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    Abstract


    Titanium and its alloys are one of the most highly used metallic materials in modern materials engineering; its use range from aerospace, defence, and biomedical applications. However, this material has relatively poor corrosion resistance in biomedical applications; this is due to aggressive anodic ions present in physiological fluids. In this study, powder metallurgical processes were employed to enhance the properties of titanium through the dispersion of TiB2 ceramic particulates into the matrix. The consolidation of the admixed powders was carried out using spark plasma sintering (SPS). The microstructure and phase analysis of the sintered composites was carried out using optical microscope (OM), scanning electron microscope (SEM) and X-ray diffractometer (XRD), while the hardness was determined using Vickers' microhardness tester. The electrochemical characteristics of the composites were carried out using potentiostat with the three-electrode method. The OM, SEM and XRD results confirmed the enhancement of the matrix properties through dispersion strengthening and grain refinement. The corrosion resistance was observed to have a direct relationship with the composition of the reinforcement materials.

  


  
    Keywords


    SPS, Corrosion, Matrix, Reinforcement, TiB whiskers


    Introduction


    The development of advanced materials that out-perform existing materials is an area which is in the fore front of materials engineering. Materials such as titanium are one of the most important and widely used engineering materials; due to its use in a wide variety of heavy and light engineering applications. This metal has found extensive use in biomedical applications; this is driven by its attractive properties such as excellent biocompatibility, high strength to weight ratio, low density, and good corrosion resistance [1]. However, the physiological human fluids are composed of aggressive anion species and dissolved gases which may cause accelerated dissolution of the titanium passive oxide layer. Corrosion attack of implants has adverse effects on the titanium's biocompatibility and mechanical integrity [2,3]. Various methods have been undertaken to enhance the performance of titanium-based biomaterials, the use of ceramic phases has been studied as one of the most viable options to enhance the anti-corrosion performance of titanium-based biomaterials. The use of boron-based materials for the improvement of anti-corrosion properties of titanium-based materials has been widely researched. However, most studies in open literature investigated the use of boron-based materials as a coating material using different surface modification techniques [4,5]. Titanium reacts with the boron phase to forms need-like TiB whiskers which form on the interface and thus enhance the corrosion performance of the matrix. Most studies have been conducted inducing TiB whiskers through surface-based methods such as plasma paste boriding and other boriding techniques [4,6-8]. However, the use of surface modification technologies is limited by its dependence on coating adhesion strength between the surface of the titanium substrate and TiB coating. Therefore, there is a need of the development of titanium-based materials fabricated by bulk modification techniques through the incorporation of boron-based reinforcements. Powder metallurgy (PM) remains one of the most advantageous processing techniques in bulk materials engineering. Spark plasma sintering (SPS) is one of the emerging sintering technologies used to consolidate a wide variety of powder materials. It is a unique sintering technology that utilizes direct current (DC) as a heating mechanism, and high applied pressure to fabricate compacts with minimal degree of porosity [9]. The processing of Ti matrix using TiB2 using SPS has been investigated by [10], the authors investigated the spark plasma sintering of Ti-TiB2 composites. However, the study did not entail the investigation of electrochemical behaviour of the composites. This study aims to fabricate a titanium-based composite with enhanced electrochemical behaviour through the incorporation of ceramic particulates.


    Experimental


    Feedstock materials


    In this study, fine commercially pure titanium (CpTi) powder supplied by Merck Millipore (with less than 150 µm particle size, 98% purity) was used as the matrix material. TiB2 powder supplied by Merck Millipore was used as the reinforcement material (with less than 90 µm particle size, 99.9% purity. Figure 1 contains SEM images containing particle morphology of CpTi and TiB2 feedstock powders. This figure shows an irregular-shaped morphology for both powders. Figure 2 is the XRD spectra of CpTi and TiB2 raw powders. This figure shows that the powders are of high purity and no contaminants were detected during scanning.


