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Abstract 

As the number of orthopedic surgeries is increasing, so is the need for implants 
that not only can reconstruct a mechanical stable joint, but also serve as bone 
replacement material since the availability of transplant bone is rather limited. 
Already more than two decades porous metal implants have been a solution to 
address this need since they can exhibit mechanical properties close to human 
bone and thus provide sufficient implant strength and stability while at the 
same time they allow for bone to grow inside the pores, ensuring a long-term 
implant fixation.  

Only now, with the introduction of additive manufacturing or 3D printing 
techniques like selective laser melting it has become possible to manufacture on 
an industrial scale porous metallic structures in a controlled and reproducible 
manner. In this dissertation three types of porous metallic implants made by 
selective laser melting have been evaluated: porous implants made from 
Ti6Al4V, tantalum and pure titanium.  

Today, Ti6Al4V is still the material of choice since it is a mechanically strong 
material with a proven clinical track record. But in order to select the right 
implant design and processing steps, it is important to identify all the variables 
that influence the final result. This dissertation presents and discusses probably 
the largest experimental data set on the influence of geometrical variables 
(structure relative density and unit cell geometry) and processing variables 
(build orientation, heat treatment, bio-functionalizing surface treatments) on 
the mechanical and biological implant performance.  

Tantalum, on the other hand, is an interesting metal since it has a very good 
biocompatibility, but because of its high price and difficulty to process, the use 
of tantalum for porous implants is not that obvious. In this dissertation it is 
shown for the first time that selective laser melting can be successfully used to 
manufacture porous tantalum implants with interesting mechanical properties 
and promising in vivo performance. Since porous pure titanium implants 
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showed very similar mechanical behavior, this could potentially lead to a revival 
of the use of pure titanium for dynamically loaded porous implants.  

But in the end, the manufacturing cost is also important for the acceptance of 
this new technology to produce porous metallic implants on a commercially 
suitable level. Therefore significant productivity improvements have been 
achieved to lower the production costs of porous implants made by selective 
laser melting.  
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Samenvatting 

Samen met het toenemende aantal orthopedische heelkundige ingrepen stijgt 
ook de nood  aan implantaten die niet enkel een mechanisch stabiel gewricht 
kunnen reconstrueren, maar die ook kunnen dienen als botvervangend 
materiaal, aangezien de beschikbaarheid van getransplanteerd bot eerder 
beperkt is. Poreuze metalen implantaten bieden al meer dan twee decennia een 
oplossing om aan deze nood tegemoet te komen, aangezien ze mechanische 
eigenschappen kunnen bezitten die dicht aanleunen bij die van menselijk bot, 
waardoor ze voldoende sterkte en stabiliteit bezitten. Tegelijkertijd staan de 
implantaten toe dat bot in de porositeit groeit, zodat een langdurige implantaat-
fixatie gegarandeerd is. 

Met de introductie van additieve productietechnieken of zogenaamde 3D 
printing technieken, zoals het selectief laser smelten, is het nu mogelijk om op 
een industriële schaal poreuze metalen structuren te produceren op een 
gecontroleerde en reproduceerbare manier. In dit doctoraatsproefschrift zijn 
drie types poreuze metalen implantaten onderzocht, namelijk implantaten 
gemaakt uit Ti6Al4V, uit tantalum en uit zuiver titanium. Alle drie zijn ze 
vervaardigd via selectief laser smelten. 

Tot op heden is Ti6Al4V het materiaal dat de voorkeur wegdraagt, aangezien 
het materiaal mechanisch sterk is en bovendien biocompatibel is. Om het juiste 
implantaatontwerp en de bijhorende verwerkingsstappen te kunnen kiezen is 
het echter belangrijk om alle variabelen die het uiteindelijke resultaat kunnen 
beïnvloeden te identificeren. Dit proefschrift presenteert en bespreekt wat 
wellicht de grootste experimentele dataverzameling is die de invloed 
karakteriseert van geometrische variabelen (de relatieve structuurdensiteit en de 
eenheidscel geometrie) en van procesvariabelen (bouworiëntatie, 
warmtebehandeling en bio-functionalizerende oppervlaktebehandelingen) op de 
mechanische en biologische implantaat prestatie. 

Tantalum anderzijds is een interessant metaal doordat het een bijzonder goede 
biocompatibiliteit bezit. Door de hoge kostprijs en moeilijkheid om het te 
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verwerken is het gebruik van tantalum voor poreuze implantaten echter niet zo 
evident. In dit proefschrift wordt voor de eerste keer aangetoond dat selectief 
laser smelten succesvol kan gebruikt worden om poreuze tantalum implantaten 
te vervaardigen, die bovendien interessante mechanische eigenschappen 
bezitten en veelbelovende in vivo resultaten vertonen. Omdat poreuze, uit 
zuiver titanium vervaardige implantaten een zeer gelijkaardig mechanisch 
gedrag vertonen, zou dit mogelijk tot een heropleving kunnen leiden van het 
gebruik van zuiver titanium voor dynamisch belastte poreuze implantaten. 

Om uiteindelijk de productie van poreuze metalen implantaten op een 
industriële schaal commercieel interessant te maken, is het belangrijk om alle 
directe en indirecte kosten in rekening te brengen. In dit proefschrift worden er 
significante productiviteitsverbeteringen behaald om de productiekost van 
poreuze implantaten vervaardigd via selectief laser smelten te reduceren.
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1. Introduction 

This chapter briefly introduces the background and motivation of the doctoral 
research by first explaining some basic principles and ideas. The research 
questions and the main achievements will be depicted in the next section, while 
the introduction chapter ends with outlining the dissertation in a chapter by 
chapter overview. 

1.1. Motivation 
Metal 3D printing or so called Additive Manufacturing (AM) is a collection of 
relatively new manufacturing technologies that can be used to process metals in 
a layer by layer manner that allows new and unexplored design possibilities. 
One example of the many possibilities of AM is the ability to manufacture 
porous structures that can be incorporated in implant designs. The Selective 
Laser Melting (SLM) technology is a promising AM technique that has been 
used to manufacture porous Titanium (Ti) and Tantalum (Ta) implants in this 
dissertation. 

