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ABSTRACT: 
Due to their excellent mechanical properties and superior biocompatibility, titanium and its alloys are currently considered as one of the most important metallic materials used in the biomedical applications. The main problem concerning the titanium implants in orthopedic surgery is the mismatching of titanium and natural bone properties. The matching between the properties (mechanical) of these materials can be achieved by using porous implants. Also titanium is used as a bone substitute, which should have porosity up to 75% to simulate the human cancellous bone. In the present study, a new effective method for fabricating high porosity titanium alloy scaffolds was developed. Porous Ti-6Al-4V scaffolds are successfully fabricated with porosities ranges from 30 % to 70% using space-holder and powder sintering technique. Based on its acceptable properties, spherical carbamide particles with different diameters (0.56, 0.8, and 1mm) were used as the space-holder material in the present investigation. The Ti-6Al-4V scaffolds porosity is characterized using scanning electron microscopy. The results show that the scaffolds spherical-shaped pores are depending on the shape, size and distribution of the space-holder particles. This investigation shows that the present new manufacturing technique is promising to fabricate a controlled high porosity and high purity Ti-6Al-4V scaffolds for hard tissue replacement. 
تستخدم سبائك التايتنيوم الأن بكثرة فى التركيبات الطبية الصناعية و ذلك بسبب خواصها الجيدة و عدم قابليتها للتفاعل مع أنسجة الجسم. و لكن المشكلة التى تظهر فى هذة التركيبات هى الإختلاف الكبير فى الخواص الميكانيكية بين التايتنيوم و العظم الطبيعى. و من المعروف أن الخواص الميكانيكية يمكن التحكم فيها عن طريق تصنيع عينات مسامية. و حيث أن هذة المادة أيضا تستخدم كبديل للعظم فانها يجب أن تماثل مسامية العظم التى تصل الى 75% . فى ذلك البحث تم بنجاح صناعة عينات مسامية من التايتنيوم باستخدام طريقة حافظ الفراغات مع عملية التلبيد . و لقد تم بنجاح استخدام اليوريا كحافظ للفراغات و ذلك دون حدوث اى تلوث او انهيار للعينات المسامية. و قد وجد انة يمكن التحكم فى حجم و نسبة المسام عن طريق حجم و نسبة اليوريا و ايضا الضغط المستخدم قبل التلبيد. و لقد تم اختبار العينات عن طريق الميكروسكوب الألكترونى و قد وجد انة يمكن تصنيع عينات مسامية من سبيكة التايتنيوم يمكن استخدامها بنجاح كمادة حاملة او بديلة للغظم الطبيعى. 
1- INTRODUCTION
A key component in tissue engineering for bone regeneration is the scaffold that serves as a template for cell interactions and formation of bone-extra-cellular matrix. These scaffolds which require a specific external shape and a well defined internal structure with interconnectivity are essential for providing structural support to newly formed tissues. Recently, porous polymers have been extensively studied to promote bone or tissue ingrowth into pores [1-5]. However, polymers are not very strong and can easily transform [6-7], they are less appropriate in load-bearing applications, such as in spinal interbody fusion. Therefore, metals and alloys are widely used for orthopedic and dental implants. Among these metallic biomaterials, titanium and its alloys which have an excellent combinations of structural and mechanical properties such as high strength to weight ratio, good corrosion resistance and superior biocompatibility with the surrounding tissue. This biocompatibility is providing in vivo long term stability of the artificial implants and scaffolds [8,9]. Much effort is currently being made to use titanium and its alloys for artificial implants and scaffolds by developing innovative processing techniques [10-12]. The main problems concerning these implants in orthopedic surgery is the mismatching between the elastic modulus of metallic titanium implant (110 GPa) and the elastic modulus of bone (10-30 GPa).
It is should be mentioned that the strength and elastic modulus of titanium and its alloys can be controlled by using porous specimens with different porosity ratios. The low elastic modulus of porous titanium alloys are expected to reduce the amount of stress-shielding at the bone where the metallic part is implanted. This stress-shielding leads to bone resorption and then eventual loosening of the implant, and hence to prolong implant life time [13]. Also these porous scaffolds will be used as bone substitutes. 
From the literature, it can be concluded that the current attempts for minimizing the implants loosening risk have been developed in four main directions: (1) using of implants with low elastic modulus [13, 14], (2) improving the properties of bone cements [15-17], (3) using harder prostheses such as alumina ceramics to eliminate the wear rate [18], and (4) increasing the matching between the bone and the metallic part properties. 
A few methods have been developed in order to obtain porous biomaterial scaffolds with proper pore size, good morphology and high purity. These main requirements are essential to guarantee the required biomechanical properties and interconnectivity of the scaffolds. The previous investigations indicated that in porous bone substitutes, the optimal pore size for attachment, differentiation and growth of osteoblasts and visualization is approximately ranges from 200 to 500 (m [19,20]. Therefore, the ideal bone substitute material should be osteo-conductive in order to allow as rapid as possible integration with host bone. Also the scaffolds it should be strong enough to fulfill the required load bearing functions during the implantation period. These main requirements can be obtained through the using of porous titanium or titanium alloy scaffolds with a controlled porosity.
In general, porous titanium or its alloys could be produced by traditional powder metallurgical technique, such as sintering loose powder, powder compact and fiber pressing [21]. However, the porous titanium scaffolds obtained using these methods have a low porosity (from 41 to 55%) and pore size depending mainly on the particle size and shape. So these porous specimens are not comparable to human cancellous bone that has a porosity of about 75%. In addition, the specimens fabricated by sintering of loose powder technique show a low strength (maximum compressive strength is 55MPa) and low fatigue properties. 
To improve these mechanical properties, compaction of powder before sintering must be used. Meanwhile, compaction causes decrease in the specimen's porosity while porous matrix is designed to satisfy several requirements such as the biocompatibility and bioactivabilty of bulk materials. A simplest technique for improving the porosity and porous structure of titanium or its alloys is the method of polymeric sponge replication, which was first introduced to make porous Ti-6Al-4V [22]. Another approach for the fabrication of high porosity titanium specimens is the use of space-holder technique. This technique depends on mixing of the metallic powder with space holder, which can be removed without contaminating of the titanium powders [11, 14].

