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2. Literature Review 

2.1.Introduction 

The presented chapter gives a detailed review of research work reported by different 

researchers in the field of development Titanium (Ti) and Hydroxyapatite (HAp) based 

composite scaffold for tissue engineering applications. The chapters review about different 

processing techniques employed in the fabrication of metallic (Ti) and ceramic (HAp) based 

composite along with their advantages and disadvantages. Thus, this chapter creates an 

insight of processing techniques of metallic and ceramic based bio-scaffolds. 

2.2.Titanium and Its Alloys 

As discussed earlier in Chapter 1 Titanium (Ti) is the ninth most abundant element in the 

lithosphere as it is a constituent of practically all crystalline rock. It has two crystal 

structures i.e. hexagonal closed packed structure and body centered cubic structure which 

depends on temperature and nature of alloying element. The upcoming section of the chapter 

presents a comprehensive study on different methods of preparing Ti based foam using 

powder metallurgy technique and details of physical and mechanical properties obtained. 

2.3. Methods of Preparing Titanium Based Foam Using Powder Metallurgy Technique 

Ti based materials have low thermal conductivity and high reactivity with surrounding 

environment due to this it’s machining and melting as well as casting becomes difficult. 

Therefore the Ti components are generally machined from forged Ti blanks at a low speed, 

in this procedure about 95% of the raw materials are lost as a scrap and recycling of these 

scrap is still a challenge [1]. In order to reduce the stress shielding effect in Ti based implants 
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incorporation of pores is a promising solution but manufacturing porous Ti structure is not 

technically easier or simple. However, researcher community have developed number of 

manufacturing technique to develop porous Ti structure   

 In order to reduce the effect of stress shielding, elastic moduli of the implant should 

be reduced. The use of porous material is suggested to mitigate this problem. The use of 

porous material in artificial joint replacement is an attractive field of research as it includes 

different methods and materials which can be used to reduce stiffness mismatch. In the 

present study, the different methods of synthesis of porous Titanium alloy scaffold are 

described. 

2.3.1. Space Holder Technique 

Space holder technique is one of the important powder metallurgy processes having the 

ability to control the size of pores, pore shape, amount of porosity, etc because these 

parameters generally depend on the size of space holder particles. The basic requirement of 

this process is that the particle size of the metal powder should be less than the particle size 

of the space holder. This method involves the addition of space holder particles with the 

metal powder followed by mixing such that both the material mixes throughout uniformly. 

Then the mixture is compacted uniaxially in order to form a green pellet. The green sample 

is pre-sintered at an optimized temperature (low temperature) so that complete removal of 

space holder particle can take place and it also leads to the initial sintering of metal particles. 

Finally, the pre-sintered samples are sintered at an elevated temperature in an inert 

atmosphere in order to avoid oxidation of the metal. The schematic representation of the 

replication process for preparing porous Ti is shown in Fig 2.1. There are several materials 

that have been used as a space holder which includes bio-wastes, metals like magnesium 
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granules, urea, ammonium hydrogen carbonate, some water-soluble materials (like sucrose, 

potassium chloride, and sodium chloride), Paraformaldehyde, etc. The factors to be 

considered before selecting any space holder are its affinity with titanium, the minimum 

amount of left out residue after burning and easy processing. Complete removal of space 

holder material from the substrate is the main problem associated with the space holder 

technique because the presence of any residue may import any sort of detrimental effect 

which may result in the reduction of bio-compatibility. The use of materials like NaCl and 

Sucrose is suggested because it can be removed completely when treated with water [2]. 

