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Among the porous metals, those made of titanium attract particular attention due to the interesting 

properties of this element.  This review examines the state of research understanding and technological 

development of these materials, in terms of processing capability, resultant structure and properties 

and the most advanced applications under development.  The impact of the rise of additive 

manufacturing techniques on these materials is discussed, along with the likely future directions 

required for these materials to find practical applications on a large scale. 

 

1. Introduction 

Porous metals are tremendously varied materials, which attract interest due to their ability to display 

certain properties with are not inherent to the materials they are made from; the dependence of 

properties on both the base metal and the structure also means that different properties can be adjusted 

within certain limits to meet the requirements of applications
[1]

. Porous metals have been reviewed in 

detail on a number of occasions, for example 
[2, 3]

 , but in this review, we concentrate on structures 

made in titanium in particular.  This is because the advantageous mechanical and chemical properties 

of titanium help to make these materials particularly attractive for a number of applications.  While it is 

possible to process titanium with closed porosity (i.e. pores isolated from each other, not connected to 
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the outside environment) 
[2]

 , the majority of methods result in open cell structures, sponges, or more 

recently with developments in Additive Manufacturing (AM) methods, regular structured lattices.  This 

review considers all of these routes, with the main focus given to the methods for random porous 

materials, as AM for all structures, not just porous, is well described elsewhere 
[4, 5]

.  Nevertheless, the 

capabilities of this processing technique with respect to the creation of lattices are important for the 

future of the method, as well as for future fabrication of porous titanium 
[6]

.  

 

2. Processing & Structure 

It is well known that processing titanium in the liquid state can be very challenging due to its high 

melting temperature and its extreme affinity for atmospheric gases such as oxygen, carbon and nitrogen 

[2]
. Therefore, Ti foams are almost always processed by powder metallurgical routes, generating and 

retaining a porous form from powder particles, and causing atomic level bonding between the particles 

with a sintering treatment at a temperature below the melting point.  It is also possible to fabricate 

alloys, such as the shape memory NiTi alloy, by the alloying of elemental powders during the sintering 

step 
[7, 8]

.  Focusing on powder based production methods used for titanium and its major alloys, it is 

still possible to delineate several different types of process, which are summarized in Fig. 1, and 

discussed in the following sections.  Note that Fig. 1 indicates how the AM methods stand somewhat 

apart from the other techniques in this regard. 
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Fig. 1 – A schematic diagram classifying many of the processes reported for processing of open cell 

porous titanium.  Because of their preponderance in the literature, only powder metallurgical methods 

are included.  All methods are discussed in more detail later in the section. 

 

2.1 Partial Sintering  

One of the simplest ways of producing porous Ti is to partially sinter the metal powder under vacuum 

(Fig 2). This will result in the initiation of small necks among the particles via diffusion and the 

retention of relatively small pores due to incomplete densification, provided the temperature and 

duration of the sintering step is appropriately controlled (sufficient to cause inter-particle bonding, but 

not enough to reach near full density). The process has been used for the manufacture of Ti with a total 

porosity of up to 60 %, showing an elastic modulus of 5-60 GPa 
[9]

. The sintering characteristics, and 

hence porous structure, are affected by the size of the starting powder. Large particle sizes have greater 

inter-particle spaces, and will result in larger pores, along with increased porosity due to a reduced rate 

of sintering, with the opposite true for smaller particles 
[10]

. Pore shape of course cannot be controlled 

and careful control of the sintering procedure is critical; many foams that are processed by sintering as 
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part of another method will contain some degree of microporosity even within the nominally dense 

metal parts, which can have a significant impact on overall porosity and on properties. 

 

Fig. 2 – A schematic diagram of the partial sintering technique.  

 

2.2 Slurry-Based Methods 

2.2.1 Slip Casting  

Slip casting is a method commonly used in the ceramic industry, but more recently applied to porous Ti 

[11, 12]
. A suspension or slip is first prepared by mixing Ti powder with a solvent and dispersant such as 

water and cyclohexane. A stabiliser and polymeric binder are usually added to the mixture to increase 

the stability of the solid part in the suspension and provide sufficient strength for later handling. This 

suspension is then poured into a porous gypsum or plaster mould which absorbs the water from the 

suspension by capillary action, resulting in a green body with a very limited strength
[13]

. This cast body 

is then removed from the mould and dried for a period ranging from 8 to more than 24 hours before 

sintering. This method was successfully used for the production of Ti foams with a total porosity of up 

to 65 % 
[12]

, slightly higher than that achieved for partial sintering of powders, possibly as the 

mechanical compaction of the powders pre-sintering is less.  Like partial sintering, the control of the 

pore size is low, and inhomogeneous structures may result. One of the drawbacks of the technique from 

a processing point of view is the long drying stage, particularly when large parts are produced, leading 

to greater suitability for small scale production 
[13]

, however the capital cost is low with relatively 
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simple tools 
[11]

. Another potential issue is contamination of the foam during thermal removal of the 

stabiliser and binder (which are usually polymers).  

2.2.2 Tape Casting  

This process also uses a slurry of Ti powder with a solvent, binder and disperser. A small amount of 

TiH2 may also be added to the mixture to facilitate the sintering process by releasing hydrogen into the 

sintering atmosphere as it breaks down at high temperature, reducing oxidation. The homogenised 

slurry is then poured into a chamber situated above a moving carrier film or foil, Fig 3. The slurry 

passes through a small gap controlled by a doctor blade and is then left to dry at ambient temperature or 

in an oven to remove the solvent. After that the sheet produced is thermally debound to remove the 

organic binder and is then partially densified by sintering. This method has been used for producing 

porous Ti foil with a thickness of 370 µm and a total porosity of 36 %, with once again pore sizes 

limited to micropores (22 µm average pore size in this case) 
[14]

. These porous sheets could have 

potential in several applications, such as in chemical reactors and fuel cells 
[14]

. 

 

 

Fig. 3 – A schematic diagram of the tape casting process. 
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2.2.3 Gel Casting 

In this process, Fig 4, the slurry is prepared by mixing the Ti powder with a monomer and cross linker, 

to form a gel, and deionised water, to dilute the mixture.  A small amount of a disperser is added to the 

slurry to prevent Ti segregation and settling. After that an initiator and catalyst are added to start the 

polymerization reaction, which forms a gel; this is agitated, before being cast into a mould and heated 

at a temperature of 60 ˚C for 2 hours [15]
. Next, the gelled parts are demoulded and vacuum dried at 

ambient temperature for 24 hours before sintering under vacuum to produce a porous Ti part.  As the 

internal structure of the gel plays a role in defining the porosity (although the degree of control thus 

achieved is not great), this process has the elements of a space holder method, where another phase 

defines the shape of the pores. A total porosity of 46 % has been achieved 
[15]

, which is relatively low 

in comparison with other methods and attempts to increase this have been made 
[16]

 by first producing a 

gelled TiO2 foam which was then reduced to metallic Ti by electrochemical reduction, reaching a total 

porosity of 88 %. However, the linear shrinkage observed on the reduction stage was substantial (27%), 

and a TiC phase is formed in the material which has a detrimental effect on the ductility.   

