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Abstract

:

Porous binary Ti-10Mo alloys were prepared using non-spherical titanium, molybdenum powders by the powder metallurgy (PM) space holder technique. Based on the three-dimensional analysis of porosity characteristics, a detailed assessment of the effects of porosity on mechanical properties and corrosion resistances in phosphate-buffered saline (PBS) was carried out. For comparison, PM-fabricated CP-Ti with 50.5% porosity sintered at 1200 °C for 2 h and dense Ti-10Mo alloy sintered at 1450 °C for 2 h (relative density is 97.2% and porosity is 2.8%) were studied simultaneously. The results show that with the space-holder volume contents rising from 63 to 79%, the open porosity and average pore size (d50) increase remarkably, while the pore size distribution (d10–d90) tends to be stable at about 100 μm. The average pore sizes (d50) of porous Ti-10Mo alloy can be controlled in the range of 70–380 μm. The PM-fabricated porous Ti-10Mo alloy can achieve a wide range of mechanical properties, with yield compression strength of 248.2–76.9 MPa, and elastic modulus of 6.4–1.7 GPa. In addition, the yield compression strength and the elastic modulus meet the linear regression and exponential formula, respectively. With the porosity of Ti-10Mo alloy increasing from 2.8 to 66.9%, the corrosion rate rises exponentially from 1.6 g/m2·day to 17.1 g/m2·day. In comparison to CP Ti with nearly the same porosity, Ti-10Mo alloy shows significantly higher corrosion resistance. As a result, the relationships between porosity and mechanical properties, corrosion resistances of Ti-10Mo alloys were established, which can be used as a design reference in material selection for orthopedic applications.
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1. Introduction


Titanium and its alloys have been widely used in biomedical applications and have a great potential in making orthopedic implants due to their high specific strength, low elastic modulus, excellent biocompatibility and corrosion resistance in the human body environment [1]. However, current major biomedical titanium alloys in used, including the most conventional extra-low interstitial (ELI) Ti-6Al-4V (hereafter all in wt. %), Ti-5Al-2.5Fe and Ti-6Al-7Nb, are all at risk of releasing toxic Al and V ions in vivo. Besides, elastic modulus (~110 GPa) of these alloys is still much higher than that of cortical bone, which may bring severe ‘stress shielding’ [2]. Ample effort has been made to develop Al- and V-free lower-modulus β-Ti alloys. Notable examples include the United States Food and Drug Administration (FDA)-approved proprietary alloys Ti-13Nb-13Zr and Ti-12Mo-6Zr-2Fe and the non-proprietary alloy Ti-15Mo. In particular, binary Ti-Mo alloys containing 4–20% Mo have attracted significant attention due to their simplicity and reasonable cost [3,4,5,6,7], as well as the capability of offering a very low amount of artifacts in magnetic resonance imaging (MRI) compared to other β-titanium alloys.



As a commonly used β-phase stabilizing element in titanium, Mo is non-toxic and non-allergic below ion concentration of 8.5 μg/L [8]. It also can effectively reduce the elastic modulus of titanium alloy through forming metastable or stable β-phase while increase the strength and wear resistance [9]. In addition, some studies have demonstrated that Mo can contribute to regulating the acid-base balance in human bodies [10,11]. Near-β titanium alloy Ti-15Mo, as mentioned above, is a successful example which has been used clinically since 1998 (the developmental history of Ti-15Mo can be found in Ref. [12]). Previous studies have proved that solid solution hardening in Ti-Mo alloys appears to be maximal at 10–12% Mo, and Ti-(10–12.5)Mo alloys (335–350 HV) are clearly harder than ELI Ti-6Al-4V (294 HV) and Ti-13Nb-13Zr (285 HV) under the same conditions [3]. From an application-and-design point of view, less Mo content is always preferred. Mo element is costly and heavy (density = 10.28 g cm−3). Hence, minimizing the use of Mo minimizes the cost and latent risk. Furthermore, minimizing the use of Mo also lowers the melting point of Ti-Mo alloys, which makes the alloys liable to be processed. Accordingly, the composition of Ti-10Mo was selected as a competitive option.