1.1.1. Porous implants 
The use of certain implant materials has changed over time due to several 
reasons. Biocompatible metals have been used for decades as implant materials, 
mainly because of their high strength. This high strength and stiffness, 
however, also cause stress-shielding effects for implants under load-bearing 
conditions like e.g. orthopedic implants for joint replacements or spinal 
implants for fusion purposes.  

For this reason, porous metallic implants are of interest since they exhibit lower 
strength and stiffness compared to the solid metals and are more in the range 
of the properties of human bone, still providing sufficient implant strength. 
Also, the initial fixation is improved by a high coefficient of friction and the 
long term stability is ensured by the ability for the bone to grow into the open, 
interconnected porosities. 
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These advantages of porous metal implants have driven the major orthopedic 
device manufacturers to introduce their own porous metallic biomaterials by 
means of a porous coating on top of a solid implant or by stand-alone porous 
bone substitutes. Figure 1.1 gives two examples of some of the commercial 
porous metallic implant materials that are available today. 

 

Figure 1.1: Examples of commercially available porous orthopedic implants: Trabecular MetalTM 
revision hip cups and augments (top, image courtesy: Zimmer Inc, Warsaw, IN, USA) and a 

RegenerexTM primary tibial tray (bottom, image courtesy: Biomet Inc, Warsaw, IN, USA). 

One of the major disadvantages of these porous implants is the manufacturing 
method. Traditional processing techniques like plasma spraying or foaming 
techniques, do not allow to create regular porous structures with controlled 
geometrical and mechanical properties in any desirable shape. AM techniques 
like SLM make it possible to overcome these disadvantages. 

1.1.2. Selective Laser Melting 
Selective Laser Melting is an additive manufacturing technique that melts thin 
layers of metal powder together by using a focused laser beam in order to 
create full dense and functional metal parts. The SLM process is schematically 
represented in Figure 1.2.  
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Thanks to the very thin layers in the range of 20-90 µm and the very accurate 
positioning of the laser beam, SLM is perfectly suited to manufacture highly 
porous structures with a high level of detail and good reproducibility.  

 

Figure 1.2: Schematical representation of the SLM process. A thin laser beam that gets 
deflected by the scanner selectively melts thin layers of metal powder together. Once the 

scanning of a layer is completed, the base plate lowers one layer thickness and the scraper 
deposits a new layer of powder before the scanning of the new layer starts. This process is 

repeated until the complete part is created. 

One of the first metals that could be successfully processed using SLM is 
Ti6Al4V, and still today the SLM material portfolio is expanding rapidly. To 
name a few, several grades of titanium and titanium alloys, stainless steels, 
cobalt-chromium alloys and exotic metals like tantalum and tungsten are 
currently available for SLM manufacturing. 

1.1.3. Titanium and tantalum 
Several metals can be considered as the base material for porous implants made 
by SLM, but certain requirements have limited the selection of metals used in 
this dissertation. First, the selected materials should have a proven clinical track 
record to illustrate their biocompatible behavior and accelerate the clinical 
acceptance. Secondly, since highly porous structures are of interest, the selected 
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metals should have sufficient strength. And finally, it should be possible to 
process these materials by SLM. 

These three requirements have narrowed the selection of metals down to 
Ti6Al4V, tantalum and pure titanium. The properties of these selected metals 
processed in a conventional way are summarized in Table 1.1 and will be used 
for further reference throughout this dissertation. 

 
Material 

ρs 
[g/cm³]

σy,s 
[MPa] 

σUTS,s 
[MPa] 

Es 
[GPa]

es 
[%] 

Sf,s 
[MPa] 

CP Ti grade 1 4.51 170-241 240-331 103 30 270 

CP Ti grade 2 4.51 280-345 340-434 103 28 330 

CP Ti grade 3 4.51 380-448 450-517 103 25 350 

CP Ti grade 4 4.51 480-586 550-662 104 20 376 

Ti6Al4V grade 5 4.43 830-924 900-993 114 14 500 

Ti6Al4V ELI grade 23 4.43 760-827 830-896 114 15 n.a. 

Tantalum 16.6 165-220 200-390 186 20-50 n.a. 

Table 1.1: Literature values of the density and mechanical properties of standard annealed 
wrought titanium grades [1] and tantalum [2, 3]: The density (ρs), yield strength (σy), the ultimate 

tensile strength (UTS), Young’s modulus (E) and the elongation (e). Fatigue strength (Sf,s) 
values were reported in [4]. 

One of the most used implant materials is Ti6Al4V since it has a very high 
strength to weight ratio. Tantalum is of interest because it has shown to be a 
very biocompatible implant material, and pure titanium came to the forefront 
after the first results of porous Ti6Al4V and tantalum implant performances 
that have led to new insights. 

1.2. Scope and achievements of the research 
Selective Laser Melting, or 3D printing in general, is often associated with 
prototyping although this technology is perfectly suited for serial production of 
functional parts or implants. The huge amount of unlocked possibilities and 
unknown processing variables do limit the industrial acceptance of SLM, but 
create on the other hand numerous opportunities for innovative implant 
designs. 
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This dissertation tries to take the next step towards industrialization of SLM for 
the production of porous titanium and tantalum implants by addressing the 
research questions that currently limit the industrial breakthrough of the 
technology: 

 Almost endless possibilities may sound great, but it is important to 
know the actual boundaries of what is possible, before any further 
steps can be taken. 

 Selective Laser Melting is subject to a number of processing variables. 
The determining variables and their implication on the final result 
should be identified and addressed properly. 

To find the answers to these two questions, more specific aims and research 
questions can be identified: 

 The porous implant design is where it all starts. The porous implant 
architecture (structure relative density and unit cell geometry) in 
combination with a certain implant material (titanium or tantalum) 
will influence the implant performance and need to be investigated 
from a mechanical and biological point of view. 

 The characteristics of the SLM process define the design freedom, 
both in terms of achievable details and general accuracy. Clear 
understanding of these limitations and more specifically the overall 
reproducibility and the influence of the build orientation, can lead 
to improved porous implant designs and manufacturing with uniform 
properties. 

 Post-processing operations can influence the implant performance 
significantly. A proper selection of post-processing operations like 
heat treatments or bio-functionalizing surface treatments and 
their mechanical and biological implications should be possible. 

