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ABSTRACT

Modeling and Simulation of Microporous Titanium: Effects of
Morphology with Application to Orthopaedic Implants

Huanlong Li

Effective and reliable material and structure as bone implant have been a continuing
challenge for scientists from bioengineering, material science and mechanical engineering.
Porous titanium has reduced stiffness comparable to bone and open pores to allow complete bone
infiltration, thus making it attractive for bone-replacement implants in biomedical engineering.
To facilitate the design and application of the material, it is necessary to develop an
understanding of the relationship between the morphology of porous microstructure and the
mechanical properties of the material.
2D finite element (FE) models based on simulate microstructures of different porosities are
initially set up to investigate the effects of pore morphology and bone infiltration on the
mechanical response of titanium foam in vivo. It is proved that several microstructural features
and bone ingrowth have significant influence on the mechanical properties of porous titanium.
Inspired by these results, a factorial design of experiment methodology (DOE) is therefore used
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to systematically compare the effect that these features have on the mechanical responses via
2D and 3D models based on simulate microstructures of titanium wire foam of 12% porosity.
Five microstructural features, including pore shape, size, orientation, and arrangement, and bone
infiltration, are varied to create test microstructures. The quantitative effects of the features are
used to screen their relative importance for elastic moduli, yield stress and stress concentration
factor. Finally, 2D FE models based on real microstructures at various porosities are compared
with 2D and 3D FE models based on simulate microstructures at same or similar porosities.
The results of these studies indicate that bone infiltration into the pores serves as the most
dominant factor and is the key to improve mechanical performance of microporous titanium.
Compared to other morphological factors, the orientation and arrangement of pores have relative
more important effects on the mechanical response of titanium foam. 3D FE models based on
simulate microstructures have been proved to predict more accurate results than 2D FE models
based either on real or simulate microstructures. However, based on the DOE study, 2D and 3D
FE models at low porosity (12%) have similar estimations on the effects of most factors on the
macroscopic and microscopic responses. This implies the possible use of 2D models to observe
the impact of microstructural features on mechanical responses.
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CHAPTER 1

INTRODUCTION

1.1 Introduction
The effective repair of the human skeletal system has been a significant and continuing
challenge in bioengineering. It is well known that more than one million orthopaedic prostheses
are implanted each year, which make the orthopaedic industry a multi-billion dollar industry in
the United States.(Ratner, Hoffman et al. 1996) For a long time, scientists from bioengineering,
material science and mechanical engineering have been cooperated together to seek for an
effective and reliable material and structure as bone implant.
The ‘ideal’ biomaterials should have the following properties:
● Excellent resistance to corrosion (degradation) in the human body environment.
● Biocompatible chemical composition to avoid adverse tissue reaction.
● Enough strength to sustain cyclic loading.
● Low modulus minimizing the bone resorption due to stress shielding effect.
● High wear resistance to minimize debris generation. (Long and Rack 1998)
Compared to other traditional metallic orthopaedic materials, such as stainless steel,
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Cobalt-base alloys, titanium and its alloys have relative light weight, low modulus, high
biocompatibility and high corrosion resistance, which make them more optimal to be used as
orthopaedic implants.(Long and Rack 1998; Medlin 2003) Ti-6Al-4V, the most commonly used
titanium alloy, was originally designed for aerospace applications. Since important advancements
are made in replacement arthroplasty during 1950s and 1960s, Ti-6Al-4V has been used as
standard metallic orthopaedic material. And the number of medical devices which are made of
titanium and titanium alloys is continuously increased.(Long and Rack 1998; Eck, Bridwell et al.
2002) Compared with nonmetallic biomaterials the strength levels of titanium and titanium
alloys are generally acceptable with adequate ductility. This property enables titanium and its
alloys to sustain cyclic loading that is endured by real bone due to the daily activities of human
being.
However, just like all other metallic biomaterials, titanium and its alloys face the problem:
“stress shielding effect” because of their higher stiffness than real bone. For example, the
Young’s modulus of Ti-6Al-4V is 121GPa while the modulus of cortical bone is 17GPa to 20Gpa.
(Long and Rack 1998; Eck, Bridwell et al. 2000; Eck, Bridwell et al. 2002; Geesink 2002) If
there is insufficient load transferred from the artificial implant to the adjacent remodeling bone,
bone resorption and eventual loosening of the prosthetic device will result. (Bobyn, Pilliar et al.
1980) The reduced tension or compression load to which living bone is exposed will make bone
thickness decreased, bone mass lost, and osteoporosis increased. Figure 1.1 illustrates the bone
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resorption around a solid titanium implant. (Bobyn, Pilliar et al. 1980) This phenomenon is
called “stress shielding effect”. It will cause the malfunction of both implant and the bone around
it.
Furthermore, achieving a stable bone-implant interface is a very important factor in the
long-term successful bone implant. Early on, smooth metal implants were directly implanted as
bone and joint replacements. However a thick fibrous tissue layer was formed around the entire
implant and prevented the desirable contact between healthy bone tissue and the implant. This
fibrous encapsulation makes the fibrous tissue-implant interface a weak one. The fixation is not
reliable in long term because the interface strength between the smooth metal implants and the
surrounding bone is not strong enough. The implants need to be anchored to the bone by a
bonding method since the interface between bone and smooth metal is weak.
The most popular bonding method used currently is bone cement. The cements, such as
polymethylmethacrylate, interlock the metal implant with the bone mechanically. These cements,
however, are usually brittle materials that are susceptible to brittle fracture and fatigue failure,
leading to implant loosening. Once the implant loosening happens, the micromotion of the
implants will aggravate the problem. Furthermore, the bone remodeling could not be promoted
because of the bioinert property of the hardened cements. Thus, there is not any long-term
improvement of the bonding of the implants to the bone. (Keller 1983; Linden 1989) So the
loosening will become severe in long term and result in a revision surgery. The number of such
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Figure 1.1. Bone resorption around a solid titanium implant was shown as large and irregular peri-implant
cavities. (Bobyn, Pilliar et al. 1980)
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revision surgeries increases remarkably as the number of younger patients increases in the
United States. (Jacobs, Sumner et al. 1993; Rubash, Sinha et al. 1998) Besides, the use of bone
cement achieves chemical risks as well as mechanical risks. For example, the temperatures of the
bone tissue around the implants are elevated by the exothermic polymerization of the bone
cement. And the elevatory temperatures can cause the bone cell necrosis if they are high enough.
Sometimes the cements themselves can also cause necrosis of the bone tissue in neighboring
regions. Although the cements are improved in some aspects, the remaining negative effects of
cements make them not optimal choice to provide the bonding between implants and
surrounding bone.(Harper 1998; Mousa, Kobayashi et al. 1999)
Alternative methods are being studied to replace bone cements. These methods include
bioactive coatings (such as hydroxyapatite) and porous coatings which increase implant surface
roughness. (Uda, Kohno et al. 1996; Simske, Ayers et al. 1997; Suzuki, Aoki et al. 1997;
Willmann 1999) Among these methods, porous coated implants are the most popular used
method to achieve long-term fixation. There are several methods to make porous-coated titanium
implants including plasma spray, sintered fibers and sintered beads. Porous coating alleviates
some of the problems associated with the cemented implants. First porous and textured surfaces
are usually employed on cementless implants to promote the stability of the bone-implant
interface.(Freels, Kilpatrick et al. 2002) For cementless implants, bone and soft tissue grow into
porous coating and seal off the effective joint space. So there is no debris in the joint space and
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the wear is decreased to a very low level. The percent bone ingrowth and the percentage of the
implant contacting bone have been studied for porous coating made from sintered beads.
(Karabatsos, Myerthall et al. 2001) And it was observed that organized soft tissue grew in and
around the porous coating of porous-coated titanium at all intervals. Figure 1.2 shows that soft
tissue can grow into the porous coating. (Freels, Kilpatrick et al. 2002) Bone and soft tissue
ingrowth into porous coating in cementless implant, serving as a biologic containment
mechanism, prevent particulate debris migration that happens in cemented implants. In addition,
the porous coated implants, as cementless implants, carry no chemical risks that cause the bone
cell necrosis. Furthermore the porous coating naturally transfers some stress from implants to
surrounding bone tissue to alleviate the stress shielding effect and the likelihood of associated
implant loosening. Therefore, it is possible for young patients who receive porous coated
implants to need fewer, if any, revision surgeries than for those receiving cemented implants.
Significant problems, however, still remain for porous coated implants although the porous
coating has improved the situation. The implants with porous coating are still much heavier and
have much higher modulus than the real bone. Significant stress shielding effects still arise even
after the porous coating transfers some stress from implants to surrounding bone. The most
critical factors of porous-coated materials are optimal shape and size of the pores and the optimal
time for soft tissue ingrowth and maturation. Generally, the fibrous encapsulation present around
the porous-coated rods is much thicker than around the smooth surface rods from the
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Figure 1.2. A photograph showed that soft tissue grow into the beads of a beaded porous coated rod (large
sintered beads). (Freels, Kilpatrick et al. 2002)
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experimental data by Freels in 2000.(Freels, Kilpatrick et al. 2002) And the encapsulation of
the porous-coated rods was interdigitated and appeared more adherent than that of smooth rods.
It seemed that the smaller beads had a greater maturation and complete filling of the innermost
interstices although the beads size that allowed the best soft tissue ingrowth could not be
determined in their study. Since the porous coating is always very thin and the pore size is small,
the bone ingrowth into the porous coating is always shallow and incomplete. Also the porous
coating increases the stress concentrations at the interface between the implant substrate and the
porous coating, (Messersmith and Cooke 1990; Wolfarth and Ducheyne 1994) resulting in a
significant reduction of the fatigue life of the implants. Moreover, the microstructure of the
implant metal can be possibly altered during the application of porous coating because of the
high temperature associated with the process. The fatigue life of the implants with altered
microstructure will also be reduced. All these negative side effects of the porous coated implants
indicate that although a better choice to be used as orthopaedic replacement than cemented
implants, they are still not optimal for a long-term use.

1.2 Overview of porous titanium
Thus a motivation for porous titanium materials emerges because the combination of the
advantage of titanium and the advantage of porous surface will make porous titanium a good
biomaterial with enhanced fixation property, lighter weight and lower modulus compared with
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solid or porous coated titanium.(Takemoto, Fujibayashi et al. 2005) When titanium alloys are
made porous, an even lower modulus, approaching those of bone, can be achieved because the
stiffness drops at the square order of the relative density of porous materials according to Gibson
and Ashby’s theory. (Gibson 1997) And this low modulus will be valuable to alleviate the stress
shielding effect and eventually prolong the medical device lifetime by enhancing stress
redistribution to the adjacent bone tissue. The most important feature of porous titanium is that
porosity is introduced not only at the porous surface, but through out the whole implant structure.
This fully porous structure allows deep and all-sided bone ingrowth, which is the key to improve
the performance of bone implants. A strong mechanical bonding is created by this bone
infiltration between the implant with surrounding bone tissue. In addition to the enhanced
fixation, it has been illustrated that if nearly complete bone ingrowth can be achieved, stress
concentrations, which cause low ductility, can be decreased significantly. (Li, Oppenheimer et al.
2004)
In this collaborative project, researchers in bioengineering, material science and mechanical
engineering are collaborating to study the biomedical properties, material properties and
mechanical properties of porous titanium for its potential usage as a bone implant with complete
bone ingrowth and reduced implant stiffness.(Spoerke, Murray et al. 2005; Takemoto,
Fujibayashi et al. 2005; Spoerke, Murray et al. 2006) First, there must be an effective method
and process to create porous titanium and control pore shape, size and distribution. Second, the
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optimized pore shape, size and distribution of porous titanium should be determined for
sufficient bone ingrowth and optimal mechanical properties. Third, the interaction between
implant and the soft tissue and other bones must be studied to make porous titanium a reliable
implant for long-term usage. This thesis deals predominantly with the second topic, but we
introduce some information regarding the processing briefly below to place the work in context.
Porous titanium can be produced by various sintering methods, including the sintering of
uniform or non-uniform powders (Asaoka, Kuwayama et al. 1985; Guo, Jee et al. 2000; Oh,
Nomura et al. 2002; Oh, Nomura et al. 2003), or wires(Murray and Semple 1981), and the
sintering of powders around a temporary space-holding phase. (Bram, Stiller et al. 2000; Wen,
Mabuchi et al. 2001), and the sintering of powders in a fugitive scaffold(Li, Li et al. 2002)
However, it is not easy to control the level of pore connectivity in sintering process, and the pore
shape and size of porous titanium made by sintering depend on those of the original powders
used. To build a stronger structure, a novel foaming method was developed (Kearns, Blenkinsop
et al. 1987; Kearns, Blenkinsop et al. 1988) and improved (Dunand and Teisen 1998; Davis,
Teisen et al. 2001). Compared with powder sintering processes, this method which is based on
expassion of pressurized bubbles allows relatively easy control of pore shape, size, fraction, and
connectivity which are essential for bone cell infiltration and mechanical properties. According
to this method, argon gas is filled into an evacuated steel canister where titanium powders are
packed. Then Hot Isostatic Pressing (HIP) makes those titanium powders densified while the
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pressurized argon gas bubbles are trapped within the Titanium matrix. After the titanium billet
is cooled and the steel canister is removed, the temperatures that this material is exposed is
elevated under vacuum. Pores are expanded because of the difference of the pressure between the
argon pockets and the surrounding vacuum. To avoid early pore wall rupture and prevent the
escape of the high–pressure argon gas, the cycled temperature of the furnace is around the
material’s, titanium or Ti-6Al-4V’s, superplastic transition temperature. The more rounded pore
shape and full density of struts created by this method make the porous titanium exhibit higher
strength. Furthermore, since greater pore expansion can be achieved before cell wall rupture
occurs, the porosity of porous titanium created by this method can reach a higher level.
Pore morphology plays an important role in determining the stress distribution within the
implant and the overall mechanical properties of porous titanium and are the focus of this thesis.
The methods to study the mechanical properties of materials are usually classified into three
ways: theoretical analysis, experimental analysis and Finite Element Analysis (FEA). Theoretical
analysis for porous materials includes a structural model and composite material model. The
structural model is based on simple beam theory for a unit cell and is desired for thin cell walls
and high porosity.(Ashby 1997) Contrarily the composite material model is based on inclusion
theory and achieves good results for lower porosity.(Mura; Mori 1970; Tanaka 1973; Benveniste
1987; Aboudi 1991) Ultrasound experiment and compressive experiment are traditional
experimental procedures to determine mechanical properties. But recently Digital Image
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Correlation which measures the deformation form the optimal photograph of the subject,
emerges as a new experimental procedure to study the mechanical properties of materials and is a
good choice for porous titanium.
In the existing literature finite element analysis methods have been used more extensively on
composites than porous materials. But many of these approaches can be adapted to study the
mechanical properties of porous titanium. There are several major approaches we consider here,
including the landmark study by Needleman and Suresh: the Unit Cell model. This method was
designed to study the deformation characteristics of ceramic whisker- and particulate- reinforced
metal-matrix composites.(Christman, Needleman et al. 1989) It uses an axisymmetric and plane
strain unit cell, usually a hexagonal cylinder, to simulate the materials reinforced with brittle
fibers, whiskers or particulates. From this method, it is shown how the size, shape and
distribution of the reinforcement phase strongly affect the constitutive response of the
metal-matrix composite.
Besides the Unit Cell model, the fine 2-D spring network, VCFEM (Voronoi Cell Finite
Element model) and 3D-MP (multi-particles) also give alternative way to do finite element
analysis for porous materials. In the 2-D spring network by Ostoja-Starzewski, the spring
network is suited to present the stress transfer and stress field redistribution in complex geometry.
Damage evolution is simulated by removing or breaking the fine springs.(Ostoja-Starzewski,
Sheng et al. 1997) The method of VCFEM designed by Suresh Moorthy and Somnath Ghosh
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aimed at the arbitrary microstructural distribution. It introduced new reciprocal stress functions,
which are based on a transformation method similar to Schwarz-Christoffel conformal
mapping.(Moorthy and Ghosh 1996) But this model achieves bad effectiveness for porous
materials, especially for voids of arbitrary shapes. In 2002, Shen and Lissenden gave the results
from 3D-MP (3-D multi-particle model). They use 24-faced solid to simulate the inclusion,
which is stochasticly distributed by computer. From their results, 3D model predicts macroscopic
stress-strain response close to 2D model under generalized plane strain condition. But the
microscopic stress and strain distribution from the 3D model do not agree with that from 2D
model. (Shen and Lissenden 2002)
In 1991, Gans and Woodmansee place small elements that are non-load bearing into
structure to simulate pores and make these voids unevenly distributed using Poisson distribution
(Gans and Woodmansee 1992). All pores are assumed to be cubes instead of round. But this
method only deals with very low porosity (up to 5%). Christensen studied the mechanical
properties of cellular and low-density materials based on the work of Gibson and Ashby in 2000
(Christensen 2000). Different cell types including: triangle, hex and triangle, hex, star and hex
were used to simulate the pores. It achieved some significant results, but the results are valid
only for very high porosity.
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1.3 Objectives
There are still many things needed to do to study the mechanical properties of porous
titanium based on the previous work. First, typically periodic arrangements or randomly
generated inclusions or pores are used to “simulate” the microstructure. In this way, many details
of a real microstructure will be lost. More exact and better results will be achieved if the
simulated geometries are replaced by meshing a micrograph. Sarah L. Thelen used the real
microstructure obtained from porous titanium samples to do finite element analysis.(Thelen 2002)
But in her study, the micrograph was smoothed as the resemblance of the actual microstructure,
which achieved many problems on the results of the local stress-strain distribution. Also the
study was only carried out in elastic region and plastic deformation was not considered though
plastic deformation is crucial to the fatigue of porous titanium. So the models based on real
microstructure without smoothing should be used to study the mechanical properties of porous
titanium, especially for plastic properties that is essential to account for large local deformation
at certain microstructural features. In addition, the comparison between the results from real
microstructure and the results from simulated microstructure should be carried out to help to
adjust the conclusions based on the simulated microstructure.
3D analysis should be pursued to gain more exact and detailed information for real bone
implant than current 2D analysis. So it is necessary to achieve 3D finite element method to gain
the more detailed understanding of the local stress-strain distribution for porous Titanium. Due to
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the difference between the nature of the 2D finite element models and the 3D finite element
models, the 3D models usually produce different results from 2D models and these results are
closer to the characters of the real porous titanium implants. However, due to the vast time and
computer source that 3D models consume, it will be very helpful to understand the fundamental
differences between 2D models and 3D models.
Furthermore, it is known that the constitutive response of the porous materials is strongly
affected by the size, shape, and distribution of the pore phase. So the influence of the size, shape,
and distribution of the pores should be studied to gain the optimal results for all these aspects to
achieve the best results for mechanical properties of the porous titanium. As well as the pore
morphology, the ingrowth of surrounded bone tissue has great impact on the performance and
properties of the porous titanium implants. Additionally, the stress pattern of the porous titanium
implants influence the rate and extent of bone ingrowth. However, we only have a feeling or hint
that this interaction is important and the relative importance of different factors has not been
quantified yet. And such measure would help us to seek a structure that encourage bone and soft
fiber to grow into porous titanium very well, while at the same time retaining good mechanical
properties so implants can sustain long cycling loads.

