates that the 
passivation mechanism of titanium is robust under 
simulated physiological conditions. However, slight 
variations in corrosion rate with temperature may 
be attributed to changes in passive film properties, 
such as defect density, porosity, or thickness [20]. At 
elevated temperatures, the oxide layer may undergo 
partial dissolution or restructuring, which can affect its 
protective efficiency [21].

Comparison with Literature Data

	 To contextualize the results, CP-Ti data from this 
study were compared with literature values for other 
implant alloys (Figure 8 and Figure 9). The corrosion 
current density of CP-Ti (8.856 × 10⁻⁹ A·cm-² at 37 °C) 
was significantly lower than that of Ti-13Nb (2.68 × 10⁻⁸ 
A·cm-²), Co–28Cr–6Mo (5.0 × 10⁻⁷ A·cm-²), and 316L 
stainless steel (1.2 × 10⁻⁷ A/cm²) [60–64]. Similarly, 
the corrosion rate of CP-Ti (7.691 × 10⁻⁵ mm/year) was 
markedly lower than Ti-13Nb (2.77 × 10⁻² mm/year), 
Co–28Cr–6Mo (9 × 10⁻⁴ mm/year), and 316L stainless 
steel (5.98 × 10⁻³ mm/year).
	 It is important to note that these comparisons are 
literature-based and not from parallel experimental 
testing in this study. Nevertheless, the results support CP-
Ti’s superior corrosion resistance relative to commonly 
used biomedical alloys.

Surface Characterization

	 Surface analysis using SEM and EDX confirms that 
titanium remains the dominant element on the surface 
after corrosion testing, indicating minimal material 
degradation (Figure 10). The presence of oxygen in the 
EDX spectra further supports the formation of an oxide 
layer on the surface [12, 65].

	 The relatively uniform surface morphology 
observed suggests that corrosion occurs in a controlled 
manner without significant localized attack such as 
pitting. This behavior is consistent with the strong 
passivation characteristics of titanium in chloride-
containing environments [22, 23].

Implications for Biomedical Applications

	 The results of this study demonstrate that titanium 
maintains excellent corrosion resistance in SBF across 
the investigated temperature range. The stability of the 
passive TiO₂ film ensures minimal metal ion release, 
which is a critical factor for biocompatibility and long-
term implant performance [24-31].
	 Understanding the influence of temperature 
on corrosion behavior is particularly important for 
biomedical applications, as implants may be subjected to 
varying physiological conditions [32-38]. The findings 
confirm that titanium is a reliable material for use in 
such environments, with corrosion resistance largely 
governed by its intrinsic passivation capability [41-51].
	 Overall, this study provides a more comprehensive 
understanding of the electrochemical behavior of titanium 
in simulated physiological conditions, highlighting the 
interplay between temperature, corrosion kinetics, and 
passive film stability.

Figure 8.  The comparison of Icorr score in Hank’s solution.

Figure 9.  The comparison of corrosion rate score in Hank’s 
solution
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CONCLUSION

	 This study systematically evaluated the corrosion 
behavior of commercially pure titanium (CP-Ti) 
in Hank’s solution under room temperature and 
physiological temperature (37 °C) using a three-electrode 
electrochemical approach. The results demonstrate 
that CP-Ti exhibits improved corrosion resistance at 
37 °C, as evidenced by lower corrosion current density 
(I_corr) and reduced corrosion rate compared to room 
temperature conditions (8.136 × 10⁻⁵ mm/year at room 
temperature and 7.691 × 10⁻⁵ mm/year at 37 °C).
	 This counterintuitive behavior is attributed to 
the enhanced formation and stability of the protective 
TiO₂ passive film at physiological temperature, which 
effectively suppresses electrochemical degradation. 
The findings highlight the critical role of temperature in 
governing passive film kinetics and stability, providing a 
deeper mechanistic understanding of CP-Ti performance 
in simulated body environments.
	 Compared to previously reported biomaterials, 
CP-Ti shows superior corrosion resistance under 
physiological conditions, reinforcing its suitability for 
biomedical implant applications. The use of a three-
electrode system further strengthens the reliability and 
accuracy of the electrochemical assessment presented in 
this work.	 Overall, this study establishes a clear 
relationship between temperature and passive film 
behavior in CP-Ti, offering valuable insight for the design 
and optimization of titanium-based biomaterials. Future 
work should focus on long-term exposure, protein-
containing environments, and dynamic conditions to 
better simulate in vivo performance.
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