 

Fig. 4 – A schematic diagram of the gel casting process. 
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2.2.4 Freeze Casting 

The freeze casting process was first used for the manufacture of polymer scaffolds for biomedical 

applications (it is well known, as freeze gelation, in the polymer industry 
[17]

) and has been used for the 

production of ceramic biomaterial scaffolds 
[18]

. It was implemented for the production of porous Ti in 

2008 
[19, 20]

. Like other methods, the first step is the preparation of a slurry or suspension, with water 

the most commonly used solvent (though this presents a risk of oxidation). This suspension is then uni-

directionally solidified by freezing, Fig. 5, leading to the formation of dendritic ice crystals among the 

metal powder particles. These growing ice crystals reject and push the Ti particles to the boundaries or 

spaces among the crystals, concentrating them in these regions and thus creating lamellar cell walls in 

between. The dendritic ice crystals are subsequently sublimated by freeze drying under vacuum, 

forming dendritic pores that replicate the shape of the crystals; the ice thus acts as a removable space 

holder phase. Finally, the porous cast is thermally debound and partially densified by sintering. Due to 

the directional solidification, the macropores are often elongated and aligned along the solidification 

direction, with a high aspect ratio. Indeed, the pores frequently form channels traversing one direction 

across a sample without interconnects in other directions, and therefore are potentially well suited for 

filter applications.  The critical role of water solidification means it is vital to control the cooling rate, 

which affects crystal formation, and the particle size of the powder, which affects its mobility and 

densification behaviour (this is particularly significant as, compared to other materials processed by 

freeze casting Ti has a high density and tendency to low mobility and degradation). Very fast cooling 

rates can result in the formation of dense material 
[21]

, while large particle sizes can result in particle 

entrapment by the crystals giving lower porosity (for example 38 %
[19]

 ) and smaller, non-elongated 

pores. A total porosity of up to 69 % has so far been achieved by this method 
[22]

.  
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Fig. 5 – A schematic diagram of the freeze casting process. 

 

2.2.5 Impregnation of Polymer Foam 

This process, Fig. 6, also frequently involves a slurry, but rather than being shaped or cast into a mould, 

polyurethane foam is dipped into it, with the slurry impregnating the foam.  Excess slurry is removed 

by squeezing or pressing it under a roller 
[23]

, and the foam is left to dry before thermal treatment to 

remove the binder, and also the polymer foam by pyrolysis. This method can yield Ti with high 

porosities (up to 84% 
[24, 25]

) and good, well-controlled structures, leading to efficient mechanical 

properties (albeit with the ever-present risk of contamination due to binder removal). 
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Fig. 6 – A schematic diagram of the impregnation of a polymer foam to produce porous Ti. 

2.3 Space Holder 

The degree of control over pore size and shape, and to a lesser extent, porosity is limited with the 

methods discussed above where the pores develop during the process.  In order to increase control, and 

achieve the highest porosities, a simple and widely-used strategy is to incorporate particles of a phase 

within the material which does not react or change significantly during the process, and can be 

removed at some stage, leaving behind open (and interconnected) pores.  Such a material is known as a 

Space Holder (or sometimes porogen). 

The space holder needs to be low cost, easily removed and readily available with the desired shapes 

and sizes. Furthermore, it must withstand any applied pressure during processing without deforming. In 

addition, it must not react with the Ti to avoid undesirable phases that can have detrimental impact on 

the mechanical properties of the foam. NaCl is frequently used as a space holder (with a full list of 

space holder materials used for Ti given in Table 1).  Although NaCl will undergo sintering 
[26]

, the 

goal in the process is simply to retain the physical space occupied (though a degree of interconnection 

between the particles will aid space holder removal).  In liquid state processed foams, such as 

aluminium, the space holder can be tailored to complex shapes
[27]

 but for powder methods where the 

metal and space holder are combined together space holders are normally used in the as-received 

powder condition. 
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Table 1 – Space holder materials used for the production of porous Ti. 

Material Method Removal Comments Ref. 
Carbamide  

(Urea)  

Space holder + Cold 

Isostatic Pressing  

Thermal Removal 
[28]

 200 °C for 2 hrs  
[29]

 300 °C for 2 hrs. 
[30]

 200 °C for 3 hrs+350 °C 

for 3 hrs 

Low melting point 

(133°C).  Very good 

water solubility.  

Possibility of deforming. 

Breaking at pressure > 

200 MPa 
[31]

 

[28-30]
 

Ammonium 

Bicarbonate  

Cold Isostatic 

pressing 

Thermal Removal 
[32]

 120 °C for 3 hrs 
[33]

 95 °C for 12 hrs 

Very low melting point 

(41.9 °C). Unsuitable for 

MIM and HIP 

 

[32, 33]
 

Sodium 

Chloride  

Space holder  Water Dissolution  
[34]

 4 hrs at 50-60 °C. 
[35]

 60 °C for 5 hrs 

High melting 

temperature (801°C). 

Good water solubility & 

low cost 

[34-38]
 

 MIM+Space holder 
[35]

    60 °C for more than 72 

hrs 
[39]

 50 °C for  40 hrs (92% 

removed) 

  

 Warm compaction 
[36]

 24 hrs (96% removed)   

 Hot Pressing 
[38]

 2-3 hrs  

 
  

Potassium 

Chloride  

Space holder  Water Dissolution  

60 °C for 5 hrs 

Good water solubility & 

low cost. Available in 

different shapes and sizes 

[35, 40]
 

 MIM+Space holder 
[35]

  60 °C for more than 72 hrs 

 
  

 Warm compaction 
[40]

 60 °C for 24 hrs   

 

 

Starch Space holder  Thermal Removal 450 °C  for 

2 hrs  

Low cost, high 

contamination 

[41]
 

Saccharose 

crystals 

Space holder  Water dissolution with 

magnetic stirrer at 20-80 °C 

for 2-6 hrs 

Very good solubility in 

water & low cost.Very 

hard to use in MIM 
[42]

 

[43]
  

Poly(methyl 

methacrylate) 

Space holder  Thermal Removal 
[44]

 200-450 °C for 2 hrs. 

Can be used as a binder 

and as a space holder 

[39, 44]
 

 MIM+Space holder Solvent Dissolution  
[39]

 Acetone 40 hrs (90-100% 

removed) 

  

Polyoxymethy

lene 

Space holder  Catalytic decomposition at 

110 °C 

Melting point 175 °C. 
[45]

 

Polypropylene 

carbonate 

Space holder  Thermal Removal 220 °C  for 

1 h 

High carbon 

contamination  

[46]
 

Acrowax Space holder  Thermal Removal 200 °C for 

3 hrs. 
 

[47]
 

Hydrogen 

Carbonate  

Space holder  Thermal Removal 200 °C for 

5 hrs.  
 

[48]
 

Magnesium  Space holder  Evaporation by heating  Relatively expensive. 

Presence of MgO 
[49]

 

[50]
 

Steel spheres, 

wires and 

mesh  

Space holder Electrochemical Dissolution 

10-20 hrs  

Expensive. Hard to 

remove completely  

[51]
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The aim is that the space holder imparts and defines the pore size and shape, yet there are several 

processes at work during or after space holder removal in many processing methods, and this 

relationship may not be exact. Table 2 summarises the relationships between quoted space holder size 

ranges and those of pores.  While commonly the same or very similar, smaller distributions of pores 

have been reported 
[52, 53]

. The assessment could be complicated by space holder deformation during 

compaction, which has been noted to occur and result in pores with elliptical shape 
[54]

. 

 

Table 2 – The relationship between space holder size and pore size reported for porous titanium 

Space holder Size of  

space 

holder 

(µm) 

Size of 

final 

pores 

(µm) 

Process Pressure 

MPa 

Sintering 

temp. 

Time 

(h) 

Ref. 

