

  applsci-09-00982




applsci-09-00982







Appl. Sci. 2019, 9(5), 982; doi:10.3390/app9050982




Article



Porous Titanium for Biomedical Applications: Evaluation of the Conventional Powder Metallurgy Frontier and Space-Holder Technique



Sheila Lascano 1,*[image: Orcid], Cristina Arévalo 2[image: Orcid], Isabel Montealegre-Melendez 2[image: Orcid], Sergio Muñoz 2, José A. Rodriguez-Ortiz 2, Paloma Trueba 2 and Yadir Torres 2,*





1



Departamento de Ingeniería Mecánica, Universidad Técnica Federico Santa María, Avda. Vicuña Mackenna Poniente N° 3939- San Joaquín, 8320000 Santiago, Chile






2



Departamento de Ingeniería y Ciencia de los Materiales y del Transporte, E.T.S. de Ingeniería-Escuela Politécnica Superior, Universidad de Sevilla, Camino de los Descubrimientos, s/n. 41092 Sevilla, Spain









*



Correspondence: sheila.lascano@usm.cl (S.L.); ytorres@us.es (Y.T.); Tel.: +56-2-23037262 (S.L.)







Received: 1 February 2019 / Accepted: 4 March 2019 / Published: 8 March 2019



Abstract

:

Titanium and its alloys are reference materials in biomedical applications because of their desirable properties. However, one of the most important concerns in long-term prostheses is bone resorption as a result of the stress-shielding phenomena. Development of porous titanium for implants with a low Young’s modulus has accomplished increasing scientific and technological attention. The aim of this study is to evaluate the viability, industrial implementation and potential technology transfer of different powder-metallurgy techniques to obtain porous titanium with stiffness values similar to that exhibited by cortical bone. Porous samples of commercial pure titanium grade-4 were obtained by following both conventional powder metallurgy (PM) and space-holder technique. The conventional PM frontier (Loose-Sintering) was evaluated. Additionally, the technical feasibility of two different space holders (NH4HCO3 and NaCl) was investigated. The microstructural and mechanical properties were assessed. Furthermore, the mechanical properties of titanium porous structures with porosities of 40% were studied by Finite Element Method (FEM) and compared with the experimental results. Some important findings are: (i) the optimal parameters for processing routes used to obtain low Young’s modulus values, retaining suitable mechanical strength; (ii) better mechanical response was obtained by using NH4HCO3 as space holder; and (iii) Ti matrix hardening when the interconnected porosity was 36–45% of total porosity. Finally, the advantages and limitations of the PM techniques employed, towards an industrial implementation, were discussed.
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1. Introduction


Nowadays, most of the research efforts are focused on the development of metallic biomaterials for bone replacement. Among all biomaterials, it is widely known that titanium and its alloys are the candidates with the best in vitro and in vivo behaviour. However, the stress-shielding phenomenon remains a concern in their use for biomedical applications. The stress shielding is associated with the mismatch between the Young’s modulus of bone tissue and titanium (cortical bone around 20–25 GPa and titanium 110 GPa) [1], which causes bone resorption and eventual fracture of the host cortical bone surrounding the implants [2,3].