Kim et al. used sacrificing magnesium granules as space holder particles because 

magnesium ions are directly involved in numerous biological mechanisms in our body such 

as they regulate channelizing of ions, DNA stabilization, enzyme activation and stimulation 

of cell growth and proliferation [3]. So the problems associated with space holder like partial 

removal of space holder particle is completely mitigated. Kim et al. used magnesium 

particles of size 20 to 100 mesh with 0.5 wt % ethanol as a binder. The mixture of Ti and Mg 

were compacted uniaxially followed by the removal of space holder particles by dipping 

them alternatively in hydrochloric acid and ethanol for 24 hours. Sintering the green samples 

at an elevated temperature of 1300ºC for 2 hours in high vacuum results in the formation of 

the controlled pore of porosity 50 to 71% and pore size of 132 to 262µm. The mechanical 

testing of the samples reveals that the compressive strength and the rupture strength are in the 

range of 59 to 280 MPa and 85 MPa respectively. Z. Esen and S. Bor  [4] processed titanium 

foam using magnesium as space holder particle, the porosity being in the range of 45 to 70%, 

the pore size of 525µm and Young’s modulus value ranging from 0.42 to 8.8 GPa. Table 2.1 
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shows the mechanical property of porous Ti prepared by using metallic pore former under 

different conditions. 

Bio-waste like rice husk is a rich source of silica and its low temperature combustion 

property can be utilized by using it as a space holder material. Due to the amorphous nature 

of silica and its high relative reactivity along with carbon for thermal reduction, rice husk can 

be a favourable candidate for the synthesis of low-temperature porous material [5, 6]. Table 

2.1 shows different materials that can be used as a space holder material for preparing porous 

Ti for orthopedic application. 

Apart from the above space holders, there are many other materials that have been 

used by various researchers to produce porous titanium scaffolds. Dabrowski et.al. [7] used 

the Paraformaldehyde of mean diameter 500µm as a space holder for the production of 

porous titanium. The reason behind choosing such space holder was its ability to decompose 

completely at low temperatures. The resulting porous titanium has a porosity of 60% to 70% 

and Young’s modulus of 1GPa to 8GPa which is very much close to that of cancellous bone.  

Several research works suggest urea as an effective space holder material which has a 

tendency to decompose at low temperature resulting in the formation of a pore. Vasconcellos 

et al. [8] synthesized porous titanium with three-dimensionally interconnected pores of pore 

size 480µm and total porosity of 36%. Wenjuan et al. [9]  used urea of size 200-600 µm as a 

space holder and polyethylene glycol as a binder to synthesize porous titanium scaffold with 

the porosity of 55 to 75% and pore size of 200 to 500 µm. The mechanical test of the porous 

scaffold reveals that Young's modulus is in the range of 3-6.4 GPa which is close to that of 

natural bone. It has also been noticed that the rapid decomposition of urea at low 

temperatures causes rough control over porosity. The needle-like shape of urea particles 
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provides sharp corners and notches to the pore which leads to stress concentration and 

deteriorate mechanical properties. Sometimes it is also found that the remaining urea in pores 

makes implant unfit for use [10]. Xiang et al.  [11] prepared porous titanium having porosity 

in the range of 44 to 77% by using ammonium acid carbonate as a space holder material. The 

fabricated porous titanium scaffolds have a pore size of 200 to 500 µm with young's modulus 

and compressive strength value between 2.1 to 3.4 GPa and 60 to 140 MPa, respectively. 

Apart from the above space holder materials, there are several other materials that can be 

used as a pore former which fulfils the basic requirement that a pore former should satisfy 

the complete removal of residue to form a porous scaffold through dissolution in water and 

having low economic value. In this class, the best-suited materials that can be used as a pore 

former are sucrose and sodium chloride. Kohl et al. [12] discussed the excellent adhesion and 

proliferation of cells when NaCl is used as a space holder material. Also, if there is any left 

out residue in the scaffold will not affect the in vivo performance of titanium and its alloy. 

Chen et al. [13] proposed a new and highly biocompatible space holder material for the 

manufacturing of porous titanium having open and interconnected pore morphologies. 

Spherical sugar pellets were used to synthesize porous Ti of porosity 20 to 54% and pore size 

ranging from 212 to 500 µm. The Young’s modulus of the scaffold is between 12.1 to 18.5 

GPa which is very close to that of natural bone. 