Sodium 

Chloride  
50-500 50-500 SH 30-50  

Hot pressing 

780 ºC 
2 

[55]
 

Sodium 

Chloride 
< 290 50-300 MIM+SH 100  1150 ºC 2 

[56]
 

 

Sodium 

Chloride 

 

300-500 

 

50-500 

 

MIM+SH 

 

- 

 

1000 ºC 
 

4 

    
[57]

 
1200 ºC 

PMMA D50=600 50-500 MIM+SH -   
[57]

 

Table sugar 800-1000 800-1000 SH 500 1250 ºC 1 
[43]

 

Ammonium 

Hydrogen 

Carbonate 

200-500 200-500 SH 100  1200 ºC 2 
[48]

 

Carbamide 800-2400 100-2500 SH 166 1400 ºC 1 
[58]

 

Ammonium 

hydrogen 

carbonate 

100-900 Smaller SH 166 1400 ºC 1 
[58]

 

Ammonium 

hydrogen 

carbonate 

500-800 300-800 SH - 1200 ºC 10 
[53]

 

Polypropylene 

carbonate 

 

100-600 50-500 SH 

100 

1000 ºC 

2.5, 
[59]

 
400 5 or 10 

Starch 100-400 100-300 SH 100 1200 ºC 3 
[41]

 

Polyoxymethyle

ne 
D mean = 500 80-400 SH 50-100 1300 ºC 2 

[60]
 

Acrowax 300-500 300-500 SH 100 1100 ºC 2 
[47]

 

 

Potassium 

chloride  

 

188-476 

 

100-480 

 

MIM+SH 

 

45 

 

1250 ºC 

 

2 

 
[61]
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2.3.1 Pressing with Space Holder 

To create actual porous metal, the space holder needs to be combined with the powder and shaped. 

Simple pressing (hot or cold) of a blend of metal powder and space holder is one of the most widely 

reported methods.  After this stage the space holder will be removed and the metal sintered to allow 

further integration of the powder. A schematic of the method is shown in Fig 7.  

 

Fig. 7 – A schematic diagram of the space holder technique. 

 

Several techniques (all taken from the powder metallurgy of conventional materials) have been used for 

the compaction of the Ti powder-space holder mixtures such as single and double ended cold axial 

pressing 
[41, 43, 52, 58, 60, 62, 63]

, Uniaxial Hot pressing (HP) 
[55]

 and warm compaction 
[35, 64, 65]

, producing 

titanium with a total porosity of up to 80 % 
[58, 66]

. As well as the typically limited range of part 

geometries that can be created, a drawback of applying these techniques is that the pressures involved 

are high, and this can cause the space holder particles to deform and break during compaction, altering 

the final shape of the pores. For example, it has been reported that NaCl space holders are broken at a 

pressure higher than 350 MPa 
[34]

, and it has been noted that the space holder particles are deformed 

and flattened in the direction of the applied pressure during HP, leading to flattened pores with 

deformed shapes 
[55]

.  
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Where single ended uniaxial pressing is used, the pressure profile is non-uniform throughout the 

compacted specimen (higher at the top and in the centre 
[67]

) thus leading to non-uniform mechanical 

properties; correlations have been found with the expected pressure distribution and the fracture lines in 

tested samples 
[67]

. As metal powder and space holder sizes and densities are frequently different, 

segregation can occur, which results in inhomogeneous distribution of the space holder particles in the 

Ti powder and a reduction in pore interconnectivity; to overcome this a polymeric binder may be 

included in the mixture
[60, 67, 68]

. 

Normally, the compacted blend of these powders is sintered in a furnace under vacuum or flow of an 

inert gas. However, there have been attempts to use faster and more advanced sintering techniques such 

as pressureless Spark Plasma Sintering (SPS) 
[69]

 as well as conventional SPS under uniaxial pressure 

[70]
. 

2.3.2 Metal Injection Moulding with Space Holder (MIM-SH) 

Injection moulding is a net shape manufacturing process originally designed for mass production of 

plastic parts, which has been adopted for use with metals. Combining this with the use of space holders 

could have huge potential in mass producing porous Ti with near net complex shapes, overcoming 

some of the limitations of the space holder methods on their own 
[35]

, especially when the potential for 

pore structures to be closed by debris or altered by deformation during machining is considered 
[71]

. 

There are four key stages to the process, Fig. 8; first a feedstock is prepared by mixing Ti powder with 

a polymeric binder and space holder, which is then granulated by extruding and cutting into small 

pellets; secondly the feedstock is injected at a relatively low temperature and pressure into a die cavity 

which imparts the desired shape; thirdly the space holder and binder are removed by different 

techniques (thermally or with a solvent) depending on their nature; finally, the porous green part is 

partially densified by sintering 
[61, 72]

. Although relatively little employed in comparison to the other 

space holder methods (due to the charge volume required for most injection moulding systems 
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precluding small scale research production), the method has been used to produce commercially pure 

Ti with a total porosity of up to 71% 
[56]

.  Examples of the materials produced both macroscopically 

and microscopically are shown in Fig. 9. 

To overcome the difficulty of full size experiments, the process is sometimes simulated by warm 

compaction, heating and pressing the feedstock at a temperature and pressure equivalent to the 

temperature and pressure used in MIM 
[35, 36, 65]

, however, without the flow of feedstock into the mould 

the accuracy of such simulations to actual MIM processed parts is poor; for example, feedstock with a 

solid content of 80% was successfully warm compacted, but clogged the nozzle during MIM, due to 

powders segregating on injection 
[35]

. 

 

Fig. 8 – A schematic diagram of the MIM-SH technique. 
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Fig. 9 – Porous Ti processed by MIM-SH. a) four sintered and one green state sample, and b) an SEM 

image of a sample post sintering. Reprinted from Materials & Design, 87, MM Shbeh, R Goodall, 

Design of water debinding and dissolution stages of metal injection moulded porous Ti foam 

production, 295-302, Copyright (2015), with permission from Elsevier 

 

2.4 Additive Manufacturing 

Additive Manufacturing (AM) techniques begin with powder and use a directable heat source (such as 

a laser or electron beam) to melt certain volumes, according to a 3D model specified in a computer.  

Shapes are frequently built up layer by layer, which may involve sequential deposition of powder 

layers, with the final part being removed from the unmelted powder on completion, Fig. 10.  The 

geometrical freedom of such methods means that they are highly suitable for the production of porous 

materials, especially regular structured lattices, although the requirement to remove powder from free 

volume means they are restricted to structures with a high degree of openness (as most lattices of low 

relative density are). 

  

Fig. 10 – A schematic diagram of a generic Additive Manufacturing process.  A layer process using a 

laser, such as Selective Laser Melting, is depicted, although process specifics will differ with method 

and device.  Also shown is an image of various titanium lattices produced by Electron Beam Melting. 
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Additive methods have recently been widely used to fabricate regular lattice structures from titanium, 

and even random structured porous sponges (produced by using X-ray Tomography to generate an 

image of a random pack of glass spheres, and then inverting the image to produce the build file 
[73]

). 

As an example of the typical use, Selective Laser Melting (SLM) has been used to make Ti lattices 

with octahedral unit cells of relatively large size (600-1400 µm) over a wide range of porosities 

(reportedly 10 to 95 %), achieved by varying the strut thickness via the laser energy and spot size 
[74]

. 