The design and manufacturing of implants with lower stiffness materials could be a solution for this problem [4] and several works conducted aiming to develop scaffolds with a suitable balance between mechanical and biofunctional behaviour [5,6,7]. Currently, there are different methods to reduce the stress shielding, such as: (i) Polymer matrix compounds. An example of this kind of biomaterial is the HAPEX®, composed by 40% hydroxyapatite and 60% HDPE (High Density Polyethylene), although it is not used for load-bearing applications due to their limited mechanical properties [8]. (ii) Metastable β-titanium alloys. These materials have lower moduli (55–90 GPa) and have been in development since the 1990s. Even the low moduli monolithic Ti alloys are significantly stiffer than bone [9]. Their medical use is also conditioned for their low wear resistance and limited strength. Important advances in new Ti-Nb-Ta-Mn alloys represent a promising way to solve problems related to stress shielding but still the reduced strength of the samples is considered a concern [10]. (iii) Porous materials. Up to 34 processing routes to fabricate porous materials have been reported [11,12,13]. The objective of many of these methods is the manufacturing of titanium foams [14,15,16,17,18,19,20], in which the porosity percentage must be controlled with the aim to reduce the implant stiffness without any undesirable influence on the mechanical properties [21]. In this context, the limitations in controlling the quantity, size, distribution and morphology of the pores by conventional routes should be considered. Furthermore, the high cost, and the great difficulty in obtaining reproducibility and versatility of the new processing routes (laser sintering, ion beam milling, field-assisted sintering technology (FAST), etc.) should be also contemplated. On the contrary, both the powder-metallurgy processing and the space-holder technique provide a suitable route to obtain Ti porous structures [21]; they also have a remarkable advantage because they are an economical and non-toxic methods, without a toxic agent that can affect cellular functions.



From a powder-technology point of view, porous titanium could be produced by several methods [12,13,17,18,19,20,21,22,23,24,25]. The performance of porous titanium via conventional Powder Metallurgy (PM) offers flexibility and it is also a cost-effective alternative. Among the different techniques, there are interesting manufacturing processes where low compaction pressures are employed because of higher porosities and a lower Young’s modulus can be obtained. Loose sintering (LS) is an attractive method to produce porous specimens. In this process, compaction pressure is not applied. In this way, specimens produced by this technique have higher porosity than specimens fabricated via conventional PM. Despite that, there are not so many works where the porous titanium could be produced at low compaction pressure [1]. In order to solve the limitations of conventional PM, space holder techniques help to control porosity parameters such as pore morphology and percentage [1,15,26,27,28,29,30,31].



In addition, the effective material response can be determined experimentally or numerically. Although the experimental characterization cannot be replaced entirely by numerical methods, numerical analyses complementing the experimental characterization may serve to reduce the experimental effort significantly, filling gaps in experimentation. In this sense, numerical models have the potential to provide a deeper insight into the underlying microstructural mechanisms of deformation and thus a deeper understanding of the material behaviour. Finite Element Method (FEM) is presented as a useful technique to generate the models of titanium foams in order to obtain mechanical properties [32].



Therefore, within the above context, the aim of the present study is to appraise the feasibility and repeatability of described processing techniques: conventional PM, LS and space-holder technique. In addition, the mechanical properties of porous structures have been assessed by FEM. The results obtained are compared in order to evaluate those different techniques, in terms of advantages and limitations, and the particular features of each fabrication route. The present work has been concluded with a summary of the most favourable technique according to industrial viability, economic benefits and reproducibility, achieving an optimal equilibrium between mechanical properties and biofunctional behaviour.




2. Materials and Methods


Commercially pure titanium (cp Ti) powder produced by a hydrogenation/dehydrogenation process has been used as the starting powder (SE-JONG Materials Co. Ltd., Incheon, Korea). Its chemical composition is equivalent to cp Ti ASTM F67-00 Grade IV. Two different space holders have been employed: sodium chloride, NaCl (Panreac Química S.A.U., Barcelona, Spain, purity > 99.5%) and ammonium bicarbonate, NH4HCO3, (Cymit Química S.L, Barcelona, Spain, with a purity of 99.9%). The space-holder granules, NaCl and NH4HCO3, with a large particle size (according to Table 1) were selected to promote a higher degree of interconnectivity of the pores, and a high average size of space holder (>100 µm) would fulfil the requirements to ensure the bone ingrowth.



