Three-dimensional characterization of porous titanium by X-ray microtomography
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ABSTRACT
Porous titanium has been widely used as implantable material, since it can induce bone ingrowth in vivo. Porosity characterization is fundamental for developing new porous materials, both in terms of the methodology evaluation and process reproducibility. Previous works have reported a sol-gel and powder metallurgy technique as an alternative route for processing porous titanium, since the samples presented no contamination, a uniform shape, particle consolidation and interconnected porosity. The present work aimed to characterize the porosity features of titanium samples processed by sol-gel and powder metallurgy technique. The samples were prepared by mixture titanium powders with sodium alginate suspension, forming a titanium/calcium alginate hydrogel in granule shape after Ti powder consolidation. Porosity and pore size distribution quantification was performed by X-Ray Microtomography (micro-CT). The micro-CT analysis aimed to reinforce the understanding of the sample’s porous phase in a three dimensional domain.
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INTRODUCTION 
The excellent properties of titanium (Ti) and its alloys as biomaterial have been reported in literature, as suitable mechanical properties, corrosion resistance and biocompatibility for orthopedic and dental applications. In order to minimize or eliminate the implant stress-shielding, to prolong the implant lifetime and to improve osseointegration, efforts have been made for fabricating porous Ti parts(1,2).

Titanium implants with porous structure, have been successfully processed by Powder Metallurgy (PM) technique, which consists basically on the mixture of powders, compaction and sintering, under controlled conditions. All PM steps are performed in the solid state, avoiding the high reactivity of Ti in the melt state. However, the compaction step may generate defects like cracks and delaminations that cannot be eliminated during the process and remain in the final product(3).
An alternative approach to produce porous titanium samples is to combine two different techniques, PM and sol-gel. The sol-gel technique involves a transition from a dispersion of colloidal particles stable in a fluid, to a gel system, that consists in a system comprising a rigid structure of colloidal particles or polymer chains which immobilizes the liquid phase in its interstices. Thus, hydrogels are crosslinked hydrophilic polymers that contains large amount of water without dissolution, made from either synthetic or nature polymers(4,5).
The evaluation of the porous media is essential for scaffolds, due to its morphology influence in the cellular adhesion and implant osseointegration. For high integration into surrounding tissue, scaffolds should reproduce bone morphology and function. Parameters such as porosity, shape and interconnectivity of the microstructure must be considered for constructing metallic scaffolds. In addition, a range of pore size is required for implant fixation(6,7). Taking this into account, the evaluation of the porous media in a three-dimensional space is very important.
Image analysis has been often used as a structural characterization technique. X-ray microtomography (micro-CT) has arisen as a radiographic imaging technique that produces as much 3D images as 2D images of the internal material structure. The image spatial resolution (about 1 micrometer) is its main limitation, in comparison to the others 2D image techniques(8).

The aim of this work is to apply the X-ray microtomography to characterize porous titanium samples, processed by sol-gel and powder metallurgy technique, in order to evaluate their porous structure.
MATERIALS AND METHODS
As raw materials, pure titanium (Ti) powder grade 1 (Baoji First Titanium Industry Co., Ltd., China) made by HDH process (hydrogenation/de-hydrogenation) with particle size ( 44 µm, sodium alginate salt (Aldrich) and calcium chloride dihydrate (CaCl2.2H2O, Merck) were used to prepare granule samples.

A Ti powder/sodium alginate salt (Na-Alginate) suspension was prepared by a sol-gel/powder metallurgy route, using a proportion of 5:1, by adding the Ti powder in a homogeneous Na-Alginate/Milli-Q water solution (3% mass/volume). The mixture was manually made and the suspension was aspirated into a syringe and dropped onto a 0.30 mol/L [CaCl2] solution forming hydrogel granules. The granules were kept in CaCl2 solution for 48 hours for ion exchange. Then, the Ti/Calcium Alginate (Ca-Alginate) hydrogels were dried in air at room temperature for 48 hours. Sintering step was performed in a vacuum furnace (better than 10-5 Torr) at 1200°C/2h for Ti particles consolidation and Ca-Alginate removal. The detailed methodology has been fully reported in a previous work(9).
The characterization of samples was performed by Scanning Electron Microscopy (SEM) and X-ray Microtomography (Micro-CT). Micro-CT is a non destructive technique that analyzes the internal structure of samples by means of images. Basically, the sample is crossed by an X-ray beam and has his projections accomplished in a CCD camera. The projections are density mappings of the sample. Many projections are carried out and used as an input for the image reconstruction algorithm. Several 2D sections, in gray levels were generated. The 3D microtomography image was created by the stacking, or rendering the 2D sections. For more details about the technique, Landis and Keane(8) have reported a comprehensive review.
RESULTS AND DISCUSSION