 Production cost will always be crucial, regardless of the industry or 
application. Increasing the productivity by at least a factor 2 and 
lowering the associated cost should be achieved by investigating and 
optimizing the influencing factors. 

The investigation of these research questions have led to some general 
achievements that haven’t been reported before: 
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 Highly porous (60-90%) implants made from Ti6Al4V, tantalum and 
pure titanium, using several different geometries, have been 
successfully produced and mechanically evaluated. Both the structure 
relative density and the unit cell geometry alter the mechanical 
properties. Porous tantalum implants showed excellent in vivo 
performance and a very high fatigue resistance while porous pure 
titanium implants have a higher fatigue strength compared to the 
statically stronger porous Ti6Al4V implants. 

 The build orientation during manufacturing is identified as an 
important variable and should be taken into account while preparing 
data for SLM manufacturing. If not taken into account, the 
mechanical properties can decrease by up to 35% by an improper 
selected build orientation.  

 Post-processing heat treatments have an influence on the 
microstructure and mechanical properties and bio-functionalizing 
surface treatments can improve the bone regeneration performance 
of porous titanium implants. A Hot Isostatic Pressing (HIP) heat 
treatment slightly lowers the maximum strength but the elongation at 
fracture increases significantly by up to 70%. 

 The new optimized production parameters increase the productivity 
of porous titanium implants by 1.6 to 4.2 times compared to the 
current build rates. 

1.3. Outline of the dissertation 
The first chapter, Chapter 2, is a chapter that summarizes all previously 
published data on porous Ti6Al4V implants investigated in the framework of 
this dissertation. It is the largest collection of experimental data available in 
literature and takes into account geometrical, SLM related and post-processing 
influences on the static and dynamic properties and the bone regeneration 
performance. 

Chapter 3 is based on the first publication that reports results of additively 
manufactured porous tantalum implants. A specific geometry of porous 
tantalum implants has been evaluated mechanically (both static and dynamic) 
and in an in vivo experiment in which critical size femur defects in rats were 
reconstructed by the new tantalum implants. 
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The findings of Chapter 3 gave new insights in different mechanisms 
influencing the implant performance by using ductile porous metals. This gave 
rise to an additional research question which is the subject of Chapter 4. In this 
chapter, the potential revival of pure titanium for dynamically loaded porous 
implants is discussed. 

The last full chapter, Chapter 5, deals with the productivity improvements 
obtained for porous titanium implants. This is done by explaining the 
methodology and defined references and also by depicting the need for further 
standardization. 

Finally, all results will be briefly summarized in Chapter 6, in which new 
material and process selection charts for porous metals are proposed. This 
chapter concludes with some suggestions for further research. 
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Mulier M., Kruth J.-P., Schrooten J., Weinans H., Zadpoor A.A., Fatigue 
behavior of porous biomaterials manufactured using selective laser melting. Materials 
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(2013), 4849-4858. 
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(2014), 6172-6181. 
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The author of this dissertation has contributed to these articles in the following 
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a) Sample manufacturing, static compression testing and manuscript review. 
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manuscript review. 

c) Sample manufacturing, morphological analysis (dry weighing, Archimedes 
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measurements) and manuscript review. 
h) Sample manufacturing, morphological analysis (dry weighing, Archimedes 

measurements) and manuscript review. 
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2.1. Introduction 
The most common material for porous implants in orthopedics is Ti6Al4V 
because it is a biocompatible material with a proven clinical track record and it 
has a very high strength to weight ratio [13]. New manufacturing techniques 
like AM that are used to produce these implants generate new opportunities, 
but they also raise additional questions and regulatory issues. 

The more information about additively manufactured porous Ti6Al4V implants 
is available, the more likely the medical device industry is willing to consider 
using AM for serial production of the next generation implants.  

The actual mechanisms of porous structures when loaded, in combination with 
the inherent process characteristics of SLM and potential post-processing 
operations result in a broad range of variables that can be changed in order to 
optimize implant performance. It also makes it difficult to predict implant 
outcomes when not all variables are taken into account. 

Therefore, this chapter is written as a summary of all findings regarding the 
mechanical and biological performances of porous Ti6Al4V structures 
evaluated for this dissertation. It can be used as a handbook containing (design) 
guidelines for porous Ti6Al4V implants manufactured with SLM.  

The first part will discuss the static mechanical properties of porous structures 
with different geometries, build orientations, heat treatments and bio-
functionalizing surface treatments. The second part will deal with the dynamic 
mechanical properties. The third and last part will briefly discuss some results 
from in vitro and in vivo experiments. Each section will conclude with specific 
guidelines that should be kept in mind in early stages of new application 
developments. 

2.2. Materials and methods 

2.2.1. Materials and manufacturing 
Porous cylindrical test samples (diameter 10 mm, height 15-17 mm) were 
manufactured using SLM (Layerwise NV, Leuven, Belgium). Spherical Ti6Al4V 
(grade 5) or Ti6Al4V ELI (grade 23) titanium powder (chemical composition 
according to ASTM F2924 and F3001) with particle size ranging from 10 µm to 
45 µm was used. The production was performed in an inert atmosphere and the 
samples were built on top of a solid titanium substrate. Unless otherwise 
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specified, all cylindrical test samples were manufactured with the central axis 
parallel to the build direction. After production, the samples were removed 
from the substrate using wire electro discharge machining (EDM). 

2.2.2. Heat treatment 
Most of the test samples were evaluated without any additional heat treatment 
(as built condition, AB). However, the influence of two heat treatments, namely 
stress relieve heat treatment (SR) and hot isostatic pressing (HIP), on the static 
mechanical properties is discussed in in Section 2.3.3. The SR condition, with a 
heat treatment per ASTM F2924 class 1; and the HIP condition, with at heat 
treatment per ASTM F2924 class 2. These two heat treatments were chosen 
because stress relieve is often necessary after SLM, especially for parts 
containing large solid sections, and HIP treatment is sometimes applied for 
critical components used under a dynamic load. 