To improve fixation of solid implants to the surrounding tissues, materials with a porous structure have been introduced. By ingrowing of the tissue into a porous structure in a metallic implant, bonding between the implant and the bone can be obtained. In addition, the substantial open-cellular structure, in the metallic implant, allows extensive transport of [13,14,15] or even for potential use on drug delivery [16]. Several previous studies indicate that porous Ti-(7.5–15)Mo alloys can be processed by selective laser sintering [17,18,19,20]. It has been testified that their intriguing characteristics, mainly including the promising mechanical properties and good biocompatibility, make the alloys an attractive candidate as a new implant material. Although contributing greatly to the improvement of biomechanical compatibility, porosity may inevitably reduce the resistance to corrosion, which may elicit both local and systemic biological responses. Hence, assessing the in vitro corrosion performance in physiological solutions and further establishing a relationship among pore characteristic, mechanical and corrosion properties are crucial, but still rare in the open literature.



In this paper, porous Ti-10Mo alloys were processed with a low-cost technique, powder metallurgy (PM), from non-spherical hydride-dehydride (HDH) Ti powders and hydrogen-reduced Mo powders. The purpose of this research is to assess systematically the pore characteristics, mechanical properties and electrochemical behavior of PM-fabricated Ti-10Mo alloys. It aims to establish a necessary understanding of the low-cost fabricated porous Ti-10Mo alloy for orthopedic applications.




2. Experiments and Methods


2.1. Materials and Sample Preparation by PM


Hydride-dehydride (HDH) Ti powder (≤45 μm) and hydrogen-reduced Mo powder (≤25 μm) (Beijing Xing Rong Yuan Technology Co. Ltd., Beijing, China) were used to make Ti-10Mo alloy. The metal powder compositions are listed in Table 1. Then Ti-10Mo powder and NH4HCO3 (80–250 μm) were mixed in a blender for 3 h, where volume contents of NH4HCO3 were set at five points between 63% and 79% (vol. %), respectively. After blending, the mixture was cold-pressed into cylindrical compacts under 260 MPa. Final sintering was carried out in the argon protection environment and implemented in two steps. Specimens were initially heated to 1000 °C for 2 h at 5 °C/min and then heated at 2 °C/min to 1300 °C for 2 h, followed by furnace cooling to room temperature to obtain samples.




2.2. Materials Characterization


Pore morphology was observed with an optical microscope (LEXT OLS4000, Olympus, Tokyo, Japan). To analyze the internal pore structure of samples, X-ray tomography scan technique (nanoVoxel-2000, Sanying Precision Instruments Co., Ltd., Tianjin, China) was used. The samples were columns of a gauge size of φ 5 mm × 3 mm prepared by electric discharge machining. Tested conditions of the X-ray tube acceleration voltage, the tube current and the exposure time were set at 145 kV, 70 μA and 20 s, respectively. To increase the contrast between pore and matrix and avoid image artifacts caused by X-ray beam harden effect, CaF2 filter with a thickness of 1 mm was used. Samples were rotated through 360° with angular increments of 0.33°, and a projection image was taken at each position. After scanning, the compute tomography (CT, Sanying Precision Instruments Co., Ltd., Tianjin, China) datasets were used to produce a series of original reconstructed slice images by means of back projection algorithm. Then slice images were imputed into Avizo software (9.0, Thermo Fisher Scientific Inc., Waltham, MA, USA, 2017) to be reconstructed, and the total porosity and connected porosity of samples were calculated by Avizo software. The pore diameter distribution of samples was determined from original 350 2D slices images by Image-Pro-Plus6 (IPP6) software (6.0, Media Cybernetics, Inc., Rockville, MD, USA, 2015).



X-ray diffraction (XRD) for phase analysis was conducted with a Dmax-RB X-ray diffractometer (Cu Kα, λ = 0.15406 nm, Rigaku, Tokyo, Japan). The internal microstructure was examined by using a ZEISS SUPRA 55 scanning electron microscope (SEM, Zeiss, Oberkochen, Germany). Compression specimens with a gauge size of φ 3 mm × 5 mm were fabricated by electric discharge machining and the specimen surface was polished with SiC papers. Compression test was performed on an Instron machine (Instron, Boston, MA, USA) at the strain rate of 2 × 10−3 s−1 at room temperature. The compressive yield strength and elastic modulus were calculated from the engineering stress-strain curves.