Polymethyl Methacrylate (PMMA) is also used as a space holder material for the 

preparation of a porous scaffold. Li et al. [14] used PMMA to produce a macro pore size of 

200-400 µm and porosity in the range of 10-65%. The green compact was heated at 250-

450ºC for the complete removal of SH particles. The compressive strength and elastic 
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modulus were observed in the range of 32-530 MPa and 0.7-23.3 GPa respectively. Table 2.1 

summarizes the mechanical property obtained by using different types of porous materials. 

Table 2.1 Mechanical Properties of Ti scaffold prepared by space holder technique 

 

 

 

Space Holder 

Material 

Porosity 

(%) 

Pore 

Size 

(µm) 

Young’s 

Modulus 

(GPa) 

Yield 

Strength 

(GPa) 

Ultimate 

Strength 

(MPa) 

Compressive 

Strength 

(MPa) 

Ref. 

Molybdenum 

Wire 

32-47` NR 23-62 32% -192 

37% -157 

47% -76 

NR NR [15] 

Mg 45-70 525 0.42-8.8 15-116 NR NR [4] 

Mg 50-71 262-132 NR NR NR 59-280 [16] 

Mg 30-50 NR 15.4-44.2 30%- 221.7 

40%- 117 

NR NR [17] 

Ti Fibers 35-84 150-600 2-4.2 NR 200-600 NR [18] 

Rice Husk 50-60 100-550 NR NR NR 17-70 [5] 

Rice Husk 24.88- 

35.5 

NR NR NR NR 440-938 [6] 

RH 15-34 NR 6-15 NR NR 116-396 [19] 

Sucrose 20-54 212-500 18.5-30 

16.4-40 

12.1-50 

NR NR NR [13] 

Urea 36 480 NR NR NR NR [8] 

Urea 55-75 200-500 3-6.4 NR 10-35 NR [9] 
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2.3.2. Replication Method 

Synthesis of porous Ti with the help of replicating polymeric sponge followed by high 

temperature sintering is a unique technique. This process offers to fabricate scaffold with 

high porosity, highly interconnected microspores with identical shape and size. The porous 

structure produced via this method has pore shape and size similar to that of cancellous bone 

[20–24] . In this technique controlling the rapid drying of the coated slurry plays a crucial 

role. Cachinho et al. [25] described a unique method of preparation of a porous titanium 

scaffold in which scaffold was prepared by replication of sponge followed by reactive 

sintering. The main advantage of this method is the easy production of complex shapes at a 

low cost. Due to the use of sacrificing polymeric sponge the pore formed in the scaffold is 

interconnected, which is the basic requirement of human bone ingrowth and vascularisation 

of newly formed tissue [26]. These types of porous structures are generally used in dental 

implants, permanent osteosynthesis plates and intervertebral discs [27]. Cachinho et al. [25] 

reported use of 45 vol% TiH2 powder with mean particle size of 15.6 µm and specific surface 

area of 0.5336m2/g. The polymeric sponge blocks were dipped into the slurry and infiltrated. 

After the removal of excess slurry, the samples are dried at room temperature for a period of 

24 hours. The sintering of samples at a low heating rate of 1ºC/min with dwelling at 500ºC 

for 2 hours and 1000º C for 4 hours results in the formation of a highly porous titanium 

scaffold with a porosity of 75% and pore size of 100 to 600 µm. The porosity in the range of 

100 to 600 µm is appropriate for the growth of new bone tissues and transport of the body 

fluids. Further, in order to improve biological properties, the porous titanium is coated with 

Hydroxyapatite and heat-treated at 700ºC. Li et al. [28] synthesized porous Ti6Al4V alloy by 

replication method using 70 wt% of Ti6Al4V powder in water and ammonia solution. High-
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temperature sintering of the samples results in the formation of open-cell porous titanium 

struts with a porosity of 88% and a compressive strength of 10 MPa. It should be noticed that 

the second deposition of powder slurry on the previously sintered scaffold followed by re-

sintering results in an increase of density and compressive strength to 36 MPa. Wang et al. 

