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Abstract

:

Ti6Al4V-HA composites have been recognized for their potential for biomedical implantation purposes. In the present study, Ti6Al4V-HA composites were fabricated by Powder Injection Molding (PIM) route. Ti6Al4V-HA feedstock at a ratio of 87:13 vol.% was prepared by using a binder system consisting of palm stearin (PS) and polyethylene (PE). The Critical Powder Volume Percentage (CPVP) value for Ti6Al4V-HA was 68 vol.%. Ti6Al4V-HA feedstock was developed at 66 vol.% powder loading. Ti6Al4V-HA feedstock showed pseudoplastic behaviour with a low viscosity and low activation energy of flow and was successfully injected into a tensile bar shape. The debinding process involved a solvent and thermal debinding operation. The debonded parts were sintered at 1300 °C, and the influence of the presintering stage on the physical and mechanical properties of the sintered parts was investigated. It was proven that the presintering stage was able to restrain the transformation of Ti6Al4V into Ti3Al (α2) as well as the decomposition of HA. These are key findings ideas for the designing of sintering parameters, where the decomposition of HA becoming the main problem in the sintering of Ti6Al4V-HA composites at a high temperature. The obtained results also showed that the sintered parts had a porous structure, which looked promising for their use in biomedical implantations. purposes.
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1. Introduction


The development of biomaterial products has received huge attention in recent years. The usage and reliability of metals, ceramics and polymers as biomaterial products have been conducted by many researchers. It is well known that ceramics and polymers have poor mechanical properties that limit their applications as biomaterial products that need a high strength. On the other hand, metallic materials such as stainless steel, magnesium, cobalt-chromium molybdenum alloy (CoCrMo), titanium and titanium alloy (Ti6Al4V) have a satisfactory set of mechanical properties as well as excellent corrosion resistance, making them popular for biomedical implantation purposes. In order to obtain the desired set of mechanical properties for biomedical products such as implants and instruments, the combination of metallic materials and ceramics have been receiving attention during these years, one objective of this being to improve the osseointegration properties of metallic materials. One improvement way is through coating that uses bioactive materials by means of electrochemical decomposition, sputtering and plasma spray. The electrochemical decomposition technique is beneficial for controlling the thickness of decomposition [1] on the metallic surfaces. The plasma-sprayed technique is not recommended for parts that have geometrical shapes [2]. The most common technique for producing homogenized composite powder is through the conventional powder metallurgy (PM) route [3]. A homogenized distribution could be obtained by a ball-milled prior sintering process by compaction, which involves a higher cost for fabricating geometrical parts [4]. Composite production via powder metallurgy is not practical for complex shape fabrication as it involves more steps, thus increasing the total cost.



Ti alloys are more popular for biomedical implantation purposes as they show a satisfactory set of mechanical properties and good biocompatibility in comparison with stainless steel [5]. However, Ti alloy has a poor capability for inducing bone tissue regeneration, known as poor osseointegration properties [6], which contribute to their limitation in being used as bioimplant products. On the other hand, Hydroxyapatite (HA) is a calcium phosphate ceramic with the chemical formula Ca10(PO4)6OH2; it received great attention for improving the osseointegration properties of metallic materials. This is due to HA having excellent osteoconductive properties because HA has a similar chemical and crystallographic structure to human bone [7]. HA is also nontoxic and biocompatible. Like other ceramics, HA has a low fracture toughness, which limits applications where a high load resistance is required. Thus, the main objective of adding HA as a second constituent metal-ceramic composite is for improving the bioactivity of metallic implants. These metal-ceramic composites will combine the attribution of metallic components in order to give mechanical strength while the presence of HA will enhance the bioactivity, in order to obtain a good mechanical strength as well as an excellent bioactivity for biomedical implantations. Several works reported on successfully fabricated metal-ceramic composites for bio-implantations. SS316L-HA composites have been done by various means, such as coating [8], spark plasma sintering [9] and PIM [10]. It was reported that the Ti6Al4V-HA composite showed better osseointegration properties than an individual Ti alloy [11] due to the presence of HA, which promoted bone growth by forming strong chemical bonds with natural bones [12]. One of the concerns of bio-implantation products is the fact that the Young modulus or modulus of elasticity of the bone and implant should be as similar as possible in order to avoid stress [13]. Materials for bone replacement implants should have Young modulus properties between 2–30 GPa [14], where the Young modulus for Ti6Al4V is 112 GPa [15] and that for HA is 35–120 GPa [16].