2.2.3. Bio-functionalizing surface treatment  
In Section 2.3.4 and 2.4.4, two bio-functionalizing surface treatments from the 
literature were used: the alkali-acid-heat treatment (AlAcH) and the acid-alkali 
treatment (AcAl). For the AlAcH treatment, specimens were first immersed in 
5 M NaOH solution for 24 h at 60 °C and subsequently washed gently with 
distilled water. Thereafter, the samples underwent hot water treatment for 24 h 
at 40 °C followed by immersion in 0.5 mM HCl (24 h at 40 °C). Then, the 
specimens were dried in an oven at 40 °C for 24 h. After drying, the scaffolds 
were heated with a rate of 5 °C/min up to 600 °C and were kept for 1 h at this 
temperature. Finally, the specimens were cooled down to the room temperature 
in the furnace [14]. 

In the second technique, the AcAl treatment, samples first were immersed in a 
mixture of 18% HCl and 48% H2SO4 aqueous solutions at 70 °C for 1 h and 
subsequently in 6 M NaOH solution at 70 °C for 5 h. After washing gently in 
distilled water, the samples were dried in an oven at 40 °C for 24 h [15]. 

2.2.4. Archimedes measurements 
Structure relative density was measured using the Archimedes method on 5 
different samples of each series prior to being used for mechanical evaluation. 
Archimedes test results are calculated based on a combination of dry weighing 
and weighing in pure ethanol and on the theoretical density of 4.43 g/cm³ for 
Ti6Al4V [16]. The structure relative density was then calculated by dividing the 
measured structure volume by the theoretical macro volume of the cylindrical 
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test samples. All weighing measurements were performed on an OHAUS 
Pioneer balance. 

2.2.5. Static mechanical testing 
Static mechanical testing of 5 cylindrical samples of each of the presented series 
of porous structures in this chapter was carried out in accordance with the 
standard ISO 13314 [17]. All tests were done on an INSTRON 5985 
mechanical testing machine (30 kN load cell) by applying a constant 
deformation rate of 1.8 mm/min. Each static compression test resulted in a 
stress-strain curve for which the following values were calculated: (i) the quasi-
elastic gradient (E) as gradient of the straight line determined within the linear 
deformation region at the beginning of the compressive stress-strain curve, (ii) 
the yield strength (σy) as the compressive 0.2% offset stress, (iii) the maximum 
compressive strength (σmax) and (iv) the strain at fracture (efrac). In this context, 
the quasi-elastic gradient is closest to the concept of stiffness, which is used for 
solid materials. In order to facilitate understanding and comparison between 
the results of this study and those of similar studies on solid and porous 
materials, the quasi-elastic gradient will be referred to as stiffness. Nevertheless, 
the exact definitions presented above should be kept in mind when interpreting 
the data. 

2.2.6. Dynamic mechanical testing 
Compression–compression fatigue tests were carried out using a hydraulic test 
frame (MTS, Minneapolis, US) with a 25 kN load cell. The loading frequency 
was fixed at 15 Hz (sinusoidal wave shape) and a constant load ratio, R = 0.1, 
was used. Two specimens were tested for every stress level. The specimens 
were assumed to have failed once the stiffness of the specimen dropped by 
more than 90. The S–N curves of the tested porous structures were established 
by plotting both absolute and normalized values of stress versus number of 
cycles to failure for all tested specimens. In case of normalized S–N curves, a 
power law was fitted to all data points of the normalized S–N curves. 

2.3. Static mechanical properties 
Only a few years ago the first ISO standard was published for mechanical 
testing of cellular metals [17], regardless of the material or manufacturing 
method. Also, new ASTM standards have been established for solid Ti6Al4V 
processed using AM that specify the static mechanical properties [18, 19], but 
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no standards yet exist that specify evaluation methods or minimum 
requirements to what additively manufactured porous implants have to comply. 

The broad range of influencing factors definitely complicates standardization, 
but the more the mechanical behavior of porous Ti6Al4V structures is known, 
the more it helps to set rules and regulations. 

A relatively fast and easy way to assess and investigate the quality or behavior of 
porous structures used for implants is by doing compression tests. However, 
destructive testing of all possible variations is rather time consuming and costly.  

In order to reduce the amount of experiments, finite element and analytical 
models have been developed that accurately can predict the mechanical 
properties of cellular structures made by AM [5, 7, 20], but still some amount of 
experimental data is necessary to ‘calibrate’ or validate these models. Also, these 
models cannot be used currently to evaluate actual processing characteristics or 
post-treatments. Nevertheless, these models are considered as potentially very 
valuable tools for porous implant performance simulations. 

This part of the chapter on porous Ti6Al4V implants will give an overview of 
all investigated influences on the static mechanical properties. For a complete 
understanding of the mechanical behavior of porous Ti6Al4V structures, it is 
advised to take a look at Figure 4.2 B for a typical stress-strain curve of a 
porous Ti6Al4V structure under compression. It also graphically represents the 
calculated properties that will be used to compare different influences. 

2.3.1. Influence of geometrical properties 
The first selection that has to be made when designing and manufacturing a 
porous implant is the selection of the geometry by choosing a unit cell type and 
properties like the structure relative density or strut and pore size (see also 
Error! Reference source not found. for the manufacturing process flow). It is 
clear that this selection has a major impact on the mechanical properties of 
porous implants. 

Many researchers have already studied in depth the mechanical properties of 
different porous structures made by SLM [6, 9, 21-27] and EBM [28-32], most 
of them made out of Ti6Al4V. The difficulty to compare all these data is that 
they either have been manufactured using different technologies, different 
machines or different processing parameters.  
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In this section, the static mechanical properties of the largest collection of 
different porous Ti6Al4V structures manufactured by the same company 
(LayerWise NV), using the same technology (SLM), the same machine 
(LayerWise machines) and the same processing parameters, are presented.  

Six different unit cell geometries made out of Ti6Al4V ELI have been 
investigated and are visually represented in Figure 2.1. For the rhombic 
dodecahedron unit cell, the results were reported in [5] and [6] and the results 
for the diamond unit cell were taken from [7]. The static mechanical properties 
of the four other unit cells (cube, truncated cube, truncated cuboctahedron and 
rhombic cuboctahedron) are part of a manuscript in preparation and will be 
submitted soon [11].  