[29] in his study proposed an improved sponge replication method, to maintain fast drying 

rate and appropriate viscosity of Ti slurry a novel solvent consist of ethanol and water was 

used. This slurry was used for multiple Ti coatings and the Ti scaffold prepared posses 

compressive strength of 83.6±4.0 MPa with porosity of 66.4±1.8 %. 

 

Fig.2.1 Representation of the replication process for preparing porous Titanium [30] 

2.3.3. Entangled Metal Wire Technique 

Porous Ti implants fabricated via conventional method possess low toughness and tensile 

strength. The major drawback of these techniques is the difficulty in avoiding contamination 

and impurity phases in Ti while processing. Sometimes presence of undesirable cracks and 

metallographic defects in sintered Ti struts makes them brittle and thus they fails to bear 

tensile load [31]. Also, the porous Ti fabricated by powder metallurgy using space holder 

and plasma spray technique has low ductility that may break in the body’s environment when 
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subjected to uncertain overloading and accident [32]. In order to improve these mechanical 

properties a novel technique was introduced commonly known as Entangled Metal wire 

Technique (EMWT). In this technique Ti wire of diameter about 0.08 to 0.27 mm is used as 

raw material and this wire is coiled around 1.5 mm-diameter rod to form a coiled spring like 

structure. The coiled structure is stretched equably such that the distance between two spirals 

(screw pitch) reaches the external diameter of the coil. Now this stretched coil is entangled 

around a 1 mm-diameter rod to form a pre compacted sample. Finally, this pre-compacted 

sample is compacted with the help of piston in a cylindrical die [33]. Mechanism of 

fabrication and sample porous Ti scaffold prepared by entangled metal wire technique is 

shown in Fig 2.2 and Fig 2.3. Several researchers has fabricated porous Ti scaffold using 

EWMT, Zou et al. in 2007 [18] prepared open cell porous Ti with porosity in the range of 35 

to 84% by sintering Ti fibers of 200 µm diameter in vacuum. The Ti fibers were curved into 

a helix with the help of a screw and then this helix is arranged in a cylindrical form followed 

by compaction and vacuum sintering at 1250ºC for 2 hours. The resulting porous scaffold 

has the pore size of 150-600 µm, Young's modulus was in the range of 3.5-4.2 GPa and 

compressive strength in the range of 100-200 MPa. Liu et al. [34] in 2010 fabricated 

entangled Ti wire material through different procedures one with normal wire and another 

with coiled wire, its compressive and pseudo-elastic hysteresis behaviour was investigated 

[34]the details of the properties obtained are discussed in Table 2.2. Jiang et al. [35] in 2015 

fabricated an entangled porous Ti composite filled with biodegradable magnesium melted at 

700 °C under protective environment of SF6 and CO2 with an aim to improve the fixation 

bonding between implant and host bone. Bisphenol A glycidyl methacrylate (BisGMA) is 

suggested as a bonding material to provide strong bonding strength and helps in fixing the 
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free nodes of the entangled structure [36]. Wang et al. in 2017 [15] proposed a novel 

technique for the fabrication of three-dimensional porous Ti scaffold. This method was a 

combination of two different methods in which entangled Molybdenum wire was used as a 

space holder and Ti liquid was cast in a vacuum environment followed by etching off SH 

particle in aqua-regia solution. The resulting porous scaffold has three-dimensional 

interconnected pores with porosity in the range of 32-47% and exhibits elastic modulus in 

the range of 23-62 GPa and yield strength in the range of 76-192 MPa as shown in Table 

2.2. 

 

Fig.2.2 Mechanism behind working of entangled metal wire technique  
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Fig.2.3 Porous Ti samples prepared by entangled metal wire technique addoted from [35]  

Table 2.2 Mechanical Property of Porous Ti Prepared by Entangled Metal Wire 

Technique 

Method Material used Porosity 

(%) 

Pore 

Size 

(µm) 

Young’s 

Modulus 

(GPa) 

Yield 

Strength 

(GPa) 

Ultimate 

Strength 

(MPa) 

 

Compressive 

Strength 

(MPa) 

Flexural 

Strength 

(MPa) 

Ref. 

