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Abstract

Porous titanium and its alloys are attractive for orthopedic/dental implant applications
because of their good biocompatibility and tailorable mechanical properties. This paper
reviews recent advances in the development of porous titanium materials, including
fabrication techniques for metal foams, powder-metallurgy methods for producing porous
titanium structures, mechanical properties, and modeling of elastic behaviors by
analytical methods. For orthopedic implant applications, porous titanium materials with
Young’s modulus close to that of cortical and cancellous bones can be fabricated by the
adjustment of porosity and processing parameters. However, the overall mechanical
performance of the porous titanium is not yet fully satisfactory for most load-bearing

implants and further improvements in mechanical properties are needed.

Keywords: Porous titanium materials, Manufacture, Mechanical properties, Implants,

Modeling



Introduction

Since titanium was commercially successful in 1948 [1], its excellent biocompatibility
combined with high strength-to-weight ratio and high corrosion resistance has rendered
titanium and its alloys (referred to collectively as titanium alloys hereafter) the most
popular metallic biomaterials today. The potential of titanium alloys as surgical implant
materials were mentioned as early as in 1951 [2], and the early uses of titanium alloys for
implant applications were reported in the 1960s [3-5]. The use of titanium alloys as
biomaterials has been growing steadily since the mid-1970s, and the trend is expected to

continue into the future.

Numerous studies have been performed on the properties of titanium alloys in light of
medical implant applications. In general, titanium alloys display (1) excellent
biocompatibility (high chemical stability in the human body environment and low rates of
metal ion release, no adverse cell or tissue reactions), (2) excellent corrosion resistance
due to the stable passive surface oxides, and (3) good mechanical properties which allow
load-bearing applications in dentistry and orthopedic implants. As shown in Table 1 [6],
the relatively low young’s modulus of titanium alloys, as compared to stainless steel, Co-
Cr-Mo alloys, alumina and zirconia, makes titanium alloys a preferred choice for
reducing the stress shielding effect and promoting load transfer to the bone. However,
titanium alloys are more susceptible to wear and fretting than steel and cobalt chromium
alloys [7]. The inadequate wear-resistance prevents titanium alloys from being used in
applications where severe wear is expected. For the most part, titanium is not articulated

against other materials or itself, but is used for components of modular construction. For



example, titanium femoral stem is used in combination with a cobalt-chromium or a
ceramic ball (femoral head) articulating against a ultra high molecular weight

polyethylene (UHMWPE) liner in a total hip replacement.

Porous titanium alloys are attractive for medical implant applications for two major
considerations. The first one is that the porous surface promotes fixation of implants to
the host tissue. The other is the tailorable elastic modulus of the porous materials that
can be controlled to match that of natural bones. Reliably anchoring implants to host
tissues is a key requirement for successful long-term performance of implants.
Traditionally, polymethylmethacrylate (PMMA) based cement is used to provide
immediate fixation between the implant and bone, which provides a fairly good long-
term fixation. This type of procedures, however, is not suitable for young (<50 years)
active patients where more stable fixation and allowance for bone growth are needed.
Furthermore, problems of cell necrosis from the exothermic reaction of the cement while
gelling, cement failure, or monomer release and loss of endosteum bone are still a
concern with the cement fixation method [8,9]. Cementless fixation, on the other hand,
achieve fixation primarily by biological means whereby press-fit insertion is followed by
bone growth into a porous surface. Intimate contact between the porous surface and the
surrounding bone and temporary immobilization are the prerequisites for the occurrence
of bone ingrowth. Although some degree of micromotion of the implant is inevitable, it
was revealed that the tolerated micromotion threshold is between 50 to 150 pm
depending on surface state and implant design [10-11], making cementless fixation a

feasible and generally accepted practice nowadays.



A number of techniques have been employed to modify the surfaces of implants for
enhanced cementless fixation. Machined macroscopic anchorage elements, such as
threads, vents, fins, grooves and serrations (in millimeter) or microscopic surface features
(in submicron or micron range) are probably the earliest methods used for implant
surface modifications. Microscopic surface modifications can be realized by removal of
the material from an implant surface through grit blasting [12, 13], chemical treatment
[14,15], addition of material to a substrate surface through plasma spraying [16], or
sintering of particles onto the surface [17-19]. It has been proved that the three-
dimensional nature of the open-pored structure is particularly suitable for implant fixation

by tissue ingrowth [20-22] and the pore size must be in the range of 100 to 500 um [23-

26].