From the previous survey, it can be concluded that there are no reports for the fabrication of Ti-6Al-4V using the space-holder technique. Only a few studies have been reported on the fabrication of porous titanium using that technique. So this paper describes the use of carbamide particles with different sizes and percentage as a space-holder and powder sintering process as a new method for manufacturing high porosity (30%-70%) and high purity Ti-6Al-4V for bone substitute applications. The fabrication processes parameters including space-holder size and percentage, compaction pressure, space-holder decomposition and sintering temperature. The microstructures of green and sintered specimens were evaluated. 

2- EXPERIMENTAL WORK 
2.1 Material 
Ti-6Al-4V powder with average size of 70 (m (supplied by SE-JONG Materials Ltd. Korea) was used in the present experimental work. The morphology of Ti-6Al-4V powder and carbamide (space-holder) particles were examined by scanning electron microscope type (JSM 5900-Oxford with a magnifications ranges from 20 to 5000) and digital camera respectively as shown in Fig. 1 a and b. From Fig. 1 a, it can be seen that the majority of the Ti-6Al-4V powders are irregular with a mean diameter of 70 (m. The chemical composition of the powder complied with ASTM F 1580-1 standard [23] is tabulated in Table 1. The estimated density of titanium powder is 4.42 g/cm3 while the carbamide particles have a density of 1.323 g/cm3. The variation of titanium alloy particle size with its corresponding volume ratios in a specific volume of powder is shown in Fig 2. It can be noticed from Fig. 2 that the obtained particle size ratios are fitting most likely as a normal distribution diagram, which is considered as the best distribution of the particle sizes in a certain volume. Spherical carbamide with different particle diameters (0.56, 0.8, and 1mm) was used as the present novel space holder. The selection of carbamide as space-holder material is based on many reasons such as its ability to decompose completely at low temperature without any excessive contamination for the Ti-6Al-4V powder and there is no risk of Ti-6Al-4V deterioration. 

2.2 Procedure of Space-Holder Technique
The weight ratios of the Ti-6Al-4V powder to the amount of space holder were calculated to obtain defined theoretical porosities of 30, 50, and 70% in the sintered compact specimens. For example, in order to make a scaffold with 2cm3 volume and 50% porosity, this means that the required volume of titanium powder is 1cm3 and the required volume of carbamide particles is 1cm3. Then the mass of titanium powder and carbamide particles required to make that scaffold with the required porosity can be estimated using the following equation: 
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For example, the mass of titanium powder required to make a specimen of 2 cm3 volume with 50% porosity can be calculated as follows: 
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Then the required mass of titanium and carbamide required to make that specimen are 4.42 g. and 1.323 g. respectively. 
The above sequence is repeated for calculating the required mass of titanium powder and carbamide particles for manufacturing the scaffolds with the required porosities. 
The actual density of compact green specimens before removing the space holder was determined only from the weight and size of the compacted specimens while the theoretical density is estimated using the following equation:
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From this equation, it can be seen that the theoretical density of the mixture (green specimen) depends on the percentage of space holder and titanium powder percentage into the specimen i.e. porosity. The estimated theoretical density of specimens with 30%, 50% and 70% equal to 3.493g/cm3 , 2.8715 g/cm3 and 2.257 g/cm3 respectively. From these calculations, it can be seen that the theoretical density decreases with increasing the specimen porosity due to the low carbamide density (1.323 g/cm3) compared with titanium powder density (4.42 g/cm3). 
The Ti-6Al-4V powders were mixed thoroughly with carbamide particles in a rolling container for an hour. To prevent the dissimilar powder from segregation a small amount of ethanol was sprinkled during titanium powder/ carbamide particles blending. The titanium powder particles adhered to the surface of the space holder. All the specimens used in the present investigation were fabricated by cold compaction using a controlled operated uniaxial press. A wide range of compaction pressures was used to obtain different specimen densities. The mixture was uniaxially pressed at 150, 250, 350, 450, and 550 MPa into cylindrical compacts with diameter d=12 mm. The height of the cylindrical specimens after pressing was approximately 15 mm. The mixing of any additional lubricant is not necessary. This is of special importance for the manufacturing of Ti-4Al-6V parts, where lubricant could be an additional source of impurities in the final product.