2.3. Corrosion Testing


Corrosion resistance of Ti-10Mo alloy with different porosity was studied in phosphate-buffered saline (PBS) (HyClone, Logan, UT, USA) at (37 ± 0.5) °C using a multichannel electrochemical workstation (Versa STAT MC with VersaStudio software, 1.28, Princeton Instruments, Trenton, NJ, USA, 2012) through the potentiodynamic polarization scan technique. Chemical composition of PBS is listed as follows: NaCl 8 g/L, KCl 0.2 g/L, KH2PO4·0.2 g/L, Na2HPO4 1.15 g/L, pH = 7.2. For comparison, PM-fabricated CP-Ti with 50.5% porosity and dense Ti-10Mo alloy with 2.8% porosity were studied simultaneously. The microstructure of CP Ti with 50% porosity consists of a single α phase and is in accord with current reports [21,22,23,24] on fabricating porous and dense CP Ti by different PM technique. All samples were made to be 10 mm square with a thickness of 2 mm. A Cu-wire was welded to each sample for electrical connection. Each sample was then embedded in epoxy resin, leaving an untouched working surface of 1 cm2. Prior to each experiment, the working surface of each sample was ground with water-proof emery papers up to 2000 grit in running water. Then samples were cleaned ultrasonically with ethanol and distilled water three times for 5 min, respectively, and dried under a cold air stream finally for use.



A conventional three-electrode system was adopted, where the Ti alloy samples were a working electrode, while a saturated calomel electrode (SCE) was used as a reference electrode and a platinum foil was employed as a counter electrode. Prior to tests, the working electrode was held in solution for 120 min to enable it to approach a stable potential. The open-circuit potential (OCP) vs. time curve was recorded. Then, potentiodynamic polarization (PD) curves were measured with the scan rate of 0.5 mV/s (scan range: −0.25 V to 2.0 V vs. OCP). The corrosion parameters were worked out from potentiodynamic polarization curves, including Ecorr (corrosion potential), Icorr (corrosion current density) and βc (cathodic Tafel slope). Considering the great difference of the sample density, mass loss rate was used to evaluate their corrosion rate. The value can be calculated from the Faraday’s equation according to ASTM 102-89 as follows:


   C R = K ·  I  c o r r   · E W   



(1)




where CR is corrosion rate (g/m2·day), Icorr is the corrosion current density (μA/cm2), K is 8.954 × 10−3 (g cm2/μA·m2·day), EW is the equivalent weight and considered dimensionless. In order to verify the reproducibility of electrochemical results, all experiments were repeated three times. A volume of 500 mL of test solution was used in each electrochemical test.





3. Results and Discussion


3.1. Pore Characteristics


Figure 1 depicts the representative optical micrographs of each sample profile. It can be seen that with the contents of NH4HCO3 increasing, the pore size of the alloy increases gradually. Pores of sintered Ti-10Mo alloy are irregular and distributed uniformly, and mainly consist of two types of pores (as shown by arrow A and B). One (arrow A) is micro-pores with the size of several micrometers, which have presumably resulted from volume shrinkage occurring during the sintering process. Another one (arrow B) is a kind of interpenetrating macro-pores with the size range of several hundred micrometers, owing to decomposition of NH4HCO3. With the rise of space-holder content, the macro-pores increase in volume proportion while the micro-pores show small change. It is believed that the presence of micro-pores and macro-pores is beneficial to porous scaffolds to achieve osteoinduction [25].



3D reconstructed images of Ti-10Mo alloy samples are shown in Figure 2. All samples show similar appearances, so here just focus on the images of adding 63%, 71% and 79% content of NH4HCO3. As shown in Figure 2a–c, all samples have a uniform distribution of pores, and with the increase of NH4HCO3 content, pore size increases significantly. Figure 2d–f shows skeletonization images of samples. Skeletonization is an important image processing method, which can illustrate the interconnected pores. In the skeletonization process, the line represents the skeleton (pore), and the ball is intersections and terminals of the lines called nodes (as Figure 2g shown). From Figure 2d–f, it is clear that lines are interacted with each other, which means pores have formed a three-dimensional connection structures. It has been demonstrated that high inter-connectivity structures can promote the growth of cells while also providing pathways for bodily fluid and nutrient transportation, which is beneficial for osseointergeation of the implant, bone regeneration and growth [26,27].