Powder injection molding (PIM) is recognized for its ability to produce small and complex shapes as well as precise parts for metal and ceramics with a near full density. PIM combines the attribution of the conventional PM of powders and an injection molding technique that is familiar for polymers, offering an attractive and economic process route in the manufacturing process. The parts produced by PIM are widely applied in various fields such as machining, medical devices, automotive applications and high-temperature applications [17]. The sintering temperature is vitally important, influencing the sinterability of metal-ceramic composites. The sintering temperature for Ti-based products in PIM is 1250 °C [18]. Arifin et al. reported that the Ti6Al4V-HA composite fabricated via the PIM process with an optimum strength and Young modulus was obtained when sintered at 1300 °C [19]. However, the critical sintering temperature of HA is 1300 °C [20]. HA will decompose to other phases known as alpha-tricalcium phosphate (α-TCP) [21], beta-tricalcium phosphate (β-TCP) and tetracalcium phosphate (TTCP) when sintered at a high temperature. This decomposition will deteriorate the mechanical properties of HA [22]. Therefore, the aim of the present work is to investigate the effect of the presintering stage, prior to the sintering of the Ti6Al4V-HA composite, on the physical properties and mechanical properties fabricated by the PIM route.




2. Materials and Methods


2.1. Preparation of Green Part


In this study, irregular-shaped Ti6Al4V (Vistec Technology Services, Selangor, Malaysia) and hydroxyapatite (Sigma Aldrich (M) Sdn. Bhd., Selangor, Malaysia) powders were used as starting materials. The pycnometer densities of Ti6Al4V and HA powders were 4.35 g/cm3 and 3.13 g/cm3, respectively. Oleic acid (C18H34O2) used during the CPVP test was produced by R&M Chemicals, United Kingdom. Binders of Low Density Polyethelene (LDPE) in pellet form were sourced from The Polyolefin Company Pte. Ltd., Singapore, while Sime Darby Kempas Sdn. Bhd, Johor, Malaysia supplied palm stearin. Heptane solution used for the solvent debinding process was sourced from Merck KGaA, Darmstadt, Germany.



CPVP had to be calculated first in order to obtain the powder loading of the Ti6Al4V-HA composite. Oleic acid was used during the CPVP test based on the standards of ASTM D281-95 [23]. Oleic acid was added to the mixture composed of 87 vol.% Ti6Al4V and 13 vol.% HA using a mixer (model W50EHT, Brabender, Duisburg, Germany) at 27 °C until the maximum torque was achieved. The CPVP was calculated by using Equation (1), as shown below:


CPVP (vol.%) = Volume of powder/(volume of powder + volume of oleic acid)



(1)







Based on the obtained CPVP value, the powder loading for the Ti6Al4V-HA composite was taken at 66 vol.% and the binder composition at 34 vol.%. Ti6Al4V and HA were mixed at a powder ratio of 87: 13 vol.%, and the binder system consisted of 60.5 vol.% of palm stearin and 39.5 vol.% of polyethylene [19]. The mixed powder and binders were then placed into the same mixer (model W50EHT, Brabender, Duisburg, Germany) for approximately 1 h at 150 °C at 25 rpm to prepare the Ti6Al4V-HA feedstock. A heavy-duty crusher machine was used to crush the Ti6Al4V-HA feedstock obtained from the mixing process into small pieces. Subsequently, the crushed feedstocks were injected into a tensile bar shape using a horizontal injection molding machine (model Dr Boy 22A, Boy Spritzgiessautomaten, Neustadt-Fernthal, Germany). The injection parameters are shown in Table 1. The obtained injected part was known as the green part. The green part with a tensile bar shape has a length of 67 mm, width of 13 mm and thickness of 4 mm.




2.2. Debinding Process


The debinding process involved the solvent and thermal operation. Initially, the green part was immersed in heptane solution at 60 °C [24] for 6 h by using a furnace dryer (model Furnace Dryer WTB, Binder, Tuttlingen, Germany). The primary component of the binder, which was palm stearin (waxes), was removed to open the pores of the green part during the solvent extraction process. Subsequently, the debinding process continued by putting the solvent-debound part into a split furnace for the thermal debinding process. The thermal debinding process was done under argon atmosphere at 500 °C for 3 h by using a split furnace supplied by RS Advanced Technology, Selangor, Malaysia. The heating rate was maintained at 3 °C/min. The debonded part was called the brown part.