The decomposition of carbamide in the green specimens was carried out in vacuum at 200oC for 2hrs to avoid the solid substance burnt (NH2CO)2NH, which leads to an unacceptable increasing of impurity of the final products. The compact specimens were then sintered under a vacuum of 2 ( 10-3Bar. The sintering process is consisted of two steps; the first step includes holding stage at 850°C for one hour to allow for specimen outgassing; surface oxides, water molecules and contaminants volatilize off from the specimen surface prior to holding at the sintering temperature. These gasses and oxides must be dissipated before final consolidation in order to prevent the specimens distortion. The second step was including holding stage at 1200oC for 2 hrs under vacuum of 2 ( 10-3 Bar . Fig. 3 shows schematic diagram of the fabrication steps of the powder metallurgical process.
2.3 Metallographic Examination 
In order to analyze the microstructure of porous Ti-6Al-4V specimens, the standard metallurgical steps are applied in the present investigation as follows:
1- cutting the specimen with a fine sawing machine 2- primary polishing was accomplished by grinding with no. 200 SiC paper, followed by nos. 400, 1200, and 2000 SiC papers, respectively, 3- fine polishing was accomplished by using 1 micron alumina followed by a 0.5-(m alumina as a final step. Finally the specimens were then rinsed with water, and dried by blowing air onto their surfaces. 
3. RESULTS AND DISCUSSION 
Space-holder percentage and decomposition, compact pressure and final sintering process are the key steps in the preparation of porous Ti-6Al-4V by space holder replication technique. The influence of compaction pressure on the density of green specimens before carbamide decomposition is shown in Fig. 4. From this figure, it is evident that the compaction pressure caused almost linear increase in the density of the green specimens. In addition, it can be noticed that, as expected, the density of the green compact specimens decreases with increasing the percentage of carbamide in the mixture due to its low density compared with titanium powder density. The uncharted results show that the particle size of the space holder has a slightly effect on the density for all specimens under investigation especially at low compaction pressure. 
The titanium or Ti-6Al-4V is a very reactive material and can react with nitrogen, oxygen and carbon to form titanium compounds. The formation of titanium compounds would affect the sintering process and then reduce the mechanical properties of the final porous Ti-6Al-4V specimens. In order to study the effect of carbamide decomposition method on the oxidation of Ti-6Al-4V specimens, two different methods of carbamide decomposition have been used in the present investigation. The first one based on removing the carbamide from the green compact specimens in a hot water at 80 oC for 5 hrs. The second method based on removing the carbamide in vacuum at 200 oC for 2 hrs. In the present work an XRD type (Rigaku XR Diffractmeter 40 KV, 30mA) has been used for this porpoise. The XRD spectra for sintered Ti-6Al-4V specimens surface after decomposition of the space-holder firstly in water at 80oC and secondly by decomposition in vacuum at 200 oC compared with Ti-6Al-4V powder as received are shown in Fig. 5 (a, b and c). From Fig. 5a, the X-ray diffraction analysis shows that the surface of specimen where the carbamide decomposed in hot water consists essentially of titanium, titanium oxide, TiO2, and small amounts of titanium carbide nitride hydride, TiCNH. The presence of TiO2, and TiCNH is due to the decomposition of the space-holder in the water. The X-ray diffraction analysis of specimens where the carbamide decomposed in vacuum shows that the surface of the specimen consists essentially of titanium and small amount of titanium oxide, TiO2, as indicated in Fig. 5b. Also from these figures it can be concluded that when the Ti-6Al-4V powder was sintered at 1200 oC the intensity of the Ti peaks were decreased for all specimens. From these results it is important to note that the space-holder decomposition method should be carefully selected to avoid any chemical reactions with the base material.
The scanning electron micrograph images of the fracture surface of green specimens pressed at 150MPa with 1mm carbamide particle size and 70% porosity after carbamide removal is shown in Fig. 6a and b. These Figs. show that there are two types of pores in the powder compact after decomposition of the space-holder. The first type of pores is the macropores, which are surrounded by relatively small particles of Ti-6Al-4V (Fig.6, a). These macrospores are arising as a result of pore carbamide removal. The second type of pores is the microspores between the particles in the Ti-6Al-4V ligaments as shown in Fig. 6b. 