In order to obtain the green bodies, conventional PM at low pressure (including its particular limits: loose sintering, LS) and space-holder techniques have been implemented. In an LS route, the metal powder has been poured and vibrated into a cylindrical mould of alumina for 2 min, which has then been heated to the sintering temperature chosen (1000 °C and 1200 °C) under high vacuum (~10−5 mbar). In the space-holder technique: (1) the blends of cp Ti powder and space-holder particles [cp Ti+NaCl or cp Ti + NH4HCO3], only powder mixtures with 30 and 40 volume percent of space holders were prepared in a Turbula® T2C, blended for 40 min to ensure good homogenization; (2) afterwards, the compaction of the mixture takes place (800 MPa, pressure defined according to the compressibility curve of the material and the results of a previous work [26]), (3) subsequently, regarding to the space holder used, the elimination step has been performed. The NH4HCO3 is thermally removed (60 °C + 110 °C; both stages of the thermal treatment are carried out for 10–12 h and at low vacuum conditions 10−2 mbar) [26], while the salt has dissolved in distilled water (temperature between 50 and 60 °C, without agitation and during 4–5 immersion cycles) [19]. Sintering was carried out under high vacuum in a CARBOLYTE STF 15/75/450 ceramic furnace with a horizontal tube (2 h at 1250 °C under high vacuum conditions: ~10−5 mbar) [26].



The manufacturing parameters have been stablished in order to obtain mechanical properties (Young’s modulus, E, and yield strength, σy) similar to the cortical bone. The powder mass has been calculated to produce specimens with fit dimensions for compression tests (height/diameter = 0.8). The compaction stage in conventional PM and space-holder technique has been carried out in an INSTRON 5505 machine (Instron, Massachusetts, United State).



Density measurement has been performed out through the Archimedes’ method with distilled water impregnation, due to its experimental simplicity and reasonable reliability (ASTM C373-88). Total porosity P(Arch) and interconnected porosity (Pi) have been calculated from the density measurements. For the image analysis, sectioned parts have been prepared by a sequence of conventional metallographic steps (resin mounting and grinding) followed by a mechanic-chemical polishing with magnesium oxide and hydrogen peroxide. The porosity evaluation by image analysis has been performed by using an optical microscope Nikon Epiphot (Nikon, Tokyo, Japan) coupled with a camera Jenoptik Progres C3 (Jenoptik, Jena, Germany), and the software Image-Pro Plus 6.2, Mediacibernetic, Bethesda, MD, USA. Image analysis has been evaluated with 10 pictures of 5× and 20× for each processing condition. The following morphological pore parameters have been estimated by this method: (i) the total porosity P(IA), (ii) equivalent diameter (Deq) defined as the average diameter measured from the pore centroid, (iii) the pore shape factor, Ff = 4πA/(PE)2, where A is the pore area and PE is the experimental perimeter of the pore, (iv) the mean free path between the pores is described as the mean size of the necks between the pores, λ, and (v) the pore interconnectivity (Cpore) is defined as the fraction of connected pores of the total reference line length. Light Microscopy (LM) has also been used for the basic observation of the microstructural features of the surface samples.



The mechanical compression testing has been achieved according to the recommendations of the Standard ASTM E9-89A, by means of a universal electromechanical Instron machine 5505 applying a strain rate of 0.005 mm/mm·min. All tests have been run up to a strain of 50%. The yield strength (σy), relative strength (defined as the ratio between the strength of porous material and the bulk material) and Young’s modulus (Ec) have also been determined. Furthermore, dynamic Young’s modulus (Ed) measurements by the ultrasound technique have been performed [26,33]. Three specimens have been tested in order to calculate a mean value of dynamic Young’s modulus. Previously, the specimens have been characterised by porosity measurements (density) and mechanical compression testing.



Finally, FEM was implemented to conduct the numerical characterization of mechanical properties (Young’s modulus, E, and yield strength, σy) for the sample with 40 vol.% of porosity developed in this work. For this, a 2D finite element model proposed by the authors [6,34] was used. This numerical model, based on geometries generated from information of the pore morphology, combines a 2D periodic geometry with the information of the pore morphology extracted from image analysis (P(IA), pore size distribution, and elongation factor, Fe).