EWMT 

Entangled 

Molybdenum 

Wire 

32-47 0.4 mm 23-62 76-192 NR NR NR [15] 

EWMT Ti Wire 35-84 150-

600 

2-4.2 NA 200-600 NR NR [18] 

EWMT Entangled Ti 

Wires 

44.2-81.2 NA 0.03-2.25 NR NR NR 9.8-324.9 [37] 

EWMT Entangled Ti 

Wires 

53.4-55 NR 0.03-1 3-3.5 

MPa 

NR NR NR [32] 

EWMT Entangled Ti 

Wires 

37.1-53.6 NR 22-47 NR NR 175-246 NR [35] 

EWMT Entangled Ti 40-55 100- 0.4-1.4 12.9-52.5 NR NR NR [36] 
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Wires 400 MPa 

EWMT Entangled Ti 

Wires 

44.7-57.9 50-200 1.05-0.33 75-

24MPa 

108-47.5 NR NR [31] 

EWMT Entangled Ti 

Wires 

NR NR 0.05-6.33 

(Flexural 

Elastic 

modulus) 

0.03-2.25 

(Compres

sive 

Elastic 

modulus) 

 

NR NR 2.3-147.8 9.8-324.9 [37] 

EMWT Normal 

Entangled Ti 

Wires 

77.6±0.2 

-47.8±0.4 

 135.3±2.

9- 

816.5±8.

4 MPa 

2.6±0.1-

31.1±0.8 

MPa 

NR NR NR [34] 

Coiled 

Entangled Ti 

Wires 

77.6±0.2 

-47.8±0.4 

 27.4±0.5- 

623.2±5.

8 MPa 

1.1±0.1 – 

19.1±0.5 

MPa 

NR NR NR 

2.3.4. Spark Plasma Sintering (SPS) and Hot Pressing (HP) 

The conventional sintering or pressureless sintering process involves heating of Ti and its 

alloys at an elevated temperature of 1200 to 1400ºC and a high vacuum of the order of 4 × 

10-4 to 6 × 10-6 Pa for a long time about 24 to 48 hours [38] for densification and 

homogenization [39, 40]. Even after this lengthy procedure, achieving pore-free 

homogeneous microstructure is a challenge [39]. Also, the product produced is costly which 

limits the usage of Ti and its alloy in biomedical application. Spark Plasma Sintering (SPS) 

and Hot Pressing (HP) are the advanced powder consolidation techniques using pressure 

assisted sintering.  
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SPS is an advanced sintering technique which uses pressure-assisted pulsed-current 

for sintering for the production of the porous Ti samples. In this process electrically 

conducting powder is loaded in electrically conducting die, this die will act as a heating 

source when it is subjected through a pulsed direct current. Thus, this powdered sample will 

be heated from both sides under uniaxial pressure [41]–[44] and due to this fast heating, 

enhanced mass transfer and rapid consolidation of powder takes place [45]. There are two 

theories behind the consolidation mechanism of commercially pure (CP) Ti. According to 

first hypothesis the surface of the powder particles are cleaned and activated by spark 

discharges generated between metallic powdered particles and thus, promoting mass 

transport for sintering [46], [47]. Another hypothesis suggests that the densification of 

powder is due to particle deformation because as the temperature increases the yield strength 

of the powder particles decreases [48]. SPS is also known by other names such as field 

assisted consolidation technique [49], electrical field activated sintering [47], plasma-

activated sintering [50] and electrical discharge compaction [51] . All of this technique 

involves very fast sintering of metallic powder under the action of electrical discharge with 

rapid heating and pressure application. Similarly, in HP the metallic powder is sintered with 

the help of electrical resistance in a closed die under uniaxial pressure. There are different 

heating methods like induction heating; electric conduction/ convection/ radiation heating 

that can be used in HP [52– 54]. Ibrahim et al. [55] synthesized porous Ti and its alloy by 

using a cost-effective SPS technique. In this process, porous Ti with different porosities was 

successfully synthesized by the powder metallurgy technique using NH4HCO3 as a space 

holder and TiH2 as a foaming agent. SPS is used to consolidate powder at 16 MPa under 

pressureless condition. The experimental results showed that pure Ti samples achieved full  
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 relative density at a relatively low temperature of 750ºC and at a pressure of 16 MPa. 