Ti lattices with more complex shapes such as square pyramid, truncated cube, diamond, truncated 

cuboctahedron, rhombic dodecahedron and rhombicuboctahedron have also been recently produced by 

this technique 
[75, 76]

. One challenge is finding the optimum building parameters for each metal powder 

in order to produce lattices with as low a defect (e.g. partially fused particles or porosity) content as 

possible.  Porosity reduces mechanical properties and adhered particles at the surface which may be 

liberated are a concern for biomedical applications. Some studies have suggested the use of post 

manufacturing heat treatment in order to fuse these un-melted particles and enhance the strength of the 

Ti lattices 
[76, 77]

 , while others investigated the use of jet blasting followed by sintering in order to 

remove the partially fused particles, finding this is an effective technique, though it can result in 

fracture and bending of struts, especially near the surface 
[78]

.  

An alternative technique is Electron Beam Melting (EBM), sometimes preferred due to faster builds as 

the electron beam can be deflected electromagnetically, not requiring the motion of physical optics. 

The method has been used for the production of Ti lattices of various designs including those based on 

unit cells with structures of diamond 
[79]

, cubes 
[79, 80]

 and more complex cubic-based designs 
[79]

 as well 

as rhombic dodecahedron 
[81]

. 

Lattice structures not based on conventional unit cells, such as tensegrity structures, have also been 

produced by EBM and experimentally used to validate predictions of mechanical response 
[82, 83]

. 
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Lattices naturally have properties that depend on the base material and its spatial arrangement (linked 

to such characteristics as the porosity), and Additively Manufactured materials can have significant 

effects from processing conditions (e.g.
[84]

), but for AM lattices there is also significant interaction 

between the designed structure, the fabrication process and the properties obtained, resulting from the 

effect of the shapes built and the population of defects, and the microstructure 
[80]

. Measured properties 

of lattices are discussed in section 3.1. 

 

2.5 Non-Powder Based Methods 

Other processing methods do exist, and can have particular advantages.  For example, those based on 

existing Ti processing technology may have the advantage of more easily being brought to industrial 

scale.  An example of this is the use of investment casting with rapid prototyping methods, such as 

multijet modelling 
[85]

, used to produce a complex porous structured wax or polymer pattern to a CAD 

design which is used as the investment 
[86]

. This method has been used to produce Ti with a total 

porosity of 60 % and a compressive strength of 80 MPa, though it should be noted that the surface 

contamination of carbon was very significant (being measured by XPS at 62.7 at%) which is unlikely 

to be optimal for titanium or its alloys.  It is also possible to use the same process to form a wax space 

holder, which is then filled and pressed with a powder-containing slurry and pressed under heat to form 

a Ti-wax composite. The wax is removed by dissolution in xylene and the Ti is then sintered, the 

process having been used to produce Ti with a porosity of 66.8±3.6 % and an elastic modulus of 

20.5±2 GPa 
[87]

. 

 

3. Properties 

The properties of porous materials have been widely examined, and a range of behaviours found.  

Certain properties, such as the electrical conductivity 
[88]

 depend on the base metal behaviour in a 
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relatively simple way (provided full consolidation within the struts is reached, a key aspect of powder 

processed porous metals), and can be normalized to give consistent foam behaviour relative to the 

dense material, depending on key structural parameters such as the porosity.  Other properties, such as 

mechanical behaviour, have more complex dependence on the material condition and microstructure as 

influenced by the processing required to generate the porous structure, and will be discussed in more 

detail here. 

 

3.1 Mechanical Properties 

3.1.1 Uniaxial 

By far the most frequently applied test for the mechanical response of porous materials is compression.  

As a result, there is a significant amount of data available for the uniaxial response of various porous 

titanium samples (mostly compression, though some instances of other tests have been reported, 

e.g.
[89]

). These data, for the most commonly reported processing methods and materials are presented 

here in a series of graphs (full data collated from the literature may be found in the Supplementary 

Information). The elastic response is characterised by the Young’s modulus, E.  Data from the literature 

is collated in Fig. 11, showing how the value of E changes with the relative density of a series of 

randomly-structured porous samples made from non-alloyed titanium. The majority of reported data 

are for foams processed by the space holder method (albeit using a variety of space holders), MIM-SH, 

freeze casting and gel casting, and a small number of points for the impregnation of polymer foams.  A 

number of lines showing the predictions for simple models for the elastic behaviour of a foam (the Rule 

of Mixtures upper limit and the Gibson Ashby model for 4 different values of the constant C, from 1-

0.1) are given.  For the plot, variations in processing conditions and pore sizes have been ignored in 

classifying the data into different series (see Supplementary Information for details).  This may be one 

of the reasons behind the large variability seen within each method, along with minor variations in 
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testing and analysis procedures.  Looking at the data, it is seen that, while there is significant overlap, 

in the reported data the space holder methods have achieved some of the highest stiffness values 

(approaching even the upper bound specified by the Rule of Mixtures) at a given density, while MIM-

SH is frequently among the lowest.  The spread however implies these are more due to variations 

within the techniques, and not fundamental characteristics.  As an additional point, the flexibility of the 

methods is demonstrated by the large range of relative densities which have been made and tested. 

 

Fig. 11– Reported values for the Young’s modulus of non-alloyed porous titanium with random 

structures, plotted against the relative density.  Data are grouped into the broad class of methods, 

ignoring variations in how the technique is applied and pore size.  Also shown are the prediction lines 

from the Rule of Mixtures and the Gibson-Ashby approach with different values of the constant, C.  

Data are from 
[15, 20, 22, 25, 35, 41, 47, 55-57, 60, 66, 67, 90-100]
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Fig. 12 – Reported values for the Young’s modulus of porous Ti6Al4V fabricated by AM, against the 

relative density.  Data are grouped by method and structure type, ignoring variations in build 

parameters and lattice size. Also shown are the prediction lines from the Rule of Mixtures and the 

Gibson-Ashby approach with different values of the constant, C.  Data are from 
[73, 101-110]

. 

 

Fig. 11 shows data (where it has been reported) from all of the methods from Fig. 1 except for Additive 

Manufacturing.  As this technique typically uses Ti6Al4V alloy, and there is variation in method and 

structure design, these data are shown separately, plotted in the same manner, in Fig. 12, with further 

details again available in the Supplementary Information.  The values achieved are broadly comparable 

with porous titanium made in other ways, indicating that the structures included in the plot (those most 

commonly investigated, random structures replicating sponges, cubic and diamond lattices) are not 

significantly more mechanically efficient than randomly-produced porosity.  The two main processing 

methods, EBM and SLM, also seem broadly consistent, though variable results are seen for cubic 

lattices, both high and low for a given density compared to other structures.  Low property values at 
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high relative density may reflect the difficulty in producing a well-defined lattice structure when the 

amount of free volume is small. 

 

Fig. 13 – Reported values for the yield strength of non-alloyed porous titanium with random structures, 

plotted against the relative density.  Data are grouped into the broad class of methods, ignoring 

variations in how the technique is applied and pore size.  Data are from references given in Fig. 11. 

The plastic behaviour of a porous material can be characterized in several ways, leading to a smaller 

quantity of data which can be analysed together; sometimes the plateau strength is reported, and in 

other instances it may be the yield (or offset yield) stress.  Here, due to the importance of the point of 

initiation of plastic flow for the applications discussed below and the relatively poor definition of the 

plateau stress in porous materials that do not show the classical form of the curve with a perfectly flat 

region, the yield strength is used (taking the offset yield strength as being an acceptable measure where 

this is reported), and these are collated and plotted in Figs. 13 and 14 for porous titanium, separating 

out the Additive Manufacturing methods as previously. 
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Fig. 14 – Reported values for the yield strength of porous Ti6Al4V fabricated by AM, against the 

relative density.  Data are grouped by method and structure type, ignoring variations in build 

parameters and lattice size.   Data are from references given in Fig. 12. 

