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ABSTRACT 
 

Nowadays, the application of 316L Stainless Steel, Nitinol and Ti-6Al- 
4V alloys as biomaterials have become popular due to their implant 
performance and durability. In this research work, the effect of pH on the 
corrosion rate of 316L Stainless Steel, Nitinol and Ti-6Al-4V alloys have 
been investigated. An electrochemical method was applied to investigate 
the corrosion behaviour of these biomaterials under simulated biological 
condition. The potentiodynamic polarisation were performed in a Hank’s 
solution with a pH value of 7.4 (neutral) and 5.2 (acidic). SEM, XRD, 
microhardness and surface roughness were also carried out to characterise 
the corroded surface. The potentiodynamic polarisation results showed that 
both Ti-6Al-4V and 316L stainless steel had high corrosion rate at pH 5.2 
(acidic) as compared to pH 7.4 (neutral). The corrosion rate for Ti-6Al-4V 
alloys was 22.80×10-3 mmpy at pH 7.4 and increased to 23.65×10-3 mmpy at 
pH 5.2. Similar behaviour was observed for 316L stainless steel where the 
corrosion rate increasing from 2.387×10-3 mmpy at pH 7.4 to 5.325×10-3 
mmpy at pH 5.2. However, different corrosion behaviour was observed 
for Nitinol as the corrosion rate decreasing from 17.65×10-3mmpy 
to16.04×10-3 mmpy at pH 7.4 and pH 5.2, respectively. Hence, the 
decrease in pH value was found to not cause any significant effect on the 
corrosion resistance of Nitinol as compared to 316L SS and Ti-6Al-4V 
alloys. 
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INTRODUCTION 
 

Biomaterials for biomedical implants have been used since the 19th 
century [1]. A good biomaterial must have good biocompatibility, high 
corrosion resistance as well as good mechanical properties [2] before it 
can be implanted in the human body. The phenomenon on the rejection of 
implant has been rationale for selecting bio-implant materials with excellent 
biocompatibility in implant utilisation [3]. Biocompatibility is described 
as the behaviour of a material in the human body fluid which is nontoxic 
and does not cause any harmful effect to the patients [4]. The interaction 
would occur between implants and the biological environment in the human 
body when it is implanted [5]. In the human body the body fluid contains 
protein, amino acids and organic compounds which make the human body 
fluid a complex environment. 

 
It is mainly known that implants are generally made from biomaterials 

such as Ti-6Al-4V alloys, 316L stainless steel and Nitinol. This is due to 
their superior properties. The titanium’s mechanical properties and corrosion 
resistance is magnificent which is ensured by a compact and chemically 
stable oxide film that spontaneously shields the metal surface [6]. The 
state of passivity of titanium-based biomaterial shows amazing resistance 
to pitting corrosion in physiological solutions which makes this titanium 
material have low corrosion rate, with a correspondingly slow release of 
corrosion product [7]. Meanwhile, 316L SS has great biocompatibility and 
corrosion resistance, as well as great mechanical properties such as strong 
formability, high yield strength and high modulus of elasticity [8]. On the 
other hand, nitinol is a material that has special properties in biomedical 
application due to its shape memory and super-elastic properties that is able 
to undergo huge elastic deformation [9-10]. 

 
A previous study has reported that the corrosion of implants which 

are implanted in the human body can lead to mechanical failure and thus 
causes changes in the material integrity [11]. Several studies have also been 
reported to study the corrosion of biomaterials in simulated body solutions 
[12-14]. The corrosion resistance of each metallic biomaterial is related to 
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the presence of a stable passive oxide film on its surface [15]. Different parts 
of the human body have different pH value where the corrosion resistance 
verifies the lasting achievement of biomaterial implant. The corrosion   
of biomaterial implants is influenced by the variation of pH value of the 
human body [3,16]. The normal pH value of human body fluid is usually 
7.4 which is neutral. However, it can drop until it becomes acidic which is 
5.2 to 5.5 near the implant during the initial period of implantation or after 
surgery [2,17]. 

 
Corrosion on metallic implants has been reported to cause several 

potential effects [3]. However, the corrosion behaviour of Ti-6Al-4V 
alloys, 316L stainless steel and Nitinol used as bio-implants is still not fully 
understood. As it has been reported [2,17] that the pH value can vary from 
being neutral to becoming acidic in the human body, it is therefore important 
to investigate the reaction of these biomaterials in a similar condition. Thus, 
the purpose of this work was to study the effect of pH value on the corrosion 
rate of 316L SS, Nitinol and Ti-6Al-4V alloys in a Hank’s solution. 

 

METHODOLOGY 
 

Sample Preparation 
 

The samples were prepared from solid rods of Ti-6Al-4V (ESPI Metals, 
Ashland), 316L SS (AK Steel Corporation) and Nitinol (Stanford Advanced 
Materials) with diameter 10 mm. Ti-6Al-4V, 316L SS, and Nitinol alloys 
with dimensions of 10mm × 10mm were cut from a 100mm rod of Ti-6Al- 
4V, 316L SS, and Nitinol using an abrasive cutter. The sample was grinded 
with a 300 up to 600 grade sand paper, cleaned and rinsed with distilled 
water, and dried with compressed air. 