3. Results


This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, and their interpretation as well as the experimental conclusions that can be drawn.



3.1. Physical and Microstructural Properties


LM micrographs and parameters associated to porosity (P(IA), Deq, Ff, λ and Cpore) are shown in Figure 1 and Table 2. These parameters are related to the researched processing routes: conventional PM technique (compaction pressure (0 and 13 MPa) and sintering temperature (1000 and 1200 °C)) and space-holder technique (type (NaCl and NH4HCO3) and space-holder content (30 and 40 vol.%)). For the last route, compaction pressure and sintering temperature have been fixed in 600 MPa and 1250 °C, respectively.




3.2. Mechanical Properties


In this work, the influence of the manufacturing technique that would lead to obtaining an optimal equilibrium between the mechanical strength and the Young’s modulus in order to replace the cortical bone (150–200 MPa and 20–25 GPa, respectively) is analysed. Table 3 summarizes the results of mechanical compression testing and ultrasound technique.



In addition, the influence of the total porosity in the Young modulus (by ultrasound technique) is illustrated in Figure 2. As expected, the material stiffness presents a direct relation to the effective area of the titanium matrix (inverse to the porosity). Mathematical models are also added to fit the experimental results: Gibson and Ashby [35], Pabst-Gregorová [36], and Knudsen [37] and Spriggs [38].



In the present work, a new and suitable model is proposed in order to represent the experimental results in porous titanium materials from total porosity between 10 and 60 vol.% (see in Equation (1)):


E=ETi(e−0.02P)−0.03ETi,



(1)




where ETi is the Young’s modulus for bulk titanium and P is the total porosity of the sample.



Moreover, in previous research, different models have been developed to explain the correlation between the relative strength and the density in sintered materials. In the geometric model, spherical pores are assumed [39]. It is based on the geometrical relation between the porosity and the cross section area of the material. In addition, there is a model known as “simple Brick” where the pores with a cubic geometry are supposed [40]. The relative strength is determined in this method, considering the probability of being found a solid part in the tested volume. A correlation between the relative strength vs. density and interconnected porosity of the porous titanium specimens, produced via conventional PM and space-holder techniques, are shown in Figure 3a,b, respectively.



The analysis of mechanical behaviour of specimens produced via conventional PM, could be estimated using the simple brick model; however, the geometrical model is not capable of predicting any tendency. Therefore, in Equation (2), an exponential model is proposed in order to fit successfully the type and range of pores, which are produced by the space -holder technique:


σyσTi=(1.88 e−3P)−0.2.



(2)








3.3. Finite Element Simulation


The case under study chosen in this numerical analysis is the porous compact fabricated following the space holder technique, by using ammonium bicarbonate, NH4HCO3, as a space holder and obtaining a 40 vol.% of total porosity. This is the porous compact that has shown the most interesting mechanical properties, with the best balance between stiffness and mechanical integrity and, consequently, the ideal candidate for the use in cortical bone replacement. Following the methodology described by Muñoz et al. [6,34], and making use of the main porosity characteristics extracted from experiments (total porosity, pore size distribution and elongation factor distribution), one finite element geometry has been randomly generated for the porous materials under study: 40 vol.% of total porosity. The simulated microstructure of the porous material is comprised of two different phases: a titanium matrix and a series of pores randomly distributed. The mechanical properties of cp Ti have been used to describe the behaviour of the titanium matrix: a Young´s modulus ETi = 110 GPa, a yield stress σTi = 700 MPa and a Poisson´s ratio ν = 0.33. In order to describe the hardening plasticity behaviour of titanium, an isotropic hardening with a very small tangent modulus ET = 1 GPa has been used. The pore morphology (equivalent diameter, Deq, and elongation factor, Fe) has randomly generated following a normal distribution from the experimental data. The following values have been extracted from experimentation to be used in the pore generation: Deq = 32 μm and Fe = 0.65. In addition, the pore orientation has also been randomly generated following a uniform distribution.