The porosity of 53% and Young's modulus of 40 GPa was achieved in case of pressureless 

sintering at a temperature of 1000ºC. A comparative study of Properties of porous Ti 

synthesized by SPS and HP reported by different authors are mentioned in Table 2.3. 

2.3.5. Microwave Sintering 

The electromagnetic waves having a frequency in the range of 300 MHz to 300 GHz are 

referred to as Microwaves. The most commonly used microwaves for material processing 

have frequencies of 2.45 GHz and 915 MHz [56]. When materials interact with microwaves 

they convert electromagnetic energy into heat energy within the material. The main 

advantage of microwave sintering is the complete sintering of the material without any 

formation of impurities such as oxides. This method can be used for the sintering of 

ceramics, metals and composites, taking advantage of time and energy-saving, economical 

processing, and environment-friendly processing [57]. The following Table 2.3 demonstrates 

the processing conditions and physical and mechanical properties obtained using SPS, hot 

pressing and microwave sintering. 

Table 2.3 Processing Conditions and Mechanical Property of Porous Ti Prepared by 

SPS and Microwave Sintering 
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Material 

Type 

Sintering 

Temperature 

(ºC) 

Time 

and 

Pressure 

Porosity 

(%) 

Pore 

Size 

(µm) 

Young’s 

Modulus 

(GPa) 

Yield 

Strength 

(GPa) 

Compressive 

Strength 

(MPa) 

UTS 

(MPa) 

Ref. 

Spark Plasma Sintering 

Pure Ti 750 16 MPa Fully 

densed 

NR 125 

(approx.) 

NR NR NR 

[55] 

Pure Ti 1000 Pressurel

ess 

53 NR 40 NR NR NR 

Ti5Mn 

alloy 

950 Pressurel

ess 

56 NR 35 NR NR NR 

Ti5Mn 

alloy 

1100 Pressurel

ess 

21 NR 51.83 NR NR NR 

Pure Ti 700  30-70 125-

800 

6.2-36.1 27.2- 

94.2 

NR 
NR [58] 

β-alloy 

Ti-45Nb 

(Gas 

Atomize

d) 

1000 10 min, 

30 MPa 

0.5±0.1 

(Vol %) 

NR 72±0.9 550±5 

MPa 

NR 

NR [59] 

β-alloy 

Ti-45Nb 

(Milled) 

1000 10 min, 

30 MPa 

4.0±0.2 

(Vol %) 

NR 72±0.5 867±26 

MPa 

NR 

NR [59] 

Ti-6Al-

4V 

700 3 min, 30 

MPa 

32.4±0.2 NR NR NR 125±5 NR 

[60] 

Pure Ti 600 3 min, 30 

MPa 

31.9±0.4  NR NR 113±8 NR 

[60] 

CP Ti 

(Grade 

1) 

Powder 

900 5 min, 60 

MPa 

NR NR NR 340 MPa NR 

445 

[61,6

2] 
Cryomill

ed 

nanocrys

talline 

CP Ti 

850 NR NR NR NR 770 MPa NR 

840 
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2.3.6. Casting Technique 

There are different casting techniques which can be used to produce porous titanium for 

orthopedic application. Among them, freeze casting, reverse freeze casting, slip casting and 

gel casting method are used most often. Freeze casting technique (FCT) has the ability to 

tailor the pore structure of porous material such as porosity, pore size, pore shape and 

orientation [63, 64]. In FCT the pore morphologies are generally determined by matrix 

powder kind, solvent type and frozen temperature gradient. FCT is generally used for 