Another important concern regarding the durability of the implant is the biomechanical
mismatch resulting from the difference in the elastic modulus of natural bone and the
implant materials[27, 28], which leads to bone resorption and loosening of the joint [29-
33]. This phenomenon, termed “stress-shielding induced bone resorption” is one of the
main factors necessitating revision surgery. Any reduction in the stiffness of the implant,
for example, through substitution of present orthopaedic alloys with newer, lower
modulus materials, is expected to enhance stress redistribution to the adjacent bone
tissues, therefore minimizing stress shielding and consequently prolonging device
lifetime. The concern related to stress-shielding has stimulated considerable amount of

research in the development of new materials with bone-matching modulus, such as



polymer based composites [34-41] and metastable B-Titanium alloys [27, 42-43], for the
fabrication of permanent implants. A promising approach to reduce the elastic modulus is
to use a porous structure, where the elastic modulus can be tailored by controlling the

density/porosity of the porous body [44].

The combination of excellent biocompatibility with the tailorable mechanical properties
and desired pore structure that enhances tissue ingrowth, makes porous titanium and its
alloys attractive materials for advanced medical implant applications. This paper reviews
the advances in the development of porous titanium alloys for orthopedic/dental implant
applications. The topics include: the fabrication techniques to obtain the porous structure
for titanium and its alloys, the mechanical properties of the porous titanium and its alloys,
the predication of mechanical behaviours by the analytical methods, and the application

of finite element analysis (FEA)

1. Fabrications of porous structure

A large variety of techniques have been developed for the fabrication of porous metal
structures, involving liquid state processing, powder metallurgy (P/M), electro-deposition
and vapour deposition approaches. Davies et al. [45] were the first to systematically
classify the methods for producing porous metals, énd later Ashby et al. [44] and Banhart

[46] comprehensively summarized these methods in more detail.



The forming of porous metals using liquid state processing involves melting the metal,
adding ingredients (such as SiC, Al;03, Ca, or MgO.) to control viscosity of the melt as
necessary, and injecting gas (air, nitrogen, or argon) into the melt using a rotating
impeller [47-54], or adding a foaming agent (TiH,, ZrH, or MgH,) to the melt instead of
blowing gas [55-60]. Some liquid metals form a eutectic system with hydrogen. By
melting these metals in a high pressure hydrogen atmosphere, the melt is charged with
hydrogen, as the melt cools, bubbles of hydrogen are released producing voids [61-70].
Another liquid processing technique, called powder compact melting, is realized by
mixing and compacting metal/alloy powders with foaming agent powders followed by
decomposition of the foaming agent in the molten state. The released gas forces the
compacted precursors to expand to form a highly porous structure [71-74]. Casting a
liquid metal around space holder materials or polymer foam is another approach to
produce metal foams. Subsequent removal of the space holder leaves a porous structure
[75-82]. An example of such an approach is the use of polymer foam and a soluble
ceramic as the transient materials. The polymer foam is first filled with the slurry of the
soluble ceramic. After drying, the polymer is removed by heat treatment and a molten
metal is cast into the resulting ceramic structure with open pores. A metallic porous
structure that exactly replicates the shape of the original polymer foam can be obtained

by the removal of the soluble ceramic [83-84].

The techniques based on melting are suitable mainly for materials with relatively low
melting temperature and reactivity, such as aluminum, magnesium and their alloys. They

are, however, not suitable for producing porous titanium because of the very high



reactivity and high melting point of Ti (1670°C). Instead of the molten metal approach,
P/M routes are generally employed for producing porous Ti. The P/M routes also allow
microstructure refinement through the control of powder sizes, compaction and sintering
parameters, thereby allowing control of mechanical properties. According to the pore
formation mechanism, P/M routes for producing porous titanium can be divided into four
categories: (1) sintering of Ti powders and fibers, (2) using a space holder, (3) employing

pore-forming agents, (4) entrapped gas expansion.

1.1 Sintering of Ti powders and wires

Sintering packed powders or fibers is the easiest way to obtain porous metals and is a
well established production route in P/M industry. Sintered titanium and Ti-6Al-4V
porous body with different porosity characteristics can be achieved by varying initial
compaction parameters and sintering conditions. Loose Ti-6Al-4V powders were sintered
by Cirincione et al. [85] at 1000 °C for sintering time between 0.5 and 24h, achieving

55% to 41% porosity with comparatively low strength.

Axial die-compaction and isostatic pressing of powders prior to sintering increase the
strength of the green body by cold welding of the particles at the contact areas.
Subsequent sintering with or without applied pressure further increases the density and
the strength, and the sintered compact features very fine porosity [86]. Oh et al. sintered
spherical Ti powder green bodies compacted at a pressure of 70 MPa to achieve a

porosity level of 5% (pressure sintering) to 37% (pressureless sintering) [87-88]. Thieme



et al. [89] reported the sintered titanium compacts with the porosity ranging from 35 to
60%, where the highest value was achieved by using agglomerated powders. Ricceri and
Mateteazzi [90] used a combination of cold isostatic pressing and subsequent sintering of
Ti-6Al-4V powder to produce the parts with 26% porosity; the containerless hot isostatic
pressing was employed for the post-sintering treatment to eliminate the closed pores

without affecting the open pores.