Pore size distributions were characterized quantitatively by measuring the pore sizes from the original 2D slice images, and the results are shown in Figure 3. It can be seen that the amount of space-holders has a great impact on the pore size distribution. With the increase of NH4HCO3 from 63 to 79%, pore size of Ti-10Mo alloy increases significantly and is in the range of 0–200 μm, 80–260 μm, 180–360 μm, 260–440 μm, 320–500 μm, respectively. The parameters, total porosity Pt, connected porosity Pc, and pore size d10, d50 and d90, were chosen to describe the porosity characteristics. Among them, d10, d50, d90 of alloys increases remarkably with increasing of NH4HCO3 contents. The d10, d50 and d90 represent pore diameters at cumulative pore size (by frequency) of 10%, 50% 90%, respectively, and d50 is usually used to represent the average pore size. The parameters of porous Ti-10Mo by PM with different additions of NH4HCO3 deduced from X-ray tomography scan techniques are summarized in Table 2. With increasing of NH4HCO3 from 63 to 79%, the porosity, and average pore size (d50) rise remarkably, while the pore size distribution (d10–d90) tends to be stabilized at about 100 μm. The average pore size (d50) of porous Ti-10Mo alloy can be controlled in the range of 70–380 μm.




3.2. Microstructure Observation


Figure 4 shows the XRD patterns of Ti-10Mo alloys with adding different contents of NH4HCO3 sintered at 1300 °C. As the figures show, there is no significant difference of XRD patterns with NH4HCO3 contents increasing. The clear diffraction peaks suggest that the alloy mainly consists of β phases with a small amount of α phase. In addition, there are no obvious diffraction peaks of elemental Mo remaining in the as-sintered Ti-10Mo alloy.



The microstructure of Ti-10Mo alloys with adding different contents of NH4HCO3 sintered at 1300 °C is displayed in Figure 5a–e. As the figures show, the Ti-10Mo alloys with different porosity show similar microstructure, which is consistent with the XRD analysis. The samples all form uniform typical Widmanstatten structure, indicating that Mo element is completely diffused into Ti matrix after sintering at 1300 °C. During the furnace cooling, the grains of β phase are subjected to the precipitation of the lamellar α phase along the grain boundary and intracrystalline, leading to the formation of Widmanstatten structure (α + β).




3.3. Mechanical Properties


The engineering stress-strain curves and mechanical properties of sintered porous Ti-10Mo alloy are shown in Figure 6. As Figure 6a shows, the porous alloys exhibit the similar stress-strain behavior. No fracture was observed during their compression process while it occurs at the strain of 19.4% for dense Ti-10Mo alloy samples, demonstrating that the porous samples have good elastic-plastic deformation capability. As Figure 6b shows, a wide range of mechanical properties can be obtained by changing content of NH4HCO3. The elastic modulus and yield strength of the porous Ti-10Mo alloy generally decrease with porosity increasing, and they are in the range of 248.2–76.9 MPa and 6.4–1.7 GPa, respectively. Compared with CP Ti, Ti-10Mo alloy with similar porosity (about 50%) shows higher yield compression strength. The yield compressive strength basically meets the linear regression while the elastic modulus satisfies the exponential relationships with porosity. The equations are given as follows:


σ = −1284.72 P + 924.78, R2 = 0.99071



(2)






E = 78.75 e (−P/0.2777) − 5.29, R2 = 0.98154



(3)




where E is the elastic modulus, σ is yield compressive strength, and P is porosity. Both R2 of the fittings are extremely close to 1, which suggests the linear and exponential analysis is valid.




3.4. Electrochemical Behaviors


Figure 7 plots the EOCP (open-circuit potential) vs. immersion time for different Ti alloy samples in PBS at 37 ± 0.5 °C. All curves have a similar tendency in PBS solution. Following immersion of different Ti alloy samples in PBS, EOCP have an abrupt increase towards positive direction suggesting a protective oxide film begins to grow on the alloy surface [28,29]. Then, EOCP increases slowly and reaches a quasi-stationary value. With porosity increasing, the stable potential of Ti-10Mo alloy decreases gradually. It can also be noted that, compared with CP Ti, Ti-10Mo alloy with similar porosity (about 50%) shows nobler potential.