 

Figure 2.1: Overview of the different unit cell geometries that have been used to generate 
various porous structures made from Ti6Al4V. 

cube
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The mechanical properties of the different porous geometries versus the 
structure relative densities are presented in the figures on the next pages. The 
yield strength and maximum compressive strength are shown in Figure 2.2 and 
Figure 2.3, whereas Figure 2.4 shows the obtained stiffness values. For easy 
comparison, only average reported values are displayed on the graphs. 

 

Figure 2.2: Yield strength (σy) of various SLM processed porous structures made from Ti6Al4V 

ELI with different unit cell geometries and different relative densities (ρrel). 

Gibson and Ashby already found a general relation between the ratio of the 
plateau stress of the porous material and yield strength of the solid material 
versus the relative density [33]. Although Equation 2.1 is intended to be used 
for the plateau stress, in case there is a peak stress, as it is for Ti6Al4V (Figure 
4.2 B), the maximum compressive strength should be used [34].  
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,
	 	      (2.1) 

In general C5 ≈ 0.3, but this value didn’t resemble the results for the maximum 
compressive strength, nor the yield strength. In Figure 2.2 this relationship of 
Equation 2.1 is represented by the dashed line and a value of 0.5 for C5, in 
Figure 2.3 the same relationship is shown but with a value of 0.8 for C5. 

 

Figure 2.3: Maximum compressive strength (σmax) of various SLM processed porous structures 

made from Ti6Al4V ELI with different unit cell geometries and different relative densities (ρrel). 

For the yield strength this relationship seems to hold best for the cubic, 
truncated cube and rhombic cuboctahedron unit cell geometries. The diamond, 
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strength that tends to follow a higher power relationship with regards to the 
structure relative density. The reason for this difference can be caused by the 
fact that these unit cell geometries have no or only very small struts that are 
vertically aligned and may influence the deformation behavior under a 
compressive load (Figure 2.1).  

The relationship between the strength and the relative density from Equation 
2.1 represents the results better for the maximum compressive strength (Figure 
2.3). Again the cubic, truncated cube and rhombic cuboctahedron unit cells 
have the highest values, but the difference with the yield strength is that all unit 
cells now have a similar relationship towards the relative density. All curves of 
the different unit cell geometries could be fitted to the trend line by a linear 
translation. 

For a full understanding of the static compressive strength, it should be noted 
that the mechanical evaluation was done by uniaxial compression tests. The 
load that porous implants have to withstand has in general multiple directions 
and therefore it is suggested to use isotropic unit cell designs like the diamond 
or rhombic dodecahedron, although they have slightly lower strength. 

Also for the ratio of the structure stiffness and stiffness of the solid material 
versus the relative density, Gibson and Ashby found a relationship: 

	 	      (2.2) 

For which C1 ≈ 1, but this was found not to be representative and 
overestimating the stiffness values of Figure 2.4. The dashed trend line in 
Figure 2.4 used Equation 2.2 but with a value of 0.25 for C1, and it coincides 
almost perfectly with the stiffness values of the diamond unit cell and is very 
close to those of the rhombic dodecahedron unit cell. The four other unit cells 
tend to be more stiff and also have a more linear relationship between the 
stiffness and the relative density. 

In order to explain all the different observations from the large datasets 
presented in Figure 2.2, Figure 2.3 and Figure 2.4, more detailed information is 
necessary. It is suggested to perform in-situ µ-CT measurements that can reveal 
the failure mechanisms of the different unit cells and structure relative densities 
in order to understand the different mechanical properties. 
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Figure 2.4: Stiffness (E) of various SLM processed porous structures made from Ti6Al4V ELI 
with different unit cell geometries and different relative densities (ρrel). 

Nevertheless, the selection charts presented in this section can be a useful tool 
for porous implant design and manufacturing. The unit cell geometry has a 
certain influence and more specifically, unit cells with struts aligned with the 
direction of the load have a higher strength and stiffness. The structure relative 
density has even a more pronounced influence, meaning that the maximum 
compressive strength is defined by the relative density to the power of 3/2. The 
relationships defined by Gibson and Ashby can be used to predict the 
maximum strength and stiffness for some unit cell geometries, but should be 
used with care. 
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2.3.2. Influence of the build orientation 
Many studies already investigated porous structures with different geometries 
and their influence on the mechanical properties, but little is known about the 
effect of specific processing characteristics that are inherent to metal additive 
manufacturing. Therefore this section investigates the effect of a crucial choice 
in the manufacturing process: the build orientation. 

It has been reported before that due to the high temperature gradients that 
occur during the SLM process, specific microstructures can be present in the 
parts after processing, sometimes resulting in strong crystallographic textures 
that have a significant influence on the mechanical properties [3, 35, 36]. Since 
AM is a layer by layer process and since a crystallographic texture might be 
present in a certain direction if no heat treatment is applied, different build 
orientations can lead to significantly different mechanical properties [3, 37]. 

Therefore the aim of this section is to investigate the effects of the build 
orientation on the microstructure and mechanical properties of additively 
manufactured porous structures. The purpose is to verify if a crystallographic 
texture is also present in Ti6Al4V porous structures as it is for solid parts and if 
the microstructure and mechanical properties are influenced by changing the 
build orientation of the sample itself. 

The materials and methods, results and discussion are described in detail in [10] 
and will be summarized here. Cylindrical porous samples based on the diamond 
unit cell were manufactured from Ti6Al4V (grade 5) in three different build 
orientations: the vertical (VER), diagonal (DIA) and horizontal build 
orientation, with a unit cell orientation that is fixed within the cylindrical sample 
(Figure 2.5). 

The results show that the amount of enclosed pores increases with the 
inclination of the strut, meaning vertical struts have little or no pores present, 
whereas diagonal struts have more pores, and horizontal struts have lots of 
pores, as can be seen on Figure 2.5 C. 

Because of the high temperature gradients that occur during the SLM process, 
the microstructure in the as built condition consists of a martensitic α’-phase 
(Figure 2.7 A) within prior β grains that are mostly aligned with the building or 
z direction, and sometimes aligned with the strut orientation. 
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Figure 2.5: Test samples with different build orientation (VER, DIA and HOR), arrows indicating 
the axis of compression testing and the red dotted lines indicating the shear plane (A); the front 
and side view of the corresponding diamond unit cells (B) and the cross-sectional images of all 
5 series in the three different conditions (AB, SR and HIP) (C). The scale bar indicates 500µm. 

