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        Abstract



        
          Objective:


          This research aims to determine corrosion behavior of SS316L biomaterial metals after plasma nitriding process.

        


        
          Methods:


          The plasma nitriding process on the surface of SS316L was performed at 350oC, 400oC, 450oC, 500oC, 550oC and 1.8 mbar nitrogen gas pressure for 3 hours. The surface Nitrogen concentration level distribution from the surface was examined using Energy Dispersive X-ray Spectroscopy, the phases formed after nitriding process were determined using X-ray Diffraction. The corrosion resistance was investigated using three-electrode cell polarization method.

        


        
          Result:


          The results showed that the percentage of nitrogen concentration atoms on the surface of the SS316L after plasma nitriding process was in range of 7.61-21.73%, in which the highest number 21.73% occurred at 500oC. Metal nitride formed on the surface of SS316L for all temperature variations are Fe4N, CrN and β-Cr2N phases were formed after nitriding process. Optimum corrosion resistance (8.21 x 10-4 mm/yr) occurs at 350oC.
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      1. INTRODUCTION


      Biomaterials are materials that have already been used in medical devices or been in contact with biological system and they do not negatively affect the living organism and its components [1]. Biomaterials are one of the modified natural or synthetic materials, which find application in a wide spectrum of medical and dental implants and prosthesis for repair, augmentation or replacement of natural tissues. Some of the clinical uses of biomaterials are total joint replacement, venal grafts, heart valves, cranial plates, Harrington rods, dummy tendon and ligament, bone spaces filler and disc cress repair [2]. To relieve pain and increase ease of movement in the joint are the clinical objective of biomaterials [3], while the engineering objective is to impart minimal psychological stress to the stay bone system so that the wholeness and the functionality of the bone and prosthetic materials are maintained over for a long service life. Thus, materials suitable for service implantation are those that are well tolerated by the body and can withstand cyclic loading in the aggressive environment.


      The main problem that often arises in the orthopedic device transplant is the interaction between the surface of orthopedic devices with the surrounding environment and the surface of physiological orthopedic device itself. Such interactions result in the occurrence of corrosion and/or wear and tear that can lead to graft failure and/or a bad effect on a patient that result in rejection by the body tissue around it. The basic requirements in selecting biomaterials are biocompatibility, nontoxicity, resistance to corrosion and wear so they can withstand repeated load in corrosive body tissue [4].


      The metal based biomaterials are often used for load bearing such as bolt, plate, connection, or knee joints, the stalk of the femur and others [5, 6]. There are three types of metal alloys which are often used for orthopedic devices: stainless steel, titanium and its alloys, and cobalt-chromium-based alloy. Type of metal used in a biomedical field depends on the specific implant applications. Austenitic stainless steel, especially SS 316L, is a biomaterial metal that is widely used for the fabrication of orthopedic graft devices or prosthetic because they are cheaper and the fabrication is easier to perform than the Co-Cr alloys or Ti and its alloys. 316L SS is still the most used alloy in all implants division ranging from cardiovascular to otorhinology [7].


      Stainless steel has a good biocompatibility [8]. The addition of nickel on austenitic structure can potentially release Ni2 +, Cr3 + and Cr6 + in a stainless steel body which is limited to orthopedic devices [9]. Ninety percent of the failure of the graft orthopedic transplant or metal based prosthetic, especially SS 316L stainless steel is caused by corrosion attack due to the interaction with body fluids and wear which occurs due to holding burden of friction in the joints [10]. Metallic biomaterials are used due to their inertness and structural functions. They do not have bio functionalities like blood compatibility, bone conductivity and bioactivity. Therefore, surface modifications are required [11]. A method is required for surface treatment which is easy to use and inexpensive to improve the mechanical properties, corrosion resistance and biocompatibility of SS316L as metallic biomaterials [12].


      Recently, many research conducted to improve surface characteristic of metals or alloys used in biomedical system [7]. To avoid the decline corrosion resistance of stainless steels in conventional nitriding (precipitation of CrN), low-temperature nitriding techniques like ion implantation, plasma immersion ion implantation and low-temperature plasma nitriding were developed [13-16]. This research aims to determine the effect of plasma nitriding process to corrosion behavior of biomaterial SS316L.