2.3. Sintering Process


The sintering process was performed in a vacuum furnace at 1300 °C using a heating rate of 3 °C/min. In this work, two sets of sintering parameters were prepared, as shown in Figure 1. The sintered parts prepared at a sintering temperature of 1300 °C (Figure 1a) were denoted as Ti-HA(1). On the other hand, the sintered parts presintered at 900 °C prior to sintering (Figure 1b) were denoted as Ti-HA(2).




2.4. Rheological Analysis


The rheological test was conducted by using a capillary rheometer (model CFT-500D, Shimadzu, Kyoto, Japan) at three different temperature, 150 °C, 160 °C and 170 °C, based on ASTM D1238 [25] in order to measure the flow properties of the Ti6Al4V-HA feedstock. Approximately 3.5 g of feedstock were put into the capillary cylinder. The melt feedstocks were then extruded by constant force. Based on the shear rate and viscosity obtained during the test, a graph was plotted, and the flow behaviour index was calculated.




2.5. Characterisation


The powder morphology of raw powders was characterised using a field emission scanning electron microscope (FESEM) (model Merlin, Zeiss, Jena, Germany) and particle size analyser (model Malvern Mastersizer 2000, Malvern Instruments, UK) using the standards of ASTM B822. The phases present in the sintered parts were analysed by X-ray Diffraction analysis (model D8 Advance, Bruker, MA, USA). The density of the sintered parts has been measured by the Archimedes water immersion method by using distilled water. A 3-point bend test was performed using a 1 tone universal testing machine (model 5567, INSTRON, MA, USA) at a constant crosshead speed of 0.2 mm/min at room temperature in order to determine the bending strength for the green parts and the sintered parts.





3. Results and Discussion


3.1. Morphology of Powders


The morphology of Ti6Al4V powder was observed by using a scanning electron microscope (SEM), as shown in Figure 2a. It is well observed that Ti6Al4V are irregular in shape and flaky. The Ti6Al4V powder with distribution values of D10 = 15.9 µm, D50 = 37.8 µm and D90 = 72.8 µm was used. The XRD pattern of the as-received Ti6Al4V powder has a hexagonal crystalline structure, as shown in Figure 2c. On the other hand, Figure 2d shows the SEM image of the HA powder. The HA particles’ morphology appeared to be needle-like in shape with 200 nm in length, as shown in the enlargement area. The HA particles had agglomerated and become submicron-sized agglomerates, which was validated by the particle size distribution, where two peaks were observed at 3 µm and 20 µm. The HA powders commonly have a heterogeneous agglomerate during a synthesis process [26]; additionally, the nanoscale of the HA powder makes it agglomerate. Figure 2e reveals that raw HA has a broad particle size distribution, with D10, D50 and D90 values of 1.92 µm, 7.22 µm and 31.1 µm, respectively. Figure 2f shows the XRD pattern for raw HA powder. HA powders show a cubic crystalline structure, in which all of the peaks match perfectly with (JCPDS 09-0432), the same peak pattern being observed in Hung et al. [27]. The intensity and broader peak of the HA powder are attributed to a poor crystallinity, and/or the crystallite size is on the nanometer scale.




3.2. Rheology Behaviour of Ti-HA Feedstock


The CPVP value that was obtained was 68 vol.%. Based on German, the optimum powder loading is 2–5 percent lower than the CPVP value [17]. Hence, the powder loading taken in this work was 66 vol.%. Figure 3a shows the SEM images of the Ti6Al4V-HA feedstock. It is observed that the powder particles and the binder had a homogenized distribution, which is important in order to prevent the separation of the powder-binder during injection molding [24]. The powder particles also appeared to be well-coated with the binders. The present powder loading indicates that the binder content was adequate, representing a balanced mixture of powder and binder. An adequate binder content in the feedstock could reduce the interparticle friction between powder particles, as a result of which cracking during debinding could be prevented [28].