H
ea

t t
re

at
ed

SR
H

ea
t t

re
at

ed
H

IP
A

s 
bu

ilt
A

B

C

B
ui

ld
or

ie
nt

at
io

n
U

ni
t c

el
l

or
ie

nt
at

io
n

A

B

Fr
on

t v
ie

w
S

id
e 

vi
ew

VER DIA HOR

17 mm



2. Porous Ti6Al4V Implants 

22 

 

No consistent observations could be made on the grain alignment for all unit 
cell/build orientations. Solidification in Ti6Al4V processed via SLM occurs 
mainly through epitaxial growth, which means that the melt solidifies with the 
same crystal orientation as the solid substrate below. Furthermore, this happens 
in the direction of the maximum heat flux [35]. 

The build orientation has a significant influence on the mechanical properties as 
illustrated by Figure 2.6. The diagonal oriented sample is inferior to both the 
horizontal and vertical oriented samples that have near identical properties. 
Both the compressive strength (σy and σmax) and the stiffness of the diagonal 
oriented sample are on average 35% lower compared to the vertical oriented 
sample, regardless of the heat treatment condition. 

The horizontal build orientation has the same mechanical properties as the 
vertical orientation, because all struts are oriented identically. For the DIA 
sample the horizontal struts with bad quality are causing early failure of the 
structures, because the shear plane of fracture as clearly seen on Figure 2.8 B 
for the SR condition is now perpendicular to the horizontal oriented struts (the 
shear plane is in the vertical direction for the DIA sample and in the diagonal 
direction for all other orientations shown in Figure 2.5 A by the dashed red 
line).  

In conclusion, it should be clear that horizontal oriented struts should be 
avoided for isotropic loaded porous structures (or in case the direction of 
loading is not known), unless the applied load can be properly supported by the 
other struts. 

2.3.3. Influence of heat treatment 
The microstructures obtained after SLM processing can, if required, be changed 
or optimized by applying a certain heat treatment, that also have an influence 
on the mechanical properties [38]. Some publications already reported about 
the microstructure of porous structures after SLM [39-42] and EBM [43-45]. 

It should be clear that both the build orientation and heat treatment have an 
influence on the microstructural and corresponding mechanical properties, but 
only little is known so far about the combination of those influences of solid 
parts made by AM. Some studies investigated the influence of an annealing 
treatment on Ti6Al4V porous structures [39, 40], but no studies have been 
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found that investigated other heat treatments. Therefore, the effect of different 
heat treatments on the mechanical properties is determined in this section. 

 

Figure 2.6: Comparison of the mechanical properties of the SLM processed porous structures 
for the three build orientations (VER, DIA and HOR) and the three heat treatment conditions 

(AB, SR and HIP): the yield strength, σy (A); the maximum strength, σmax (B); the stiffness, E (C) 
and the strain at fracture, efrac (D). 

The materials and methods, results and discussion are described in detail in 
[10]. In short, cylindrical porous samples based on the diamond unit cell were 
manufactured from Ti6Al4V (grade 5) powder and heat treated with either a 
stress relieve (SR) or hot isostatic pressing (HIP) treatment, as described in 
Section 2.2.2. 

0

50

100

150

200

VER DIA HOR

σ
y

[M
P

a]

AB SR HIPA

0

50

100

150

200

VER DIA HOR
σ
m
a
x

[M
P

a]

B

0

2

4

6

VER DIA HOR

E
[G

P
a]

C

0

5

10

15

20

VER DIA HOR

e f
ra
c

[%
]

D



2. Porous Ti6Al4V Implants 

24 

 

Although an increase in strut density was expected after a HIP treatment, no 
significant differences could be observed (Figure 2.5 C). Figure 2.7 shows a 
representative microstructural detail at high magnification for the three heat 
treated conditions of the porous structures.  

 

Figure 2.7: Microstructure of the SLM processed Ti6Al4V in the three tested conditions: the as 
built (AB) condition (A); after a stress relief (SR) heat treatment (B) and after a hot isostatic 

pressing (HIP) treatment (C). 

After heat treating the porous structures by means of a SR cycle, a transformed 
α’-phase is visible that consists of fine α platelets (white) where in between the 
β-phase is present (Figure 2.7 B). The temperature during the SR was high 
enough to transform the α’ martensitic phase, but no consistent observations 
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could be made on the grain orientation that could either align with the build 
direction or the strut orientation.  

The microstructure after a HIP treatment consists of lamellar α- (white) and β-
phase (black) (Figure 2.7 C). No preferential orientation of the grains could be 
observed after the HIP treatment, resulting in a rather isotropic microstructure 
regardless of the unit cell and build orientation. As none of these treatments 
cross the β transus, the original prior β grains can be distinguished after all heat 
treatments. 

The three evaluated heat treatment conditions (AB vs. SR and HIP) have a 
clear influence on all measured mechanical properties, but in general, these 
trends are independent of the unit cell orientation or build orientation. The 
yield stress increases about 15 to 25% after a SR heat treatment, while a HIP 
treatment does not influence the yield stress compared to the AB condition 
(Figure 2.6 A). The maximum strength, on the other hand, is not influenced by 
the SR heat treatment, but the HIP treatment can decrease the maximum 
strength by almost 15% compared to the AB condition (Figure 2.6 B). The 
stiffness increases for both the SR heat treatment (15 to 20%) and the HIP 
treatment (10 to 20%) compared to the AB condition (Figure 2.6 C). And 
finally the strain at fracture decreases by 20 to 40% after the SR heat treatment 
whereas the HIP treatment increases the strain at fracture significantly by 25 to 
70% (Figure 2.6 D). 

Part of these effects and especially the low strain at fracture can be explained by 
the fact that after SR, the samples were oxidized, as can be seen on Figure 2.8 
B, and this was also observed as an oxidation layer of a few µm on the 
metallographic cross sections of these samples. This can be avoided by applying 
the SR treatment under vacuum. The temperature during SR was just enough to 
transform the α’ into a fine mixture of α+β.  