(Grade 

2) 

Powder 

CP Ti 

(Grade 

3) 

Powder 

900 5 min, 60 

MPa 

NR NR NR 595 MPa NR 

720 

Wrought 

titanium 

grade 4 

NR 3 min, 80 

MPa 

NR NR NR 480-635 

MPa 

NR 
655-

690 

Hot Pressing (HP) 

Ti-45Nb 

(Gas 

Atomize

d) 

600 30 min, 

700 MPa 

0.7±0.2 NR 70±1 447±17 NR 

NR [59] 

Ti-45Nb 

(Milled) 

600 30 min, 

700 MPa 

3.7±0.1 NR 70±0.7 940±34 NR 
NR [59] 

Microwave Sintering 

Ti6Al4V/

MWCNT

i powder 

1620  2

5 

N

A 

10.

87

±2

.46 

145.48± 

27.28 

270.41±24.97 

 [57] 
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ceramic particles because they have ability to keep themselves stable in slurry whereas 

metallic powders have tendency to sediment due to their higher density and large particle 

size as compared to ceramic powder [65]. In order to get uniform porous structure some 

dispersant and binders are added in slurry to ensure stable suspension [66]. Deionized water 

and liquid camphene are the common choice of solvent that are generally used in FCT [67]. 

Ti foams produced using freeze casting of aqueous slurry were aligned with elongated pores 

and were created after removing the ice dendrites grown unidirectionally during directional 

solidification [68, 69] journal of alloy and . It is observed that due to the presence of oxygen 

content from Ti particles and water there is a possibility of embrittlement of porous Ti foam, 

to mitigate this problem use of camphene as an alternative freezing vehicle is proposed [64, 

65, 70]. Jung et al. [71] prepared a porous Ti scaffold using FCT by freezing Ti/camphene 

slurry in rotation at 44 ºC for 12 hours which is just below the solidification point of 

Ti/camphene slurry as shown in Fig 2.4. The porosity range and mechanical property of 

porous Ti prepared by this method are mentioned in the Table 2.4. Wang et al. [72] prepared 

a novel antibacterial bio-mimetic porous Ti implant using FCT. The bone integration 

properties were investigated by cell proliferation assay. An increase in the proliferation, 

differentiation and adhesion activity of osteoblasts compared to the unmodified porous or 

dense titanium implants were the major finding. Yook et al.  [73] presented a new approach 

to camphene-based freeze casting and referred to it as reverse freeze casting (RFC) for 

overcoming the problem associated with FCT. This method is used to produce highly aligned 

porous biomaterials with strong and large pores. The mechanical property of the porous Ti 

obtained from different casting techniques are mentioned in Table 2.4. Inspite of number of 

advantages there are certain limitations associated with casting techniques like most metal 
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powders can’t be used for freeze casting method and also when camphene is used as freezing 

vehicle the degree of alignment becomes a critical issue because the freezing rate of 

camphene is slow and the dendrites don’t have enough space to grow up [73, 74, 75]. The 

maximum pore size that can be produced by FC method is about 300 μm [73]. 

 

Fig.2.4 Schematic diagram showing the creation of large interconnected pores using dynamic 

freeze casting [71] 

2.3.7. Metal Injection Moulding (MIM) 

Metal injection molding (MIM) is a Net-shape processing technique having potential to 

produce complex and porous geometries on which bone cell can attach and grow. MIM is 
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generally recommended for mass production of complex shapes with high geometrical 

accuracy [76]. This process involves mixing of metal powder, binder, solvent, and lubricant 

to form a compound and this compound is injected into a mold followed by sintering [77]. 

For Ti and its alloys all the processing steps like mixing, de-binding, and sintering should be 

done carefully in closed environment in order to prevent from oxidation [78]. The ideal 

sintering temperature of 1500 °C is suggested to get best combination of low elastic modulus 

and high tensile strength [79]. MIMed binary Ti-12Mo alloy sintered at 1100 °C possess 

elastic modulus of 45 GPa while tensile strength and elongation were insufficient when 

compared with commercial alloys [80], [81]. Similarly, when the alloy is sintered at 1400 °C 

for 8 hr the elastic modulus was 54 GPa with sufficient elongation (10%) and strength [76]. 