1.4 Overview
After this introduction chapter that address the reason porous titanium as promising bone

29

implant, the method of making porous titanium and the remaining challenge in studying the
mechanical properties of porous titanium, an extensive literature review of models for studying
porous materials will be presented in Chapter 2. Both analytical methods and finite element
modeling will be discussed in this chapter. The review will focus on the characteristics of each
model and the limitation when this model is applied to study the mechanical properties of porous
titanium.
The initial 2D finite element simulation for porous titanium of middle level porosity will be
presented in Chapter 3. This simulation obtained preliminary results and understanding of the
effects of morphology and bone ingrowth on the mechanical properties of porous titanium.
Furthermore in this chapter, the mechanical response of 25% porous titanium in vivo is simulated,
and the 3D finite element models are set up to study the anisotropy of the titanium wire foam.
Based on results in Chapter 3, a more systematic approach is developed in Chapter 4. In this
chapter, the design of experiments (DOE) method is applied to scale the relative importance of
different factors. The influence of morphology and bone ingrowth on the mechanical properties
of porous titanium, which are observed in Chapter 3, will be quantified systematically for both
two dimension and three dimension geometries.
Instead of the simulated microstructures used in Chapter 3 and 4, real microstructures are
used to set up finite element models in Chapter 5. Results from the models of different porosities
are presented and discussed, and the comparison between models based on real microstructures
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and models based on simulated microstructures is performed.
Conclusions are remarked and future work is suggested in Chapter 6.
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CHAPTER 2

MODELING METHODS

Many analytical and numerical methods were historically developed to study the structures
and properties of heterogeneous materials and the ways in which they can be exploited in
engineering design. These methods which addressed different volume fractions of inclusions or
voids have diverse merits and limitations as they are used to predict overall material behavior
and the influence of microstructure parameters on the mechanical properties of heterogeneous
materials. This chapter will give a literature review of analysis and numerical models for
heterogeneous materials.

2.1 Analytical modeling
2.1.1 Gibson et al. models
Structural mechanics based models to study the mechanical properties of the cellular
materials were developed and discussed by Gibson et al. at early 1980s (Gibson, Easterling et al.
1981; Gibson and Ashby 1982; Gibson, Ashby et al. 1982) and a book Cellular Solids: structure
and properties summarizing the methodology was published in 1997(Gibson 1997). This text has
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become the most thorough compilation of information on the mechanics of cellular materials
of high porosity.
Based on the simple beam theory, the Gibson-Ashby models mainly study the idealized
porous structures for both two and three-dimension using honeycomb-like structures. The
repeating hexagonal cell for 2D model is shown in Figure 2.1 (Gibson 1997) The deformation of
2-D honeycomb structures can be easily characterized. Using the beam theory approach which
will be described briefly below, properties of cellular materials can be derived, such as the elastic
moduli and several critical strengths including the elastic bucking or elastic collapse stress, the
fracture or crushing strength, and the yield or plastic collapse strength.
Several assumptions has been set by Gibson et al to derive the equations used to predict the
properties of honeycomb structure. (Gibson, Easterling et al. 1981; Gibson and Ashby 1982;
Gibson, Ashby et al. 1982; Gibson 1997) First the geometry of repeating hexagonal cells can
represent the geometry of the cellular materials. The walls of the honeycombs are isotropic,
homogeneous beams, which means that the thickness of a cell wall ( t ) is much smaller than the
length of the cell wall (l). So the relative density of the honeycomb structure is low, or
correspondingly the porosity of the cellular material is high. Second it is also assumed that the
shear deformation and axial extension or compression of the beams is negligible for the elastic
analysis. The geometry of the cells can be taken as constant because it is assumed that the strains
are small enough not to change the geometry.
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Figure 2.1. A sketch of a hexagonal honeycomb unit cell. (Gibson 1997)
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Based on these assumptions, the overall density, Young’s modulus and Poisson’s ratio are
derived for a general honeycomb for which h and l differ and the cell wall angle θ can be
arbitrary. Because t / l is small, the density for this honeycomb is

ρ*
t / l (h / l + 2)
=
ρ s 2 cos θ (h / l + sin θ )

(2.1)

So the Young’s modulus, poison ratio and shear modulus derived by Gibson et al are
3

E1*  t 
cos θ
= 
Es  l  ( h / l + sin θ ) sin 2 θ

(2.2)

E2*  t  ( h / l + sin θ )
= 
Es  l 
cos3 θ

(2.3)

3

ν 12* = −

ε2
cos 2 θ
=
ε1 ( h / l + sin θ ) sin θ

(2.4)

*
ν 21
=−

ε1 ( h / l + sin θ ) sin θ
=
cos 2 θ
ε2

(2.5)

( h / l + sin θ )
G12*  t 
= 
Es  l  ( h / l )2 (1 + 2h / l ) cos θ
3

(2.6)

Here the superscript asterisk refers to the porous material and the subscripted ‘s’ refers to the
solid material of which the porous material is composed. And Ei* is the Young’s modulus
parallel to xi (i=1,2) direction. ν ij* is the Poisson’s ratio for loading in the xi (i=1,2; j=1,2;
and i ≠ j ) direction. G12* is the shear modulus. Only three of the four moduli E1* , E2* , ν 12*
*
and ν 21
are independent because of the reciprocal theorem.

For regular, uniform hexagons (h=l, θ=30˚), all these equations reduce to
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ρ * 2t
=
ρs
3l

(2.7)

E1* E2*
t
=
= 2.3  
Es E s
l

3

*
ν 12* = ν 21
=1

(2.8)
(2.9)

3

*
G12*
t  1 E
= 0.57   =
Es
 l  4 Es

(2.10)

For three-dimensional foams, geometric models for open cell, closed cell and combined
foams are created by Gibson and Ashby. The same standard beam theory for bending in the 2D
honeycombs models is also used for the three-dimensional open cell foams.(Gibson and Ashby
1982; Gibson, Ashby et al. 1982; Gibson 1997) The unit cell for open model is shown in Figure
2.2. (Gibson 1997)
While keeping all other assumptions for 2D model same as for 3D open model, the shear and axial
deformations are not neglected any more. These values become increasingly important as the
relative density increases. All these analysis are assumed to be performed within a smaller range of
relative density values (ρ*/ρs < 0.1). It is assumed that cell edges are composed of an isotropic,
homogeneous solid and there is no imperfections or variations to the microstructure of the cellular
material being modeled. The approximations for the elastic properties of 3D open-cell foams are
obtained as
E*  ρ * 
≈ 
Es  ρ s 

2

(2.11)
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Figure 2.2. Sketch of repeating unit cubic of the open-cell foam (Gibson 1997)
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G* 3  ρ * 
≈  
Es 8  ρ s 

ν* ≈

2

(2.12)

1
3

(2.13)

In addition to the beam theory applied to the open cell honeycomb model, the concepts of
membrane stretching and buckling and of fluid (contained within the closed cell) compression are
used to form the closed cell honeycomb model (shown in Figure 2.3). (Gibson 1997) Similarly
equations for the elastic properties of closed-cell foams are derived as
*
p0 (1 − 2ν * )
E*
ρ*
2 ρ 
≈ φ   + (1 − φ ) +
Es
ρ s Es (1 − ρ * / ρ s )
 ρs 
2

G* 3  2  ρ * 
ρ* 

≈ φ   + (1 − φ ) 
ρs 
Es 8   ρ s 


1
ν* ≈
3

(2.14)

2

(2.15)
(2.16)

where φ is the fraction of solid material that is contained within the cell edges, and p0 is the
pressure within the closed cell.
For all models, 2D or 3D, open or closed, these honeycomb models are idealized structures
and do not correspond exactly to actual foam geometry.

In real materials, the foam

microstructures do not exactly match the cubic structure of the three-dimensional open cell
model proposed by Gibson and Ashby due to lack of exact periodicity and other variations in
microstructure. It is found that the honeycomb is invalid for porous materials with porosity less
than 20% because the stiffness predicted by the honeycomb model is greater than the real
material stiffness in this porosity range.(Thelen 2000; Thelen, Barthelat et al. 2003) However, it
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Figure 2.3. Sketch of the repeating unit cubic of the closed-cell foam. (Gibson 1997)
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should be noted that the three-dimensional unit cell models sometimes can give good
prediction for the overall behavior of some cellular materials whose densities are relative high
and microstructures have little resemblance to the microstructures formulated by Gibson and
Ashby(Gibson 1982; Gibson 1997; Goods 1998). But generally the honeycomb models are
used for low density (high porosity) foams. Furthermore, the imperfections in the cellular
microstructure such as variable cell shape, cell wall waviness, non-uniform cell wall or edge
thickness, or missing cell walls will significantly impact the mechanical properties of a porous
material(Gibson 1982; Gibson 1982; Prakash, Bichebois et al. 1996; Gibson 1997; Sanders and
Gibson 1998). Thus it is difficult for the honeycomb models based on idealized structures to
predict the mechanical properties of the realistic three-dimensional foams with imperfections.

2.1.2 Mori-Tanaka Method
Mori-Tanaka method has been one of the most well-known micromechanics methods to
predict the mechanical properties of the two-phase materials.(Mori 1973; Weng 1984; Benveniste
1987; Aboudi 1991) Compared with other methods, the algebraic expressions of Mori-Tanaka
method are relatively simple, but still very useful to obtain the isotropic or anisotropic effective
elastic moduli of two-phase materials. According to this method, the materials are divided into
two phases: one is called matrix phase, and the other is inclusion phase, which constitutes the
pores for porous materials. The key point in Mori-Tanaka method is Eshelby tensor, which
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encompasses a large range of shapes from spherical inclusions to cylindrical inclusions even to
penny-shaped cracks as ellipsoidally shaped inclusions (or pores). By using the Eshelby tensor
(Eshelby 1957; Mura 1987), Mori-Tanaka method can be applied to various pore shapes.
The Mori-Tanaka method assumes an infinite matrix subjected to a uniform average stress
and containing a single inclusion can represent a matrix containing various interacting
inclusions(Weng 1984; Aboudi 1991) according to the equivalent inclusion idea of
Eshelby(Eshelby 1957). From this method, the expression of the effective moduli of the
two-phase materials reduces to simple algebraic equations and the value only depends on the
elastic moduli and volume fractions of the matrix and inclusions and the shape of the inclusions.
Equation (2.17)-(2.18) show the effective bulk and shear moduli of the two-phase materials, for
an isotropic, elastic matrix containing isotropic and elastic, spherical inclusions (Aboudi 1991).

c2 ( K 2 − K1 ) K1
(1 − c2 )( K 2 − K1 )α1 + K1

(2.17)

c2 ( µ 2 − µ1 ) µ1
(1 − c2 )( µ 2 − µ1 ) β1 + µ1

(2.18)

K * = K1 +

µ * = µ1 +
where α1 =

3K1
6 ( K1 + 2 µ1 )
and β1 =
.
3K1 + 4µ1
5 (3K1 + 4 µ1 )

Here K i is the bulk modulus of phase i (i=1,2), µi is the shear modulus of phase i (i=1,2),
where the index 1 denotes the matrix and 2 the inclusion. c2 is the volume fraction of the
inclusions within the matrix. And the superscript asterisk refers to the composite material
properties.
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When the bulk and shear moduli of the inclusions, K2 and µ2 respectively, are reduced to
zero, the two-phase material become the porous material, an isotropic, elastic matrix containing
spherical pores. In this case, the effective Young’s modulus will be reduced to a simple relation:
*

E =

9K * µ *
3K * + m*

(2.19)

The study of the ability of Mori-Tanaka method to predict the mechanical properties of
porous materials has been carried out.(Weng 1984; Berryman and Berge 1996; Christensen 2000)
It is found Mori-Tanaka method overestimates the overall effective properties when the volume
fraction of soft inclusions increases although this method can give accurate results for some
materials with soft inclusions.(Christensen 2000) So the Mori-Tanaka method does not remain
accurate when it is used to predict the mechanical properties of the porous materials with high
porosity. However, the Mori-Tanaka method is very useful to address the porous materials in a
limited range of low porosity levels.(Dvorak 1999; Christensen 2000) According to Dvorak’s
work, the value of the effective stiffness of porous materials estimated by Mori-Tanaka method
coincides with upper bound of Walpole’s form of the Hashin-Shtrikman bounds. Some
experimental results have been used to validate the efficiency of the Mori-Tanaka model to
predict the effective properties of porous materials. The Mori-Tanaka method is applied to
porous glass with porosities ranging from 70% to zero by Berryman et al.(Berryman and Berge
1996) It is found that when the porosity is bellowed 20%, Mori-Tanaka can provide accurate
prediction compared with experimental results. However, it only provides a upper bound rather
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than the accurate estimation beyond that range of porosity. Similar conclusions are also
obtained by other studies.(Weng 1984; Dvorak 1999)

2.1.3 Gurson Model
Ductile fracture generally follows three consecutive damage accumulation processes at room
temperature: void nucleation, void growth, and void coalescence, and is controlled by the local
stress and strain state. The effect of microvoid nucleation, growth, and coalescence on the plastic
response of structural materials is modeled by Gurson based on axisymmetric model, the
spherically symmetric deformation of a rigid-perfectly plastic body around a spherical
void(Gurson 1977). Figure 2.4 (a) illustrates the spherical void surrounded by rigid-perfectly
plastic spherical body. The approximate yield condition can be expressed as

1
2
Φ = Teqv
+ 2 f cosh( Tnn ) − 1 − f 2 = 0
2

(2.20)

where f is the void volume fraction, Teqv is the macroscopic equivalent tensile stress, and
Tnn is the normalized macroscopic stress. Figure 2.4 (b) shows the geometry for long circular
cylindrical void in a matrix of rigid-perfectly plastic body. (Gurson 1977) Also similar results are
derived by Gurson for long circular cylindrical voids
2
Φ = Teqv
+ 2 f cosh(

3
Trr ) − 1 − f 2 = 0
2

(2.21)

Based on these results, more general expression of flow potential for Gurson Model is developed
by Tvergaard (Tvergaard 1981; Tvergaard 1982; Tvergaard 1982; Tvergaard and Needleman
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1995) as

Φ=

2
σ e2
qσ
+ 2q1 f * cosh( 2 kk ) − 1 − ( q1 f * ) = 0
2
2σ
σ

(2.22)

Here σ is the matrix flow strength and use σ ij as the Cauchy stress, so

σe =

3 ' '
σ ijσ ij
2

(2.23)

1
3

(2.24)

σ ij' = σ ij − σ kk δ ij

The values of parameter q1 and q2 could be modified to make the prediction for this
model consistent with the numerical results. For q1 = q2 = 1 , this function reduces to the format
obtained by Gurson based on the spherically symmetric deformation of a rigid-perfectly plastic
body around a spherical void. And when f * ≡ 0 , this flow potential Φ reduces to that for a
Mises solid. f * ( f ) is a bilinear function which represents the effects of rapid void coalescence
as failure

f , f < fc


f =
1

f
f
+
−

 ( f − fc ) / ( f f − fc ) ,
c
c

q
1



*

f ≥ fc

(2.25)

At a critical void volume fraction f c , the onset of rapid void coalescence is assumed to begin.
As f → f f , f * →

1
and the material loses all stress-carrying capacity.
q1

A number of micromechanical analysis and calculation have been carried out to study the
range of the value of parameters q1 and q2 .
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Figure 2.4. Sketchs of: (a) The spherical void embedded in a rigid-perfectly plastic spherical body, (b) long
circular cylindrical void embedded in a matrix of rigid-perfectly plastic body. (Gurson 1977)

45

(Tvergaard 1981; Tvergaard 1982; Tvergaard 1982; Tvergaard and Needleman 1984; Becker
and Needleman 1986; Becker, Needleman et al. 1988; Becker, Needleman et al. 1989; Tvergaard
1990; Tvergaard and Needleman 1995) Generally, the value ranges are: 1.25 ≤ q1 ≤ 2 and
0.9 ≤ q2 ≤ 1 . And q1 = 1.5 and q2 = 1 are most frequently used values. The values of the
parameters f c and f f are also estimated. (Tvergaard and Needleman 1995) Generally the
reasonable value for f f is 0.25. When the initial void volume fraction is between 0.001 and
0.08, the range of f c is from 0.03 to 0.15.
Typically, Gurson model is applied to numerical computation. For example, it has been used
to predict flow localization, final failure by void coalescence and crack growth, or influence of
void on shear band. (Chu and Needleman 1980; Tvergaard 1981; Tvergaard and Needleman
1984; Koplik and Needleman 1988) And Gurson model has been employed to simulated the
mechanical response of porous materials during a nanoindentation experiment.(Chen, Xiang et al.
2006) However, void growth or coalescence under deformation is always involved in the
application of Gurson model. Compared with the constant volume fraction of porous titanium as
bone implant which is the focus of our work, the porosities of the porous materials in Gurson
model are changeable. Furthermore Gurson model achieves accurate results only on low void
volume fractions. When it comes to high void volume fraction, this model would encounter
difficulties to predict stress localization. Besides Gurson model was based on periodic
distribution of axisymmetric voids. So when the voids are of arbitrary shapes and are randomly
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distributed, the Gurson model loses validity, but provides the upper bound yield functions.