After HIP, on the other hand, the lamellar α+β mixture is much coarser. This 
mainly results in a lower maximum strength, but a higher fracture strain, thanks 
to the more ductile or plastic deformation of the structure. This different 
deformation mechanism can clearly be recognized on Figure 2.8 A, where the 
samples after HIP reach the lower maximum stress at a higher strain, but 
continue to plastically deform after the point of maximum stress, instead of 
failing almost completely after reaching the maximum point like for the AB and 
SR conditions. This might be an interesting property for dynamically loaded 
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applications. An increased ductility is expected to increase the fatigue life of 
porous structures, but this still has to be confirmed by further research.  

 

Figure 2.8: Representative stress-strain curves of the compression testing for each build 
orientation (VER, DIA and HOR) in each heat treatment condition (AB, SR and HIP) (A), and a 

picture of test samples after compression testing for each condition. 

Proper selection of the heat treatment of porous structures is important and 
dependent on the actual application. In general, for statically loaded 
applications, the AB condition or the SR conditions are equally usable, whereas 
HIP treatment should be applied for cyclically loaded applications, since its 
high ductility is believed to have a beneficial influence on the fatigue strength. 
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2.3.4. Influence of bio-functionalizing surface treatments 
Regardless of the chosen geometry, build orientation or heat treatment, there 
are still other possibilities to improve the performance of porous Ti6Al4V 
implants. Some of these options do not influence the mechanical properties at 
all since they use the functional geometry of the porous structure as a carrier 
for drug delivery media such as gels for controlled release of growth factors 
[46]. But other bio-functionalizing improvements do change the surface 
characteristics of the porous structure by removing or adding material from or 
to the structure surface.  

Bio-functionalizing surface treatments that add material to the structure surface 
are mostly coating of hydroxyapatite (HA) or calcium phosphate (CaP) 
produced by e.g. plasma spraying or perfusion electrodepostion [47, 48]. Since 
it is believed that these surface coatings will not reduce the mechanical 
properties, this section will deal with bio-functionalizing surface treatments that 
change the actual surface topology. 

Even though these surface modifications have shown to improve the 
interaction of the implant surface with the host tissue, they might also have 
consequences in terms of the mechanical properties, especially for open porous 
implants that have a completely different surface to volume ratio as compared 
to dense titanium implants. Since chemical surface treatment of open porous 
structures is often associated with strut erosion and creates micro-features on 
the surface, it is not clear how mechanical properties of the porous structure 
change after such modifications.  

The materials and methods, results and discussion are described in detail in [9]. 
In short, cylindrical porous samples based on the rhombic dodecahedron unit 
cell with three different porosities (Ti 120-500, Ti 170-500 and Ti 230-500) 
were manufactured from Ti6Al4V ELI (grade 23). Two important chemical 
surface treatments, namely acid-alkali (AcAl) and alkali-acid-heat (AlAcH) 
treatments were applied after manufacturing and compared to the as built 
samples (AB).  

In the AcAl treatment, the acidic treatment removes the passive oxide layer, 
while the alkali treatment creates an amorphous sodium titanate layer. In the 
AlAcH treatment, the alkali treatment creates a sodium titanate layer [15]. Then 
the acidic treatment removes sodium and contributes to the formation of an 
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amorphous titania. The subsequent heat treatment transforms the amorphous 
titania to crystalline titania (anatase and/or rutile) [14]. 

 

Figure 2.9: The static mechanical properties yield strength, maximum compressive strength 
and stiffness and structure relative density of three types of rhombic dodecahedron porous 
structures before (AB) and after bio-functionalizing surface treatments (AlAcH and AcAl). 

In terms of absolute static mechanical properties, the AlAcH samples had 
similar strength compared to the AB samples except for the plateau stress of 
the Ti 170-500 structures that was significantly lower (Figure 2.9 A, B and C). 
The AcAl samples all had lower strength for the measured properties compared 
to the AB and AlAcH samples, except for the plateau stress of Ti 230-500 
(Figure 2.9 A).  
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When comparing the relative densities shown in Figure 2.9 D, it is clear that 
one of the reasons for the different mechanical properties is due to different 
material volume. The relative density of all surface treated samples was lower 
for almost all samples, but the largest drop in volume was seen for the AcAl 
samples. A small change in structure relative density can have a significant 
influence on the mechanical properties, as was discussed before in section 2.3.1 
and illustrated in Figure 2.2, Figure 2.3 and Figure 2.4 and is now confirmed by 
the decrease in mechanical properties of chemical etched porous structures 
after a AcAl surface treatment. 

Although there was a significant decrease in structure density for two out of 
three AlAcH structures, the maximum compressive strength did not decrease 
and the stiffness increased slightly. The reason for this observation is the heat 
treatment after the alkali-acid treatment that was comparable to the stress 
relieve heat treatment discussed in section 2.3.3. Stress relieving porous 
Ti6Al4V structures increases the stiffness, without changing the maximum 
strength. 

In conclusion, it can be stated that surface treatments which increase the 
biological performance of Ti6Al4V implants can have a significant influence on 
the static mechanical properties.  

Porous implants have a large surface area, and chemical surface treatments like 
acid-alkali and alkali-acid-heat treatments may remove surface material and 
hence decrease the structure relative density. Small changes in relative density 
however, can have a significant influence on the static mechanical properties. 
Also, surface treatments at elevated temperatures may be considered as heat 
treatments that also influence the static mechanical properties. These 
observations should be kept in mind while designing porous implants that will 
be surface treated after SLM manufacturing. 

2.4. Dynamic mechanical properties 
Obtaining the static mechanical properties of porous Ti6Al4V implants can be 
done relatively easy and quick. Section 2.3 gives an overview of the most 
important variables that determine the static properties and should be taken 
into account during the early design stages.  

Many of the porous implant applications can be found in orthopedics or spinal 
where the porous structure is either used to fill large bone defects or to create a 
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solid anchoring with the surrounding host bone. Either way, the implant is not 
merely subjected to a static load, but mainly to a dynamic load. For that reason 
it is important to have a better understanding of the fatigue behavior of these 
new porous implants. 

Although it is believed that a basic knowledge about the fatigue behavior is 
important, very little or no information about the mechanical performance 
under a dynamic load of additively manufactured porous structures is available. 
Therefore, this part will summarize the first reported results on the fatigue 
behavior of porous Ti6Al4V implants. 