Electro-discharge compaction, which combines compacting and sintering of powders by
applying a high density current pulse with/without external pressure, is a unique way to
fabricate porous titanium and its alloy under low vacuum or even in ai:, due to much
lower sintering temperature and time involved. Okazaki et al [91, 92] used this method to
fabricate porous titanium dental implant. Kon et al [93] consolidated Ti and Ti-6Al-4V

spherical powders to a porosity of 27% to 32% by this method.

Replacing titanium powders by wires opens new possibility for making porous titanium
structure, which was demonstrated by sintering 30 um diameter crimpled wire preform

near 1600 °C to obtain open-cell foam with 45-50% porosity [94].

There are several limitations for the above mentioned powder sintering methods. One is
that the shape and size of the pores are dictated by péwder size and shape. Another is that
at most 50% porosity could be achieved. The third one is that the pores are highly non-
spherical in shape and cusped at the sintering necks among powders, as shown in Fig. 1,

leading to easy crack initiation and low fatigue resistance due to stress concentration.



1.2 Using space holders

Space holders such as polymer spheres, magnesium granules and carbamide are mixed
with titanium powders. The mixture of the titanium powders and the space holders is cold
pressed, thermally treated normally at low temperature to remove the holder and then

finally sintered at high temperatures (see Fig. 2).

Magnesium granules, due to the features of low boiling point (1090°C) and immiscibility
in titanium, can be used as a space holder. In this process, a bulk of magnesium granules
is mixed with titanium powder, followed by hot pressing the powder mixture at
temperatures well below the melting point of magnesium. The magnesium granules are
then removed by evaporation at temperatures up to 1400 °C at which sintering between

the titanium particles takes place simultaneously [96].

Rausch et al. [97] used polymer granules as space holders, which were removed
chemically at 130°C after powder compaction, to produce titanium foam with 55-80%
porosity (Fig. 3). Bram et al. [98] produced highly porous titanium by using carbamide
particles as space holders. A mixture of carbamide and titanium powders was prepared
by adding fine titanium powder with particle size smaller than 45 um into carbamide
moistened with petroleum ethers. The mixtures were pressed at 166 MPa and heat
treated first at 170°C to remove the holder, then sintered at 1400°C for 1 to 2 hours.
Porosity of 60-80% and pore size of 0.1-2.5 mm were observed. Wen et al [99-101] and

Laptev et al [102] used ammonium hydrogen carbonate as space holders, which can be
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removed by decomposition at 200°C, to produce porous titanium with 35-80% porosity,

as shown in Fig. 4.

Another alternative is to use a polymer scaffold as space holder with titanium powder
slurry coated on its surface. After burning off the scaffold and binder, and subsequent
sintering, a three-dimensional arrangement of hollow titanium struts is produced, as
shown in Fig. 5. This method has been demonstrated by Kupp et al [103] and Li et al.

[104-105]

1.3 Employing pore-forming agents

Using pore-forming agents to create pores within a titanium powder compact by releasing
a gas during the foaming process is another route for making highly porous structures
with large pores. Gauthier et al [106] reported their approach by molding the mixture of
titanium powder, a solid polymeric binder and a foaming agent and subsequently heat
treating in a three-step heat cycle including foaming, de-binding and sintering. The
foaming agent starts to decompose and generates a gas when the binder melts and flows
around the titanium powder. After foaming, de-binding and subsequent sintering are
conducted, a titanium foam with a porosity of 66% to 79% is produced. Jee et al [107]
used a two-part polyol-isocyanate foaming agent to produce a fine-celled reticulated
structure with porosity greater than 90% and a pore size of 0.4mm. The selection of the
proper foaming agent seems to be critical for producing high-quality titanium foams.
The use of polyurethane foaming system instead of polyol-isocyanate agent left a

significant amount of ash residues (3-4wt%) and contaminated the sintered titanium.
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Such contaminations must be carefully controlled when a foaming agent is used. In
addition, special attention should be paid to maintaining sufficient powder compact
strength after compaction and pore-forming agent removal. This can be achieved by
controlling the particle size of titanium and the pore-former in such a way that the size of
the pore-forming particles is several times larger than the titanium particles. This will
ensure sufficient number of contacts between titanium powders and therefore maintain

the shape integrity of the powder compact during debinding and foaming.