2.2 Numerical modeling
In the existing literature, many finite element methods have been developed to study
mechanical properties of heterogeneous materials. As well as the finite element analysis methods
addressing porous materials, many of the finite element analysis methods, which have been
applied to composites rather than porous materials, can be adapted to study the mechanical
properties of porous titanium. Several major approaches will be reviewed and the merits and
limitations of each approach will be discussed in the following sections.

2.2.1 Unit Cell Model
The Unit Cell model was developed by Christman, Needlemen and Suresh to study the
mechanical properties of ceramic whisker- and particulate-reinforced metal-matrix composites in
1989. (Christman, Needleman et al. 1989) This study focused on how the tensile properties
depended on the matrix microstructure and especially on the size, shape and distribution of the
inclusion (reinforcement) phase. Since then, this method has been widely used to predict the
mechanical properties of reinforced materials and the effects of the particle morphology and
volume fraction on the overall material properties.(Christman and Suresh 1987; Becker,
Needleman et al. 1989; Christman, Needleman et al. 1989; Llorca, Needleman et al. 1991)
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For the Unit Cell method, all composite materials are idealized into a periodic array of
identical cells, especially the three-dimensional array of hexagonal cylinders. Figure 2.5 show
the schematic diagram for unit cell model.(Christman, Needleman et al. 1989) It is assumed that
the deformations of the materials are small enough to keep the mirror symmetry of the
three-dimensional array of hexagonal cylinders so that the straight lines that connect the centers
of the cells remain straight. For this periodic array of hexagonal cylinders, each cell includes
only a single inclusion aligned with the tensile axis, or a cluster of inclusions. And the materials
are assumed as isotropically hardening elastic viscoplastic solids.
From this method, it is proved that the size, shape and distribution of the inclusion phase
strongly affect the effective properties of the metal matrix composites. For example, the increase
of the cell aspect ratio ( b / R ) makes the elastic modulus decrease and the strain hardening rate
increase. The representative deviations from a uniform periodic distribution result in the
variations in constitutive response of the materials. Among all these factors, the clustering of the
inclusions is considered as the most pronounced factor that effect the overall mechanical
properties of the two-phase materials. Figure 2.6 shows the schematic diagram of the
nomenclature for the clustering calculation of the unit cell models. (Llorca, Needleman et al.
1991) It should be noted that the clustering does not affect the elastic modulus although it has
strong effect on the local stress and strain pattern. Also the Unit Cell model predicts that any
deviation from a uniform periodic distribution results in an apparent reduction of the yield
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Figure 2.5 Schematic diagram showing the geometrical parameters and nomenclature used in the unit cell
model for a uniform distribution of whiskers. (a) A perspective of a single unit cell. (b) A projection in the
loading direction depicting the change from a hexagonal cross section (solid line) to a circular cross section
(dashed line). (c) A plane parallel to the loading axis (the loading axis is the y direction). The shaded areas
refer to the reinforcement.(Christman, Needleman et al. 1989)
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Figure 2.6. Schemataic diagram showing the nomenclature for the unit cells models for the clustering
calculation. (a) Uniform distribution; (b) horizontal clustering; (c) vertical clustering. (Llorca, Needleman et
al. 1991)
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strength of the composite. Since the microstructural geometry of porous titanium and
composites are both characterized by inclusions and matrix, the unit cell approaches and
conclusions can be utilized for the analysis of low porosity porous titanium.

2.2.2 Fine 2-D spring network
Since the mid-eighties, spring network models have been used to simulated the fracture of
atomic systems with bond or site defects.(Charmet 1990; Herrmann 1990) In these models, the
spring networks are suited to study stress transfer, stress field redistribution and evolving damage
in complex geometries. Based on these works, Ostoja-Starzewski set up fine 2-D spring network
model

to

study

out-of-plane

responses

of

disordered

matrix-inclusion

composites(Ostoja-Starzewski, Sheng et al. 1997; Ostoja-Starzewski 1998). A stochastic damage
mechanics is developed by contrasting Continuum Damage Mechanics (CDM) with the random
nature of fracture and damage phenomena in heterogeneous systems.
From this method, there are two phases: matrix phase and inclusion phase. As shown in
Figure 2.7, the disk represents inclusion, a homogeneous isotropic continuum. And all other
space represents matrix, another homogeneous isotropic continuum. It is ensured that no overlap
of round disk inclusions happens by making new round disk fall outside a certain minimum
distance to all previous disks. All round disk inclusions are of the same size and are distributed
either periodically (Figure 2.7 (b)) or randomly (Figure 2.7 (a)). The whole composite material is
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represented as the repeating windows that include several inclusions. So the periodic boundary
conditions are applied to the periodic window shown in Figure 2.7 (c).
Square lattice network is employed to study anti-plane elastic continuum composite Figure
2.7 (d). The matrix and inclusion phases are defined by giving different parameters for the
springs in different phases. Four parameters: the stiffness of the matrix and inclusion phases, and
the critical strain strengths are used to describe the spring network of the matrix-inclusion
composite. As the result of damage evolution, the stress field redistribution is simulated by
sequentially removing or breaking bonds in this square lattice according to the local strength
criterion. Fourteen mesh spacings were proved as the optimal number from the standpoint of
high quality resolution of stress in the vicinity of a single inclusion and moderate computational
costs.(Ostoja-Starzewski, Sheng et al. 1997)
It is found that the cracking process is discontinuous. First cracks initiate in the weak
inclusions. However, after creation, the crack stops growing until the load reaches a higher level
because of the difference between the properties of matrix and inclusion materials. And such
phenomenon is called ‘pre-peak’. The appearance and location of cracks in perturbed composites
are similar to those in the idealized composites although the overall pattern of damage is not
uniform for perturbed composites while it is uniform for idealized composites.
In Ostoja-Starzewski’s work, some conclusions are obtained:
1) Disorder at the microscale causes a scatter in strength at large scales. There are
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Figure 2.7. (a) A disordered matrix-inclusion composite with inclusions of diameter d and periodicity L,
showing a periodic window of scale; (b) a perfect periodic microstructure of the same volume fraction of
inclusions; (c) a schematic of loading of a periodic window of (a) via essential and periodic boundary
conditions; (d) a crude spring network discretization of the composite material (Ostoja-Starzewski, Sheng et al.
1997)
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noticeable scatter for both strain-to-failure and stress-to failure of random composites.
2) Damage initiates in the phase with larger stiffness for both random and periodic
arrangements. But the effective strength is overestimated when the composite is
assumed to be idealized periodic arranged. It is proved that geometric randomness has a
weakening effect.
3) Due to the stress/strain concentration, no matter whether the inclusions are randomly or
periodic arranged, the presence of inclusions has a weakening effect on the overall
strength compared with the overall strength of the composite that is occupied only by
one phase: matrix or inclusion.
4) There is no scatter for a homogeneous material. Also if strain and stress are initially
perfectly distributed, lack of scatter is observed.
Porous materials could be represented by this model when the stiffness of inclusion phases is
given as zero. However, the scatter of results in this methods caused by the microscale disorder
implies that any result drew from this method will be not conclusive because there are a lot of
microscale disorder in the real microstructure of porous titanium. Furthermore, the distribution of
the inclusions in this method is not real random since there is no overlap of inclusion. Besides,
the size of inclusion is uniform and the shapes of inclusions are all round in this method. In
general, Ostoja-Starzewski’s spring network model will encounter difficulties when it is applied
to study porous titanium as bone implant.
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2.2.3 VCFEM (Voronoi Cell Finite Element Model)
Voronoi Cell Finite Element Method (VCFEM) is innovated by Ghosh and co-workers based
on Unit Cell models in 1993 to do calculation for arbitrary microstructural distribution which is
the shortcoming of conventional Unit Cell Models.(Moorthy, Ghosh et al. 1993; Ghosh, Lee et al.
1995; Ghosh and Moorthy 1995) This model uses Dirichlet Tessellation of the microstructure to
evolve the finite element mesh called multi-sided ‘Voronoi’ polygon or cell that contains only
one heterogeneity at most. Figure 2.8 illustrates a typical representative material element (RME)
and a basic structural element (BSE). (Ghosh and Mukhopadhyay 1991) A typical RME is
tessellated into N Voronoi cells based on the size, shape and location of the heterogeneities. Each
Voronoi cell includes the matrix phase and the heterogeneity phase (void or inclusion). The
Schwarz-Christoffel conformal mapping was used to transform an arbitrary shaped void into a
approximate circle in the complex plane. (Muskehlishvili 1951; Muskehlishvili 1965) Figure 2.9
shows a typical numerical transformation of a voided cell. Each element boundary is composed
with three parts: prescribed traction boundary, prescribed displacement boundary and
inter-element boundary.
To achieve the convergence of multiple-phase Voronoi cell elements, the stress functions of
the constituent phases should meet several requirments. First, the shape of heterogeneity should
be represented in stress functions. Second, heterogeneity in the interface should have much more
effect to matrix stress function than at large distances, which implies that shape effect is
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dominant near the interface but vanishes in the very far field. Third, at interface, shape effects
in matrix stress functions should be unified with traction reciprocity at the interface. Thus
interface tractions caused by the inclusions should be counteracted at the interface and should
reduce to zero for porous material.
VCFEM is shown as an accurate method for modeling behavior of random microstructure by
comparing both the macroscopic and microscopic response of the VCFEM with that from
ANSYS and ABAQUS. Compared with the conventional codes, VCFEM can achieve very
similar accuracy but with a relative low computational effort by reducing the degrees of freedom
needed for convergence. At low void volume fraction, the results from VCFEM agree with that
from Tvergaard-Gurson model for porous material. But when the void volume fraction increases,
the results do not agree any more because the distribution and void shape have significant
influence on the overall performance. It is shown that the increasing size magnifies that effect
and the void orientation plays a more important role in the infection on the overall material than
the void shape.
The efficiency of VCFEM has been studied for elastic-plastic analysis of heterogeneous,
porous or composite, materials.(Ghosh, Lee et al. 1996) VCFEM is proven to accurately predict
mechanical properties of porous materials at moderate computational efforts. The influence of
pore morphology on the mechanical properties of porous materials which is very important for
the design of porous titanium as bone implant, however, is not addressed by VCFEM because
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Figure 2.8. (a) A typical representative material element (RME) and (b) a basic structural element (BSE)
produced by Dirichlet Terssellation of RME (Moorthy and Ghosh 1996)

Figure 2.9. (a) Actual shape of a Voronoi Cell with embedded heterogeneous; (b) transformed shape of the
VCE by approximate Schwarz-Christoff transformation(Moorthy and Ghosh 1996)
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the arbitrary shaped voids of different sizes are always transformed into a unit circle in
VCFEM. In addition, the boundary conditions at regions of material discontinuity in VCFEM are
applied in macroscopic level. Hence the results from VCFEM are less accurate near the interface
of two pores because the information of the interaction between pores is lost when boundary
conditions are applied in a macroscopic level. All these shortcoming make VEFEM not a proper
approach to study the relationship between the morphology of porous microstructure and the
mechanical properties of porous titanium.

2.2.4 3D-MP (3D Multi-Particle Model)
It is known that 3D model can calculate the microscopic stress and strain of heterogeneous
materials, both for composite(Shen and Lissenden 2002; Shen 2003) and porous materials(Shen
and Brinson 2006; Shen and Brinson 2006c), much more accurate than 2D model although the
2D model can achieve the macroscopic stress-strain which is very close to the macroscopic
stress-strain gotten from 3D model with the same inclusion volume fraction. So it is very
appealing to set up 3D model to predict material responses that depend on local effects, such as
strain –to-failure, stress-to failure, and fracture toughness.
H. Shen and C.J. Lissenden used 3D Multi-Particle Model (3D-MP) to study mechanical
properties of discontinuously reinforced aluminum (DRA) in 2002.(H. Shen 2002) This model is
based on the work of Iung and Grange (Iung and Grange 1995) and Leggoe (Leggoe, Mammoli
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et al. 1998) which qualify the difference between the results from 2D and 3D model. In the
3D-MP model, basic elastic-plastic equations are used and volume average is used to calculate
the overall stress and strain.
In 3D-MP model, a 24-faced solid particle is chosen to simulate an inclusion as shown in
Figure 2.10 (a). The representative volume element is a cubic, which makes the model length to
inclusion size ratio close to 5:1 that is adequate for disk-like inclusions having a stiffness 100
times that of the matrix for the work of Ostoja-Starzewski (Ostoja-Starzewski 1998). This
representative window includes forty-one 24-faced solid inclusions. The centers of these
forty-one inclusions are randomly located oriented by C++ programs that use the inverse
cumulative distribution function method to generate random numbers. And no particle
impingement is permitted. Figure 2.10 (b) shows an example of the geometry of 3D-MP model
containing forty-one particles. Both the matrix and particles are meshed with 10-node tetrahedral
elements using the SDRC I-DEAS software. The model is solved by standard ABAQUS finite
element code.
3D-MP model is a three dimensional analysis of a microstructure created by computer and is
a good step to approaching 3D analysis of real microstructure which has been viewed as
impractical. The results of 3D analysis from this model are compared with that of 2D analysis
that has the same inclusion volume fraction. In macro-scale, both 3D and 2D can achieve very
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Figure 2.10. (a) idealized particle shape and size for 3D-UC model; (b) geometry of 3D-MP model containing

forty-one particles (Shen 2003)
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precise results at predicting the overall stress-strain response and the results from 3D-MP
model are very close to that of 2D model. So 2D models are capable of predicting overall
deformation response with a reasonable accuracy. But in micro-scale, 2D model lose some
accuracy compared with 3D-MP model. 2D models predict significantly different equivalent
plastic strain distribution in the matrix from those predicted for the same plane by 3D-MP model.
And 2D models predict much more bonding relations and underestimate both the triaxial and the
maximum principle stress concentration than does the 3D-MP model.
3D cluster models (3D-CLUS) were also set up and compared with 3D unit cell models
(3D-UC). They predicted the same overall stress-strain response for the same particle volume
fraction of 17.5%. However, the yield strength and strain hardening rate predicted by 3D-CLUS
is much higher than that predicted by 3D-UC. And the highest strain and stress localizations
occur in the regions where the spacing among particles is small.
3D-MP model achieve good understating on both the macroscopic and microscopic
mechanical response of particle reinforced composites. However, when this method is applied to
porous materials, specific porous titanium here, modifications need to be made to this model.
First, the shape of the inclusions in 3D-MP model, a 24-faced solid particle for composite,
should be change into a more spheroidal or ellipsoidal shape to simulate the real shape of pores
in porous titanium. Second, the sizes of pores vary in porous titanium while the sizes of particles
in 3D-MP are uniform. Third, the influence of different microstructure features on the
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mechanical response of porous titanium should be discrete from each other to help designing
porous titanium.
As reviewed in this chapter, both analytical and finite element methods have been developed
to study the mechanical properties of heterogeneous materials. Current existing analytical
methods either address porous material at high porosity such as Gibson et al. model, or address
porous materials at low porosity such as Mori-Tanaka model, or address porous materials with
changed porosity caused by void growth and coalescence. Therefore all these analytical methods
could not provide accurate prediction for porous titanium with constant porosity, especially in the
middle range of porosity.
Compared with analytical methods, finite element methods can address porous materials at a
more wide range of porosities and provide more information of the mechanical properties of
porous materials in the microscopic level. Many finite element methods, however, are not
appropriate to study porous titanium because of their limitations. For example, the Unit Cell
model addresses only a uniform periodic distribution of inclusions while the pores are distributed
randomly in porous titanium. The results from 2-D spring network are scattered and not reliable
when it is used to predict the mechanical properties of porous titanium with a lot of the
microscale disorders. VCFEM provide only information on the macroscopic mechanical
response of porous materials and do not account the effect of pore morphology which is very
important for porous titanium. Compared with these methods, 3D-MP model could be a possible
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way to study the mechanical response of porous titanium although several modifications need
to be applied to simulate the microstructure of porous titanium. Illumined by previous finite
element methods, 2D and 3D finite element models which are designed to study the mechanical
properties of porous titanium from both macroscopic and microscopic standpoints will be
discussed in the following chapters.
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CHAPTER 3

INITIAL FINITE ELEMENT SIMULATIONS OF
POROUS TITANIUM AND APPLICATIONS

In this chapter, 2D finite element models are initially set up to study the effects of pore
morphology and bone ingrowth on the mechanical properties of an unalloyed porous titanium
with mid-range porosity of 44% produced by superplastic pore expansion. Similar to these
models, 2D finite element methods are afterwards applied to simulate the mechanical behavior of
25% porous titanium in vivo. Finally in this chapter, both 2D and 3D finite element models are
used to simulate the anisotropic properties of 12% titanium wire foam. Observation in this
chapter leads to the systemic analysis on effects of pore morphology and bone ingrowth on the
mechanical properties of porous titanium in chapter four, and finite element analysis based on
real microstructure in chapter five.