Two samples were analyzed by micro-CT. Figure 1 shows SEM and micro-CT images of one of the samples. From Figure 1a, the granule average diameter measured was 1.56 ( 0.15 mm.
3D image and 2D section are observed in Figures 1b and 1c, respectively. The 2D section shows the behavior of porosity inside the samples. A non homogeneous distribution of the pores is a feature of these samples. The region R1 in Figure 1c presents big pores, whereas the rest of porous phase is formed by smaller pores (Region R2). Both analyzed samples presented similar porosity behavior, which were denominated as Sample A and Sample B.
The structural characterization of the samples was carried out in order to analyze these two different regions. Porosity and pore size distribution were determined for Region 1 and Region 2, and for a region which encloses the two kinds of pores (Region 3).
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Figure 1 – Sintered Ti granule: (a) SEM image, (b) 3D microtomography image and (c) 2D microtomography slice image.

The porous medium characterization was performed using Imago software, developed at the Laboratory of Porous Media and Thermophysical Properties-LMPT, UFSC/Brazil in association with ESSS-Engineering Simulation and Scientific Software and CENPES - PETROBRAS. The images were segmented into binary form before the characterization. To find more details about image analysis (segmentation, porosity and pore size distribution), the reader can see Appoloni(10) and Moreira(11).
Table 1 shows the spatial resolution of microtomography images, the volume of analyzed 3D images and the porosities determined for each one of the regions. The biggest divergence between the Regions 1 and 2, in relation to the porosity values, was presented for Sample B (difference of 37.25%). The difference for Sample A was just 7.07%.
Table 1 – Spatial resolution of microto-Cmography images, volume of analyzed 3D images and the porosities determined for each one of the regions.
	
	Spatial Resolution
	Volume analyzed (voxel)
	Porosity (%)

	
	
	Region 1
	Region 2
	Region 3
	Region 1
	Region 2
	Region 3

	Sample A
	1.2 m
	300
	300
	500
	51.99
	48.31
	54.73

	Sample B
	2.3 m
	150
	150
	300
	49.77
	31.23
	33.37


In Figures 2 and 3, the pore size distributions of each region, from each sample, can be found. The pore size distributions are graphics traced in relation to frequency of occurrence F(r) [%] versus pore radius (µm).
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Figure 2 – 3D pore size distributions from Sample A: (a) Region 1, (b) Region 2 and (c) Region 3.
As can be seen in Figure 2, for Sample A, the differences of the pore size distributions between Regions 1 and 2 were not so large, in according to the porosity data from Table 1. In the Region 1, where the biggest pores are predominant, the pore size distribution detected few pores with 19.2 m in radius (less than 1%). The biggest pores detected for the Region 2 have 16.8 m in radius. The Region 3, that encloses both kinds of pores (big and small ones) detected pores with 21.6 m in radius. This result can be explained due to the big size of the volume analyzed for the Region 3 (5003 voxel). Inside the Region 3 there are big pores which are outside of the Region 1 (3003 voxel).
Sample B presented higher divergences between the pore size distributions (Regions 1 and 2). While pores with 34.5 m in radius were detected in Region 1, the biggest pores in Region 2 presented radius around 18.4 m. These regions indicated large difference in terms of porosity and pore size. This heterogeneity of the porosity distribution may be inherent to the sol-gel technique used to process porous titanium granules.
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Figure 3 – 3D pore size distributions from Sample B: (a) Region 1, (b) Region 2 and (c) Region 3.
The next research step will be to analyze more samples, besides to increase the analyzed volumes (called as Regions 1, 2 and 3). The selection of regions was done as large as possible for these samples. Usually, volumes bigger than 5003 voxel induce errors and even breakdowns to the computational system used in this work. The analysis of more samples, processed by the same methodology, is important, in order to check the large porosity distribution heterogeneity found for Sample B. Also samples with more homogenous structure and different bulk morphology, like, discs or bars are attempted to be processed.

CONCLUSIONS

X-Ray Microtomography demonstrated to be an important tool to analyze porous titanium samples in a 3D overview. With micro-CT it was possible to detect the porosity distribution heterogeneity inside the titanium samples processed by sol-gel and powder metallurgy technique. Besides the differences of porosity, divergences of pore sizes were also observed in different regions inside the samples. Further, the technique allowed performing a qualitative analysis through image observations and determining the quantitative porosity and pore size distribution.
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