    


    
      2. METHOD


      The SS 316L stainless steel plate with 2 mm thickness was cut into 1 cm x 1 cm for nitriding process. Furthermore, the specimen surfaces were smoothened using a polishing machine with 400, 800, 1000 and 2000 mesh sandpaper and polished using diamond paste. They were cleaned with ultrasonic cleaner to be free of dirt and grease which then followed by drying surfaces using hair dryer. Nitriding process was performed using a plasma nitriding equipment which comprises of a vacuum vessel made of metal. It was equipped with a vacuum system, nitrogen gas input system, high-voltage DC systems 300-1200 volts and a temperature regulator. Nitriding process was carried out at temperature of 350, 400, 450, 500 and 550°C, pressure of 1.8 mbar within 3 hours. The N content in the surface of SS316L was examined by JEOLJSM 6510 LA EDS equipment using CuKα radiation, phases were examined using Rigaku Multiflex 2kw XRD equipment and corrosion resistance was examined using PGS-201T potensiostat corrosion testing within Hanks solution media.

    


    
      3. RESULTS AND DISCUSSION


      Biomaterial SS316L N content in the surface of SS316L before and after nitriding process was tested using EDS techniques. The results of the composition test showed that the SS 316L contains 69.80 atm% Fe, 18.98 atm% Cr, Ni 9.88 atm%, 1.34 atm% Mo, while the element of nitrogen is not found. Fig. (1) shows the EDS test result of SS 316L.


      The EDS test results on the surface of SS316L after nitriding process (Fig. 2) indicate the presence of a thin layer of iron nitride and the percentage of nitrogen were deposited on the surface of SS 316L. The percentage of nitrogen on the surface of SS 316L are influenced by temperature plasma nitriding process. Rising temperature of nitriding process causes larger distance between the atoms of the specimen so that the possibility of nitrogen atoms diffusion into the crystal Fe system becomes easier. Fig. (3) displays the surface of SS316L after nitriding process at 350°C, 400°C, 450°C, 500°C and 550°C, containing nitrogen atom of 7.61 atm%, 10.73 atm%, 20.46 atm%, 21.73 atm% and 15.60 atm% respectively.


      [image: ]
Fig. (1)

      The EDS micrograph of standard SS316L before plasma nitriding.

      The nitrogen atom percentage increased at 350 to 500°C evidently as performed by Souza [17] and Oliviera [15], whereas at 550°C percentage of nitrogen atom decreased. The decline in the percentage of nitrogen atom was resulted by nitriding temperature which constitutes a function of the depth of nitrogen atoms entry into the specimen. When the nitriding temperature was raised to 500°C, then the distance between atoms specimen became larger so that the possibility of nitrogen atoms diffusion to form an iron nitride layer on the surface of the specimen was easier.


      Furthermore, if the nitriding temperature was raised above 500°C, the distance between atoms of specimen became greater. So, the nitrogen atoms in the specimen surface diffused deeper below the surface of the snippet, causing the percentage of nitrogen atoms on the surface of the specimen decreased. Based on the Fe-N phase diagram, nitriding process at the nitriding temperature of 350°C to 550°C with a percentage of nitrogen atoms between 7% to 21% resulted Fe4N iron nitride phase (Fig. 3). The percentage of nitrogen atoms which are deposited on the surface of the specimen determines the percentage Fe4N phase formed on the surface of the specimen.


      The Fe nitride layer on SS 316 L surfaces was examined using the XRD technique. Figs. (4, 5) shows diffraction pattern of SS316L before and after nitriding process at 350°C, 400°C, 450oC, 500°C and 550°C, 1.8 mbar nitrogen gas pressure and 3 hours nitriding time. Figs. (4, 5) shows that before nitriding process, Fe nitride layer was not observed on diffraction pattern footage of SS316L while after nitriding process Fe nitride layer was formed and Fe4N, CrN and β -Cr2N peaks were produced. Figs. (4, 5) shows that each snippet generated Fe4N phase. The difference is the percentage of Fe4N which was formed on each snippet. The Fe4N phase was formed at 450°C - 680°C and 20 atm% nitrogen. The Fe4N-iron nitride layer increases wear resistance and hardness footage of SS 316L, while the formation of a chromium nitride layer and β-Cr2N causes chromium deficiency. This leads to a deficiency of Cr oxide that serves as passive steady layer on the surface of the footage from corrosive environments. Therefore, the formation of chromium nitride layer can lead to a reduction in corrosion resistance 18].