3.1 Microporous Titanium of Middle Level Porosity
3.1.1 Introduction
As discussed in Chapter 2, analytical and numerical approaches have been explored to
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predict the mechanical behavior of porous titanium both from a macroscopic response point of
view and a microscopic strain localization standpoint (Thelen 2000; Thelen, Barthelat et al.
2003). However, existing analytical models, such as cellular mechanics (Gibson and Ashby 1997)
(Gibson and Ashby 1997) and micromechanics models(Mori and Tanaka 1973; Benveniste 1987),
are carried out under greatly idealized conditions or rely on simplifying assumptions. In addition,
these analytical models only address and work for either low or high porosity. There is no
effective analytical method to predict the mechanical properties of porous materials of middle
level porosity (40%~50%). which is as an optimal range to provide reduced stiffness and sites for
bone ingrowth while maintaining mechanical durability. Compared with analytical methods,
finite element models, such as 3D-MP models, are capable of providing full-field solutions and
represent the geometry of the system. It was demonstrated(Thelen, Barthelat et al. 2003; Thelen
June 2000) that the finite element approach is useful to study the mechanical properties of porous
materials of various porosities (including middle level) and provided the richest information on
the material mechanics as local stress fields can be evaluated and the material microstructure is
more accurately represented. However, this previous finite element work, as well as analytical
methods, did not explore the impacts of altered pore morphology on the material response, nor
did it address the important issue of localized plasticity.
The work in this section describes the effect of the pore morphology and bone ingrowth on
the mechanical properties of an unalloyed porous titanium with mid-range porosity of 44%
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produced by superplastic pore expansion. Porous titanium with porosity in this range
potentially offer an ideal compromise between reduced modulus (with high porosity) and known
structural stability (with low porosity) for bone implant applications. The porosity level
significantly reduces the modulus and weight of the implant over that of solid Ti or low porosity
materials and at the same time offers more surface area and better connected pores for bone
ingrowth. However, due to the close proximity of pores, mechanics issues of stress
concentrations and local plasticity need to be examined.
In this initial study, 2D finite element analysis is used to isolate the effect of the pore size,
shape and position from other factors in a simulated microstructure. Since processing techniques
allow some measure of control over pore size uniformity and distribution, the results can help
guide future material design. Previous results indicated that bone ingrowth could mitigate the
stress concentrations inherent to the presence of pores(Thelen 2000; Thelen, Barthelat et al.
2003). Therefore the finite element simulations also examine the effect of partially and fully
filling the pores with bone and compare the localized stress and strain field variation between
different pore microstructures.

3.1.2 2-D simulation Method
In our Finite Element model, the experimental stress-strain curve of commercial pure
Titanium-40 is used to describe the mechanical properties of the titanium matrix (Freels,
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Kilpatrick et al. 2002; International 2002). The composition of Titanium-40 is shown in
Table3.1 Ti-40 (with 0.25 wt.% O) is close in composition to the CP-Ti powders used in the
present study.
In bone-ingrowth cases, a moderate value (20GPa) of the Young’s modulus of cortical bone
(Young’s modulus: 7-30GPa(Ratner, Hoffman et al. 2004)), is chosen(Sumner, Turner et al. 1992;
Long and Rack 1998; Currey 2003). It should be noted that in experiments cancellous bone
instead of cortical bone has been shown to grow into porous-coated titanium implant(Rancourt,
Schirazi-Adl et al. 1990; Ramamurti, Orr et al. 1997) and the Young’s modulus of cancellous
bone in dogs is around 10GPa(Pressel, Bouguecha et al. 2005). However, this difference between
the Young’s modulus we chose and the Young’s modulus of typical cancellous bone has a
relatively small influence on the trend and conclusions predicted by our models. Due to lack of
reliable data on the hardening plasticity behavior of bone and in particular its properties when
confined to small porous ingrowth, here we assume a simple elastic-perfectly-plastic behavior
with the yield stress defined as 120MPa(Currey 2003). All the parameters and stress-strain
curves are shown in Table 3.2 and Figure 3.1.
To examine the influence of pore morphology on mechanical properties, several idealized
geometries are examined. In all cases, the volume fraction of the titanium matrix is 56% while
the volume fraction of pores is 44%. The baseline configuration consists of 25 periodically
distributed circular pores and is referred to as the ‘standard geometry’. Results are then
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C
0.10 max

Fe
0.30 max

H
0.015 max

N
0.03 max

O
0.25 max

Ti
rem

Table 3.1. Nominal Composition - wt. % for Allvac 40, Ti CP-2 (UNS-R50400)

Materials
titanium
bone

Young’s modulus
(GPa)
110
20

Poisson’s
ratio
0.33
0.3

Table 3.2. Material parameters of titanium and bone

Figure 3.1. Stress-strain curves for Cp Ti-40 and Bone.

Density
(g/cm3)
4.7
2.4

Yield stress
(MPa)
275
120
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assembled for a number of permutations of morphology, all based on the standard geometry.

•

‘ellipse’: elliptical instead of round pores.

•

‘move in center’: position of central pore is perturbed.

•

‘change in center’: size of central pore is perturbed.

•

‘random position’: non-uniform distribution of pores of uniform size.

•

‘random size’: non-uniform pore sizes, but spatially uniform distribution.

•

‘random combination’: non-uniform distribution of pores of non-uniform sizes.

The geometric configurations can be seen in Figure 3.2. Note that the “random” models are not
truly random distributions of pore sizes or locations, but are perturbations from the uniform
distribution and/or size cases such that no overlap of pores is obtained. True random distribution
of porosity will be considered in Chapter 4. All models are then examined as either fully porous,
fully filled with bone, or partially filled with bone. ‘Fully porous’ means that all pores are empty,
where to avoid numerical difficulties a modulus of 1×10−7 GPa is defined to the empty pores.
‘Fully filled with bone’ simulates bone growth into all pores, and the mechanical parameters of
bone are given for all pores. ‘Partially filled with bone’ simulates partial bone ingrowth into
pores near the boundary while other pores are left empty.
For all models, the boundary conditions are defined as follows: the bottom boundary fixed in
the y-direction; the left boundary is fixed in the x-direction; the right boundary with coupling
constraint in the x-direction which ensures that all points of the right boundary have the same
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Figure 3.2. (a-g). Mesh for all geometries (a. standard; b. ellipse; c. move; d. size; e. random position; f.
random size; g. random combination)
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displacement in x-direction to make this boundary keep parallel to y-direction. All the pores
are tied with the titanium matrix so that all points of the interfaces between pores and titanium
matrix will have same displacement in all directions. A displacement boundary condition of up to
1% macroscopic strain is applied on the upper boundary. Use of displacement condition allows
easy control of the calculation steps, which is useful to gain the stress/strain information at onset
of the first local plastic deformation.
To obtain the mesh, the boundaries and the interfaces between pores and titanium matrix are
seeded by ‘number’, which guarantees that both the seed and the nodes of the elements along
boundaries and interfaces between bone and titanium matrix will locate at the same position.
Linear quadrilateral elements are chosen to mesh all the area. This type of element shows good
precision and achieves reliable results for both elastic and plastic regime, and still does the
calculation with reasonable time and memory space. All geometries and mesh are created with
ABAQUS/CAE. Then the general purpose ABAQUS finite element code is used to solve all
models.

3.1.3 Results and Discussion
Finite element simulations were run to explore the impact of pore morphology and bone
filling on the local and macroscopic mechanical properties of the porous titanium. The results are
presented below, first examining the effect of the pore configurations on modulus and local and
global yield properties. Subsequently, the effect of full and partial bone ingrowth is examined.
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● Comparison between FEM calculation and experimental results
As shown in Figure 3.3, the compressive stress-strain curve for the porous titanium is
obtained in experiments carried out by Scott. et. al. (Li, Oppenheimer et al. 2004). The Young’s
modulus in initial loading is about 5GPa. And 90MPa is the stress level that the curve first
deviates from linearity, probably significantly higher than the true yield stress because of the
microplasticity on initial loading. The sample is unloaded after the stress reaches about 149MPa
at a total 4% strain level. Young’s modulus measured on unloading is 12GPa. The unloading
Young’s modulus is more reliable because the microplasticity occurring on initial loading make
the value of the initial apparent Young’s modulus low. The Young’s modulus of porous titanium
of 44% porosity obtained in experiments by Murray et. al. was 24GPa(Murray and Dunand
2006). Compared with the experimental results, FEM calculations for a porous titanium with
44% closed porosity predict values of 63 MPa for the yield stress and 30 GPa for the modulus.
The discrepancy between the predictions and experimental data is reasonable given the rough
and elongated pore morphology for the experimental sample. The rough pore protrusions are
non-structural material segments decrease apparent porosity, while elongated pores can decrease
effective modulus.
● Effect of morphology
The small perturbations of the shape, size and position of pores have little influence on the
Young’s modulus, as seen in Figure 3.4. The modulus for the case with elliptical pores is larger
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Figure 3.3. Compressive stress-strain curve of porous titanium with 50% porosity obtained in experiments.

Figure 3.4. Young’s modulus of all models.

73

Figure 3.5. Macroscopic stress-strain curve for porous standard model and definition of macroscopic yield
stress

Figure 3.6. Yield stress for all models, defined by 0.1% strain offset as shown in Figure3.5.
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Figure 3.7. Onset of local plastic deformation shown at macroscopic strain level 0.2% for several cases (a, b,
c) and at macroscopic strain level 0.14% for random geometry (d). Red indicates local plasticity threshold
achieved, while blue areas are in elastic regime. (a. standard, b. move in center, c. change in center; d. random
combination)
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Figure 3.8. Stress contour plots for several porous geometries and 0.3% macroscopic strain level. (a. standard,
b. ellipse, c. move in center, d. change in center, e. contour color scale; (Unit for stress is GPa))
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Figure 3.9. Shear banding appears centered in inclusions with largest plastic deformation for fully bone filling.
(a. random position, b. change in center)
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than all other porous cases due to the alignment of the ellipses in the loading direction. One
striking feature is that the ‘standard’, ‘ellipse’, ‘move in center’ and ‘change in center’ models all
have similar Young’s modulus, while the ‘random’ models including ‘random position’, ‘random
size’ and ‘random combination’ all have significantly smaller Young’s modulus. This result is
also pronounced in the results for the yield stress shown in Figure 3.6. The yield stress is defined
as the stress that achieves 0.1% yield strain, shown in Figure 3.5. Again, small perturbations of a
single pore within a periodic arrangement have little effect, while randomization of the locations
and sizes of the pores significantly decrease the macroscopic yield point. Since the foaming
process produces microstructures which are not arranged on a precise periodic lattice, this result
implies that predictive models need to account for the random nature of the pores to avoid
overpredicting macroscopic material properties. It is worth noting that the most common
methods of modulus prediction for porous materials do not account for random microstructures.
The effects of bone filling on modulus and yield threshold are discussed in the next section.
To examine the effect of morphology on the onset of local plastic deformation in the
neighborhood of the pores, a plastic flag was employed. Figure 3.7 shows the influence of the
size and position on the plastic deformation, where red indicates stress beyond the plastic limit,
blue indicates elastic regime. Note that the yield strain concentrates in the neck region in
between neighboring pores and that the plasticity is more localized in the cases with a perturbed
pore even though the macroscopic yield properties are quite similar to the standard case.
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Figure 3.10. Macroscopic stress-strain curve for selected models from finite element simulations. Symbols
indicate the stress level at the onset of local plasticity in the matrix.
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Stress concentrations can be visualized in contour plots of the stress magnitudes in the
porous geometries as in Figure 3.8. The stress tends to concentrate in the neck areas between
pores. Compared to the standard case, changes in the position and size of the central pore cause
locally smaller ligaments between pores in which stresses are noticeably higher at the same
applied strain level. There is less stress concentration in the case of elliptical pores than in
standard geometry because the inter-pore ligaments are thicker transverse to the loading direction
than those in standard model. For the non-standard geometries, shear banding often appears,
centering in the inclusion that has the largest plastic deformation as seen in Figure3.9.
● Effect of bone filled pores
Since the material microstructure is best represented by the random combination geometric
model, here we examine the influence of bone ingrowth for this case and the standard model only.
First, consider the macroscopic stress-strain curves for filled and unfilled samples shown in
Figure 3.10. Note that the simulations are run to a relatively low strain level for two reasons: first
is to avoid numerical difficulties associated with pore collapse and compaction; and secondly, the
application of the material as a bone implant motivates consideration of the initial and local yield
properties far below the onset of compaction. Compared with the stress of 7MPa as femoral load
approximations for a 90-100 kg human walking or climbing stair(Heller, Bergmann et al. 2001;
Taylor and Walker 2001), this strain range, however,(Heller, Bergmann et al. 2001) is wide
enough to cover the strain that bone implant will sustain in daily human life. Results in Figure
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Figure 3.11. Stress contour plots showing the effect of bone ingrowth on local deformation and stress fields.
Macroscopic strain level is 0.2% in all cases. Note that bone ingrowth reduces local deformations and stress
concentrations. The deformation field shown is magnified by a factor of 50. (a. fully porous, b. partial filled, c.
fully filled, d. color scales)
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Figure 3.12. Macroscopic stress when first local plastic deformation appears

Figure 3.13. A measure of the stress concentration factor: the ratio of maximum stress to average stress of the

matrix under purely elastic loading (macroscopic strain applied was 0.1% in order to have no local plasticity
in the matrix or bone)
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(a)

(b)
Figure 3.14. (a) The ratio of maximum strain to average strain of the matrix under 0.6% applied macroscopic
strain (localized plasticity prevalent); (b) The ratio of maximum stress to average stress of the matrix under
0.6% applied macroscopic strain (localized plasticity prevalent)
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3.10 illustrate that for the same geometry, bone ingrowth causes a larger Young’s modulus and
yield stress. This is also seen in the results in Figures 3.4 and 3.6. Thus, bone ingrowth will delay
the onset of plastic deformation for a porous material, in spite of the relatively low modulus of
bone compared to titanium.
One of the most dramatic influences of bone ingrowth is the change in local material
response. This can be illustrated in several ways. First results for the stress contour plots for
porous, partial filled and fully filled are shown in Figure 3.11. When the positions of the pores
are distributed randomly, the shapes of some pores are changed under large deformation as
shown in Figure 3.11a, and the large stresses in confined ligaments increase substantially above
the applied macroscopic load (red areas). The localized deformation is reduced in the case where
the sample is fully filled by bone, as are the local stress concentrations (Figure 3.11c). Partial
bone ingrowth protects the outer pores, but the inner still porous material is still subjected to
elevated stress levels. This result indicates that fully open porosity to allow full bone ingrowth
would be ideal in the eventual application. Alternatively, graded porosity material with more
sparse, isolated pores on the interior with larger connected pores near the bone interface could
also avoid local plasticity effects.
In addition to stress contour plots, the magnitude of stress and strain at the onset of the first
local plastic deformation in the material is a useful quantitative metric. In all cases, the first local
plastic deformation in the titanium matrix appears significantly before the strain and stress reach
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the overall yield strain and yield stress. The influence of bone ingrowth can be seen in Figure
3.12, where complete bone ingrowth increases the maximum stress that can be applied without
any local plastic deformation by more than a factor of two. Comparing these values to Figure
3.10, it is clear that the first local plastic event occurs at stresses less than half the macroscopic
yield value in all cases.
A stress concentration factor can be obtained by considering the ratio of the maximum stress
to the average applied stress:

[σ ] =

σ max
σ average

(3.1)

In the elastic region (no localized plasticity), this ratio is shown in Figure 3.13, where it is seen
that bone ingrowth can decrease the stress concentration factor by close to a factor of two in the
random geometry. Bone ingrowth has significantly less influence on the stress concentrations for
the periodically arranged pores. Once plastic deformation is reached, the ratio of maximum strain
to average strain and the ratio of maximum stress to average stress of matrix differ from one
another and from those shown in Figure 3.13. The strain values and ratios are naturally much
larger than the stresses due to the limits on stress during plastic deformation. Magnitudes can be
seen in Figure 3.14.
It can be seen in the above results that the bone ingrowth significantly improves the material
properties of the porous titanium, in particular for materials with random pore size and locations
where localized plasticity and large stress concentrations can occur easily. Although the increase
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of the Young’s modulus through the bone ingrowth is not ideal for the orthopaedic implant
application, the moduli still remain much lower than the Young’s modulus of solid Titanium.
Thus the material with bone ingrowth will still reduce the negative effects of stress shielding that
exist in current solid Titanium implants. For example, the Young’s modulus of the fully bone
filled model with random combination geometry (52GPa) is much lower than that of solid
Titanium (110GPa), although it is larger than that of the corresponding unfilled porous model
(31GPa). Compared to porous and partial filling, full bone ingrowth will improve both overall
plastic properties and local mechanical properties that are very important for orthopedic implants.
Considering all aspects, bone ingrowth will improve the overall material response of the
orthopedic implants.