1.4 Entrapped gas expansion

Entrapped gas expansion is a process in which metals or alloys are expanded in the solid
state to achieve porous structures by means of building up gas pressure within small
internal voids. In the process, titanium powders are packed into a can that is first
evacuated and then backfilled with argon gas. The powders are then densified by hot
isostatic pressing and the argon gas is entrapped in the titanium matrix in the form of
isolated, micron-sized, high-pressure argon bubbles. By heating the powder compact
with entrapped argon gas under vacuum at titanium’s creeping or superplastic
temperature leads to expansion of the entrapped gas and the formation of the titanium

foam.

The entrapped gas expansion approach was first practiced by Kearns et al. [108-109] to

produce Ti-6Al-4V porous structure. They found that increasing the argon backfill

pressure and the heat treatment temperature for bubble expansion both increased the
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porosity, as a result of significantly increased plastic deformation of of the titanium
matrix at the foaming temperature. A cubic, facetted pore morphology with up to 30%
porosity was obtained at 1240°C with 0.1 atm argon backfill pressure. The cubic, facetted
pore morphology is the result of surface diffusion and anisotropic surface energies. They
also demonstrated that the pores could be elongated by hot-working of the argon
entrapped billets, which resulted in a highly anisotropic expansion upon the subsequent
foaming. A variation of argon entrapment technique is the use of titanium hydride that
produces hydrogen in-situ by decomposition. Ricceri and Matteazzi [110] cold-
compacted a mixture of titanium powders with 5% or 10wt% TiH, powders and then
HIP-consolidated the mixture into a billet. The internally pressurized hydrogen bubbles
were formed by decomposition of TiH,. These bubbles grew by creep deformation of the
matrix at foaming temperatures (950-1150°C), resulting in a porous structure with
porosity of 17-24% after 1 hour heat treatment. However, unlike the argon entrapment
technique, the very high solubility and diffusivity of hydrogen in the matrix leads to
rapidly reduction of the gas pressure in the H; bubbles and therefore reduces the driving

force for foaming.

The entrapped gas expansion method has been applied by Martin et al. [111-112] for
making low density core (LDC) sandwich structure by consolidating argon gas charged
powder compacts followed by hot rolling and annealing to expand the gas filled pores.
Fig. 6 shows schematically the implementation of the LDC process. In the process, the

can was made of Ti-6A1-4V, which forms a dense outer layer of LDC, as shown in Fig. 7.
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The foaming process under creeping temperature features slow kinetics and modest
porosity due to the low deformation rates and the easy void coalescence. To overcome
these shortcomings, attempts have been made to induce superplasticity in titanium matrix
during the foaming process, aiming at faster foaming kinetics through reducing the
resistance to plastic deformation, and higher final porosity by increasing the total plastic
deformation. The superplasticity could be activated by thermally cycling the materials
around the allotropic transformation of CP-Ti [113-115] and Ti-6Al-4V [116-118], or by
chemically cycling titanium alloys through hydriding and dehydriding cycles [119].
Dunand’s research group conducted a series of systematic studies [113-121] on the
superplastic foaming process for titanium and Ti-6Al-4V, and examined the
microstructures of the materials [115], the pore expansion kinetics [121], and the
relationship between microstructure and foaming kinetics [120]. Fig. 8 shows the
microstructure evolution with time during the superplastic foaming. Based on theoretical
estimate, the maximum achievable porosity is 50% for creeping foaming and 65% for

superplastic foaming [122-123], respectively.

2. Mechanical properties of porous titanium and its alloy

The mechanical properties of porous metals depend on the properties of the
corresponding solid materials and the pore characteristics, such as porosity level, pore
size, pore shape and orientation. With a wide range of pore levels and a variety of pore
characteristics achievable by various fabrication processes, the mechanical properties of a

porous material can be varied in a wide range. A good understanding of the relationship
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between mechanical properties and pore structures is critical for properly selecting the

materials and fabrication processes for intended applications.

2.1 Mechanical properties

Different processes may lead to different macro- and micro- porous structures and
subsequently different mechanical properties, even though the same relative density
(porosity) is obtained. Many process parameters affect the final mechanical properties of
the porous titanium parts, such as the starting powder characteristics (size, size
distribution, and shape), green compaction conditions (cold isostatic press, uniaxial press
and compaction pressure), sintering parameters (temperature, time, ramping rate,
atmosphere and pressure) and contamination controls (e.g., rapid dissolution of oxygen
and nitrogen into solid titanium leads to reduction of ductility). It is desirable to discuss
the mechanical properties of porous titanium materials with the underlying pore
structures and compare the different fabrication techniques. However, only a limited
amount of information is available on the mechanical properties of the porous titanium
parts. It is difficult, based on the available information, to give the comprehensive and
correct evaluations of the mechanical properties by different fabrication techniques,
especially of the correlation of the mechanical properties with the pore structures. In spite
of this, the results are interesting and encouraging towards the application as the porous
bone-replacement implants. The main processing parameters and mechanical
measurements for porous titanium and its alloy fabricated by powder sintering, using
space holder and pore-forming agents and entrapped gas expansion are summarized in

Table 2, Table 3 and Table 4, respectively and the following trends could be noted.
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I. Lower porosity (higher relative density) leads to higher mechanical strength and
higher young’s elastic modulus.
II. The porosity decreases with decreasing the initial powder size.
III. Young’s modulus can be tailored to match the human bone’s stiffness by

controlling the porosity.