 

The strength data in Figs. 13 and 14 show more consistency than the Young’s modulus, without 

significant differences based on manufacturing method or between the conventional and Additive 

techniques.  This observation is perhaps surprising, as it would be expected that microstructural 

variation, significant degrees of which would be expected, would affect plastic behaviour more 

strongly.  However, as yield is likely to be affected by defects present (such as misformed pores or 

missing struts), this may reflect the fact that in such porous materials the structure on the scale of the 

porosity is determining the transition from purely elastic to elastic and plastic deformation. 

 

3.1.2 Fracture 
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Fracture behaviour and toughness of porous metals is experimentally more challenging to address, 

although evidence exists that the behaviour on fracture is more dependent on the deformation 

mechanisms possible within the dense material 
[111]

.  There are few studies investigating the fracture 

toughness of porous Ti in the literature. One example reports the fracture toughness measured in pre-

cracked specimens for titanium with 60 and 70% porosity 
[112]

. The KIC values were 7.0 and 4.0 

MPa√m respectively, significantly lower than dense Ti (75 MPa√m), reduced by a greater proportion 

than the reduction in material present, in general agreement with proposed scaling laws for the fracture 

toughness of porous metals 
[113]

. 

 

3.1.3 Creep 

More advanced properties, such as creep, have been experimentally studied for some porous metals 

including aluminium 
[114, 115]

, and nickel based foams 
[116, 117]

 as well as the development of predictive 

frameworks and analytical models 
[118, 119]

, but experimental exploration for porous titanium has not 

been reported, reflecting the recent focus on biomedical rather than high temperature applications. 

 

3.1.4 Fatigue 

As porous titanium is likely to be used in applications with some structural role (see section 4), 

assessing the behaviour under cyclic loading is extremely important.  However, the fatigue life of 

porous materials (particularly those produced by powder methods) is much more difficult to assess than 

ordinary dense material, due to the presence of macro and micropores, and high surface roughness, 

including on the internal surfaces.  To reduce this dependence, and explore the effect of defects, the 

fatigue behaviour of Ti with a total porosity of 60% (made by the space holder technique) with a notch 

machined in it has been explored and compared with another sample having similar percentage of 

porosity, but coated with a thin layer of solid Ti by localized melting of the surface 
[120]

. Samples were 
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cyclically loaded with a maximum load of 200 N and frequency of 40 Hz. A dominant crack was 

observed to form in a pre-cracked cell wall and grow continuously along the weakest path until fracture. 

It was also noted that the uncoated porous Ti displayed a higher Paris exponent (m=17.1±0.3) than the 

coated sample (m=14.2±0.2), attributed to the closure and bridging of the cracks 
[120]

. Fatigue has also 

been investigated in porous Ti samples made by the space holder technique 
[121]

 with porosities ranging 

from 51-65% under compression–compression fatigue with a frequency of 5Hz and a constant stress 

ratio of 0.1 up to failure or a million cycles. It was reported that the fatigue limit could be normalized 

with the yield strength for a particular density, being 0.75 of the normalized maximum stress applied.  

While not taking samples through to failure, the effect of fatigue-induced damage was tested by 

applying cyclic compression across stress ranges up to 50-60 MPa (below the compressive yield 

strength) at a frequency of 6 Hz and a minimum to maximum load ratio of R=0.1 in simulated body 

fluid, to Ti with 62.5% porosity, made by the space holder technique. A reduction in the compressive 

strength by two thirds was seen 
[33]

. Fatigue behaviour of lattices has been explored, similarly finding a 

reduced fatigue strength, attributed to stress concentration arising at various levels from the surface 

finish and defects, and the microstructure created 
[122]

.  

3.1.5 Impact 

All porous materials can crush when compressed, which suggests potential capability to absorb energy 

in impact.  Random structured sponges have been tested, showing that plastic collapse happened at all 

strain rates, but with a higher fraction of cracking at high speeds, and that samples showed strain rate 

sensitivity, which was affected by the density, and thus the foam structure 
[123, 124]

 experimental studies 

of high speed impact of Ti lattices (Fig. 15) have shown that there is a protective effect, and emergent 

rate dependence due to the structure, indicating that design of structures could tailor the response 
[79]

. 
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Fig. 15 – Images from high speed video of a titanium lattice under high speed impact (nylon 66 

impactor fired at 104.0 m/s), showing layer by layer (inertia-dominated) failure. Reprinted from 

International Journal of Impact Engineering, 89, Z Ozdemir, E Hernandez-Nava, A Tyas, J A. Warren, 

S D. Fay, R Goodall, I Todd, H Askes, Energy absorption in lattice structures in dynamics: 

Experiments, 49-61, Copyright (2016), with permission from Elsevier 

 

4. Applications 

Theoretical studies exploring material selection have demonstrated that, if available in large quantities 

at a suitable cost, porous titanium could be attractive for lightweight structural applications 
[125]

.  
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However, examination of the dimensions produced by the methods described in section 2 shows that 

significant technological advances would be required for production at this scale, and many of the 

methods would suffer from fundamental scalability issues in reaching dimensions of the order of 

meters. 

4.1 Biomedical Implants 

Due to the small part dimensions typically required, and the relatively small volume of production, of 

the potential applications open celled porous titanium is often suggested for use in biomedical implants 

into hard tissue, for example as reviewed for dental implants in 
[126]

.  The advantages for such 

applications come from the inherent inertness in the body of titanium, combined with the availability of 

pores for cells to grow into and provide better fixation and the ability of a porous structure to be 

designed with a particular Young’s modulus, below that of the dense metal (for example by adjusting 

the level of porosity).  This latter behavior is thought to provide a potential route to avoid the stress 

shielding problem, where a stiff implant supports mechanical load, leading to unloaded bone around the 

fixation being resorbed by the body. In particular, the Additive Manufacturing techniques have been of 

interest, combining as they do the potential for individual tailoring of a patient-specific implant. 

Examples of Biomedical products making use of such technology are shown in Fig.16. and are 

commercially available including Novax DMA (www.novaxdma.com) for cranial implants, 

Regenerex® Porous Titanium Construct (Biomet, www.biomet.com) used in joint reconstruction or the 

EndoLIF® O-Cage lumbar spine fusion (Joinmax GmBH, www.joinmax.com). Porous titanium has 

also been investigated for drug release applications and promising results have been reported 
[127]

. 
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Fig. 16 – Image of Acetabular hip cup with a diameter of 57 mm. Courtesy of Sheffield University  

 

4.2 Electrodes 

Having an extremely high specific surface area makes porous Ti a potential candidate for several 

functional applications, including as a material for electrodes in batteries. For example, the 3C Crista 

Chemical Company reports the use of Ti foams in next generation lightweight car batteries, claiming 

that the higher active surface area of these foams leads to the energy/volume ratio being greater than 

lead-acid batteries, and also that batteries using titanium foams can support many more charging cycles.  

The manufacturing technology is likely to be electrodeposition based (US Patent 9,023,187). 

4.3 Filters 

The chemical and temperature resistance make porous titanium suitable for certain applications in 

filtration, and some Ti filters, produced through sintered powder, are already commercially available. 

LOFMET
TM

 Filter Cartridges from Eaton Technologies GmbH (Nettersheim, www.eaton.de/filtration) 

and TPM™ Series Filter Cartridges from Graver Technologies (Glasgow, www.gravertech.com), are 

both sold for filtering in the size range 0.5-100 and 35µm respectively under extreme operating 

conditions with a maximum operating temperature of 371°C and aggressive fluids and gases.  