 
Corrosion Test 

 
The electrochemical method used to obtain the corrosion rate of 316L 

Stainless Steel, Nitinol and Ti-6Al-4V was the potentiodynamic polarisation 
technique (PDP). The PDP test was carried out to find the eRect of pH on the 
corrosion rate. Prior to the PDP test, the electrochemical measurement was 
done for 1 hour in Hank’s solution to achieve a stable open circuit potential 
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(OCP). The Hank’s solution was mixed with hydrochloride acid (HCl) to 
decrease the pH value to 7.4 and 5.2. To obtain the corrosion rate, the Tafel 
extrapolation was plotted based on the result of the PDP test. 

 
Scanning Electron Microscope 

 
The specimens were observed under a scanning electron microscope 

(SEM) Hitachi SU3500 model. SEM was conducted before and after 
corrosion test to observe the morphology of all samples. The magnification 
used was 3kX, 7kX and 10kX. 

 
X-Ray Diffraction (XRD) 

 
X-ray diffraction (XRD) test was performed using Rigaku Ultima IV 

FD 3668N. The scan section ranges from 30˚ to 90˚ at a scan rate of 2˚/ 
min with radiation of Cu Ka (40kV, 40 mA). XRD was done to check the 
chemical characterizations of all samples. The data obtained was compared 
and verified with the XRD database. 

 
Vickers Hardness 

 
MVK-H1 model was used to perform Vickers microhardness test. 

The hardness values are measured before and after corrosion. Two different 
pH values were used which were 7.4 and 5.2. The test was conducted by 
applying a 1kg load for ten seconds on the sample. After ten seconds, the 
diamond shape indentation was formed and analyzed based on its length. 
The hardness was taken at three selected points on the sample’s surface. 
The average value was calculated based on three points of the hardness 
value at the specimen surface. 

 
Surface Roughness Test 

 
Alicona was used according to its suitability to calculate the roughness 

of the specimen for all types of materials in this test. Three readings for 
each sample were taken to obtain the average values. This test was also 
conducted before and after the corrosion test to observe the eRect of surface 
roughness at the sample’s surface. 
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RESULTS AND DISCUSSION 
 

Potentiodynamic Polarisation Test 
 

The polarisation curve for all samples is presented in Figures 1,2 
and 3. Meanwhile, Table 1 shows the electrochemical parameters obtained 
from the potentiodynamic polarisation curves plotted for 316L SS, Ti-6Al- 
4V alloys and Nitinol in Hank’s solution at pH 7.4 (neutral) and pH 5.2 
(acidic). According to the result, the corrosion potential (Ecorr)for 316L 
SS at pH 7.4 was lower than pH 5.2. Similar corrosion behaviour was also 
obtained for Ti-6Al-4V alloy. This is because deformation of Ti oxide 
(TiO) passive layer enhances the corrosion resistance and diminished ion 
release in corrosion medium [18]. Meanwhile, corrosion potential (Ecorr) 
for Nitinol at pH 7.4 was higher before it decreased at pH 5.2. In an acidic 
environment, the corrosion rate of all materials was slightly higher when 
compared to the neutral condition, except for Nitinol in which the corrosion 
rate at pH 7.4 was higher than in pH 5.2. This is due to the oxide layer that 
is formed on the Nitinol’s surface which increases the corrosion resistance 
in harsh environment condition [19]. 

 

 
Figure 1: Potentiodynamic Polarisation Curve of 316L SS Tested in a Hank’s 

Solution in pH 5.2 and 7.4 
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Figure 2: Potentiodynamic Polarisation Curve of Ti-6Al-4V Alloys Tested in 
Hank’s Solution in pH 5.2 and 7.4 

Figure 3: Potentiodynamic Polarisation Curve of Nitinol Tested in a Hank’s 
Solution in pH 5.2 and 7.4 
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Table 1: Corrosion Rate for 316L SS, Ti-6Al-4V Alloys and Nitinol in pH 5.2 
and 7.4 

Biomaterial pH value Ecorr, (mV) I (Alcm2) 
corr, 

Corrosion 
rate,(mmpy) 

316L SS 7.4 -674.0 1.960X10-6 2.687X10-3 

5.2 -710.0 3.250X10-6 5.325X10-3 

Nitinol 7.4 -218.0 7.190X10-6 17.65X10-3 

5.2 -161.0 7.210X10-6 16.04X10-3 

Ti-6Al-4V 7.4 -705.0 9.710X10-6 22.80X10-3 

5.2 -753.0 8.390X10-6 23.65X10-3 

 
Morphology 

 
The surface morphology of the biomaterials before and after the 

electrochemical test at various magnifications is shown in Figure 4 and 5. 
 