In porous materials, both the strength and the Young’s modulus decrease with the
increase of the porosity. To meet the practical application needs, porous titanium
implants with high mechanical strengths and bone-matching elastic modulus are desired.
It has been demonstrated that the titanium compacts with around 30% porosity by powder
sintering [87,88,93] and those with 65-80% porosity by using space holder [100] or pore-
forming agent [106] have the Young’s modulus close to that of human cortical bone and
cancellous bone, respectively. However, the reported mechanical strength is lower than
the analytical predications and no work on fatigue strength has been reported for titanium
foams. A systematic investigation is needed to study the influence of various factors on

the mechanical properties focusing on matching the properties with bones.

2.2 Predicﬁtion of the mechanical elastic behaviors

A number of analytical methods have been developed for predicting the mechanical
properties of porous materials, including Gibson-Ashby cellular mechanics method
(developed for high porosity), Mori-Tanaka method (suitable for low porosity), and

Brocaccini-Ondracek method (better fit for full range porosity).
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Another approach for predicting the mechanical properties of porous material is
employing the numerical method. In recent years, finite element analysis (FEA) has
become an increasingly useful tool for the prediction of the effects of stress on the
implant and its surrounding bone. FEA allows researchers to predict stress distribution
within the implant itself, in the contact area of the implants with cortical bone and around

the apex of the implants in trabecular bone.

2.2.1 Gibson-Ashby methods

These methods are based on the beam theory and cell wall structure, and were developed
for foams and cellular materials [44]. Two major assumptions were made in these
methods: (1) the walls within the porous samples are thin, or equivalently, the porosity is
above approximately 70% (2) the whole porous structure can be represented by a unit cell
derived from an approximate geometry. The unit cells are analyzed using simple beam
theory and the global response of a repeating array of identical unit cells inferred.

The simplest structural model for cellular materials is the 2D honeycombs made up of

regular hexagons (Fig. 9 (a)). The applicable expression derived from beam theory is:
E t
—£=23()’ 1
£ ( 1) (M

where E, and E are the Young’s modulus of the porous material and the solid material,
respectively, ¢ and / are the thickness and the length of the walls. Equation (1) can be re-

written in terms of porosity as equation (2), where P is the porosity.
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Gibson and Ashby [44] used a unit cell shown in Fig. 9 (b) to model the 3D open cell

materials and obtained:

E”—1P2 3
?—(—) (3)

The normalized moduli calculated by various models are plotted in Figure.10 to predict
the change of Young’s modulus with porosity. The simple honeycomb model gives
unrealistic predictions for behavior of materials with porosity <20% and the experimental
data for titanium foam do not fit very well with the calculated values. It is understandable
because the achieved porous structure for titanium and its alloy do not show such
honeycomb structure. Therefore, 2D honeycomb model is not suitable for predicting the
modulus of foams of titanium alloys. The 3D open cell model is also based on
assumptions of high porosity. Experiments have shown that this model provides good
predictions of modulus for autogenous titanium materials with a porosity of greater than
70% [101]. However, the Gibson-Ashby model is based on the assumption of high
porosity and could not give accurate predictions for the materials with low porosity.
Besides porosity level, pore characters can also have significant effects on the elastic
modulus and other mechanical properties of a porous material., Thus, for accurate
prediction of the effect of porosity on the modulus, the role of pore geometry (shape and

orientation) on the modulus—porosity relationship ought to be taken into account.
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2.2.2 Mori-Tanaka method

The work of Mori and Tanaka [124], originally concerned with calculating the average
internal stress in the matrix of a material containing precipitates with eigenstrains, has
been the basis of many micromechanics calculations [125-127]. For porous materials, the
pores are treated as null-stiffness inclusions and this method has been successfully
utilized for materials with up to 50% porosity. The method is derived assuming that the
average strain in the pores can be approximated by that of a single pore in the matrix
subjected to the average matrix strain. A recursive relationship is used along with the
analytical solution for a single pore, based on the Eshelby tensor [128-129], S, which is

dependent on pore shape. In the case of spherical pore, S can be calculated by:

S=(i+_‘2 4)
1-v

where v is Poisson’s ratio of the matrix (when the porosity is zero).