    
      Figure 1: SEM micrographs of feedstock powders: a) CpTi and b) TiB2 powders. View Figure 1

    


    
      Figure 2: XRD spectra of the feedstock powders: a) CpTi and b) TiB2 powders. View Figure 2

    


    Powder mixing


    The powder materials were mixed using the PM 400 high energy ball mill at 300 rpm for 8 hours with 3 agate balls to enhance the mixing kinetics. Three composites were prepared, with reinforcement composition of 5, 10, 15 wt% TiB2 (Table 1).


    
      Table 1: Sample ID and composition of Ti-TiB2 binary composites. View Table 1

    


    Powder consolidation


    The mixed samples were then densified using the SPS furnace (HPD5, FCT Systeme GmbH). The admixed powders were densified at a temperature of 1300 ℃, at an applied load of 50 MPa, 5 min dwell time, and heating rate of 100 ℃/min under a vacuum atmosphere. The bulk density of the samples was determined prior to characterization to determine the degree of porosity in the resultant composites. The surface of samples was mechanically ground and polished using conventional metallographic procedures. The samples were then etched using Kroll's reagent to reveal the microstructure for downstream analysis.


    Characterization of sintered composites


    The microstructure and phase evolution of the sintered samples were investigated using a future-tech corp optical microscope (OM) (FM-800), Joel field emission scanning electron microscope (SEM) (JSM-7600F), and PANalytical empyrean ray diffractometer (XRD). Backscattered images (BSI) were collected from the prepared surfaces. Phase characterization was carried out at operating the XRD equipment at 30 kV and 30 mA, scan range of 0 to 90° at a scan rate of 5°/min, while Xpert highscore was used to analyse the spectra.


    Electrochemical characterization


    The anti-corrosion performance of the sintered samples was determined using linear polarization and open circuit potential (OCP) tests in simulated body fluid. A three-electrode system was used to determine the electrochemical behaviour of the composites. The composites were connected as the working electrode, with an Ag/AgCl2 reference electrode, and a Pt counter electrode. The OCP was monitored for 3600 s to ensure stabilization. All electrochemical tests were conducted at room temperature. Tafel extrapolation was used to determine the corrosion characteristics of the composites.


    Results and Discussion


    Microstructure and phase characterization


    Figure 3 shows OM micrographs of the sintered Ti-TiB2 binary composites with varying compositions of TiB2 reinforcement. Figure 3a depicts a microstructure with different structural make-up. The structures appear in bright and dark regions. The bright phases are flat and thin and match the description of α lamellar structures according to literature. The figure also shows little presence of TiB whiskers in its structure. Little to no evidence of β phase was observed in the micrographs. The figure also shows a significant dark phase of ceramic material which did not diffuse thoroughly during the application of heat and pressure during the SPS process. Figure 3b shows a decrease in the dark ceramic phase when compared to the Figure 3a. This figure also shows the definite emergence of the TiB needle-shaped whiskers dispersed homogenously throughout the matrix material. Figure 3c shows a more refined microstructure when compared to the previous two compositions; with a more distinguished formation of TiB whiskers dispersed throughout the matrix material. Grain refinement is an effective alternative route to material strengthening; this phenomenon is known to result in significant enhancement of the mechanical and physical properties of composites [11-13]. States that the presence of TiB needles in a titanium matrix is pronounced with significant increases in hardness of the composites. Therefore, significant improvements in hardness can be expected from the presence of TiB whiskers. SEM micrograph indicate two distinctive phases in its makeup (see Figure 4); its shows the dominant light grey phase which is titanium rich, and the black boride rich phases which dominantly in the form of TiB whiskers. Figure 5 is the XRD spectra of the Ti-TiB2 binary composites. The XRD observations confirm the transformation of all the boron species (TiB2) into TiB in the resultant composite, with little quantities evolving to elemental boron. The patterns also showed that there is no presence of Ti3B4, which was a possible intermediate phase in the matrix. The results also depict the detection of the cubic β-Ti phase for all three composites: The β phase was detected at 2θ angles of approximately 37°, 55°, and 72° for all composites. The increase in reinforcement composition did not alter the occurrence of this phase, this suggests that the transformation of the α phase to β phase was mainly due to the thermo-mechanical characteristics associated with the SPS process.