Figure 4: Microstructure of (a)316L Stainless Steel, (b) Nitinol (c)Ti-6Al-4V 
Before PDP in Hank’ Solution 

 

Figure 5: Microstructure After PDP in Hank’s Solution for (a) Nitinol and (b) 
316L SS (c) Ti-6Al-4V 

 
It can be seen from Figure 4 that the surface of all biomaterials is 

smoother without any significant sign of corrosion. The materials surface 
began to corrode and form pores at certain spots on the biomaterials surface 
after the potentiodynamic polarisation test as shown in Figure 5 (a-c). 
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Pores would expose samples to corrosion and reduce their mechanical 
properties. Both 316L stainless steel, and Ti-6Al-4V also showed similar 
surface morphology as Nitinol where pores were present on the surface. 
This situation indicates the occurrence of corrosion; thus, increases the 
corrosion rate of the biomaterials. Small structural defects (microcracks 
and micropores) will lead to the failure of oxidised surfaces. 

 
X-Ray Diffraction 

 
Figures 6, 7, and 8 presented X-Ray diffraction structure of 316L SS, 

Ti-6Al-4V alloys and Nitinol, respectively. In Figure 6, the highest peaks 
showed the primary existence of austenite 304 stainless steel because the 
chemical composition of 316L SS is referred following to the type of 304 
stainless steel. Figure 7 shows clearly shows combination of titanium, 
Vanadium and Aluminium peaks that form Ti-6Al-4V alloys. Meanwhile, 
in Figure 8, the XRD analysis showed the existence of  NiTi as the 
dominant structure for the Nitinol. As can be seen from the figure, 
Nitinol did not have any significant change in terms of composition in 
both pH conditions. 
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Alloys at fp) H Value (c) 7.4 and (d) 5.2 

 
 
 
 
 
 
 

Figure 8: XRD Patterns for Nitinol at pH Value (e) 7.4 and (f) 5.2 
 

Microhardness 
 

Figure 9 presents the microhardness of 316L stainless steel, Nitinol and 
Ti-6Al-4V in different pH environment. It can be seen that the microhardness 
for 316L stainless steel, Nitinol and Ti-6Al-4V alloys decreased after 
performing corrosion test in both pH values.  
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Figure 9: The Bar Chart of Microhardness under the Condition Before and 
After Corrosion 

 
The microhardness obtained before the corrosion test for 316L stainless 

steel was 270.2 HV. However, after the PDP test at pH 7.4, it showed the 
value of hardness decreased 2.33% which was 263.9 HV and the hardness 

Figuree)  7: XRD Patterns for Ti-6Al-4V 
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value continued to drop 9.92% to become 243.4 HV at pH 5.2. Meanwhile, 
the microhardness for Nitinol before performing PDP was 310.3 HV. After 
immersion in Hank’s solution at pH 7.4, the hardness of Nitinol became 
282.7 HV which was equivalent to 6.78% of reduction and the percentage 
of hardness reduction increased until 17% at pH 5.2 which was 273.1 HV. 
The value of microhardness for Ti-6Al-4V after PDP at pH 7.4 was 279 
HV with a reduction of 8.89% for 299.3 HV, but at 5.2, it was 248.4 HV 
with a reduction of 12%. This clearly shows that the corrosion in an acidic 
environment significantly reduces the microhardness of the biomaterials. 

 
Surface Roughness 

 
Table 2: Surface Roughness Before and After PDP Test in Different pH 

Condition 
 

Material pH value Ra (µm) 

Before After 

316L SS 7.4 1.2317 1.5633 

Ti-6Al-4V 1.3803 1.8949 

Nitinol 1.2993 1.9713 

316L SS 5.2 1.5864 1.6192 

Ti-6Al-4V 2.2518 2.6830 

Nitinol 1.8977 1.9808 

 
Table 2 shows the surface roughness of 316L stainless steel, Ti-6Al-4V 

and Nitinol after the potentiodynamic test in different pH conditions. The 
surface roughness values for all biomaterials increased after performing 
the corrosion test in Hank’s solution with pH 7.4 and 5.2. The corroded 
surface increases the materials surface roughness. According to [5] the 
rough-textured surface on the materials assist to gain the biomaterial-tissue 
engagement and encourage osteoblast differentiation. Thus, treated samples 
would show good biocompatibility than polished material [20]. 

 

CONCLUSION 
 

The electrochemical performance between 316L SS, Ti-6Al-4V alloys 
and Nitinol in Hank’s solution at pH 7.4 (neutral) and pH 5.2 (acidic) was 
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successfully performed using the potentiodynamic polarisation test. As Ecorr 

values of Ti-6Al-4V in Hank’s solution showed only a slight difference for 
pH 7.4 and 5.2, hence change of pH does not cause a significant effect on 
the corrosion resistance of Ti-6Al-4V as compared to 316L SS and NiTi 
alloys. 316L SS displayed higher corrosion rate at pH 7.4. Meanwhile, Ti- 
6Al-4V and Nitinol exhibited better corrosion rate at pH 5.2 as compared 
to pH 7.4. Moreover, the microhardness of all biomaterials decreased 
while the surface roughness increased after performing the PDP test in 
both acidic and neutral pH conditions. Furthermore, SEM analysis showed 
formation of pores on the surfaces of all biomaterials after the PDP test. 
This promotes the occurrence of corrosion hence affected the corrosion rate 
of these biomaterials. 
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