3.1.4 Conclusion
We have demonstrated development of a porous titanium of mid-ranged porosity, with
applications toward bone replacement engineering. Experimental results demonstrate that the
modulus and yield strength of the porous titanium of 50% porosity are significant lower than
solid titanium. These dramatically reduced modulus and yield strength are optimal for bone
ingrowth and can reduce stress-shielding effect. Finite element simulations were performed on
idealized geometries which demonstrated that both pore morphology and bone ingrowth have
significant influence on the mechanical properties of the porous titanium. Slight changes of the
shape, size and position of pores have little influence on the Young’s modulus and overall yield
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stress. However, randomization of size and spatial distribution, similar to that seen in
experimental samples, causes Young’s modulus and overall yield stress to decrease significantly.
Also the stress concentration of the random geometries is much greater than regular geometries.
Another revealing result is that the localized plasticity occurs well within the nominally “linear”
region, at less than half the macroscopic yield threshold.
Perhaps the most important feature is the impact of bone ingrowth. For the same geometry,
bone filling remarkably improves the mechanical properties of the implant. With bone ingrowth,
both Young’s modulus and yield stress increase, stress concentrations decrease and plastic
deformation is delayed. These results indicate that design of porous titanium with open porosity
to allow full bone ingrowth is desirable to increase the mechanical viability of the material.
However, all these observations and conclusions, although illuminating, are only qualitative.
The relative importance of the influence of different pore morphology features and bone
ingrowth on the mechanical properties of porous titanium is not quantitatively ranked. Besides
2D finite element simulations here, 3D finite element models need to be set up to study the
impact of geometric factors and bone ingrowth on porous titanium response. More rigorous
analysis, therefore, will be carried out in chapter four.

3.2 Simulation of the Behavior of 25% Porous Titanium in vivo
Just as observed above, bone ingrowth has significant influence on the behavior and
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remarkably improves the mechanical properties of porous titanium as bone implant. To justify
the conclusions that we have obtained for the influence of bone ingrowth, porous titanium of
25% porosity was prepared and studied by our collaborators. This porosity was chosen because it
had been shown that the organopatite-coated porous titanium of this porosity are favorable
colonized by preosteoblastic cells in a rotating bioreactor. (Spoerke, Murray et al. 2005) In the
work of this thesis, finite element models were created to predict the potential behavior of these
porous implants in vivo, which means that not only the pores of porous titanium are filled by
bone tissue but also the porous titanium itself is wrapped by bone tissue.
Similar to the simulations above, ABAQUS is used to create two-dimensional meshes,
representative of 25% porous titanium microstructures with 25 round pores, whose size and
position are randomly perturbed from an average value and a regular 5 x 5 array, respectively.
Pores are selectively filled with inclusions with the mechanical properties of bone to simulate the
effects of bone ingrowth within the pores of the porous titanium structure. Porous titanium
constructs are sandwiched between model layers of bone, representing bony tissue adjacent to an
implant. Four mesh structures are utilized in the FE simulations: mesh structure with empty
pores (P), mesh structure where outer pores only are filled with bone (PF) which simulates
partial bone ingrowth, mesh structure where all pores are filled with bone (BF), and solid
titanium (S). Here the pores of BF or PF models are filled by bone although the pores are not
connected to each other because the 2D microstructures represent only cut sections of real
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microstructures and the pores which are not connected in our sections can be connected in
some other sections. The material properties used for the simulations are same as those used
previously as shown Table 3.2 and Figure 3. Standard linear quadrilateral elements are defined
for the entire geometry and plane strain conditions are applied during simulation. Simulation
constraints are set such that only the bottom boundary and the bottom left corner are fixed. All
nodes along the right and left boundaries (bone-air interface) are traction free, and all material
interfaces assume perfect bonding. The boundary conditions are not periodic to better represent
the conditions of a real structural implant in situ. Simulations are conducted under a compressive
traction boundary condition of 7 MPa distributed uniformly along the top surface of the model,
whose magnitude is determined according to femoral load approximations for a 90-100 kg
human walking or climbing stairs.(Heller, Bergmann et al. 2001; Taylor and Walker 2001)
Further simulations are conducted to determine the sample moduli and the onset of local plastic
deformation by incremental displacement (0 to 0.1% strain) of the top of the sample under plane
strain conditions.
The FE modeling shows that porous models are completely elastic up to 0.11% uniaxial
external strain (0.14% for the fully bone-filled model), whereas the solid titanium model is
completely elastic through 0.25% strain. The elastic modulus calculated from the FE analysis of
the porous titanium constructs (P) is 57.4 GPa, a value in good agreement with the ultrasonically
determined modulus of the porous titanium reported (60 GPa)(Spoerke, Murray et al. 2005), and
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is substantially lower than the modulus of solid Ti (110 GPa). The modulus increases to 64.9
GPa for the model with outer pores only filled (PF) and 72.9 GPa in the model with all pores
filled (BF).
The relative decrease in modulus for these porous structures compared with solid Ti
correlates directly with the degree of stress the titanium structures share with surrounding bone.
This effect is visually evident in the FE maps showing spatial distribution of the von Mises
equivalent stress, shown in Figure 3.15, for samples subjected to 7 MPa uniaxial pressure. The
lighter blue colors seen in the surrounding bone for the porous models indicate larger stresses
compared to the bone in the solid model, evidence that the host bone shares a larger ratio of the
overall load for a porous implant. The image of the particularly stiff solid titanium material in
figure 3.15 displays a greater predominance of the low-stress (dark blue) regions in the
surrounding bone when compared to the porous models. Within these porous models, regions of
relatively higher stress in the surrounding bone (light blue) shrink as the pores filled with bone,
increasing the titanium-bone composite modulus. In addition, the ratio of the average stress
found in surrounding bone to the average applied stress, plotted in figure 3.15, provides a
quantitative measure of this stress-sharing effect. The porous sample (P) demonstrates a
significant increase in the amount of stress shared with surrounding bone (ratio = 0.53), as
compared to the stress-shielded condition found with the solid Ti (ratio = 0.31).

This

stress-sharing effect persists in the two bone-filling models, PF (ratio =0.46) and BF (0.43), but

90

Figure 3.15. Maps of von Mises equivalent stress in FE models of solid titanium (S), empty pore (P), mesh
structure with outer pores filled with bone (PF), and mesh structure with all pores filled with bone (BF). Each
substrate was encased within bone and images are shown for an applied uniaxial compressive stress of 7 MPa.
Plots show the ratio of the average stress found in surrounding bone to the average applied stress (above) and
the ratio of maximum stress in the Ti matrix of each porous structure to the average stress seen in the solid
implant case.
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as the modulus of the construct rose with increased bone content, the degree of load sharing
with surrounding bone decreased.
Consist with the results in section 3.1, filling the pores with bone has an additional influence
on the stress distribution in these models, as it serves to reduce stress concentrations in the
titanium matrix, an effect also visible in figure 3.15. The red and yellow regions in these images
indicate regions of high stress. Furthermore, to quantitatively compare stress concentrations
between models, the ratio of maximum stress in the Ti matrix of each composite structure to the
average applied stress is calculated and plotted in figure 3.15. In the uniform, solid titanium
structure, this ratio was relatively low (ratio = 1.8), indicating that there are no significant local
stress concentration, an effect visually emphasized by the absence of red or yellow stress
indicators in the solid Ti graphic. In the porous microstructure, however, some regions of the
titanium phase surrounding open pores are subjected to more than 4 times the average stress
(ratio = 4.2), and the images in figure 3.15 show clear evidence of a significant stress
concentration around the discontinuous geometry of the pores. Filling the pores with bone,
however, clearly reduces the magnitude of these stresses. In the partially-filled (PF) model, only
pores filled with bone show substantial reduction of stress (ratio = 3.6). The greatest reduction of
these stress concentrations is observed when all the pores are filled with bone, evidenced by the
disappearance of the red and yellow high stress indicators in figure 3.15 as well as by the
decrease in the measured stress ratio (2.9).
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These FE analyses reveal that bony matrix infiltrated into the titanium pores may
substantially reduce local stress concentrations and delay the onset of local plastic deformation,
which in turn, should reduce the risk of implant failure due to local pore wall fracture by
overload or fatigue. While most significant reduction of stress concentration in the FE analyses
occurred when all the pores of the microstructure are filled with bone, there is also significant
stress reduction in the partially-filled (PF) model. Modeled after the experimental
results(Spoerke, Murray et al. 2005) where cells and matrix are grown into the exterior surface
pores, this partially-filled (PF) model is possibly the most close to the results obtained in the
bioreactor. This PF model does suggest, then, that the cellular colonization of the OA-coated
porous titanium’s exterior pores may prove valuable in reducing implant failure from local stress
concentrations in the porous titanium.

3.3 Anisotropic Properties of 12% Titanium Wire Foam
It is important to note the anisotropy of natural bones when porous titanium are used as
implants for orthopedic tissue engineering and the structural and mechanical characteristics of
these non-biological materials should be matched to the natural tissues. Hence porous tianiums
with elongated pores and anisotropic mechanical properties have been created and studied as
promising potential implants. (Spoerke, Murray et al. 2006)
Three dimensional finite element modeling is used to derive theoretical predictions of the
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microscale and macroscale mechanical behaviors of these porous structures. ABAQUS is used
to create three-dimensional meshes, representative of titanium matrices containing pores of three
different aspect ratios. These models include either a spherical pore (aspect ratio 1:1), an
elliptical cone-shaped pore (aspect ratio 1:3), or an elliptical cone-shaped pore (aspect ratio 1:6).
The porosity of the models is 12%, matched to the experimentally-obtained porosity. (Spoerke,
Murray et al. 2006) Pores are evaluated both empty (P) and fully filled with bone (B) to simulate
the effects of bone growth into the pores.

The material properties used for the simulations are

displayed in Table 3.2 and Figure 3.1.
In order to determine any anisotropic response in the material, the displacement deformation
is applied in both the longitudinal (top to bottom) and transverse (right to left) directions and
periodic boundary condition are applied to determine these responses. Standard 20-node
quadratic brick elements are defined for the entire geometry. When loaded in the longitudinal
direction, simulation constraints are set such that the bottom boundary and the bottom left corner
are fixed in y-direction. All nodes along the right and left boundaries have same displacement in
x-direction and all nodes along the front and back boundaries have same displacement in
z-direction to make all these surfaces parallel to y-direction. All material interfaces were
assumed to be perfect. Similarly to the models to study influence of bone ingrowth in section 3.2,
simulations here are conducted under a compressive traction boundary condition of 7 MPa
distributed uniformly along the top surface of the model, whose magnitude is determined
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Figure3.16. Micromechanical properties around a single pore of 12% anisotropic porous titanium determined
by finite element analyses: (a) Young’s moduli (b) stress concentration factors, and (c) onset of local plastic
deformation.

Plot compares values under longitudinal and transverse loading as determined for a spherical

pore (aspect ratio 1:1), a slightly elliptical pore (aspect ratio 1:3), and a more elliptical pore (aspect ratio 1:6).
Plot also shows comparison of calculated values for empty pores and pores filled with bone tissue.
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Figure 3.17. Maps of von Mises equivalent stresses in porous titanium containing pores of aspect ratio 1:1
(top row), aspect ratio 1:3 (middle row), and aspect ratio 1:6 (bottom row).

Maps are labeled according to

their contents (P = Porous, B = Bone-filled) and the direction of loading with respect to the long axis of the
pores (Y = longitudinally, X= transversely).
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Young’s Modulus

Without
bone

Sphere
(aspect
ratio 1)
Ellipsoid
(aspect
ratio 3)
Ellipsoid
(aspect
ratio 6)

With
bone

Sphere
(aspect
ratio 1)
Ellipsoid
(aspect
ratio 3)
Ellipsoid
(aspect
ratio 6)

Value
(Gpa)

Anisotropy
Factor

88.4

1

L: 95.8
1.10
T: 86.8
L: 97.0
1.12
T: 86.6
94.2

1

L: 98.9
1.06
T: 93.5
L: 99.7
1.07
T: 93.4

Stress at Onset of
Local Plastic
Deformation
Value Anisotropy
(Mpa)
Factor

Stress
Concentration
Factor
Anisotropy
Value
Factor

150.3

1.82

L:
191.6
T:
138.9
L:
184.3
T:
138.6
169.6
L:
207.7
T:
159.0
L:
199.2
T:
158.8

1

1.37

L:
1.45

1

0.70

T: 2.06

1.33

L:
1.33

0.64

T: 2.09
1

1.31

1.58
L:
1.33

1

0.75

T: 1.77

1.25

L:
1.25

0.70

T: 1.79

Table 3.3. Anisotropy factor (property under longitudinal loading divided by property under transverse loading)
determined by finite element calculation on porous titanium with 12% pores of three different aspect ratios.
(note: L represents Longitudinal and T represents Transverse)
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according to femoral load approximations for a 90-100 kg human walking or climbing
stairs.(Heller, Bergmann et al. 2001; Taylor and Walker 2001) Further simulations are conducted
to determine the sample moduli by incremental displacement (0 to 0.1% strain) of the top of the
sample.
The local micromechanical response to loading around a single pore has been examined.
Figure 3.16 shows the quantitative results of these models, while figure 3.17 provides a visual
representation of these data in the corresponding von Mises maps. First, the FEM predicts
anisotropy of the elastic modulus in models containing elongated pores. Figure 3.16(a) shows
that the moduli were found to be higher for longitudinal loadings as compared to transverse
loadings, a result consistent with the empirical measurements. (Spoerke, Murray et al. 2006)
Furthermore, as shown in Table 3.3, this anisotropy is related to the aspect ratio of the pores,
with the most elongated pore model demonstrating the greatest anisotropy. In comparison to a
spherical pore model, the elongated pore shape also has a significant influence on the magnitudes
of the elastic moduli. The elastic moduli under both longitudinal and transverse loading of the
elliptical pore models are greater than in the spherical model.
Additionally, the FE models produce specific data about local stress concentrations. In
Figure 3.17, three-dimensional maps depict the distribution of von Mises stress in a quadrant of
each model under longitudinal and transverse loadings. All longitudinally-loaded samples show
the highest stress values midway down the periphery of the pore, while the lowest stresses are
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found to be localized near the top of the pores. For the spherical model, the stress pattern under
the transverse loading is identical (rotated 90 degrees) to that under the longitudinal loading. For
elliptical model, the highest stresses localize along the bottom periphery of the pore under
longitudinal loading. The highest stresses under transverse loading are found just right side of the
bottom periphery of the pore.
Figure 3.16 (b) provides a more quantitative evaluation of stress distribution in these porous
microstructures, displaying a stress concentration factor for each microstructure type under both
longitudinal and transverse loading. Stress concentration factors are determined same as in
equation (3.1). These stress concentrations are found to be significantly higher under transverse
loadings than longitudinal loadings for both elliptical models. Moreover, the aspect ratio of each
pore is found to influence the distribution of stresses in each model. Higher aspect ratios yield
higher stress concentrations in the transverse loadings, but lower stress concentrations for the
longitudinal loadings. This understanding will be very useful to help design a functional porous
titanium implant matching the complex anisotropic architecture and mechanical characteristics of
bone which sustains loading mostly in longitudinal direction. This effective variation in the
anisotropy of the stress concentrations is reflected in table 3.3.
In addition to the Young’s modulus and the stress concentration, the onset of local plastic
deformation is examined by FE modeling.

Figure 3.16 (c) plots the stress at the onset of local

plastic deformation in each model. For loads applied longitudinally, the onset of local plastic
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deformation is delayed for both elliptical pores as compared to spherical pores. It is observed
that the change from spherical to ellipsoidal pores has moderate influence on the mechanical
properties of porous Titanium while the difference between 3:1 and 6:1 aspect ratio has less
influence.
The simulations also reveal the effects of filling the pores with bone. As evident in figures
3.16 and 3.17, for each model, the presence of bone inside the pore increases the Young’s
modulus, redistributes and reduces stress concentrations, and delays the onset of local plastic
deformation. These effects are most pronounced in the transverse loading cases and the spherical
pore model. The anisotropy ratios of material properties for the elliptical models for loads
applied longitudinally shown in table 3.3 are also found to be slightly less pronounced when
bone is introduced, though the comparative trends between the three models remain the same.
The directed pore morphology and resulting mechanical behavior create a material more
closely resembling natural bone than a fully dense, isotropic Ti implant. In a general sense, the
porosity of the porous titanium has the potential to address issues of implant weight and reduced
stiffness while minimizing strength reduction in the direction of loading. The FE analyses above
describe a system with reduced stiffness, a characteristic that would, in principle, help relieve
problems with stress shielding by more effectively sharing applied stresses with surrounding
bony tissue. In fact, the mechanical testing showed that the elastic modulus (under both
longitudinal and transverse loading) was closer in magnitude to bone than to solid Ti.(Spoerke,
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Murray et al. 2006) From the compression experiments carried out, the properties of the
longitudinal direction (E = 50.9 GPa, σy = 338 MPa) are higher than those of transverse direction
(E = 40.5 GPa, σy = 267 MPa). Though still lower than the values for fully dense Ti, the FE
analysis projects moduli somewhat higher than the experimental results, a difference due to the
fact that the FE analysis examined only a perfectly periodic array of smooth ellipsoidal pores,
while the mechanical testing results represent the influence from a random distribution of pores
of different sizes, aspect ratios and severe shape irregularities. The anisotropy of the porous
titanium’s stiffness also parallels the anisotropy of natural bone’s stiffness and may help to
promote stress sharing with surrounding bone in a more natural way. In addition to the changes
in modulus, these microstructures demonstrated greater strength and were predicted to have
greater resistance to local plastic deformation in the longitudinal direction than in the transverse
direction. This mechanical anisotropy, directed by the engineered pore structure, represents an
important similarity to the mechanical behavior of natural bone.