Using this approach and neglecting any internal pressure within the pores, the expression
for the effective elastic modulus of a porous material can be written as:

S ©)
c T u-ps+P

where C, is the bulk or shear modulus of porous materials, C is the is bulk or shear
modulus of the solid material and S is the inverse of the Eshelby tensor. The
relationship between the bulk modulus (K) and shear modulus (G) and the Young’s
modulus and Poisson’s ratio can be given by the following relations, respectively:

E
K= 6
3-6v ©)
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G= E
2(1+v)

(7)

The normalized stiffness predicted by the Mori-Tanaka method for the case of spherical
pores is compared with the results predicted by Gibson-Ashby methods and Brocaccini-

Ondracek method in Figure 10.

2.2.3 Brocaccini-Ondracek method

Based on the earlier theoretical work for two-phase composite materials, Ondracek et al.
[130-132] proposed a model equation for the prediction of Young’s modulus of porous
materials. An expression has been derived by substituting the real pore structure by a
model microstructure of spheroids having the same surface to volume ratio as the real
pores. Later, Boccaccini et al. [133] did a modification to extend the validity of the
equation to the whole range of porosity for all possible pore structure. Two factors
describing the pore structure are included in the calculation, which are the shape factor
(z/x), defined by the axial ratio of the substituted spheroids and the orientation factor,
defined as cos’a, where o is the angle between the stress direction and the rotational axis
of the substituted spheroid. The final expression for the Young’s modulus of the porous

materials is [133-136]:
E

r _ 1 __1)2’3 r 8

= ( ) (8)

with

1/3 -2
r= 1.21(5) \/1+[(i) —1};os2 o 9)
X X
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For isotropic materials, cos’a=0.333, as shown by Ondracek [132]. The microstructural
parameters z/x and a are related to the actual features of the pore geometry and can be
determined by quantitative microstructural analysis of polished sections of the material
and using stereological relationships [132]. Thus, equation 8 has significant practical
relevance for Young’s modulus prediction in porous sintered materials. The predictive
capability of the equation has been confirmed by comparison with experimental data for
several porous ceramics, glasses and metals [133, 136]. For the special case of spherical

pores, z/x=1 and cos’a=0.333, equation 8 reduces to:

E
P = 1_P2/3 1.21 9
I ( ) )

The calculated moduli by four models are presented as a function of material porosity in
Fig. 10. Principally, Brocaccini-Ondracek method is valid for the whole range of porosity
for all possible porosity structure. However, there is still a noticeable discrepancy
between the theoretical predications and the experimental results. This is because the
pore shape is expected to change with the porosity level. Thus, it is necessary to analyze
the modulus-porosity data on a point-by-point basis, thus determining at each porosity

level the value of the axial ratio that provides the best fit.

2.2.4 Finite Element Analysis (FEA) application

FEA has been successfully used to predict the biomechanical performance of implant
systems [137-140], which can include many considerations, such as the localized stress
and strain field variations between the different pore structure, that the above discussed

analytical models do not take into account. It was demonstrated that FEA provided the
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richest information on the material mechanics because local stress field can be evaluated

and the materials microstructure is more accurately represented.

2D FEA [141-142] shows that both the pore structure and bone ingrowth have significant
influence on the mechanical properties of titanium foam. Slight changes of shape, size
and position of pores have little influence on the Young’s modulus and overall yield
stress. However, randomization of pore size and spatial distribution causes the decrease
of both Young’s modulus and the yield strength significantly. Another important
predication by 2D FEA is the impact of bone ingrowth. It was shown that bone filling
remarkably improves the mechanical properties of the implant. With bone ingrowth, both
Young’s modulus and yield strength increase, stress concentrations decrease and plastic

deformation is reduced.

It should be noted that the predications by FEA are not always consistent with the
experimental measurements, especially by 2D FEA that the simplifications of 2D plane-
strain approximation instead of 2D microstructures affect the predictive accuracy. The
principal difficulty in simulating the mechanical behavior of implants is the modeling of
human bone tissue and its response to applied mechanical force. Certain assumptions
need to be made to make the modeling and solving process possible. The complexity of
the mechanical characterization of bone and its interaction with implant systems has
forced researchers to make major simplifications. Assumptions made in the use of FEA
have to be taken into account when interpreting the results. In modeling, some

assumptions greatly affect the predictive accuracy of the FEA model. These include: (1)
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detailed geometry of the bone and implant to be modeled, (2) material properties, (3)
boundary conditions, and (4) the interface between bone and implant [143-144]. To
achieve more realistic models, advanced digital imaging techniques such as X-ray
tomography [145] or magnetic resonance imaging can be used to model implant
geometry in greater detail; the anisotropic and non-homogenous nature of the material

needs to be considered; and boundary conditions must be refined.