      One of the important properties of metallic biomaterials which are used for prosthetic or orthopedic graft device is corrosion resistance. Footage corrosion rate was tested using a potentiostat PGS-201T by dissolving materials in the Hank solution. The accuracy of determining the current intensity of corrosion (ICor) was necessary, because the Icor is directly proportional to the corrosion rate magnitude and inversely proportional to the density and extensive footage. The results of SS316L corrosion tests before plasma nitriding process can be seen in Fig. (5), and after plasma nitriding at 350°C, 400°C, 450°C, 500°C, and 550°C for 3 hours, can be seen in Fig. (6).
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Fig. (2)

      The EDS micrograph of SS316L after plasma nitriding process.
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Fig. (3)

      Nitrogen concentration (at.%) vs nitriding temperature of SS 316L stainless steel.
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Fig. (5)

      Micrograph log intensity vs. potential corrosion current density of SS316L before nitriding process.

      The corrosion resistance of SS316L stainless steel was tested using an electrochemical method with the polarization resistance technique (using a potentiostat PGS-201T). The corrosion resistance can be seen from the corrosion current density during the test. The greater the current density of corosion, the greater the probability of corrosion on the speciment, and vice versa. In order to obtain a sample which is resistant to corrosion, parameter of nitriding process is associated with pressure, temperature, and duration of the nitriding process. In this study, nitriding was performed at 1.8 mbar for 3 hours by temperature variations of 350°C, 400°C, 450°C, 500°C, and 550°C. The corrosion current density obtained for each temperature in succession are 260.12 A/cm2; 299.73 A/cm2; 310.76 A/cm2; 334.24 A/cm2; and 356.31 A/cm2, while the value of CR (corrosion rate) is identified after entering the price of corrosion current density (Icor) into the corrosion rate formula (Jones, 1991). Based on Fig. (6), with reference to the magnitude of the corrosion current density, the best corrosion resistance value is obtained if the nitriding process is carried out at 1.8 mbar for 3 hours at 350°C. The worst corrosion resistance occurs when nitriding process is performed at 1.8 mbar for 3 hours at 500°C.


      Fig. (6) shows the results of ion nitriding at 350°C. It appears that the curves in the passive area are flat. This phenomenon shows that the surface of nitriding process has a good corrosion resistance. At 400°C and 450°C the passive area curve lines look wavy which indicates a decrease in the corrosion resistance of the snippet. Then, the curve of potential versus log intensity of the current density of SS316L at 500°C and 550°C shows that curves in passive areas are wavy. This shows that the corrosion resistance of footage is getting worse. The worst corrosion resistance occurs at 550°C.


      Differences in corrosion resistance on samples after nitriding process are associated with phases formed during the nitriding process. They serve as protection layers. The results of EDS and XRD test samples show that metal nitride phase which was formed is Fe4N, CrN and β phase -Cr2N. Those decreased corrosion resistance of SS316L stainless steel. The higher the nitriding temperature processes is, the more the nitride metal phases are, but the corrosion resistance decreases. Generally, the corrosion resistant properties of AISI 316L stainless steel was obtained from the formation of a chromium oxide protective passive layer which is very stable and firmly attached to the surface, so it can protect the steel from corrosive surroundings. Nitriding processes done at higher temperatures showed disserve corrosion resistance properties because of chromium nitride phase formation. The lessening of chromium to form chromium nitride causes deficiency of chromium oxide on the surface which serves as protection layer against corrosive environment. Therefore, nitriding process at high temperature increases the number of nitride layers in the form of chromium nitride, and reduces corrosion resistance.
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Fig. (6)

      Micrograph log intensity vs. potential corrosion current density footage of SS316L after nitriding process. (a) 350oC, (b) 400oC, (c) 450oC, (d) 500oC, and (e) 550oC.
    


    
      CONCLUSION


      Plasma nitriding process increases corrosion resistance of biomaterial SS316L. Optimum corrosion resistance of SS 316L stainless steel occurs at 350°C with increased corrosion resistance 33.98%. It is caused by Fe4N, CRN and β-Cr2N phase which is formed on the surface of SS316L after plasma nitriding process.
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