Such similarity suggests that

this type of porous titanium may be well adapted to provide strong mechanical support of the
directional loads applied in biological systems. By adapting these microstructures to the types of
loads they are likely to experience in a body, implant performance and durability may be
enhanced. It is also interesting to note that for the specific periodic geometries chosen, the
greatest predicted resistance to local plastic deformation was found in the ellipsoidal pores with
aspect ratio 3. This effect suggests that not only is it advantageous to create elongated pores, but
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that there may be an optimal pore geometry for an implant. Such a system would balance the
advantages of the pores’ anisotropy with the best resistance to deformation.
The simulations also describe how the infiltration of bony tissue into the porous structure
might affect the mechanical behavior of the porous titanium. Similar to the conclusions we
obtained above, significant infiltration of these pores with bony tissue would modestly increase
the overall stiffness of the implant structures, as one would expect. Still, though, the composite
modulus would be below the values of fully dense Ti. More importantly, though, the models
suggest that this bony tissue would serve to reduce and redistribute stress concentrations found in
the porous titanium matrix, which would be expected to help extend implant lifetimes. Moreover,
that the bone is serving to redistribute stress within the porous titanium requires that the bone
share a fraction of the applied stress. The resulting stress-induced stimulation of this bony tissue
would be likely to promote bone growth(Pavlin, Dove et al. 2000; Wolf, Augat et al. 2001; Weyts,
Bosmans et al. 2003) and may help create a more stable and secure bone-implant interface.
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CHAPTER 4

FINITE ELEMENT SIMULATIONS DESIGNED BY DOE

4.1 Introduction
As stated in chapter three, 2D and 3D finite element (FE) models have been set up to study
the relationship between microstructural features and mechanical responses of porous titanium.
Based on these FE analyses, it has been found that the pore morphology, porosity, and bone
ingrowth have great impact on the mechanical responses of porous titanium. For example, a
random distribution of pores reduces the yield strength and increases stress and strain
concentrations. A microstructure with elongated pores demonstrates anisotropy of mechanical
properties similar to those of natural bone. For the same microstructural geometry, with bone
ingrowth, both Young’s modulus and yield stress increase, stress concentrations decrease and
plastic deformation is delayed. It is also known that as porosity increases, both the stiffness and
yield strength decrease; stress and strain concentrations become more pronounced. (Shen and
Brinson 2006c) However, the relative importance of different microstructural features on the
mechanical responses of porous titanium are not quantatitively evaluated although it is observed
that the effects of bone ingrowth and random distribution of pores are more prominent than those
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of other features, such as pore shape and size.
To facilitate the design and application of porous titanium as bone implant material, it is
necessary to quantify the relative importance of different microstructural factors on mechanical
responses from both macroscopic and microscopic standpoints. A factorial design of experiment
(DOE) method (Devor, Chang et al. 1992) is therefore used for the statistical analysis. The DOE
method provides an approach for dealing with the problem of maximizing experimental coverage
while minimizing the number of experiments to be carried out. The principle of DOE is balance,
which means that the different values or conditions of each factor, called levels of the factor,
should occur equally often. The average effect of each factor can be calculated while other
factors are subjected to different varied combination of levels. Thus the effects of different
factors are extracted and separated out by the use of orthogonal arrays.
In this study, a DOE study combining FE analyses is presented to facilitate ranking the
sensitivity of the mechanical responses including Young’s modulus, yield stress, and stress
concentration to the factors including pore shape, size, orientation, and arrangement, and bone
infiltration. These five microstructural factors vary with processing techniques and have
relatively significant effects on mechanical responses. It should be noted that in the current study,
the FE models were created under idealized design which abstracts from the real microstructure
of 12% porosity. Figure 4.1shows the optical micrographs of 12% porous anisotropic titanium
foam created by thermal cycling. (Spoerke, Murray et al. 2006) The advantage of using idealized
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Figure 4.1 Optical micrographs of anisotropic titanium foam created by thermal cycling: (a) Longitudinal and
(b) transverse. (Spoerke, Murray et al. 2006)
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microstructure is that the effect of each factor can be screened out independently.
For the FE analysis, although the porous microstructure is strongly three-dimensional (3D),
to minimize computational requirements, two-dimensional (2D) models created based on either
scanned images of porous titanium (Thelen, Barthelat et al. 2004) or artificial design of pores (Li,
Oppenheimer et al. 2004) have been used to study local stress and strain distribution. It was
demonstrated that 3D FE analysis should be pursued to gain more accurate understanding of
local stress-strain distribution for porous titanium since 2D FE analyses overpredict failure
probability (Shen and Brinson 2006). However, due to the enormous computational requirements
of 3D FE analysis, it will be very helpful to find ways to interpret the results obtained from 2D
models as accurately as those from 3D. Therefore, in the current research work, both 2D and 3D
FE models are used for the DOE study of porous titanium and results are compared to find the
correlation between these two types of FE models.

4.2 Design of experiment methodology (DOE)
By DOE, every level should occur equally often for every factor so that the effect of
different factors can be extracted and separated out easily. If all possible combinations of every
level for all the factors occur, the design is a full-factorial design. Otherwise, the design is a
fractional-factorial design (Logothetis and Wymm 1989). In general, a full-factorial design
requires an unrealistic high experimental cost and effort. For example, for a full-factorial design
5
of five two-level variables, 2 = 32 tests are needed, i.e., 32 finite element analyses are needed.
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To be more effective, a fractional-factorial design using an orthogonal array is carried out
here. A factorial effect is thought as a trustworthy effect only when it holds consistently even if
the levels of other factors differ. Fractional orthogonal arrays, however, can obtain reliable
results effectively (Logothetis and Wymm 1989). Using fractional orthogonal arrays, only 16
cases in fractional-factorial design, half of those in the full-factorial design, are needed to
evaluate the effects of the five two-level variables. A fractional-factorial DOE study provides
main effects and probably interaction effects. In current study, the test matrix only accounts for
main effects. A main effect is a quantitative measurement of the mean of the effect of a factor on
a system response, taken over the various levels of the other factors. An interaction effect is a
measure of the extent to which the main effect for a factor depends on the other factors. However,
we only focus on the main effects since the interaction effects in our study are not always
meaningful. For example, when we consider the interaction between shape and orientation,
round pores demonstrate no orientation effects while the ellipsoidal pores show significant
orientation effects.
The main effect of a given two-level factor can be calculated by averaging the individual
contrasts of test results when this factor jumps from its lower level to its high level taken over all
possible combinations of levels of the other factors. For example, a complete factorial design of
three two-level factors contains 23 = 8 tests as shown in Table 4.1. If these three factors are
considered as three mutually perpendicular coordinate axes x1 , x2 , and x3 , this full-factorial
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design can be represented geometrically as a cube shown in Figure 4.2 with the numbers
circled at the eight corner points of the cube representing the corresponding test numbers. (Devor,
Chang et al. 1992) The coordination of each point refers to the low (-1) or high (+1) level of the
three two-level factors in Table 4.1. yi (i=1,2,..8) is the result obtained from test i for the
studied subject, such as Young’s modulus in table 4.1. (It should be noted that the Young’s
moduli listed in Table 4.1 are only sample numbers for explaining how to calculate main effect
and not obtain from real tests.) For a pair of tests, such as test 1 and test 2, the value of factor x1
changes from (-1) to (+1) while the values of the other two factors ( x2 and x3 ) keep the same
(-1). Thus the difference between y1 and y2 represents the effect of factor x1 alone on the
Young’s modulus since the effect of other factors keeps same. This difference is
Tests 1 and 2: y2 − y2 = 95 − 82 = 13(GPa )

(4.1)

Similarly the other three pairs of tests are grouped and the individual contrasts of these pairs are
Tests 3 and 4: y4 − y3 = 101 − 63 = 38(GPa)

(4.2)

Tests 5 and 6: y6 − y5 = 68 − 77 = −9(GPa)

(4.3)

Tests 7 and 8: y8 − y7 = 64 − 89 = −25(GPa)

(4.4)
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Young’s
Modulus (GPa)

factors
tests
1
2
3
4
5
6
7
8

x1

x2

x3

-1
+1
-1
+1
-1
+1
-1
+1

-1
-1
+1
+1
-1
-1
+1
+1

-1
-1
-1
-1
+1
+1
+1
+1

yi
82
95
63
101
77
68
89
64

Table 4.1.. A sample of a full-factorial design of three two-level factors.

Figure 4.2. Geometric representation of the full-factorial design of three two-level factors ( x1 , x2 , and x3 ).
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The average of these individual contrasts is defined as the main effect of factor x1 , noted
as E1 :

1
( y2 − y1 ) + ( y4 − y3 ) + ( y6 − y5 ) + ( y8 − y7 ) 
4
1
= (13) + ( 38 ) + ( −9 ) + ( −25 ) 
4
= 4.25(GPa)

E1 =

(4.5)

It is also expressed as
y2 + y4 + y6 + y8 y1 + y3 + y5 + y7
−
4
4
(4.6)
1
= [ (−1) × y1 + (+1) × y2 + (−1) × y3 + (+1) × y4 + (−1) × y5 + (+1) × y6 + (−1) × y7 + (+1) × y8 ]
4

E1 =

It can be inferred from this derivation that the unit of main effect is same as the unit of studied
subject. For the above case as an example, the main effect of factor x1 on Young’s modulus is
4.25GPa, which means that the Young’s modulus is averagely increased by a value of 4.25GPa
when the factor x1 jumps from its lower level to its high level taken over all possible
combinations of levels of the other factors.
The expression for the main effect of the other two factors can be derived in similar way.
Thus using an orthogonal matrix, the general expression for calculating main effects of these
three factors is
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 y1 
y 
 2
 y3 
 E1 
 −1 + 1 − 1 + 1 − 1 + 1 − 1 + 1   
  1
  y4 
 E2  =  −1 − 1 + 1 + 1 − 1 − 1 + 1 + 1   
 E  4  −1 − 1 − 1 − 1 + 1 + 1 + 1 + 1   y5 

 
 3
y6
 
 y7 
 
 y8 

(4.7)

In this study, the five factors (pore shape, size, orientation, and arrangement, and bone
infiltration) considered for a porous titanium system are designed to have two values or levels as
shown in Figure 4.3. The values of these factors used for a two-level DOE were determined by
examining multiple micrographs of porous titanium cross sections to represent typical foamed
titanium as bone implant materials. For example, models with round or ellipsoidal pores stand
for isotropic (transverse) and anisotropic (longitudinal) foam. As we discussed previously,
microstructural factors vary with processing techniques. More values than indicated here exist in
the real porous microstructure; the values of a given factor used here are based on idealized
design to represent significant deviation from average. The proposed ranges are sufficient to
study the main effect of different factors to screen out the dominant features to facilitate future
material design and investigation.
Formed from an orthogonal array which is recommended by DeVor et al. (Devor, Chang et
al. 1992) and was used to analyze microstructural features of cast Al-Si alloys by Gall et al.(Gall,
Horstemeyer et al. 2000), a test matrix is designed in Table 4.2. The plus sign (+) and subtraction
sign (-) in the table respectively present the high value and low value in Figure 4.3. 16 cases are
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Figure 4.3. Schematic of the microstructural factors and levels considered in the DOE study for porous
titanium. (‘A’ presents the area of .equivalent pore in 2D models or the volume of equivalent pore in 3D
models.)
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Models
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Shape
+
+
+
+
+
+
+
+

Size
+
+
+
+
+
+
+
+

Orientation
+
+
+
+
+
+
+
+

Arrangement
+
+
+
+
+
+
+
+

Bone
+
+
+
+
+
+
+
+

Table.4.2. The test matrix used to construct the sixteen 2D and sixteen 3D FE models to study the effects of the
five factors. The plus sign (+) and the subtraction sign (-) respectively present the high level and low level in
Figure 4.3.
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therefore needed to evaluate the effects of the five factors for either 2D or 3D FE analyses.
Each case dictates a microstructural configuration that a FE model is built on. The main effects
of the factors can be determined by DOE data transformation on the results of the 16 FE models
as follows (Devor, Chang et al. 1992; Gall, Horstemeyer et al. 2000):

 E1 
− 1 + 1
E 

 2  1 − 1 − 1
 E3  = − 1 − 1
 E  8 − 1 − 1

 4
− 1 + 1
 E5 

−1 +1 −1 +1 −1 +1 −1 +1 −1 +1 −1 +1 −1
+1 +1 −1 −1 +1 +1 −1 −1 +1 +1 −1 −1 +1
−1 −1 +1 +1 +1 +1 −1 −1 −1 −1 +1 +1 +1
−1 −1 −1 −1 −1 −1 +1 +1 +1 +1 +1 +1 +1
+1 −1 +1 −1 −1 +1 −1 +1 +1 −1 +1 −1 −1

 R1 
R 
 2
 R3 
 
 R4 
 R5 
 
 R6 
+ 1  
R7
+ 1  
 R8 
+ 1  
 R
+ 1  9 
R 
+ 1  10 
 R11 
R 
 12 
 R13 
 
 R14 
 R15 
  (4.8)
 R16 

where E1 through E 5 present the corresponding main effects of pore shape, size, orientation,
and arrangement, and bone infiltration. R1 through R16 are the results obtained from the
sixteen 2D or 3D FE models.

4.3 Finite element modeling
To perform the DOE study for porous titanium, sixteen 2D and sixteen 3D FE models have
been constructed based on the configurations dictated by Table 4.2. These models all have
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porosity of 12%. The area (in 2D models) or volume (in 3D models) of small pores is half of
that of large pores. For periodic distribution of pores, a unit cell model with two pores is used to
account for pores with equivalent or different sizes. The sizes of the unit cell models are dictated
by the symmetry conditions, the pore size and the porosity. For 2D models, the 2D rectangular
unit cell model with circular pores is composed of two squares and includes two pores with
either equivalent or different size as shown in Figure 4.4(a). The 2D unit cell model with
elliptical pores is composed of two rectangles and includes two pores with equivalent or different
sizes as shown in Figure 4.4(b). For 3D models, each 3D prismatic unit cell model is composed
of two cubes and includes two spherical pores of equivalent or different sizes as shown in Figure
4.4(c); or composed of two prisms and includes two ellipsoidal pores of equivalent or different
sizes as shown in Figure 4.4(d). For the random distribution of pores, each 2D random model has
either 300 circular pores of equivalent or different sizes as shown in Figure 4.5(a); 300 elliptical
pores of equivalent or different sizes as shown in Figure 4.5(b). Similarly, each 3D random
model has either 60 spherical pores of equivalent or different sizes as shown in Figure 4.5(c); 60
ellipsoidal pores of equivalent or different sizes as shown in Figure 4.5(d). Dimensions of
models and pores are not shown here since in DOE study only the change or shift of the factor
value has effect on the result. Note that according to the work on the study of representative
volume elements (RVEs) of porous titanium (Shen and Brinson 2006), it is believed that these
models are close to the 2D and 3D RVEs at this porosity level required for the convergence
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Figure 4.4. (a) 2D FE model with periodically distributed two-sized round pores; (b) 2D FE model with

periodically distributed two-sized elliptical pores; (c) 3D FE model with periodically distributed two-sized
spherical pores; (d) 3D FE model with periodically distributed two-sized ellipsoidal pores
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(a)

(b)
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(c)

(d)
Figure 4.5. (a) 2D FE model with randomly distributed two-sized round pores; (b) 2D FE model with

randomly distributed two-sized elongated pores; (c) 3D FE model with randomly distributed two-sized
spherical pores; (d) 3D FE model with randomly distributed two-sized ellipsoidal pores
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of both macroscopic and microscopic elastoplastic responses. The microstructures for the 2D
and 3D models, of which the pores have equivalent size, are similar to those of the 2D and 3D
models with different pore sizes shown in Figure 4.4 and 4.5. All models are examined as either
fully porous or fully filled by bone, i.e. no partial bone infiltration in pores is considered here.
The models are comprised of two distinct phases: titanium matrix and pores (with or
without bone infiltration). The titanium matrix has elastic modulus of 110 GPa, Poisson’s ratio of
0.33 and yield strength of 275 MPa, and is representative of CP Ti-40 (International 2002). The
matrix yield surface follows the Von Mises yield criterion with isotropic hardening. It was
assumed that pores were linear elastic with a very low modulus of 10-7 GPa and Poisson’s ratio
of 0.3. Pores were meshed to avoid possible computational difficulties. In addition, models with
such low modulus mesh or without mesh in pores were compared and no difference was found in
either microscopic or macroscopic predictions. The mechanical properties of bones are
dependent on many factors such as mineral content and vary with types of bones and ages and
sexes of human being (Long and Rack 1998; Currey 2003; Ruff 2003). The bone ingrowth is
assumed to be elastic-perfectly-plastic having moderate elastic modulus of 20 GPa, Poisson’s
ratio of 0.3, and yield strength of 120MPa. The stress-strain curves used for CP Ti-40 and bone
are same to those illustrated in Figure 3.1. All material properties and model simulations are for
room temperature.
For all models, the boundary conditions are defined as follows: the bottom boundary fixed in
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the y-direction; the middle point of the bottom surface is fixed in both x- and z-direction;
multi-point constraints are applied to the left, right, (for both 2D and 3D models), front and back
(for 3D models) faces to ensure these faces remain parallel to y-direction to maintain
compatibility with the material surrounding the model domain; compressive loading, up to 1%
macroscopic strain, is applied to the top surface along y-direction. It should be noted that the
boundary conditions here can be considered as periodic mechanically, but not microstructurally
for the random pore microstructures. The “full” microstructural periodic boundary condition
requires the pores on opposing edges be continuous and the faces are not required to remain
planar, but opposite pairs of faces are constrained to have compatible deformations.
All FE analyses are performed using ABAQUS software with eight–node biquadratic
elements (CPE8) for 2D FE meshes and modified ten-node tetrahedral elements with hourglass
control (C3D10M) for 3D FE meshes (Inc. 2004). The geometries for 2D and 3D random cases
are created by software IDEAS. It is assumed that the bone ingrowth is well-bonded to the
titanium matrix. The mesh was verified to be fine enough by result convergence study. The
overall strain and stress are calculated by using volume averages,
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where V(m) is the volume of element m, N is the total number of elements, and σ ij is the
Cauchy stress component. The stress and strain variables for the 2D and 3D element (C3D10M)
are obtained at a centroidal point of the element.