Addition of Zirconium (Zr) and Tin (Sn) in MIMed binary Ti- Niobium (Nb) alloy is 

recommended by different researchers as Zr have tendency to increase tensile strength and 

elongation without effecting elastic modulus [82] and addition of Sn reduces the elastic 

modulus (75-90 GPa) [83]. Zhao et. al. [84] reported that addition of Nb up to 22% decreases 

elastic modulus and increases strength in Ti-Nb binary alloys. In spite of number of 

advantages there are some challenges for MIMed Ti components like high cost of low 

oxygen fine (≤45 μm) Ti spherical powder, oxidation of green Ti compacts from binders 

during MIM cycle [78]. It also reported that presence of undesirable Ti2C particles after 

sintering in the temperature range of 1300-1500 °C causes poor elongation (<5%). The 

mechanical property of the porous Ti obtained from MIM techniques are mentioned in Table 

2.4. 
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Table 2.4 Physical and Mechanical Property of Porous Ti Prepared by MIM and 

Different Casting Techniques 

Method 

Used 

Porosity 

(%) 

Pore 

Size 

(µm) 

Young’s 

Modulus 

(GPa) 

Yield 

Strength 

(Mpa) 

Ultimate 

Strength 

(Mpa) 

Compressive 

Strength 

(Mpa) 

Ref. 

MIM 75 NR NR NR NR NR [85]  

MIM 42.4-71.6 300 3.03-0.28 NR NR 17.5-316.6 [86] 

FCT 64 143-271 NR NR NR 110±17 [70] 

FCT 52-71 95-362 NR NR NR 57±4 to 183±6 [71] 

FCT 

58.32±1.0

8 

126.17 1.7 

NR NR 
58.51±20.38 [72] 

FCT 

50±2 to 

67±3 

NA NR 

NR NR 58±8 to 

162±10 

[67] 

FCT 57-65 NR NR NR NR 40-60 [63] 

FCT 49-63 NR NR NR NR 81-253 [64] 

FCT 33 NR NR NR NR 196 [87] 

RFC 51-69 500 2-5 NR NR 121-302 [73] 

*NR: Not reported 

2.3.8. Rapid Prototyping (RP) 

RP is a computer-assisted technique that uses a computer-aided design (CAD) with 

computer-aided manufacturing (CAM) models to build predefined microstructure, 

macrostructure [88] and controlled hierarchical structure. The major requirement of this 

technology is control over scaffold pore structure including pore size, shape, volume and 

interconnectivity [89]. It is a layer by a layer fabrication process in which the selected part is 
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built in a CAD file then the file is sliced along Z-axis in a virtual environment and for each 

slice a machine-specific tool path is generated. There is generally three most popular 

technique which is used for biomedical application (1) Electro-optical system selective laser 

melting (EOS-SLM), (2) Electron beam melting (EBM) and (3) Laser Engineered net 

shaping (LENSTM). Table 2.5 shows mechanical property of porous Ti prepared by Rapid 

Prototyping technique. 

Table 2.5 Physical and Mechanical Property of Porous Ti Prepared by Rapid 

Prototyping Techniques 

Method Used Porosity 

(%) 

Pore 

Size 

(µm) 

Young’s 

Modulus 

(GPa) 

Yield 

Strength 

(MPa) 

Ultimate 

Strength 

(MPa) 

Compre

ssive 

Strength 

(Mpa) 

Refe

renc

es 

3D Printing 70 NA 20.5 NA 104 NA [90] 

Rapid 

prototyping 

60-87 NR NR NR NR 10-100 [91] 

LENS 17-58 800 2.6-44 NA 24-463 NR [92]  

LENS 23-70 

60-

700 

12.1-18.5 

NR NR NR 

[88] 
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