The potentiodynamic polarization curves for each alloy are shown in Figure 8. As can be seen, there is no distinct difference among the different Ti samples cathodic polarization curves, which indicates the same cathodic reaction occurred on their surface but at different rates. On the anodic branches, the curves can be divided into several potential domains. Taking the example of Ti-10Mo alloy with 50.8% porosity, the potential domain between −0.12 VSCE (corrosion potential, Ecorr) and 0.52 VSCE (passive potential, Ep) is featured by a transition stage. In this stage, the current density increases with the rise of potential. The increases in current density can be related to the replacement of the spontaneous oxide film by a less protective oxide layers, or to the oxidation of TiO or Ti2O3 to TiO4 [30]. The second domain corresponds to the passivation plateau, which ranges from 0.521 VSCE (passive potential Ep) to 1.12 VSCE (breakdown potential Eb). In this stage, the Ti-10Mo alloy enters the stable passivation region without exhibiting any active-passive transition, and the current density remains essentially unchanged. Above the breakdown potential (Eb), due to higher overpotential the oxide films began to break down. As for other Ti based alloy samples, no significant difference is observed in their anodic polarization behavior, although corrosion potential and breakdown potential vary.



To further visualize the corrosion properties of different Ti alloy samples, the corrosion parameters, including Ecorr (corrosion potential), Icorr (corrosion current density), and βc (cathodic Tafel slope), are obtained using standard techniques from the potentiodynamic polarization plots and listed in Table 3. The anodic and cathodic polarisation curves represent passivation of the samples and oxygen absorption, respectively. The existence of a dissolution reaction in conjunction with the onset of passivation reaction does not result in a well-defined experimental anodic Tafel region in the anodic polarisation curves of the Ti samples [31]. So the corrosion current density (Icorr) is determined by Tafel extrapolation of the cathodic polarisation curve, as shown in Figure 8b.



As shown in Table 3, the corrosion potential of Ti-10Mo alloy samples decreases gradually with the porosity increasing from 50 to 67%, while their corrosion current density increases. These indicate the increase of electrochemical activity with the porosity increasing. In comparison with CP Ti with 50.5% porosity Ti-10Mo alloy with similar porosity has lower Icorr and higher Ecorr, which means that porous Ti-10Mo alloy possesses higher corrosion resistance in PBS.



The corrosion rate calculated by Equation (1) is used to assess the corrosion rate of test samples. The results are shown in Figure 9. The dense Ti-10Mo apparently shows the lowest corrosion rate, which is consistent with the results of corrosion potential and corrosion current density. With the porosity increasing, the corrosion rate increases gradually. Corrosion rate is found to accord with the exponential formula. The equation is given as follows:


CR = 0.01063e(P/0.09227) + 1.719211, R2 = 0.98788



(4)




where CR is corrosion rate, and P is porosity. R2 of the fitting is close to 1, which indicates a good quality of the fitting in this experiment.




3.5. Relationship among Porosity, Mechanical Properties and Corrosion Resistance


The porosity characteristic, mechanical properties and corrosion rate of porous Ti-10Mo by PM are summarized and compared with dense Ti-10Mo and porous CP Ti, as shown in Table 4. The porous structure can be controlled in average pore size range of 70–380 µm and porosity of 50–67% with high inter-connectivity, and that is believed to satisfy the demand of implantation. According to the previous report, connected pores with a pore size range of 100–500 μm and an open porosity range of 20–50 vol. % are beneficial for the ingrowths of the new-bone tissues and the transport of the bodilyfluids [32].