 

http://www.eaton.de/filtration
http://www.gravertech.com/
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5. Concluding remarks 

The discussion in this review can be compared with that in several previous reviews of metal foam 

technology, such as those referred to in the introduction.  One of the most striking factors is that, save 

the widespread introduction of Additive Manufacturing capability to permit the fabrication of porous 

titanium structures of a wide range of forms, there have been few if any recent radical innovations in 

processing.  This may be reflective of the maturity of many of the technologies discussed, being rather 

in the phase of development for industrial application, but also shows that the AM methods are 

particularly well suited to this type of material (albeit that products of this form will suffer from the 

same limitations of dimensions and scalability that can affect AM parts of all types).  It is clear that 

with this trajectory of development of open celled titanium towards applications will come a number of 

issues that are likely to be mirrored in future research directions, as the focus shifts more towards 

components and how to design with the materials: 

Integration into parts; it is rarely possible to use a porous material on its own, and most applications 

will require manufacture or joining into a component of greater complexity.  Depending on the 

processing method and the service conditions, bonding foams can be difficult, though is possible with 

methods like brazing 
[128]

, and AM techniques can create varying (or graded) structures 
[108]

, which 

could be used to not only integrate porous material with dense parts of a component, but also to vary 

the properties of the porous material as needed. 

Microstructure control; for structural applications, as well as an increase of the size capability and 

cost effectiveness of manufacturing processes, there is a need for wider exploration of how the 

microstructure of the titanium making up the foams can be controlled by thermomechanical treatment 

or other methods.  Typically, porous titanium is tested in whatever microstructural condition results 

from the processing, which is optimized for the achievement of a certain macro/mesostructure.  Dense 

titanium alloys may undergo significant processing to achieve highly controlled microstructures and 
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particular optimized properties, and being able to progress towards engineered metal condition for 

porous titanium would help to ensure that the theoretical properties were close to being achieved.  

Advances in these areas, along with further development in ensuring consistent properties, will see 

open celled porous titanium appearing in products across a range of areas. 

 

References 

[1] R. Goodall, A. Mortensen, in Physical Metallurgy,  (Eds: L. David, H. Kazuhiro), Elsevier,  

2014. 

[2] D. C. Dunand, Adv Eng Mater 2004, 6, 369. 

[3] R. Goodall, in Advances in Powder Metallurgy: Properties, Processing and Applications,  (Ed: 

C. Y. Isaac, Zhao), Woodhead Publishing,  2013. 

[4] L. C. Zhang, H. Attar, Adv Eng Mater 2016, 18, 463. 

[5] J. J. Lewandowski, M. Seifi, Annu Rev Mater Res 2016, 46, 151. 

[6] C. Beyer, J Manuf Sci E-T Asme 2014, 136. 

[7] M. H. Ismail, R. Goodall, H. A. Davies, I. Todd, Mater Lett 2012, 70, 142. 

[8] M. H. Ismail, R. Goodall, H. A. Davies, I. Todd, Mat Sci Eng C-Mater 2012, 32, 1480. 

[9] M. Thieme, K. P. Wieters, F. Bergner, D. Scharnweber, H. Worch, J. Ndop, T. J. Kim, W. Grill, 

J Mater Sci-Mater M 2001, 12, 225. 

[10] I.-H. Oh, N. Nomura, N. Masahashi, S. Hanada, Scripta Mater 2003, 49, 1197. 

[11] Q. Xu, B. Gabbitas, S. Matthews, D. L. Zhang, J Mater Process Tech 2013, 213, 1440. 

[12] B. Neirinck, T. Mattheys, A. Braem, J. Fransaer, O. Van der Biest, J. Vleugels, Adv Eng Mater 

2009, 11, 633. 

[13] W. Bauer, H. J. Ritzhaupt-Kleissl, J. H. Hausselt, Microsyst Technol 1998, 4, 125. 

[14] Z. S. Rak, J. Walter, J Mater Process Tech 2006, 175, 358. 

[15] Y. Li, Z. M. Guo, J. J. Hao, S. B. Ren, Powder Metall 2008, 51, 231. 

[16] R. Singh, P. D. Lee, J. R. Jones, G. Poologasundarampillai, T. Post, T. C. Lindley, R. J. 

Dashwood, Acta Biomater 2010, 6, 4596. 

[17] M. H. Ho, P. Y. Kuo, H. J. Hsieh, T. Y. Hsien, L. T. Hou, J. Y. Lai, D. M. Wang, Biomaterials 

2004, 25, 129. 

[18] S. Deville, Materials 2010, 3, 1913. 

[19] Y. Chino, D. C. Dunand, Acta Mater 2008, 56, 105. 

[20] S. W. Yook, B. H. Yoon, H. E. Kim, Y. H. Koh, Y. S. Kim, Mater Lett 2008, 62, 4506. 

[21] S. Deville, E. Saiz, A. P. Tomsia, Acta Mater 2007, 55, 1965. 

[22] S. W. Yook, H. D. Jung, C. H. Park, K. H. Shin, Y. H. Koh, Y. Estrin, H. E. Kim, Acta 

Biomater 2012, 8, 2401. 

[23] S. Ahmad, N. Muhamad, A. Muchtar, J. Sahari, M. Ibrahim, K. Jamaludin, N. M. Nor, 

International Journal of Mechanical and Materials Engineering (IJMME) 2010, 5, 244. 

[24] A. Manonukul, M. Tange, P. Srikudvien, N. Denmud, P. Wattanapornphan, Powder Technol 

2014, 266, 129. 

[25] C. Wang, H. Chen, X. Zhu, Z. Xiao, K. Zhang, X. Zhang, Materials Science and Engineering: C 

2016. 

[26] R. Goodall, J. F. Despois, A. Mortensen, J Eur Ceram Soc 2006, 26, 3487. 



30 

 

[27] R. Goodall, A. Mortensen, Adv Eng Mater 2007, 9, 951. 

[28] L. M. R. de Vasconcellos, F. N. Oliveira, D. de Oliveira Leite, L. G. O. de Vasconcellos, R. F. 

do Prado, C. J. Ramos, M. L. de Alencastro Graça, C. A. A. Cairo, Y. R. Carvalho, Journal of Materials 

Science: Materials in Medicine 2012, 23, 357. 

[29] M. Sharma, G. K. Gupta, O. P. Modi, B. K. Prasad, A. K. Gupta, Materials Letters 2011, 65, 

3199. 

[30] W. Niu, C. Bai, G. Qiu, Q. Wang, Materials Science and Engineering: A 2009, 506, 148. 

[31] N. Bekoz, E. Oktay, Journal of Materials Processing Technology 2012, 212, 2109. 

[32] C. Xiang, Y. Zhang, Z. Li, H. Zhang, Y. Huang, H. Tang, Procedia Engineering 2012, 27, 768. 

[33] T. Imwinkelried, J Biomed Mater Res A 2007, 81, 964. 

[34] Y. Torres, J. J. Pavon, J. A. Rodriguez, J Mater Process Tech 2012, 212, 1061. 

[35] N. Tuncer, M. Bram, A. Laptev, T. Beck, A. Moser, H. P. Buchkremer, J Mater Process Tech 

2014, 214, 1352. 

[36] A. P. C. Barbosa, M. Bram, D. Stover, H. P. Buchkremer, Advanced Engineering Materials 

2013, 15, 510. 

[37] E. Carreño-Morelli, M. Rodríguez-Arbaizar, A. Amherd, J. E. Bidaux, Powder Metallurgy 2014, 

57, 93. 