4. Summary

Porous titanium and its alloys are promising biomaterials for implant applications due to
their excellent biocompatibility, tailorable elastic modulus, and porous surface structures
that encourage bone ingrowth and result in strong bonding between implant and
surrounding tissues. The attractive features of porous titanium and its alloys have led to
strong interest in such materials and significant research efforts in developing fabrication

technologies and the characterization of their properties.

Generally porous titanium alloys can only be fabricated by powder metallurgy because of
the high melting temperature and the high reactivity of titanium. Partial sintering of
titanium powders or wire can lead to 20-50% porosity with the limitation of highly non-
spherical pores at the high porosity and therefore the low mechanical strength. The
approach using space-holders or pore-forming agents can produce titanium foam with the
adjustable pore structure and high porosity up to 90%, but the contaminations caused by
the space-holder or agents must be carefully controlled. Entrapped gas expansion under

creeping temperature exhibits slow kinetics and modest porosity. The foaming process
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can be accelerated by superplastic thermal cycling that can also lead to a higher final

porosity level.

Porous titanium materials with Young’s modulus close to human’s cortical and
cancellous bones and suitable mechanical strength can be fabricated by the adjustment of
porosity and processing parameters. However, the overall mechanical performance of the
porous titanium is not yet satisfactorily evaluated. Further improvements in the

mechanical properties are needed for the materials to be used for load-bearing implant.

Among the different analytical methods, Gibson-Ashby method is simple and works well
for high porosity titanium foams. Mori-Tanaka method and Brocaccini-Ondracek method
have the advantages of being able to account for the pore geometry, which can give better
predications for elastic modulus. Numerical analysis based on finite elements analysis
can predict the stress/strain distribution within the implant itself and the surface area of
the implant contacted with the surrounding bones. It has shown that once the bone
ingrowth is achieved in the porous implant, the localized stress concentrations are
dramatically decreased and consequently longer lifetime and decreased failure rate of an

implant.
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Figure Captions

Fig. 1 Cross-section of porous titanium compact produced by partial sintering of CP-Ti

powder to show the sharply cusped pore feature (courtesy, Taylor et al. [95]).

Fig. 2. Space holder technique for making porous metallic structures from metal powders
(adapted from Ref. [98]).

Fig. 3 Titanium foam made by powder metallurgy using polymer (left) or magnesium

granules (right) as space holder (courtesy, Banhart et al. [46]).

Fig. 4 Structure of porous titanium with various volume percent space holder (a) 0%, (b)

30%, (c) 50%, (d) 70% (courtesy, Laptev et al. [102]).

Fig. 5 Ti-6Al1-4V foam prepared by sintering of powder deposited on a fugitive scaffold
(courtesy, Li et al. [104]).

Fig. 6 Schematic drawing to show the LDC process. (1]

Fig. 7 Ti-6Al-4V sandwich structure with a porous core (courtesy, Schwartz et al. [112]).

Fig. 8 Microstructure evolution during superplastic entrapped gas expansion of CP-Ti (a)
0 h, (b) 8 h, (c) 26 h, (d) 83 h (courtesy, Murray et al. [115]).

Fig. 9 The unit cells used by Gibson and Ashby to model the foam and cellular materials
(441 (a) 2D hexagonal honeycomb cell, (b) 3D cubic open cell.

Fig. 10. Theoretical predictions for the Young’s modulus using the various models.
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Table Captions

Table 1: Comparison of mechanical properties of typical metallic and ceramic

biomaterials with human bones. [

Table 2.: Summary of processing and mechanical results for porous titanium and its alloy

compacts by powder sintering.

Table 3: Summary of processing and mechanical results for porous titanium and its alloy

compacts by using space holder or pore-forming agents.

Table 4: Summary of processing and mechanical results for porous titanium and its alloy

compacts by entrapped gas expansion.
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Fig. 1 Cross-section of porous titanium compact produced by partial sintering of CP-Ti

powder to show the sharply cusped pore feature (courtesy, Taylor et al. [95]).
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Fig. 2 Space holder technique for making porous metallic structures from metal powders

(adapted from Ref. [98]).