    
      Figure 3: OM micrographs of Ti-TiB2 binary composites: a) 95Ti-5 wt% TiB2; b) 90Ti-10 wt% TiB2, and c) 85Ti-15 wt% TiB2. View Figure 3

    


    
      Figure 4: SEM Micrographs of Ti-TiB2 binary composites: a) 95Ti-5 wt% TiB2; b) 90Ti-10 wt% TiB2; and c) 85Ti-15 wt% TiB2. View Figure 4

    


    
      Figure 5: XRD patterns of Ti-TiB2 binary composites. View Figure 5

    


    Microhardness and relative density characterization


    Figure 6 represents the hardness properties of the sintered Ti-TiB2 binary composites. The hardness of the composites indicated significant increase for all composites. This is attributed to the dispersion strengthening effect achieved through the homogenous incorporation of hard ceramic particulates throughout the matrix. The composite with sample 2 (10 wt% TiB2 reinforcement) showed the highest hardness compared to sample 1 and 3 (5 and 15 wt% TiB2 composites). Although sample 3 has the highest reinforcement composition, its hardness was slightly lower than that of sample 2; which has a lower TiB2 composition. This is due to the inherent increase in relative porosity in the bulk material as the reinforcement composition increases; this is attributed to the difference in thermal properties between the matrix and the reinforcement materials. The process parameters associated with SPS are known to have significant effects on the physical, mechanical, and chemical properties of the resultant composites [14]. Figure 7 represents the percentage relative density of the sintered specimens. Full densification was attained for sample 1, while sample 3 achieved the lowest bulk density. This indirect relationship between reinforcement composition and bulk density is attributed to the difference in thermal properties between the matrix and reinforcement materials.


    
      Figure 6: Hardness of Ti-TiB2 binary composites. View Figure 6

    


    
      Figure 7: Percentage relative density of Ti-TiB2 composites. View Figure 7

    


    Electrochemical characterization


    The anti-corrosion performance of the binary composites is depicted by Figure 8 below. According to this figure, sample 3 has the best corrosion resistance when compared to sample 1 and 2. The curves show comparable electrochemical characteristics for sample 1 and 2, however, these composites showed little passivation characteristics when compared to sample 3 as there was a continuous steady change in current throughout the anodic region of the linear polarization curves. Table 2 shows the Tafel Extrapolation data of the composites. The corrosion resistance of the composites indicates a direct relationship with reinforcement composition. However, this contradicts findings observed in work carried by [3] regarding the effects of presence of pores on corrosion resistance. Sample 3 holds the best anti-corrosion performance, although it has the highest degree of porosity. This is attributed to the elimination of the bridging phenomenon by the SPS process. The presence of high quantities of TiB whiskers in this composite improved the corrosion resistance of the composite. Previous studies have indicated that the incorporation of ceramic particulates increase the corrosion resistance of the base metal; as the ceramic particles become an inert physical barrier to chemical attack [15,16].


    
      Figure 8: Linear polarization curves of Ti-TiB2 composites. View Figure 8

    


    
      Table 2: Tafel Extrapolation Data of Ti-TiB2 Composites. View Table 2

    


    Conclusion


    SPS is a viable technique to fabricate materials with significantly enhanced properties at relatively lower sintering temperatures when compared to other conventional powder metallurgy processes. The methodology used in this study was effective in enhancing the properties of the titanium matrix material through dispersion strengthening and grain refinement strengthening as indicated by the micrographs of the composites. The electrochemical results show that porosity associated with an increase in reinforcement composition does not have a significant effect on the corrosion resistance of the composite materials; due to the role of the inert ceramic particulates.
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