Making use of the FE models, two different compression tests have been simulated. First, with the aim of predicting the mechanical properties of the porous material, a compression test under displacement control up to 1% macroscopic strain has been simulated. Then, the predicted uniaxial stress–strain responses have been obtained. The results in the simulation are summarized in Table 4.



From the presented results, it can be seen that very good agreement is achieved with the proposed FE model, for both Young’s modulus and yield stress.



Second, in order to complete the numerical analysis and for a better understanding of the mechanical behaviour of the porous material, the stress distribution within the porous matrix has been analysed in detail. By using the proposed FE model, a compression test under displacement control was performed until the macroscopic yield is reached (σy = 170 MPa, in this case). The results of this virtual test can be seen in Figure 4, where the contour plot of the von Mises stress distribution at macroscopic yield is shown.



In Figure 4, it can be observed that, even though the applied macroscopic stress is only 170 MPa, there is a considerable portion of the material with a high stress level, due to stress concentration around the pores, as it could be expected.





4. Discussion


In the present study, potentialities and disadvantages of different processing routes are compared in terms of: viability (cost and potential industrial application), reproducibility (reliability), limitations (porosity range, size, shape and distribution) and transversality of stablished or optimized protocols to other interested emerged and/or higher value added sectors. The framework used to make that comparison is based on the capability to achieve an optimum equilibrium between mechanical (E and σy, according according to bone tissue to substitute) and biofunctional behaviour (allowing bone ingrowth and obtaining an inside porous roughness to improve osteointegration and infiltration with bioactive materials).



Concerning to the microstructural results, in conventional PM, compaction pressure and sintering temperature have a significant effect in porosity (see Table 2). In general, temperature has the highest effect over porous morphological parameters as well as final porosity. For the temperature range studied, when temperature increases, an approximately 70% porosity reduction is observed. Porosity range that can be achieved through the implementation of this technique is from 13.6% to 44.8%, reaching the highest values by LS at 1000 °C sintering temperature. In this case, the porosity becomes more interconnected (44.1% at 0 MPa and 28.0% at 13 MPa). As it was expected, when temperature increases: (a) pore size is reduced, a 12% for 0 MPa compaction pressure level and a 29% for the highest pressure value; (b) pores are more rounded (shape factor, Ff, close to one); (c) closed or isolated porosity is higher; (d) porous contiguity decreases until reaching zero value (isolated porosity); and (e) the distance between porous is 2.64 higher. Moreover, in general, compaction pressure effect is lower than the temperature influence.



Regarding to the space-holder technique, the type of space holder used defines the porous morphology (irregular surface), fracture behaviour and plastic deformation of the specimens. These factors could affect, to some extent: (1) preserving the pore size (related to the space-holder volume); (2) the pore walls roughness; (3) increasing of interconnectivity between the pores; (4) the collapse of the porous structure of specimens (structural integrity of the samples during the process of space-holder evacuation); (5) the manufacturing cost of the specimens (time and resources); (6) the reproducibility of the evacuation space-holder process (it depends on the number and control of the process parameters) and (7) the risk of the residual space-holder content, from the point of biomedical view.



In this context, considering the range of compaction pressure, it is observed how the use of space holders allows for achieving higher porosity levels and similar sizes to the original space holder distribution compared to the conventional PM technique.



The total porosity could be controlled by varying space-holder content, although a small proportion of isolated micro-porosity has been observed (Figure 1 and Table 2). This micro-porosity is produced during the sintering of titanium powders.



The role and the comparison of the studied space-holder size (NaCl and NH4HCO3) should be analysed by considering the particle size distribution of the starting powders (Table 1). By using 30 vol.% of space-holder content, Deq of the obtained pores is around 2.6 greater employing NaCl. Although the differences between the obtained Deq can lead to a decrease in a 15% using 40 vol.% of space holder. The increasing of interconnectivity (λ) for NH4HCO3 implies balances between the differences due to an original space-holder size employed.