[38] B. Ye, D. C. Dunand, Materials Science and Engineering: A 2010, 528, 691. 

[39] E. Carreño-Morelli, M. Rodríguez-Arbaizar, A. Amherd, J.-E. Bidaux, Powder Metallurgy 2014, 

57, 93. 

[40] N. F. Daudt, M. Bram, A. P. Cysne Barbosa, C. Alves, Materials Letters 2015, 141, 194. 

[41] A. Mansourighasri, N. Muhamad, A. B. Sulong, Journal of Materials Processing Technology 

2012, 212, 83. 

[42] M. Köhl, T. Habijan, M. Bram, H. P. Buchkremer, D. Stöver, M. Köller, Adv Eng Mater 2009, 

NA. 

[43] J. Jakubowicz, G. Adamek, M. Dewidar, J Porous Mat 2013, 20, 1137. 

[44] J. Rivard, V. Brailovski, S. Dubinskiy, S. Prokoshkin, Materials science & engineering. C, 

Materials for biological applications 2014, 45, 421. 

[45] B. Dabrowski, W. Swieszkowski, D. Godlinski, K. J. Kurzydlowski, Journal of biomedical 

materials research. Part B, Applied biomaterials 2010, 95, 53. 

[46] T. F. Hong, Z. X. Guo, R. Yang, J Mater Sci-Mater M 2008, 19, 3489. 

[47] D. Mondal, M. Patel, H. Jain, A. Jha, S. Das, R. Dasgupta, Materials Science and Engineering: 

A 2015, 625, 331. 

[48] C. E. Wen, Y. Yamada, K. Shimojima, Y. Chino, H. Hosokawa, M. Mabuchi, J Mater Res 2002, 

17, 2633. 

[49] T. Aydoğmuş, Ş. Bor, Journal of Alloys and Compounds 2009, 478, 705. 
[50] Z. Esen, Ş. Bor, Scripta Materialia 2007, 56, 341. 
[51] P. J. Kwok, S. M. Oppenheimer, D. C. Dunand, Adv Eng Mater 2008, 10, 820. 

[52] D. S. Li, Y. P. Zhang, X. Ma, X. P. Zhang, J Alloy Compd 2009, 474, L1. 

[53] X. J. Wang, Y. C. Li, J. Y. Xiong, P. D. Hodgson, C. E. Wen, Acta Biomater 2009, 5, 3616. 

[54] O. Smorygo, A. Marukovich, V. Mikutski, A. A. Gokhale, G. J. Reddy, J. V. Kumar, Mater Lett 

2012, 83, 17. 

[55] B. Ye, D. C. Dunand, Mat Sci Eng a-Struct 2010, 528, 691. 

[56] L. J. Chen, T. Li, Y. M. Li, H. He, Y. H. Hu, T Nonferr Metal Soc 2009, 19, 1174. 

[57] E. Carreno-Morelli, M. Rodriguez-Arbaizar, A. Amherd, J. E. Bidaux, Powder Metall 2014, 57, 

93. 

[58] M. Bram, C. Stiller, H. P. Buchkremer, D. Stover, H. Baur, Adv Eng Mater 2000, 2, 196. 



31 

 

[59] T. F. Hong, Z. X. Guo, R. Yang, Journal of Materials Science: Materials in Medicine 2008, 19, 

3489. 

[60] B. Dabrowski, W. Swieszkowski, D. Godlinski, K. J. Kurzydlowski, J Biomed Mater Res B 

2010, 95B, 53. 

[61] M. M. Shbeh, R. Goodall, Metal Powder Report. 

[62] Z. Esen, S. Bor, Scripta Mater 2007, 56, 341. 

[63] Z. Esen, S. Bor, Mat Sci Eng a-Struct 2011, 528, 3200. 

[64] A. P. C. Barbosa, M. Bram, D. Stöver, H. P. Buchkremer, Adv Eng Mater 2013, 15, 510. 

[65] N. F. Daudt, M. Bram, A. P. C. Barbosa, C. Alves, Mater Lett 2015, 141, 194. 

[66] T. Imwinkelried, J Biomed Mater Res A 2007, 81A, 964. 

[67] W. J. Niu, C. G. Bai, G. B. Qiu, Q. Wang, Mat Sci Eng a-Struct 2009, 506, 148. 

[68] T. Aydogmus, S. Bor, J Alloy Compd 2009, 478, 705. 

[69] A. Ibrahim, F. M. Zhang, E. Otterstein, E. Burkel, Mater Design 2011, 32, 146. 

[70] F. Zhang, E. Otterstein, E. Burkel, Adv Eng Mater 2010, 12, 863. 

[71] M. Bram, C. Kempmann, A. Laptev, D. Stöver, K. Weinert, Adv Eng Mater 2003, 5, 441. 

[72] M. M. Shbeh, R. Goodall, Mater Design 2015, 87, 295. 

[73] E. Hernández-Nava, C. Smith, F. Derguti, S. Tammas-Williams, F. Léonard, P. Withers, I. 

Todd, R. Goodall, Acta Mater 2015, 85, 387. 

[74] L. Mullen, R. C. Stamp, W. K. Brooks, E. Jones, C. J. Sutcliffe, J Biomed Mater Res B 2009, 

89B, 325. 

[75] S. M. Ahmadi, S. A. Yavari, R. Wauthle, B. Pouran, J. Schrooten, H. Weinans, A. A. Zadpoor, 

Materials 2015, 8, 1871. 

[76] S. L. Sing, W. Y. Yeong, F. E. Wiria, B. Y. Tay, Exp Mech 2016, 56, 735. 

[77] N. Taniguchi, S. Fujibayashi, M. Takemoto, K. Sasaki, B. Otsuki, T. Nakamura, T. Matsushita, 

T. Kokubo, S. Matsuda, Mat Sci Eng C-Mater 2016, 59, 690. 

[78] T. B. Kim, S. Yue, Z. Zhang, E. Jones, J. R. Jones, P. D. Lee, J Mater Process Tech 2014, 214, 

2706. 

[79] Z. Ozdemir, E. Hernandez-Nava, A. Tyas, J. A. Warren, S. D. Fay, R. Goodall, L. Todd, H. 

Askes, Int J Impact Eng 2016, 89, 49. 

[80] E. Hernandez-Nava, C. J. Smith, F. Derguti, S. Tammas-Williams, F. Leonard, P. J. Withers, I. 

Todd, R. Goodall, Acta Mater 2016, 108, 279. 

[81] S. J. Li, Q. S. Xu, Z. Wang, W. T. Hou, Y. L. Hao, R. Yang, L. E. Murr, Acta Biomater 2014, 

10, 4537. 

[82] A. Amendola, E. Hernandez-Nava, R. Goodall, I. Todd, R. E. Skelton, F. Fraternali, Compos 

Struct 2015, 131, 66. 

[83] A. Amendola, C. Smith, R. Goodall, F. Auricchio, L. Feo, G. Benzoni, F. Fraternali, Compos 

Struct 2016, 142, 254. 

[84] X. P. Tan, Y. Kok, W. Q. Toh, Y. J. Tan, M. Descoins, D. Mangelinck, S. B. Tor, K. F. Leong, 

C. K. Chua, Sci Rep-Uk 2016, 6. 

[85] S. Upcraft, R. Fletcher, Assembly Autom 2003, 23, 318. 

[86] M. A. Lopez-Heredia, E. Goyenvalle, E. Aguado, P. Pilet, C. Leroux, M. Dorget, P. Weiss, P. 