Porosity has a significant impact on the mechanical and corrosion properties of metal materials [33]. By adjusting the porosity, a wide range of mechanical properties of Ti-10Mo alloys can be achieved, and the yield strength and elastic modulus can be controlled in the range of 248.2–76.9 MPa and 6.4–1.7 GPa, respectively. In comparison to CP Ti with similar porosity, yield strength of porous Ti-10Mo alloys are much higher while the elastic modulus is very close. It has been accepted that the mechanical properties of implant materials need to match those of the living bone tissue at the site of implantation in order to reduce the ‘stress shielding’ effects [34]. Ti-10Mo alloys obtained show mechanical properties close to human bone (compressive strength 114–195 MPa and elastic modulus of 0.01–28.8 GPa [34]), suggesting their good mechanical compatibility. However, the rise of porosity inevitably deteriorates the corrosion resistance, and accordingly the corrosion rate of the porous Ti-10Mo alloy increases exponentially. Taking the example of Ti-10Mo alloy with 63.4% porosity, the corrosion rate of samples is about seven times higher than that of dense Ti-10Mo alloy, nevertheless, that is fairly close to that of CP Ti with much lower porosity of 50.5%, indicating a higher corrosion resistance than CP Ti. These properties together with its low-cost manufacturability make Ti-10Mo an attractive new orthopedic implant alloy. In addition, the study also aims to form an association among porosity characteristics, mechanical properties, and corrosion resistance of Ti-10Mo alloys by PM, which can be used as a design reference for material selection for orthopedic applications.





4. Conclusions


	(1)

	
Porous Ti-10Mo alloys can be fabricated by PM of adding NH4HCO3 with low-cost non-spherical elemental powders. With different contents added, the porosity can be controlled in the range of 50–67% with the average pores size of 70–381 μm.




	(2)

	
The PM-fabricated porous Ti-10Mo alloy is characterized by typical Widmanstaten structure. With porosity increasing, their elastic modulus decreases exponentially in the range of 6.4–1.7 GPa, while yield compression strength decreases linearly in 248.2–76.9 MPa, respectively.




	(3)

	
With rising of porosity, the corrosion potential of porous Ti-10Mo alloy in PBS shift to negative direction, while corrosion current density increases significantly. The corrosion rate of the Ti-10Mo increases exponentially with porosity increasing, and is much lower than that of CP Ti with similar porosity.




	(4)

	
The association among porosity characteristics, mechanical properties, and corrosion resistance of Ti-10Mo by PM is formed, which can be used as a design reference for material selection for orthopedic applications.
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Figure 1. Micrographs from Ti-10Mo alloys with different contents NH4HCO3 added: (a) 63%; (b) 67%; (c) 71%; (d) 75%; (e) 79%. 
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Figure 2. 3D reconstructed images of Ti-10Mo alloys with different content of NH4HCO3 added: (a–c) matrix and pores; (d–f) skeletonization image (pore) of samples and (g) schematic images of skeletonization. 
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Figure 3. Distribution of pore size of samples with different content of NH4HCO3 added: (a) 63%; (b) 67%; (c) 71%; (d) 75%; (e) 79%. 
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Figure 4. X-ray diffraction patterns of Ti-10Mo alloy with different content NH4HCO3 added. 
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Figure 5. Scanning electron back scattering morphologies of porous Ti-10Mo alloys with different content NH4HCO3 added: (a) 63%; (b) 67%; (c) 71%; (d) 75%; (e) 79%. 
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Figure 6. (a) Engineering Stress-strain curves of different Ti alloy samples (b) Influence of porosity on compression yield strength and elastic modulus mechanical properties of porous Ti-10Mo. 
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Figure 7. Open-circuit potential as a function of time for different Ti alloy samples in naturally aerated phosphate-buffered saline solution at (37 ± 0.5) °C. 
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Figure 8. (a) Potentiodynamic polarization curves of different Ti samples during exposure to naturally aerated phosphate-buffered saline solution at (37 ± 0.5) °C; (b) Tafel extrapolation on the cathodic polarization plots for determination of corrosion current density (Icorr) and cathodic Tafel slope (βc). 
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Figure 9. Influence of porosity on corrosion rate of Ti-10Mo alloy. 
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Table 1. Chemical composition of titanium and molybdenum powders (wt. %).






Table 1. Chemical composition of titanium and molybdenum powders (wt. %).





	
Powder

	
Chemical Composition (wt. %)




	
H

	
C

	
N

	
O

	
Si

	
Cl

	
Fe

	
Ni

	
Ti

	
Mo






	
Ti

	
0.02

	
0.02

	
0.04

	
0.25

	
0.02

	
0.05

	
0.06

	
0

	
Bal.