36



Fig. 3 Titanium foam made by powder metallurgy using polymer (left) or magnesium

granules (right) as space holder (courtesy, Banhart et al. [46]).
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Fig. 4 Structure of porous titanium with various volume percent space holder (a) 0%, (b)

30%, (c) 50%, (d) 70% (courtesy, Laptev et al. [102]).
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Fig. 5 Ti-6Al-4V foam prepared by sintering of powder deposited on a fugitive scaffold
(courtesy, Li et al. [104]).
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Fig. 6 Schematic drawing to show the LDC process.
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Fig. 7 Ti-6A1-4V sandwich structure with a porous core (courtesy, Schwartz et al. [112]).
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Fig. 8 Microstructure evolution during superplastic entrapped gas expansion of CP-Ti (a)

0 h, (b) 8 h, (c) 26 h, (d) 83 h (courtesy, Murray et al. [115]).
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Table 1: Comparison of mechanical properties of typical metallic and ceramic

biomaterials with human bones. ¢!

ng’'s .
Material hYIIgZUIgus Tensn(llt\an:g;a ngth
(GPa)
Metal and alloy
Stainless steel 190 586
Co-Cr alloy 210 1085
Ti-alloy 116 965
Ti 110 550
Amalgam 30 58
Ceramics
Alumina 380 300
Zirconia 220 820
Bioglass 35 42
Hydroxyapatite (HA) 95 50
Cortical bone 7-30 50-150
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Table 2: Summary of processing and mechanical results for porous titanium and its alloy

compacts by powder sintering.

Researchers/ . Main processing . . .
Authors Initial powder Parameters Porosity | Mechanical Properties Ref.
I Loose powder Maximum compressive
;‘“”C'me e | Ti.pAlav sintering at 41-55% | strength: 55MPa for 49% | [85]
: 1000°C, 0.5-24h porosity
Compacting
pressure: 70MPa Modulus: 10-90GPa
Oh, et al fé%her:ciggi m ;?r:;?irr'glr;t 5-37% ?gg&'gg.suength: i [87-88]
etal St g m;J 900/1100/1300°C, ° | Both modulus and
H 2hrs, sintering strength decrease linearly
pressure: 0/5/10 with increasing porosity.
MPa
Electro-discharge
compaction
Spherical Ti (80 | Sintering Bending strength: 128-
pm) temperature (600- | _ 178MPa
Konetal. | gpherical Ti- | 700°C), time: 3-20 | “30% | Elastic modulus: 16- [93]
6Al-4V (76 um) | mins Sintering 18GPa
pressure: 20-
30MPa,
Sintering
Ti (180-1000 temperature: Modulus: 5-35 GPa,
Thieme et al. 1150/1370/ 35-60% | Bending strength: 26-184 | [89]
um) 1470°C sintering MPa
time: 1-3 hrs
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Table 3: Summary of processing and mechanical results for porous titanium and its alloy

compacts by using space holder or pore-forming agents.

Researchers/ | Space-holder or Pore- Sintering Porosity | Mechanical Ref.
Authors forming agents Parameters Properties
Mg powder/wires 0 a0 Strength: 15-607MPa
Wheeler etal. | o o borated at 1000°c | 1490°C 25-82% | Modulus: 3-9GPa [96]
Compressive plateau
. stress :10 MPa and
e g‘)‘/’;‘?g;%g and 60%,77% | 100MPa for 77% and
. N X
Bram et al. carbonate (NH,)HCO; pore size | 60% po.rosny, [98]
Completely removed 1400°Cx1h 924 fespectively
under 200°C mm Bending strength:
5.6MPa for 77%
68MPa for 60%
ﬁ‘;&cr’gtue m hydrogen Compressive
ane, strength: 25-748MPa.
Wen et al. &NI(—I)4)HCO3-)NH3+COZ+ 1200°Cx2h 35-80% Young's Modulus: [100]
2 -
removable at 200°Cx5h 2.9-10.3 GPa
Polymer granules that Tensile strength: 1.5-
Rausch et al. | can be chemically 1100-1250°C | 55-80% 30MPa Young's [97]
removed at 130°C modulus: 0.3-16GPa
. Co (1) Foaming Compressive yield
Gauthier et Foymerie pinder plus (2) Debinding | 66-79% | stress: 10-22MPa | [106]
al. oaming agen (3) sintering Modulus: 0.6-2.1GPa
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Table 4: Summary of processing and mechanical results for porous titanium and its alloy

compacts by entrapped gas expansion.

Researchers/

Authors Processing Parameters Porosity Mechanical Properties | Ref.
(1) Powders packing in Compressive yield
vacuum and backfilled with Ar . strength of 200MPa
£3.3 atm 22-27% and Young’s modulus
A ,O " : isothermal of 60GPa are observed
(2) Densification by HIP at | foaming for 22% sample
Davis et al 890°C at 100MPa for 125 min. (14]
' (3) Foaming at creeping 41% thermal | Compressive yield
temperature (isothermal ) of | S¥cling strength of 120MPa
903/960°C or at superplastic foaming. and Young's modulus
upcrp asti of 39GPa were

thermal cycling of 830-980°C
for 1-24 h for gas expansion

observed for 41%
sample.
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