Moreover, a round shaped porosity is formed (slightly shape boundary related to the sintering stage). Nevertheless, a small part of the porous, for NaCl as a space-holder, could be preserving the cubic geometry according to the original morphology, whereas the pores are shaped due to the employment of the NH4HCO3 showing an elliptical and elongated morphology. Additionally, the porous titanium specimens produced by NH4HCO3 manifest a better porous homogeneity distribution than the ones fabricated with NaCl; during the powder compaction, the NaCl is less fractured than the NH4HCO3. In spite of that, the NaCl removal is more costly, less repeatable and less feasible to industrial implementation.



Regardless of the nature of the space-holder, increasing their content has some important outcomes: pore shape factor is reduced (irregular morphology of porous boundary); the contiguity (Cpore) is kept constant for both cases; interconnected porosity for 30 vol.% of space holder represents the 75% of the total porosity, while 40 vol.% of space holder reaches 78 %. Both values of the interconnected porosity and the suitable size of the pores promote the bone ingrowth. However, its influences on the mechanical behaviour should be considered (see below).



At this point of this reported research, the results and discussion have been focused on the analysis of each fabrication method independently, where the influence of the processing parameters on the porosity has been evaluated. The following stage is now emphasised on a general comparison of both processing routes. A significant difference in morphology and porosity distribution among the specimens produced via conventional PM and a space-holder technique is observed (see in Figure 1). In conventional PM, the obtained pores present an irregular shape and a more homogenous distribution than in the space-holder process, in which the morphology of the pores reproduces the employed space-holder geometry. The Deq obtained by using a space holder are larger than those resulted from the conventional PM (Table 2). These results verify the potential and versatility of the space-holder method to control the shape, the size, the proportion and distribution of the porosity, in order to achieve biofunctional and biomechanical equilibrium of the implants. This notwithstanding, both industrial application viability and low cost of conventional PM routes are well known features.



Within the context of porous implants in contact with bone tissue, some previous papers have reported that a suitable bone ingrowth can be achieved with a mean pore size of around 50 µm [41,42]. However, there are other studies where the optimal bone ingrowth happens for pore size range of 100–200 µm [9,43,44]. Nevertheless, several authors’ works show a better infiltration achievement with polymers or bioactive glasses if the pore size overcomes 200 µm [45]. Accordingly, the conventional PM route manifests a drawback and thus only 6% of the pores (0 MPa and 1000 °C), which assures doubtful bone ingrowth, being almost a non-existent possibility to perform infiltration tests. On the other hand, the space-holder method allows for achieving successful results of optimal bone growth and better infiltration of the polymers or bio-glasses in the pores [45].



Considering the mechanical behaviour analysis results (Figure 2), to achieve a suitable stiffness range (20–25 GPa), it is necessary to obtain a total porosity between 40–55%. It could be achieved by using conventional PM, only when temperature and pressure are in the limits of this technique (0 MPa and sintering temperatures 1000 °C and 1100 °C), although there is a notable loss of the mechanical strength (see below). However, the space-holder technique presents a great feasibility to get these values of total porosity and even to lower stiffness values (6–8 GPa at higher porosity), it being possible to replace the trabecular tissue by these obtained results.



Concerning mechanical properties, two different analyses have been made, aiming at the evaluation of the role of the manufacturing route tested in the compression behaviour (Figure 5). Independent of the processing technique used, a parameter is fixed for each comparison: in Figure 5a, Young’s modulus close to the cortical bone is set in ~29 GPa (porosity total range between 37.6–44.8%) and the influence of the processing technique on the yield strength (σy) of the porous specimens is studied. In order to reach the same Young’s modulus, higher porosity is needed for a loose-sintering technique, its compression yield strength being committed (Table 3). This fact is related to the lack of powder compaction step and low sintering temperatures, without ensuring a good strength of the formed neck (also critical to fatigue and flexural requirements).