4.4 Results and Discussion
4.4.1 Macroscopic stress-strain responses

The stress-strain curves predicted by the sixteen 2D and 3D models are shown in Figure 4.6
and 4.7, respectively. Notations used in the figures are listed as below:
•

‘circle’ or ‘spher’– circular (in 2D models) or spherical (in 3D models) shape of pores;

•

‘ellips’- elliptical (in 2D models) or ellipsoidal (in 3D models) shape of pores;

•

‘uni’ - equivalent size pores;

•

‘two’- different size pores;

•

‘pro’ - loading direction along the axis direction of prolate pores;

•

‘obl’- loading direction along the axis direction of oblate pores;

•

‘pore’ – empty pores;

•

‘bone’- pores fully filled by bone;

•

‘p’ - periodic distribution of pores;

•

‘r’ - random distribution of pores.

The curves predicted by the 2D FE models in Figure 4.6 show similar trends as the 3D FE
models in Figure 4.7 but with a higher degree of spread between the curves because the 2D plain
strain condition implies geometrically that the pores are continuous tunnels thru the thickness,
while the pores in 3D models are embedded spheroids with supporting matrix on all sides.

122

(a)

(b)
Figure 4.6.

Macroscopic stress-strain curves for sixteen 2D FE models with (a) periodic distribution of pores;

(b) random distribution of pores.
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(a)

(b)
Figure 4.7.

Macroscopic stress-strain curves for sixteen 3D FE models with (a) periodic distribution of pores;

(b) random distribution of pores.
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Therefore the variations of different features in 3D FE models have relative smaller influence
on stress-strain curves than in 2D FE models. For both the 2D and 3D predictions, the curves fall
into two groups independent of microstructure periodicity: predictions by models with empty
pores (curves 5-8) and fully bone filled pores (curves 1-4). This indicates that bone infiltration
has great effect on the stress-strain responses and increases Young’s modulus and yield stress for
all the geometries. Pore size has small influence on the stress-strain responses since curves 3 and
4, obtained from the FE models with similar configurations but different pore size, are almost
indistinguishable. Another observation is that in Figure 4.6 for the 2D FE analyses, curve 2
crosses and exceeds curves 3, 4 and 5. While curve 2 is for the “oblate” orientation of elliptical
or ellipsoidal pore which is different from the other three curves, this observation indicates the
effect of pore orientation relative to other factors might be different in elastic and plastic region
in 2D models.
Based on these stress-strain responses predicted by the 2D and 3D models, the qualitative
effects of some factors can be observed. However, it is difficult to systematically rank the five
factors from these responses. The DOE data transformation method is therefore needed to
determine the trustworthy quantitative measurements of the effects of the factors. In the current
DOE analysis, 16 Young’s moduli and yield stresses, extracted from the macroscopic
stress-strain responses of the 2D and 3D FE models, are used as result inputs R1 through R16 in
Equation (4.8) to obtain the main effects of factors on the mechanical responses in elastic and
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plastic regimes.

4.4.2 Young’s modulus

Since one of the important advantages of porous titanium is its reduced stiffness comparable
to bone, the dependence of elastic modulus on the five microstructural factors was analyzed and
the main effects are shown in Figure 4.8. The absolute value of the main effect is the average
value of Young’s modulus decreased/increased by the factor changing from low level to high
level and indicates the relative importance of each factor. The trend, above or below the
horizontal axis in the figure, shows the increasing or decreasing effect. It is seen that for both the
2D and 3D FE analyses, the Young’s modulus varies with bone infiltration most significantly. As
bone infiltration improves the bonding of the implant material, it also increases the elastic
modulus greatly. The orientation of non-circular pores is the second most dominant factor
indicating significant anisotropy of wire foam with designed pores as shown in Figure 4.1(b).
The change of the pore orientation from prolate to oblate decreases the Young’s modulus. The
arrangement of the pores also plays an important role on the Young’s modulus of the models. The
random distribution of pores decreases the modulus which is consistent with our previous
observations in chapter three. Thus, theories or models idealizing random microstructure to a
periodic geometry might provide misleading predictions of the mechanical property. Compared
with the three factors discussed above, pore size has relatively small effect on Young’s modulus.
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(a)

(b)
Figure 4.8. The quantitative main effects on Young’s Modulus: (a) 2D models and (b) 3D models.
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While pore shape also has relatively small effect on Young’s modulus, the change of pore
shape, however, causes different trend of Young’s Modulus in 2D and 3D cases. For 2D models,
the Young’s modulus decreases when the pore shape changes from circle to ellipse. In 3D models,
the Young’s Modulus increases when the pore shape changes from sphere to ellipsoid. This result
occurs because the 2D plain strain condition implies geometrically that the pores are continuous
tunnels thru the thickness, while the pores in 3D models are embedded spheroids with supporting
matrix on all sides.
Based on the above observations, we can see that the trends of the effects and the importance
rank of the four factors: bone infiltration, pore orientation, arrangement, and size, on the Young’s
modulus are very similar for the 2D and 3D DOE analyses. While the trends of pore shape are
different, its relative effect is insignificant in the 2D and 3D models. This consistency between
the 2D and 3D analyses implies the possible use of 2D models to observe the impact of designed
microstructural features on elastic modulus. While 2D micrographs can be more readily obtained
and easily examined in FE analysis, this conclusion is quite meaningful for our future
investigation of the material.
4.4.3 Yield Stress

The main effects of the five factors on yield stress are shown in Figure 4.9. The yield stress
here is defined as the stress at 0.1% offset strain. It is interesting to note that the trends of the
effects of all the five factors are the same for 2D and 3D FE models. The change of pore shape
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(round to ellipsoidal), size (uniform to two sizes), and bone infiltration (empty to filled) all
increase the yield stress; the change of the pore orientation (prolate to oblate) and arrangement
(periodic to random) decrease the yield stress. Similar to the effect on Young’s modulus, both 2D
and 3D models predict bone infiltration is the most dominant factor which increases yield stress
significantly. This result indicates that bone infiltration is the key delaying plastic deformation of
the material. This feature has important implications for design of porous materials for bone
implants with long lifetimes.
Pore arrangement in 2D models, as shown in Figure 5.9(a), ranks second and its effect is
very close to that of pore orientation which ranks third. Recalling that pore orientation is the
second most important factor and its effect value is 1.7 times of that of pore arrangement for
Young’s modulus in Figure 5.8(a), it can be seen that pore orientation and arrangement play
different roles in the elastic and plastic regimes for 2D models. This result agrees with the
observation in macroscopic stress-strain responses of 2D models in Figure 4.6, in which curve 2
crosses and exceeds curves 3, 4 and 5 implying the different effect of pore orientation in elastic
and plastic regimes. Pore size and shape have relatively small effects in 2D models. For 3D
models, pore orientation is the second important factor and pore shape, size and arrangement
have relatively small effects.
It can be seen that bone infiltration and pore shape and size have similar effects in 2D and
3D models. The effect of pore arrangement is different in 2D and 3D models indicating the
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(a)

(b)
Figure 4.9. The quantitative main effects on Yield stress: (a) 2D models and (b) 3D models.
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random distribution of pores has more influence on yield strength in 2D models than in 3D
models. While bone infiltration is the most important factor for both Young’s modulus and yield
stress, it should be noted that relative to other factors, bone infiltration’s effect on yield stress is
more significant than for the modulus. For example, the main effect value of bone infiltration is
1.3 times of the second dominant factor for Young’s modulus and 2.8 times for Yield stress.
4.4.4 Stress concentration factor

In porous microstructure, stress concentrations near pores lead to intense local slip bands
and pore wall bucking resulting in low ductility. The dependence of local stress and strain state
on the microstructural factors, therefore, needs to be examined. Stress concentration factor is
used as an indicator to obtain quantitative measurements for this purpose. To screen out possible
abnormal extreme values caused by numerical singularities and account for relatively more local
regions with high stress value, stress concentration factor (SCF) is defined as the ratio of the 99th
percentage maximum stress to average stress of the matrix. It is calculated in both the elastic and
plastic regimes for the 2D and 3D models. The stress value in the elastic regime is taken at the
overall loading of 0.1% macroscopic strain when all the matrix elements remain in elastic
deformation; the stress value for the plastic regime is taken at 0.8% macroscopic strain when the
majority of matrix elements have already entered the stage of plastic deformation.
The main effects of the factors on SCF in elastic regime are shown in Figure 4.10, where it is
seen that pore arrangement is the most dominant factor in 2D models; pore arrangement is also
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(a)

(b)
Figure 4.10. The quantitative main effects on SCF which is defined as the ratio of the 99th percentage
maximum stress to average stress of the matrix: (a) 2D models and (b) 3D models in elastic regime.
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Figure 4.11. Von Mises stress distribution in elastic region of a 2D FE model (‘circle-uni-obl-r-pore’) in which
the stress concentrations occur in closely spaced pores in a random microstructure.
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(a)

(b)
Figure 4.12. The quantitative main effects on SCF which is defined as the ratio of the 99th percentage

maximum stress to average stress of the matrix: (a) 2D models and (b) 3D models in plastic regime.
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important in 3D models although bone infiltration ranks higher. As the microstructure
changes from periodic to random, the SCF increases greatly. This result occurs because in a
random microstructure, some pores are located close together forming narrow ligaments of
materials where stress and strain concentrate as shown in Figure 4.11. Although such narrow
regions are just a small portion of the whole structure, this localized deformation significantly
reduces ductility since the failure of the material follows a weakest link progression. Therefore,
theories or models built on a periodic geometry underestimate stress and strain concentration
condition and are not appropriate for analyzing failure mechanisms.
The bone infiltration greatly reduces stress concentration. This observation is consistent with
previous works (Shen and Brinson 2006; Spoerke, Murray et al. 2006). Pore orientation ranks
third in both the models showing relatively significant effect. This result warns us that when we
design the porous titanium as shown in Figure 4.1. to achieve macroscopic anisotropy, the stress
concentration condition should be paid attention since stress concentration increases as pore
orientation changes from prolate to oblate. Compared to the significant effect of bone infiltration,
and pore orientation and arrangement on the stress concentration, the effects of pore size and
shape are relatively negligible.
The main effects of the factors on SCF in plastic regime are shown in Figure 4.12. It is seen
that the importance rank of the factors for 2D models is quite similar to those in elastic regime as
shown in Figure 4.10(a). Pore arrangement and bone infiltration are still dominant factors, pore
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orientation ranks third, and pore shape and size have negligible effects. All the discussions
about the microstructural factors in 2D models in elastic regime are still applicable in plastic
regime here. For 3D models, the bone infiltration is the most important factor indicating that
bone infiltration decrease stress concentration greatly in plastic regime. Pore orientation rank
second indicating that anisotropy of designed porous titanium has even more weight in plastic
regime compared to in elastic regime. In the 3D models, pore arrangement also has noteworthy
effect, and pore shape and size have relatively small effect.

4.5 Conclusions
A factorial design of experiment methodology employing 2D and 3D FE models was used to
screen and rank the relative importance of five factors on macroscopic and microscopic
responses of porous titanium as bone implant material. The five factors are pore shape, size,
orientation, and arrangement, and bone infiltration. The main effects of above five factors are
calculated and compared.
From these quantitative measurements, it is proved that the bone infiltration is key to
improve the mechanical properties of porous titanium. Bone infiltration delays the onset of
plastic deformation and alleviates stress concentrations in the porous microstructure. However,
the side effect should be noticed that bone infiltration also increases Young’s modulus of porous
titanium significantly which is not desirable for the application of this material as bone implant
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material.
The orientation and arrangement of pores are very important for the mechanical responses
from both macroscopic and microscopic standpoints. Porous titanium with elongated pores,
achieved in the wire foam, shows anisotropic properties. It is also shown that the difference
between the mechanical properties of periodic geometry with that of random geometry is
significant. Random distribution of pores greatly increases the stress concentrations leading to
earlier onset of localized plastic strain. Therefore, the results and conclusions from models built
on assumption of periodic distribution provide only an approximate estimation for real
microstructures which are typically random in nature.
Compared to the three factors (pore orientation, arrangement, and bone infiltration), the
influence of shape and size are relatively small. However, the controlling of the shape and size of
pores could still improve the mechanical properties of porous titanium, especially as these
features can lead to improved bone ingrowth.
Despite the fact that the most dominant factor for stress concentration is different in the 2D
and 3D models, the effects of most factors on the macroscopic and microscopic responses are
quite similar. This implies the possible use of 2D models to observe the impact of designed
microstructural features on mechanical responses.
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CHAPTER 5

2D FINITE ELEMENT ANALYSIS BASED ON REAL
MICROSTRUCTURE

5.1 Introduction
As discussed in previous chapters, various finite element methods have been used to
characterize and predict the mechanical properties of the porous materials. The results provide
good prediction of the trend of mechanical properties, but need to be verified by the results from
the study on real microstructure. The results discussed in chapter 3 and 4 showed that random
distributions of pores greatly decrease the Young’s modulus and yield stress and increase stress
concentrations compared with periodic geometry. Pore shape, size, orientation and arrangement
also have considerable effects on the macroscopic and microscopic properties of porous titanium.
In addition, bone ingrowth significantly improves the material properties of porous Titanium,
such as delaying the onset of plastic deformation for porous Titanium, improving localized stress
and strain pattern, especially for the microstructures with random pore size and location
distributions. However, the finite element methods based on the idealized geometry can only
provide the trend of the mechanical properties of porous materials to some extent. When used to
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predict the localized stress and strain pattern, they might provide misleading results because
of the difference between the idealized geometries of the simulated microstructures and real
microstructures. For example, the edges of pores in real microstructure are not as smooth as
those in simulated microstructures; much more variations of pore size, shape, orientation, and
distribution exist in the real porous microstructure. All these factors have effects on the
prediction of the overall and localized material properties of porous materials. In addition, the
advantages of bone ingrowth need to be verified for the real microstructures of porous Titanium.
Thus, we are pursuing an approach for finite element analysis to perform the calculation on
images of the real microstructures.
The finite element analyses based on images of real microstructures have been carried out
using OOF (Object-Oriented Finite Element Analysis of Real Material Microstructures) created
by the National Institute of Standards and Technology (NIST). OOF uses the images of the real
microstructures from experimental samples to calculate the macroscopic properties of the
two-phase materials.(Thelen 2000; Thelen, Barthelat et al. 2003) Although good results were
obtained from this work, the mechanical properties of porous Titanium cannot be characterized
very well because of the limitations of the finite element program OOF. First, OOF can only
assign elastic properties to materials and all calculations are done in elastic region while the
plastic deformation and localized plastic properties are very important for porous titanium as
bone implants. Second, only two kinds of triangle elements (either 3-node linear or 6-node
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quadratic) are used to mesh the geometry in OOF. Compared with other types of elements,
these element types have many limitations in the calculation for plastic deformation and in
narrow areas. Furthermore, OOF cannot handle complicated boundary conditions and dynamic
loading. Thus, finite element analysis programs should be improved to do the calculation while
OOF is still used to capture the geometry of the images of real microstructure.

5.2 Finite element modeling
ABAQUS is a well-known and popular finite element program that can provide many
features and functions. It has good ability to do nonlinear analysis with various types of elements.
Also it can handle complicated boundary conditions and dynamic stress loading. Therefore
ABAQUS/Implicit is used to do Finite Element Analyses based on real microstructures while the
geometries are captured by OOF from the images of experimental samples. First, Graphic
Converter, software for converting graphic formats, is used to convert the images of real
microstructures usually with .jpeg or .tiff formats to the ‘portable pixmap file’ (.ppm) that is the
only readable format for PPM2OOF which is one function of OOF. This function of OOF can
capture the geometry of the images of real microstructure by distinguishing pores from material
based on the color of the pixels. This image file is read by PPM2OOF and the geometry is shown
in the PPM2OOF window. Then this image is divided into two groups by the different pixels
which can be used to assign different material properties for pores and matrix for FEA. The
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image is meshed and the mesh is refined by PPM2OOF. We must ensure that the mesh is fine
enough to capture the geometry, especially paying attention to the nodes along the interface. All
the nodes and mesh are saved in a .goof file by PPM2OOF and are converted into a input file for
ABAQUS by OOF2ABAQUS. This data input file obtained from OOF2ABAQUS consists of
three major parts: part one includes all nodes; part two includes the elements for matrix; and part
three includes the elements for pores. Then this input file is modified using MATLAB and
Wordpad into a new integrated input file that is ready to be submitted to ABAQUS/Implicit to do
the calculation. The whole process is shown in Figure 5.1.
In this input file, the material properties are assigned to the two distinct phases: matrix
and pores (with or without bone filling). The material properties of titanium and bone are as
same as those used in previous calculation shown in Table 3.2 and Figure 3.1. When the
inclusions are empty, a modulus of 1×10−7 GPa is assigned to avoid possible computational
difficulties. Similar to those 2D cases discussed in chapter 4, the boundary conditions are defined
as follows: the bottom is fixed in y-direction while the left end point of the bottom is also fixed
in x-direction; all nodes along left (right) faces have same displacement so that this face remains
parallel to the y-direction; then the top surface is compressed up to 1% macroscopic strain. All
FE analyses are performed using ABAQUS/Implicit software with the second-order six-node
modified triangular plane strain elements (CPE6M) with hourglass control. Compared with the
second-order triangular elements (CPE6) in PPM2OOF, the modified elements in
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Figure 5.1. The whole process to capture the geometry of images of real microstructures and write an input file

can be read and done calculation on by ABAQUS.