	
0




	
Mo

	
0.07

	
0.05

	
0.05

	
0.20

	
0.02

	
0.01

	
0.06

	
0.01

	
0

	
Bal.
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Table 2. Pore characteristics of Ti-10Mo alloy with different content NH4HCO3 added.
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Alloys

	
Space-Holder Content (vol. %)

	
Total Porosity (Pt, %)

	
Connected Porosity (Pc, %)

	
d50 (μm)

	
d10/d90 (μm)






	
Ti-10Mo

	
63

	
50.8 ± 1.1

	
46.1 ± 1.0

	
70.1 ± 1.6

	
14.2 ± 0.3/132.5 ± 2.3




	
67

	
54.7 ± 1.2

	
50.5 ± 1.2

	
140.9 ± 2.9

	
87.1 ± 1.9/199.2 ± 4.3




	
71

	
58.8 ± 1.4

	
54.3 ± 1.4

	
241.3 ± 5.7

	
190.1 ± 3.7/296.5 ± 6.6




	
75

	
63.4 ± 1.5

	
59.1 ± 1.4

	
321.6 ± 7.8

	
271.3 ± 5.4/374.5 ± 10.2




	
79

	
66.9 ± 1.6

	
62.8 ± 1.7

	
381.4 ± 10.1

	
335.4 ± 7.8/438.7 ± 11.2
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Table 3. Corrosion parameters of Ti-10Mo with different porosity in naturally aerated phosphate-buffered saline solution at 37 °C obtained by Tafel analysis.
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Alloys

	
Porosity (%)

	
Ecorr (mV vs. SCE)

	
Icorr × 10−8 (A/cm2)

	
βc (mV Decade−1)






	
Ti-10Mo

	
Inherent 2.8 ± 0.2

	
−131.1 ± 7.4

	
1.4 ± 0.5

	
−205.1 ± 4.2




	
50.8 ± 1.1

	
−119.1 ± 9.5

	
3.5 ± 0.2

	
−121.4 ± 3.6




	
54.7 ± 1.2

	
−121.5 ± 8.7

	
5.4 ± 0.4

	
−105.6 ± 1.4




	
58.8 ± 1.4

	
−155.1 ± 3.3

	
7.1 ± 0.5

	
−102.4 ± 2.6




	
63.4 ± 1.5

	
−188.1 ± 3.8

	
9.8 ± 0.4

	
−128.3 ± 2.9




	
66.9 ± 1.6

	
−210.1 ± 9.8

	
14.1 ± 0.4

	
−148.6 ± 2.1




	
CP Ti

	
50.5 ± 1.2

	
−125.1 ± 5.1

	
8.9 ± 0.7

	
−131.3 ± 1.2











[image: Table] 





Table 4. Pore characteristics, mechanical and corrosion properties of different Ti base alloy samples.
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Alloys

	
Pore Characteristics

	
Mechanical Properties

	
Corrosion Properties




	
Porosity (%)

	
Average Pore Size (d50, μm)

	
Compression Yield Strength (MPa)

	
Elastic Modulus (GPa)

	
Corrosion Rate (g/m2·day)






	
Ti-10Mo

	
Inherent 2.8 ± 0.2

	
-

	
908.1 ± 20.6

	
66.2 ± 3.2

	
1.6 ± 0.1




	
50.8 ± 1.1

	
70.1 ± 1.6

	
248.2 ± 15.9

	
6.4 ± 0.9

	
4.1 ± 0.2




	
54.7 ± 1.2

	
140.9 ± 2.9

	
194.7 ± 15.1

	
5.1 ± 0.8

	
6.3 ± 0.3




	
58.8 ± 1.4

	
241.3 ± 5.7

	
166.2 ± 13.5

	
3.9 ± 0.4

	
8.1 ± 0.3




	
63.4 ± 1.5

	
321.6 ± 7.8

	
127.5 ± 12.7

	
2.9 ± 0.2

	
11.2 ± 0.5




	
66.9 ± 1.6

	
381.4 ± 10.1

	
76.9 ± 11.9

	
1.7 ± 0.1

	
17.1 ± 0.9




	
CP Ti

	
50.5 ± 1.0

	
68.8 ± 2.1

	
201.9 ± 14.8

	
6.1 ± 1.1

	
10.1 ± 1.8
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