Yield strength values are fixed in a range from 150 to 200 MPa meeting the requirements of the cortical bone tissue in Figure 5b, evaluating what occurs with the total porosity, the mean size of the pores (Table 2) and the Young’s modulus (Table 3). A complete analysis of the results seen in Figure 5b allows for specifying that only samples processed by a space-holder technique with 40 vol.% could be implemented as substitute of the cortical tissue (bio-mechanical balance between stiffness ~20–25 GPa and mechanical strength, ~150–200 MPa). These specimens present a total porosity of ~37%. Two behaviours of losing mechanical efficiency are observed related respectively to: decreasing compaction pressure by a conventional PM route (reduction of cold welding of titanium powders, weaker necks); and increasing the pore size in a space-holder technique.



The decreasing trend of the relative strength observed in Figure 3a,b undergoes two different performances (see in the slope curves). A proportional and expected loss of the mechanical strength with the reduction of the load section is observed. Then, a part of the strength decrement regarding the pore content, is compensated by the titanium matrix strengthening (see in the lowest slope); this fact occurs in ratio Pi/P(Arch) ≥ 0.89 (Pi = 40%) and it is related to the large stress triaxiality originated by more interconnected porosity, in addition to more roughness contour of pores. This strengthening is not representative to the porosity range achieved via conventional PM. The mechanical requirements of cortical bone tissue could be guaranteed in the shaded area in Figure 3b (175–211 MPa). These results are consistent with that proposed by Kubicki [46]: before the mean stress reaches levels close to the yield strength (approx. 33%), in the surrounding area of the notch, it is produced a triaxiality stress state and local plastic strain. As a consequence in ductile material, the yield strength of a notched specimen is higher than the uniaxial one [47]. Therefore, the local plastic strain involves a macroscopic hardening reflected in the yield strength increment of the material [48]. This aspect was observed in Figure 4, where a localized effect of pores was made evident, but a good balance between the mechanical properties was achieved (Table 4), according to the results obtained by the FE model.




5. Conclusions


The assessing of conventional PM and space holder technique reported here allowed for stating some findings about the influence on both microstructural and mechanical properties of porous Ti for bone replacement:



1. Young’s modulus of porous Ti samples could be reached close enough to the cortical bone by conventional PM (29 GPa), in the absence of the compaction pressure stage (loose-sintering technique), with a sintering temperature of 1000 °C, and 2 h under high vacuum. However, the mean pore size (~17 µm) and the mechanical strength (~67 MPa) of the porous titanium do not guarantee the mechanical requirements of biomedical applications. Both increments of compaction pressure and sintering temperature improve the quality of the sintering necks, which imply decreasing of the amount and the size of the pores; consequently, the stiffness is increased (≥50.5 GPa) and the capability of bone ingrowth.