The compact specimens were sintered in two steps, the first step includes a holding stage under vacuum at 850 oC for 1 hr, the second step includes holding of specimen at 1200 oC for 2hrs [20]. Higher sintering temperature should be avoided because of the sintering evaporation tendency of the alloying elements and partial melting. The surface of porous Ti-6Al-4V specimens after sintering has been observed using a scanning electron microscope. 

Figure 8 a, b and c show the scanning electron micrograph of the sintered specimens with 30% porosity and 0.56 mm carbamide particles diameter. As can be seen from Figure7, b, a good bonding of particles caused by the formation of sintering necks. Figure 8 shows the scanning electron micrograph of porous sintered Ti-6Al-4V specimen with 70% porosity and 1mm carbamide particle diameter. It can be seen that this specimen has through pores due to high porosity ratio and large carbamide diameter. These specimens can be used successfully as a bone substitute. In general, the right selection of the particle size, particle distributions, and the particle shape of the space holder is an important parameter for successful realization of the technology. The specimens porosity was estimated after sintering and it was found to be close to the theoretical required values as indicated in table 2. 

The reduction in the final specimens porosities shown in table 2 can be explained due to that the compaction of green specimens may lead to the penetration of titanium powder in the soft carbamide particles. This will lead to the increasing of titanium powder in the green specimen especially at high porosities and large carbamide particles size. Also this reduction in the final specimens porosities can be referred to the high sintering temperature. 
4. CONCLUSIONS
The ability to produce porous structures using space-holder agents has been demonstrated for a Ti-6Al-4V. Spherical carbamide as a new space-holder has been successfully used to produce porous Ti-6Al-4V with porosities between 30% and 70%. Carbamide is recommended as a suitable pore forming additive for the production of highly porous Ti-6Al-4V. It fully decomposes through heating at low temperature (less than 200 oC) without contaminations. It is possible to obtain a purposely distribution of relative density or pore size by varying the weight fraction of the Ti-6Al-4V powders in the sintered compact or by using carbamide particle with different particle size. This investigation shows that the present new manufacturing technique is promising to fabricate a controlled high porosity and high purity Ti-6Al-4V scaffolds for hard tissue replacement.
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Fig. 1 Morphology of initial powders, (a) Ti-6Al-4V powders, and (b) carbamide particles.
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Fig. 2. Particle volume percentage of Ti-6Al-4V powders.
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Fig. 3 Processing steps for the manufacturing of porous Ti-6Al-4V specimens.
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Fig. 4 Effect of compaction pressure on the density of green specimens of Ti-6Al-4V with

                         different porosities using  0.8mm carbamide particle size.
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Fig. 5 XRD pattern of Ti-6Al-4V after carbamide decomposition (a) in water
                               (b) in vacuum at 200oC and (c) raw materials (powder).
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Fig. 6 Scanning electron micrographs of the porous Ti-6Al-4V after removal of the space-holder 
a) 70% porosity and the particle size of 1mm, and b) individual pore surrounded by
   Ti-6Al-4V particles.

                

 
          ( a) surface of Ti-6Al-4V specimen                                             ( b) formation of sintering necks           

                                                             

                                                                  (c) fracture surface of porous materials.
Fig. 7 Surface and structure of sintered material with porosity 30 % and particle size of 0.56 mm
               
Fig. 8 SEM micrograph of porous Ti-6Al-4V with a space-holder carbamide (1 mm)
                           sintered at 1200 oC for 2 h (porosity =70%)
Table 1 Chemical composition of Ti-6Al-4V

	Element (wt %) 
	Al
	V
	O
	N
	H
	C
	Fe
	Si
	Ti

	Powder
	6.38
	3.93
	0.17
	0.007
	0.003
	0.013
	0.27
	0.04
	Bal.

	ISO 5832-3
	5.5-6.8
	3.5-4.5
	0.20
	0.05
	0.015
	0.08
	0.3
	0.04
	Bal.


                 Table2 Comparison between the final and required initial specimen porosities  

	Theoretical required initial porosity
	30%
	50%
	70%

	Estimated final Porosity
	28.5%
	47.23%
	65.47%
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