A rheological study was conducted in order to identify the flow behaviour of the feedstock, so as to obtain good, injected parts where the pseudoplastic behaviour was preferable in PIM [17]. Feedstock with a low viscosity is preferred in PIM due to it ensuring that the mould cavity is fully filled by molten feedstock, whereas feedstock with a high viscosity has more difficulty during injection molding. The rheological behaviour of the Ti6Al4V-HA feedstock is shown in Figure 3b. It is observed that as the shear rate decreases, the viscosity increases, which is denoted as pseudoplastic flow or shear thinning. The ideal ranges of the viscosity and shear rate in PIM are 10 Pa·s–1000 Pa·s and 100 s−1–100,000 s−1, respectively, in order to minimize defects in the green part. Based on rheological results, the ranges of the shear rate and viscosity of the Ti6Al4V-HA feedstock were 1930–12,400 s−1 and 73–408 Pa·s, respectively. It was also shown that at a temperature of 170 °C, the feedstock had the lowest viscosity value, indicating the easiest flowability of the feedstock.



The flow behaviour index n was calculated for each temperature by using the following equation:


η = K(Υ)n−1



(2)




where η, K, Υ and n are the viscosity, constant, shear rate and flow behaviour index, respectively. The values of n at 150 °C, 160 °C and 170 °C were 0.114, 0.137 and 0.215, respectively. A value of n under 1 indicates pseudoplastic properties. The activation energy of flow E must be as small as possible to prevent sudden changes in the viscosity that can reduce the flowability of the feedstock, which will consequently lead to stress concentration, cracking and distortions in the moulded parts. It was determined that the activation energy to flow E for the Ti6Al4V-HA feedstock was 9.0 kJ/mol. Therefore, it can be concluded that the Ti-HA feedstock developed at 66 vol.% had pseudoplastic properties, that the viscosity and shear rate were within the ideal ranges, and that it had a low activation energy, which was suitable for the PIM process.



The Ti-HA feedstock was successfully injection molded in the tensile bar shape, as shown in Figure 3c. There was no observable crack and distortion on the surface of the green part. This is attributed to the flow behaviour of the Ti-HA feedstock, which leads into a successful injection process. Figure 3d shows the SEM image of the green part. This image clearly shows that the powder particles were distributed in a homogenized way with the binder. The powder particles were tightly packed together and well-coated by the binder. Small pores (marked with yellow arrows) were observed due to the interparticles’ space between the irregular and flaky shapes of the Ti powder. The obtained bending strength of the green parts was 3.73 MPa ± 0.54. The green strength shows the stability of the green part during the handling process and maintains the shape during debinding [29]. Tan et al [29] prepared green parts from stainless steel feedstock under a powder loading of 62 vol.%, and the obtained green strength ranged from 5–5.3 MPa. In comparison to that, the present work shows the Ti-HA feedstocks under a 66 vol.% powder loading, even at a lower green strength, indicating that this was adequate enough to maintain the shape until the sintering process. This proves that the present parameters are suitable for PIM, with good, injected parts having been obtained.




3.3. SEM Analysis for Sintered Parts


A morphological observation was done on the surface of the sintered parts for both sintering conditions, as shown in Figure 4.



One could clearly observe that both sintered parts showed a porous structure. Closed pores and interconnected pores can be seen at both sintered parts. The porous structure of the sintered parts shows promise for biomedical implantation purposes involving bone cell growth in pore areas [30]. It was reported that a high-density bone formation occurred in the porous structure in comparison to rough surfaces, with pore sizes ranging from 250–350 µm [31]. The ideal pore size for cell ingrowth ranges from 100 µm to 400 µm [31], while other reports show ranges from 210 µm to 430 µm [32]. Larger pores could enhance the intensity of cell ingrowth into the implants [33]. Inter-connected pores are beneficial to ensuring minerals and blood circulation into the bones. Consequently, the observed inter-connected pores’ structures in both sintered parts are promising for bioimplant products.



Figure 4b shows an enlargement image of Ti-HA(1), where a needle-like structure is observed (marked with a yellow area), indicating that the transformation of other phases has occurred. Figure 4e is an enlargement image of Ti-HA(2), where a tiny particle (marked with a yellow arrow) was observed in the outer layer of Ti6Al4V powder particles and was dispersed in a homogenized way. This kind of homogenizedly coated structure of HA in the Ti6Al4V particle is beneficial for the osseointegration process, as the addition of HA improves the biocompatibility and promotes the interaction of the composites with bone cells.