142

ABAQUS(Hibbitt 2004) exhibit minimum volumetric lock during plastic deformation. The
regular elements without hourglass control may exhibit “volumetric locking” when
incompressibility is approached and are not appropriate to be used in problems with a large
amount of plastic deformation.
Finite element models of actual foam microstructures were created from micrographs of
porous cp-Ti samples with porosities of 17%, 37% and 50%. Figure 5.2 illustrates the
micrographs used to set up finite element models. The black area represents the pores while the
white (or light gray caused by the uneven lighting) represents the titanium matrix. Just as an
example, the mesh of 50% porosity shown in Figure 5.3: the mesh is fine enough to maintain
most characteristics of the real microstructure. The pores in each micrograph are either empty or
fully filled with bone by assigning different material properties to those pores. The results of
porous and fully filled cases are compared to investigate the effect of bone ingrowth on the
mechanical properties of porous titanium.
To study the difference between the results obtained from models based on real
microstructures and simulated microstructures, geometries of porous Titanium with random
distribution of pores are created by software IDEAS for two porosity levels: 17% and 50%.
Figure 5.4 illustrates the simulated geometries for 17% and 50% Titanium foam. composed of
randomly distributed separate round pores or connected round pores. As shown in Figure 5.4 (a),
the geometry of 17% is a square ( 4000 × 4000 ) including approximate a thousand pores
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following a Weibull pore size distribution obtained by examining the real microstructure,
close to six times of the size of the 17% real microstructure shown in Figure 5.2(a). Similarly the
geometry of 50% is a square ( 4000 × 4000 ) including approximate one thousand inclusions of
variable sizes and is ten times larger than the size of the 50% real microstructure shown in Figure
5.2 (c). The element type, material properties and boundary conditions of simulated
microstructures are the same as those of real microstructures. And the overall strain and stress are
calculated in the same way as discussed in chapter 4.
In addition to the results of our simulated models, the results from the calculations based on
the 2D binary images of 17% and 37% porosity shown in Figure 5.5 carried out by Thelen
(Thelen 2000) will also be compared with the results of real microstructure models. These
approximate geometries (noted as ‘BIsm’ for binary simulated microstructure) were converted
from the actual microstructures by smoothing all the jagged edges on pores. Therefore these
simulated models were composed of ellipses that are a smoother resemblance of the actual
microstructure and therefore these models can be considered as quasi-real microstructures which
are between the real and simulated microstructure. It should be noted that these calculations were
carried out only in elastic region and only the elastic material properties were assigned to
titanium under the similar boundary conditions as those used in our calculations.
The results of these 2D microstructures, real microstructures or simulated microstructures,
are also compared with the results for 3D simulated microstructures of porosity 15% and 50%
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(a)

(b)
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(c)
Figure 5.2. The actual micrographs used to do Finite Element Analysis: (a) 17%, (b) 37% and (c) 50%

.
Figure 5.3. The mesh of 50% porous Titanium with the second-order and modified six-node triangular

elements (CPE6M)

146

(a)
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(b)
Figure 5.4. the simulated geometries created by IDEAS for titanium foam of porosity: (a) 17% and (b) 50%.
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(a)

(b)
Figure 5.5. Binary images used to do FEA in previous work for porous titanium with porosity of : (a) 18% and

(b) 37%. (Thelen 2000)
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Figure 5.6. 3D simulated microstructures for porous titanium with porosity of : (a) 15% and (b) 50%. (Shen

and Brinson 2006c)

150

(Shen and Brinson 2006; Shen and Brinson 2006c) to gain understanding of the difference
between 2D models and 3D models. It should be noted that the number of inclusions in these 3D
simulated microstructure ( noted as ‘3Dsm’ for 3D simulated microstructure) is fifty-five, much
smaller than the number of the inclusions in our 2D simulated microstructures. Except 3Dsm
models are three-dimension, all other finite element models are two-dimension. Figure 5.6
illustrates the geometries of the 3D simulated microstructures of porosity 15% and 50%.

5.3 Results and Discussion
5.3.1 Macroscopic response

The stress-strain curves of both real microstructure models and simulated microstructure
models are shown in Figure 5.7. The notations used in this figure and the following figures are:
‘17%’ – porosity of 17%;
‘37%’ – porosity of 37%;
‘50%’ – porosity of 50%;
‘rm’ – real microstructure;
‘sm’ – simulated microstructure;
‘pore’ –empty pores;
‘bone’ – pores fully filled by bone.
‘ex’ – experiment;
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Figure 5.7. Macroscopic stress-strain responses predicted by the real microstructure models and the simulated

structure models. (‘rm’ – real microstructure; ‘sm’- simulated microstructure)
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‘3Dsm’ – 3D simulated microstructure, only 3D models here.
‘BIsm’- binary simulated microstructure.
It is reasonably observed in Figure 5.7 that the curves of lower porosity models are generally
higher than the curves of higher porosity models either with empty pores and fully bone filled
pores. It has been proved that the convergent response prediction for titanium foam at high
porosity is quite challenging since a large scatter of the uniaxial stress-strain responses of the 3D
models with high porosity 48% has been shown. (Shen and Brinson 2006) Hence the images of
larger size are needed to obtain convergent results and predict more reasonable mechanical
response curve of titanium foam at high porosity.
For the porous (empty pores) models at same porosity, the curve predicted by the real
microstructure model is observed to be higher than the curve predicted by the simulated
microstructure model mostly in plastic region, such as curve 1 (17%_rm_pore) is higher than
curve 7 (17%_sm_pore). As described above, the sizes of the simulated microstructures are much
larger than those of the real microstructure. For example, the size of 17% simulated
microstructure is six times of the size of 17% real microstructure. This larger size makes the
simulated microstructure represent a more heterogeneous geometry which achieves lower yield
stress. Also the difference between the curve of real microstructure and simulated microstructure
indicates that the effects of the jagged edges of pores on the overall mechanical response is
relatively small compared to the effects of the RVE.
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It is seen in Figure 5.7 that bone ingrowth has significant influence on the mechanical
response of porous titanium of variable porosities. In general, bone ingrowth increases Young’s
Modulus and yield stress for all geometries. For the same porosity, the curve of the model with
fully bone filled pores is always higher than those of the models with empty pores regardless of
whether the model is based on a real microstructure or on a simulated microstructure. For
example, curve 2 is higher than both curve 1 and curve 7 for porosity 17%. It is also observed
that the curve of the higher porosity model with fully bone filled pores may cross and exceed the
curve of the lower porosity model with empty pores. For instance, curve 4 (37%_rm_bone)
crosses and exceeds both curve 1 (17%_rm_pore) and curve 7 (17%_sm_pore). This result
indicates that the influence of bone filling in plastic region is so dominant that the increased yield
stress of higher porosity model can be even higher than those of the unfilled lower porosity
models.
5.3.2 Elastic moduli

The predicted elastic moduli are shown in Figure 5.8 where it can be seen that the elastic
modulus decreases as the porosity increases. Figure 5.8 includes, in addition to the elastic moduli
predicted by our 2D real and simulated microstructures, the elastic moduli predicted from 2D
binary simulated microstructures and 3D simulated microstructures and the elastic moduli
obtained from experiments(Thelen 2000; Murray and Dunand 2006; Shen and Brinson 2006;
Shen and Brinson 2006c) Note that the 2D binary simulated microstructures are based on
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Figure 5.8. Young’s moduli predicted by finite element models and ultrasound experiments. (the elastic moduli

predicted from 2D binary simulated microstructures(Thelen 2000) and 3D simulated microstructures(Shen and
Brinson 2006) and the elastic moduli obtained from experiments(Murray and Dunand 2006).)
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micrographs, but with idealized (elliptical) pore shapes instead of representing the real
irregular pore boundaries. The real microstructure models predict Young’s modulus of 72.11 GPa,
29.56 GPa, and 6.3GPa for porous titanium foam at porosity 17%, 37% and 50% while the 2D
simulated microstructure models predict Young’s modulus of 72.10 GPa and 8.54 GPa for porous
titanium at porosity 17% and 50%. The mean value of Young’s modulus predicted by seven 2D
simulated models of various geometries is 8.54GPa with an error range of ±0.94 GPa for
porous titanium at porosity 50%. This small error range (see Figure 5.8) indicates that the spread
of our results predicted from simulated microstructures is small. Therefore the results from one
simulated microstructure can be considered as an accurate representation if the RVE of the
simulated microstructures are consistently chosen in all cases. It can be seen that the Young’s
moduli predicted by 2D real microstructure agree well with those predicted by 2D simulated
microstructure. Compared with the porous models, the fully bone filled models predict increased
Young’s modulus of 91.63 GPa, 63.87 GPa, and 49.35 GPa for porosity 17%, 37%, and 50% by
reason of bone ingrowth.
It is found in Figure 5.8 that the Young’s moduli predicted by the real microstructures are
closer to the experimental results than those predicted by the binary simulated microstructures.
For example, the Young’s modulus (52.64 GPa) predicted by binary simulated model from one
section of 18% porous titanium is much lower than the experimental result (76.8 GPa) for 18%
porous titanium, compared with the Young’s modulus (72.10 GPa) predicted by real
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microstructure model for 17% titanium foam. In the binary simulated models, the simple
first-order triangle element type used to mesh the microstructure and the inaccuracies in the
microstructure due to the prescribed elliptical pore boundaries may lead to the underestimation
of Young’s modulus.
It is also shown in Figure 5.8 that the Young’s moduli predicted by 3D simulated
microstructures are in excellent agreement with the experimental results, slightly better than
those predicted by 2D real or simulated microstructures. The Young’s modulus of 15% titanium
foam predicted by 3D simulated microstructure is 81.14 GPa, very close to the value of Young’s
modulus (84.01GPa) measured by experiment for 18% porosity. Note that the 2D plane strain
condition implies that the pores in 2D models are continuous tunnels while the pores in 3D
models are embedded in and supported by surrounding matrix. Therefore the elastic moduli
predicted by 3D simulated models should be more reasonable than those predicted by 2D real or
simulated microstructures, although the effect will be more pronounced in plastic properties. It
was also reported by Shen and Brinson that compared to the 2D models, the 3D models require
smaller model size to obtain convergent results.(Shen and Brinson 2006) Although the 3D
models contain many less pores than the 2D models, they are closer to the RVE required for the
analysis.
5.3.3 Yield stress

The predicted 0.1% offset yield strengths from 2D real and simulated microstructures and
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3D simulated microstructures are shown in Figure 5.9. The definition of the 0.1% offset yield
strength is same as that defined in Figure 3.5. It is shown that the yield decreases dramatically as
the porosity increases. For example, the predicted yield strength of 2D real microstructures is
194MPa for 17%, 71MPa for 37%, and 13MPa for 50%. The yield stress increases with the bone
occupation, such as that the yield stress of 50% fully bone filled real microstructure is raised to
182 MPa, much higher than the value of 50% porous real microstructure. It is also seen that the
yield strengths of 2D simulated microstructures are consistent with the yield strengths of 2D real
microstructures. For example, the yield stress of 50% simulated microstructure is 17.37MPa with
an error range of ±3.36MPa, very close to 13MPa predicted by 50% real microstructure model.
However, all these models lose accuracy when they are used to predict yield stress of titanium
foam at high porosity because the RVE of these models is not large enough to represent
complicated geometry of high porosity titanium foam.
Figure 5.9 illustrates that the yield strengths predicted by 3D simulated models are higher
and believed to be more accurate than the yield strengths predicted by 2D models, either real
microstructure or simulated microstructure. For example, the yield stress of 3D 50% simulated
microstructure is 76.20 MPa, a much higher value than those of 2D 50% real microstructures.
Similar to the reason discussed above for elastic moduli, 3D models can sustain higher stress
because the embedded pores are supported by matrix on all sides while the pores in 2D models
are tunnels and are supported in specific sides.
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Figure 5.9. Yield strength predicted by the FE models. (‘3Dsm’ is 3D model while all other models are 2D)
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5.3.4 Stress concentration factor

The failure of porous microstructure is likely to happen in regions where stress is in a high
level since the failure of the material follows a weakest link progression. Therefore, the stress
concentration factors (SC) are calculated and plotted both in macroscopic elastic region and
plastic region in Figure 5.10. Stress concentrations were defined as the ratio of maximum
equivalent stress of 99% matrix elements to the average stress in loading direction in the matrix.
It should be noted that the SCs predicted by real microstructures are very close to the SCs
predicted by simulated microstructures in elastic regions, and are lower than those in plastic
region since the RVE of the real microstructures is smaller than the RVE of the simulated
microstructures.
It can be inferred from Figure 5.10 that the stress concentration factor increases dramatically
as porosity increases both in macroscopic elastic region and plastic region. For example, the SC
of porous real microstructure at 0.1% macroscopic strain level increase from 4.21 to 9.85 when
the porosity increase from 37% to 50%. Accordingly 50% porous microstructure is expected to
be weak due to the high stress concentration.

The bone ingrowth greatly decreases the stress

concentration for the same microstructure. The SC of 50% fully bone filled real microstructure
model is only 2.53 which is even lower than the SC of 17% porous real microstructure at 0.1%
macroscopic strain level. This influence of bone ingrowth is more obvious in plastic region.
Under
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0.8% applied macroscopic strain, the infiltration of bone decreases the SC from 10.60 to 2.13
for titanium foam at porosity 50%. In general bone ingrowth alleviates the stress concentrations
especially in plastic deformation region, therefore improves the performance and prolongs the
life of titanium foam as bone implant.
The bone ingrowth greatly decreases the stress concentration for the same microstructure.
The SC of 50% fully bone filled real microstructure model is only 2.53 which is even lower than
the SC of 17% porous real microstructure at 0.1% macroscopic strain level. This influence of
bone ingrowth is more obvious in plastic region. Under 0.8% applied macroscopic strain, the
infiltration of bone decreases the SC from 10.60 to 2.13 for titanium foam at porosity 50%. In
general bone ingrowth alleviates the stress concentrations especially in plastic deformation
region, therefore improves the performance and prolongs the life of titanium foam as bone
implant.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions
The application of microporous titanium as a promising new bone implant material provided
the primary motivation for this work. The knowledge gained from this work, however, can be
useful to predict mechanical properties of other microporous materials. Both 2D and 3D
simulated microstructures, as well as 2D real microstructures, are set up to investigate the effects
of pore morphology and bone ingrowth on the mechanical response of microporous titanium. A
factorial design of experiments methodology (DOE) is used to evaluate the relative importance
of the influence of five factors including pore shape, size, orientation, arrangement, and bone
infiltration on the mechanical response including Young’s modulus, yield stress, and stress
concentration. The results provide useful information and significant direction for further studies
on the mechanical performance and design of the microstructure of titanium foam. The resulting
conclusions are given as follows:
●

Bone infiltration, compared with all other factors, is the key to improve the
mechanical performance of microporous titanium. It is proved that bone infiltration
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increases yield stress, delays the onset of local plastic deformation and alleviates
stress concentrations in the porous microstructure. However, the side effect should be
noticed that bone infiltration also increases Young’s modulus of porous titanium greatly,
which is not desirable for the application of this material as bone implant material,
although these Young’s moduli are still significantly smaller than the Young’s modulus
of solid titanium.
●

Among morphological factors, the orientation and arrangement of pores have very
important effects on the mechanical response from both macroscopic and microscopic
standpoints, while the influence of pore shape and size are relative small. It has been
observed that the mechanical response of random geometry is significant different from
that of periodic geometry, such as the stress concentrations are increased greatly leading
to earlier onset of localized plastic strain by the random distribution of pores. It is also
illustrated that the wire foam composed of elongated pores exhibits remarkable
anisotropic properties.

●

The difference between the mechanical properties of 2D real microstructures with
those of 2D simulated microstructures based on random distribution of pores is
insingnificant, especially from macroscopic standpoint. All these models lose accuracy
when they are used to predict the mechanical response of titanium foam at high porosity.

●

A 3D model provides more accurate prediction of the mechanical properties of
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microporous titanium, especially at high porosity, than a 2D model. Particularly 3D
models are better for the design of microstructural architecture, where the goal is to
optimize the particle distribution. However, the comparison between the mechanical
properties of 2D with 3D models of low porosity wire foam implies the possible use of
2D models to observe the impact of designed microstructural features on mechanical
responses.

6.2 Future work recommendations
This thesis has addressed issues about effects of morphology and bone ingrowth on
microporous titanium as orthopaedic implants. The research can be continued by further studies
as:
●

3D realistic models based on the real microstructures would be interesting to study the
mechanical response of microporous titanium, especially the localized strain and stress
pattern in macroscopic plastic regions.

●

It would be interesting to investigate the interaction effects between different factors
and the mean effects in a wider parameter range to obtain more comprehensive
knowledge of the influence of pore morphology and bone infiltration on the mechanical
properties of titanium foam.

●

Since 2D models could provide good predictions of the mechanical response of
microporous titanium in specific porosity range within the limits of existing computing
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capabilities, it would be very useful to find out the range of porosity that 2D models
achieve reasonable results.
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