2. The space-holder method is the more suitable of the two evaluated routes to reach a biomechanical balance (E and σy) and biofunctional equilibrium (bone ingrowth), through the control of the processing parameters, the type of space holder, the compaction pressure and the sintering temperature, according to viability, feasibility and implementation costs in the industrial sector, in addition to the achievement of the desirable balance. The use of NH4HCO3 as space holder (40 vol.% and ~200–300 µm mean particle size distribution) is recommended. The optimal manufacturing parameters proposed are the following ones: firstly, a compaction pressure of 600 MPa, next, in the space-holder elimination stage, 60 °C for 10 h plus 110 °C for 12 h in vacuum (10−2 mbar) and sintering conditions at 1250 °C, for 2 h and high vacuum (10−5 mbar). These parameters ensure the production of porous titanium where the stress-shielding phenomenon is reduced, and suitable mechanical strength and bone ingrowth are achieved.
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Figure 1. Micrographs corresponding to different processing conditions of evaluated techniques: Loose Sintering, conventional Powder Metallurgy (PM) and space-holder technique: (a) 0 MPa and 1000 °C; (b) 0 MPa and 1200 °C; (c) 13 MPa and 1000 °C; (d) 13 MPa and 1200 °C; (e) 30 vol.% NaCl; (f) 40 vol.% NaCl (g) 30 vol.% NH4HCO3; and (h) 40 vol.% NH4HCO3. All of the samples have been sintered for 2 h under high vacuum (~10−5 bar). 
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Figure 2. Dynamic Young modulus vs. total porosity: Influence of the manufacturing route. 
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Figure 3. (a) Density vs. Relative Strength; (b) Interconnected Porosity and Relative Porosity vs. Relative Strength (porous material strength/full dense material strength). 
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Figure 4. Example of Von Mises stress distribution at macroscopic yield. The case studied corresponding to a porous compact fabricated by a 40 vol.% NH4HCO3 space holder. 
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Figure 5. Uniaxial compression tests: (a) Young’s modulus closed to the cortical bone is set in ~29 GPa (porosity total range between 37.6–44.8%); (b) yield strength values are fixed in a range (150–200 MPa) meeting the requirements of the cortical tissue. Compression stress vs. Strain curves of specimens manufactured by different PM routes. 
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Table 1. Particle size distribution of materials used.
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	d[10], μm
	d[50], μm
	d[90], μm





	Ti powder
	9.7
	23.3
	48.4



	NaCl
	183.0
	384.0
	701.0



	NH4HCO3
	73.0
	233.0
	497.0
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Table 2. Effect of different techniques and processing conditions on the porosity of the samples.
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Processing Conditions

	
Archimedes

	
Image Analysis




	
Pi, %

	
P(Arch), %

	
P(IA), %

	
Deq, µm

	
Ff

	
Cpore

	
λ, μm






	
Loose Sintering

	
1000 °C

	
44.1

	
44.8

	
45.3

	
17

	
0.70

	
0.2

	
25




	
1200 °C

	
28.5

	
35.2

	
30.0

	
15

	
0.82

	
0.1

	
41




	
13 MPa

	
1000 °C

	
28.0

	
29.3

	
30.8

	
14

	
0.79

	
0.1

	
36




	
1200 °C

	
6.2

	
13.6

	
13.1

	
10

	
0.93

	
0.0

	
66




	
Space holder

	
30 vol.% NaCl

	
20.5

	
28.5

	
28.4

	
47.0

	
0.90

	
0.3

	
157




	
40 vol.% NaCl

	
27.5

	
35.8

	
35.1

	
78.0

	
0.74

	
0.2

	
181




	
30 vol.% NH4HCO3

	
22.4

	
27.8

	
29.1

	
18.1

	
0.90

	
0.3

	
57




	
40 vol.% NH4HCO3

	
29.3

	
37.6

	
36.6

	
32.0

	
0.84

	
0.3

	
80
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Table 3. Effect of different techniques and processing conditions on mechanical properties of the samples obtained by compression test and ultrasound testing.
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Processing Conditions

	
Experimental




	
σy, MPa

	
Ec, GPa

	
Ed, GPa






	
Loose Sintering

	
1000 °C

	
67

	
9.6

	
29.1




	
1200 °C

	
165

	
25.1

	
50.5




	
13 MPa

	
1000 °C

	
200

	
12.5

	
50.1




	
1200 °C

	
350

	
26.1

	
59.4




	
Space holder

	
30 vol.% NaCl

	
415

	
4.6

	
45.1




	
40 vol.% NaCl

	
187

	
5.3

	
29.0




	
30 vol.% NH4HCO3

	
389

	
15.9

	
38.9




	
40 vol.% NH4HCO3

	
272

	
5.8

	
30.0
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Table 4. Prediction of mechanical properties for the case of study corresponding to a porous compact fabricated by 40 vol.% NH4HCO3 space holder.
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	Properties
	Experimental
	FEM





	E, GPa
	31
	39



	σy, MPa
	170
	153
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