3.4. Phase Analysis for Sintered Parts


Phase identification was conducted based on an X-ray diffraction (XRD) analysis and EDS mapping. The XRD patterns for both sintered parts are shown in Figure 4c–f, for Ti-HA(1) and Ti-HA(2), respectively. One can clearly see the emergence of several new peaks in Ti-HA(1). The main peaks observed in Ti-HA(1) were the Ti6Al4V and Ti3Al (α2) phases (JCPDS 01-074-4579). The presence of oxygen from the left binders in the debonded part was attributed to the formation of α2 phases. These intermetallic compounds have a different crystal structure to metals [34]. The α2 phases were also observed in the XRD pattern of Ti-HA(2), as shown in the enlargement area of Figure 4f; however, the peak was not significant when compared to the Ti-HA(1) sintered part. This could be attributed to the presintering stage at 900 °C, which enhanced the stability of the Ti6Al4V powder particles, thus decelerating the transformation of the α2 phases.



The XRD analysis was validated by the EDS mapping, conducted as shown in Figure 5. It is observed that the Ti phases and Al phases did not thoroughly overlap, thus validating that the Ti6Al4V powder partially transformed into α2 phases for both sintered parts, with the intensity of the α2 phases in Ti-HA(1) being higher than for Ti-HA(2).



HA was decomposed into Ca3(PO4)2 (α-Tricalcium Phosphate: α-TCP, JCPDS 00-000-0348), with those phases being observed in the XRD pattern for Ti-HA(1). This result is in agreement with other reports that mentioned that HA was partially transformed into α-TCP, β-TCP and TTCP when sintered at 1300–1400 °C, while the major phase of HA was still maintained, even when sintered up to 1200 °C [27]. β-TCP and TTCP peaks were not observed in Ti-HA(1), while Ramli et al. [10] reported that HA started to decompose into β-TCP at 1000 °C and into TTCP at 1100 °C. On the other hand, other phosphate elements were not detected in Ti-HA(2), showing that no decomposition of HA occurred. Therefore, it can be concluded that the presintering stage was able to restrain the decomposition of the HA powder. The density values for Ti-HA(1) and Ti-HA(2) were 3.67 ± 0.4 g/cm3 and 4.00 ± 0.3 g/cm3, respectively. The density of Ti-HA(1) had a lower value than for Ti-HA(2) due to the decomposition of HA into α-TCP. In conclusion, the presintering process was able to restrain the decomposition of HA, which resulted in a higher density of the sintered part and a deceleration of the transformation of the α2 phases.




3.5. Bending Strength of Sintered Parts


The average bending strength values for Ti-HA(1) and Ti-HA(2) were 63 MPa and 79 MPa, respectively. The bending strength for Ti-HA(1) was lower than for Ti-HA(2) due to the HA composition being partially transformed into α-TCP and also due to the lower density of Ti-HA(1). The values of the Young modulus for both sintered parts were 9 GPa and 11 GPa for Ti-HA(1) and Ti-HA(2), respectively. Such values are close to the Young modulus of human bone, which is 10–30 GPa [11].





4. Conclusions


	(1)

	
Ti6Al4V-HA feedstock under a powder loading of 66 vol.% showed a pseudoplastic behaviour with a low viscosity and low activation energy and was successfully injection molded, with no crack and distortion being observed in the green parts.




	(2)

	
Presintered Ti-HA showed no decomposition of HA, resulting in a higher density and higher bending strength.




	(3)

	
The Ti-HA composite produced by PIM could produce porous-structured parts, which is promising for biomedical implantations that require highly inter-connected pores.




	(4)

	
Ti-HA sintered parts achieved a Young modulus that was close to that of human bone.
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Figure 1. Sintering parameters for (a) Ti-HA(1) and (b) Ti-HA(2). 
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Figure 2. Powder morphology of raw powder (a) Ti6Al4V, (d) HA, particle size distribution of raw powder (b) Ti6Al4V, (e) HA, and X-ray diffraction pattern of raw powder (c) Ti6Al4V, (f) HA. 
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Figure 3. (a) SEM image of the feedstock, (b) flow behaviour of the feedstock, (c) green part and (d) SEM image of the green part. 
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Figure 4. (a,b) SEM image of Ti-HA(1), (c) XRD pattern of Ti-HA(1), (d,e) SEM image of Ti-HA(2) and (f) XRD pattern Ti-HA(2). 
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Figure 5. (a) Ti-HA(1) and (b) Ti-HA(2). 
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Table 1. Parameters for the injection moulding.






Table 1. Parameters for the injection moulding.









	Parameters
	





	Injection Temperature
	170 °C



	Pressure
	15 MPa



	Filling Time
	2 s



	Mould Temperature
	70 °C
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