Layrolle, J Biomed Mater Res A 2008, 85A, 664. 

[87] G. E. Ryan, A. S. Pandit, D. P. Apatsidis, Biomaterials 2008, 29, 3625. 

[88] R. Goodall, L. Weber, A. Mortensen, J Appl Phys 2006, 100. 

[89] P. Siegkas, N. Petrinic, V. Tagarielli, Journal of the mechanical behavior of biomedical 

materials 2016, 57, 365. 

[90] M. Bram, A. Laptev, H. Buchkremer, D. Stöver, "Application of powder metallurgy for the 

production of highly porous functional parts with open porosity", presented at Mater. Forum,  2005. 



32 

 

[91] S. C. Cachinho, R. N. Correia, Powder Technol 2007, 178, 109. 

[92] K. A. Erk, D. C. Dunand, K. R. Shull, Acta Mater 2008, 56, 5147. 

[93] P. Jenei, H. Choi, A. Tóth, H. Choe, J. Gubicza, Journal of the Mechanical Behavior of 

Biomedical Materials 2016, 63, 407. 

[94] M. Khodaei, M. Meratian, O. Savabi, Powder Metall 2015, 58, 152. 

[95] A. M. Laptev, N. F. Daudt, O. Guillon, M. Bram, Adv Eng Mater 2015, 17, 1579. 

[96] S. Muñoz, J. Pavón, J. Rodríguez-Ortiz, A. Civantos, J. Allain, Y. Torres, Mater Charact 2015, 

108, 68. 

[97] J. Rivard, V. Brailovski, S. Dubinskiy, S. Prokoshkin, Materials Science and Engineering: C 

2014, 45, 421. 

[98] R. Singh, P. Lee, J. Jones, G. Poologasundarampillai, T. Post, T. Lindley, R. Dashwood, Acta 

Biomater 2010, 6, 4596. 

[99] X.-h. Wang, J.-s. Li, H. Rui, H.-c. Kou, T Nonferr Metal Soc 2015, 25, 1543. 

[100] C. Xiang, Y. Zhang, Z. Li, H. Zhang, Y. Huang, H. Tang, Procedia Engineering 2012, 27, 768. 

[101] X. Cheng, S. Li, L. Murr, Z. Zhang, Y. Hao, R. Yang, F. Medina, R. Wicker, journal of the 

mechanical behavior of biomedical materials 2012, 16, 153. 

[102] P. Heinl, C. Körner, R. F. Singer, Adv Eng Mater 2008, 10, 882. 

[103] P. Heinl, L. Müller, C. Körner, R. F. Singer, F. A. Müller, Acta Biomater 2008, 4, 1536. 

[104] N. Ikeo, T. Ishimoto, A. Serizawa, T. Nakano, Metallurgical and Materials Transactions A 2014, 

45, 4293. 

[105] J. Kadkhodapour, H. Montazerian, A. C. Darabi, A. Anaraki, S. Ahmadi, A. Zadpoor, S. 

Schmauder, Journal of the mechanical behavior of biomedical materials 2015, 50, 180. 

[106] J. Parthasarathy, B. Starly, S. Raman, A. Christensen, Journal of the mechanical behavior of 

biomedical materials 2010, 3, 249. 

[107] E. Sallica-Leva, A. Jardini, J. Fogagnolo, Journal of the mechanical behavior of biomedical 

materials 2013, 26, 98. 

[108] W. van Grunsven, E. Hernandez-Nava, G. C. Reilly, R. Goodall, Metals-Basel 2014, 4, 401. 

[109] S. A. Yavari, S. Ahmadi, R. Wauthle, B. Pouran, J. Schrooten, H. Weinans, A. Zadpoor, Journal 

of the mechanical behavior of biomedical materials 2015, 43, 91. 

[110] S. Zhao, S. Li, W. Hou, Y. Hao, R. Yang, R. Misra, Journal of the mechanical behavior of 

biomedical materials 2016, 59, 251. 

[111] E. Amsterdam, R. Goodall, A. Mortensen, P. Onck, J. T. M. De Hosson, Materials Science and 

Engineering: A 2008, 496, 376. 

[112] S. Kashef, A. Asgari, T. B. Hilditch, W. Y. Yan, V. K. Goel, P. D. Hodgson, Mat Sci Eng a-

Struct 2010, 527, 7689. 

[113] E. Combaz, A. Mortensen, Acta Mater 2010, 58, 4590. 

[114] F. Diologent, Y. Conde, R. Goodall, A. Mortensen, Philosophical Magazine 2009, 89, 1121. 

[115] F. Diologent, R. Goodall, A. Mortensen, Acta Mater 2009, 57, 830. 

[116] A. Burteau, J. D. Bartout, Y. Bienvenu, S. Forest, Cr Phys 2014, 15, 705. 

[117] H. Choe, D. C. Dunand, Acta Mater 2004, 52, 1283. 

[118] Y. Boonyongmaneerat, D. C. Dunand, Acta Mater 2009, 57, 1373. 

[119] R. Mueller, S. Soubielle, R. Goodall, F. Diologent, A. Mortensen, Scripta Mater 2007, 57, 33. 

[120] S. Kashef, A. Asgari, T. B. Hilditch, W. Yan, V. K. Goel, P. D. Hodgson, Materials Science and 

Engineering: A 2011, 528, 1602. 

[121] E. E. Asik, S. Bor, Mat Sci Eng a-Struct 2015, 621, 157. 

[122] N. W. Hrabe, P. Heinl, B. Flinn, C. Korner, R. K. Bordia, J Biomed Mater Res B 2011, 99B, 

313. 

[123] P. Siegkas, V. L. Tagarielli, N. Petrinic, L. P. Lefebvre, J Mater Sci 2011, 46, 2741. 



33 

 

[124] P. Siegkas, V. L. Tagarielli, N. Petrinic, L. P. Lefebvre, Metals-Basel 2012, 2, 229. 

[125] A. Salimon, Y. Brechet, M. F. Ashby, A. L. Greer, J Mater Sci 2005, 40, 5793. 

[126] Z. J. Wally, W. van Grunsven, F. Claeyssens, R. Goodall, G. C. Reilly, Metals-Basel 2015, 5, 

1902. 

[127] S. Gunther, G. T. Dambaev, T. Chekalkin, J. Kang, J. Kim, V. Gunther. 

[128] T. Jarvis, W. Voice, R. Goodall, Mat Sci Eng a-Struct 2011, 528, 2592. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



34 

 

 

Mr Mohammed Menhal Shbeh received his MSc from the University of Newcastle, UK in the field of 

Materials Design and Engineering, and worked as a material engineer for IIT Ltd. UK, before joining 

the University of Sheffield to undertake Doctoral research under supervision of Dr Russell Goodall. 

His research interests cover wide aspects of materials and he is currently working in the field of porous 

titanium and its use in different areas, including for biomedical applications. 

 

 

Dr Russell Goodall is a Senior Lecturer in Metallurgy at the University of Sheffield, UK.  His main 

current research interests are in the processing, properties and applications of open-celled porous 

metals, the development of new alloys, especially novel alloy types, such as High Entropy Alloys, and 

alloys containing silver.  He also has interests in the mechanical properties of materials in general. 

 

Table of Contents 

Porous metals cover a wide range of materials, foams, sponges and lattices, and are of interest for some 

of the unusual properties and property combinations that they can possess.  Here the processing, 



35 

 

properties and current applications of porous titanium are reviewed, highlighting the state of the art of 

these materials, and delineating future challenges. 

 