2.4.1. Influence of geometrical properties 
Section 2.3.1 showed a significant influence of both the unit cell geometry and 
the structure relative density on the static mechanical properties. There is no 
reason to believe that this is different for the dynamic properties, although it is 
expected that the relationships will be different. 

In a first study the fatigue behavior of porous structures with four different 
relative densities using the rhombic dodecahedron unit cell was investigated. 
The same structures as used in section 2.3.1 were used for compression-
compression fatigue tests. All details on the materials and methods, results and 
discussion can be found in [6]. 

The results are summarized in Figure 2.10, in which the normalized S-N curves 
are shown versus the cycles to failure. The absolute fatigue life of the four 
tested structures is quite different and the order of the S-N curves is similar to 
the order of yield stress values of the four structures (Figure 2.2). But if the 
stress values in the S-N curves are normalized with respect to the yield stress of 
the structures (Figure 2.10), all structures behave more or less the same. The 
power law fitted to all data points shows that the normalized S-N curves can be 
estimated by a power law with a very high coefficient of determination, R² = 
0.94. 

The fact that the normalized S-N curves are almost identical, can be used as a 
practical tool to estimate the S-N curves of porous Ti6Al4V structures with a 
rhombic dodecahedron unit cell, for which no fatigue test data is available. It is 
only required to obtain the yield stress of any similar porous structure using fast 
and easy static compression testing and translate the normalized S-N curve to a 
S-N curve with absolute stress values. 



2. Porous Ti6Al4V Implants  

 

31 

 

 

Figure 2.10: The S-N curves of four types of rhombic dodecahedron porous structures using 
normalized stress values. A power law is fitted to all data points. 

According to the fitted power law, the allowed stress limit is 0.25σy for 105 
loading cycles. If the power law is extrapolated to 106 loading cycles, the 
estimated allowed stress level is 0.12σy. This is a rather low value compared to 
values found in literature for solid titanium (0.4-0.6) [4, 13, 16], but similar to 
the values reported for a study on the fatigue performance of porous structures 
made by EBM (0.1-0.2) [44]. There are mainly three reasons that explain the 
difference in fatigue strength with solid titanium: the high surface roughness 
that causes early crack initiation, in combination with the very low thickness of 
the struts (120-230 µm) and the microstructure after SLM manufacturing. It is 
believed that post-processing treatments that can reduce the surface roughness 
or change the microstructure will have a beneficial effect on the dynamic 
performance of porous Ti6Al4V implants. 

Even though the power law provided in this section is based on extensive 
testing of four different relative densities, it is suggested to only use this law for 
porous structures with a rhombic dodecahedron unit cell and manufactured 
using SLM. Further extensive fatigue tests have already been carried out on 
some of the other unit cell geometries and relative densities of section 2.3.1, for 
which the results are summarized in Figure 2.11 from [12]. 
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Figure 2.11: Comparison between the normalized S-N curves (fitted power laws) of the porous 
structures based on truncated  cuboctahedron, diamond and  rhombic dodecahedron unit cells. 

It was observed that, in addition to static mechanical properties, the fatigue 
properties of the porous biomaterials are highly dependent on the type of unit 
cell as well as on structure relative density. None of the porous structures based 
on the cubic unit cell failed even when they were loaded for 80% of their yield 
stress for well over 106 loading cycles.  

For both other unit cells, the absolute level of the S-N curves decreased as the 
structure relative density decreased. When normalized with respect to their yield 
stresses, the S-N data points of structures with different porosities very well (R2 
> 0.8) conformed to one single power law, specific to the type of the unit cell 
based on which the porous structures were made (Figure 2.11). The normalized 
S-N curve of the porous structure based on the truncated cuboctahedron unit 
cell was higher than that of the structures based on the diamond unit cell. Both 
normalized S-N curves were higher than that of the porous structures based on 
rhombic dodecahedron unit cell determined in a previous study [6]. 

These results are in accordance with the results reported for the static 
mechanical properties in Section 2.3, where the cubic unit cell geometry 
showed the highest strength and the rhombic dodecahedron unit cell the lowest 
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strength. The porous structures based on the cubic unit cell have perfectly 
manufactured struts aligned with the axis of loading, while porous structures 
based on e.g. the diamond unit cell, have struts that are not aligned with the 
axis of loading and have a higher surface roughness because of the non-vertical 
build orientation.   

2.4.2. Influence of the build orientation 
The influence of the build orientation during manufacturing on the dynamic 
behavior has not been investigated so far. But based on the findings in section 
2.3.2 for the static mechanical properties, it can be stated that the same rules 
and guidelines are applicable. Horizontal struts during manufacturing should be 
avoided, since they can lower the static strength significantly and increase the 
surface roughness due to the dross formation. A higher surface roughness and 
incomplete struts will be detrimental for the dynamic properties. Future 
research could lead to more insights on this matter, but since porous implants 
with isotropic properties are preferred, the recommendations from section 2.3.2 
should be followed for optimal orientation during manufacturing. 

2.4.3. Influence of heat treatment 
Parts made by SLM have a specific microstructure after processing, but can be 
changed by applying a certain heat treatment. As explained in section 2.3.3, 
these different microstructures have a significant influence on the static 
mechanical properties (Figure 2.6) and the deformation behavior (Figure 2.8). 
In general it is known that ductile materials perform better under a cyclic load 
due to the more plastic deformation that is possible before fracture occurs. 
Heat treating by means of a HIP treatment increased the ductility of porous 
Ti6Al4V implants significantly and is therefore believed to increase the fatigue 
life as well. No studies have been reported so far that confirm this assumption, 
so it is suggested for further research to investigate the influence of heat 
treatments on the dynamic performance of porous Ti6Al4V implants. 

2.4.4. Influence of bio-functionalizing surface treatments 
From the static mechanical properties discussed in section 2.3.4, it was already 
clear that bio-functionalizing surface treatments can significantly influence the 
results. In this section, compression-compression fatigue testing for two chosen 
stress levels (0.35σpl and 0.5σpl) on the same samples used in section 2.3.4, will 
be discussed. All details on the materials and methods, results and discussion 
can be found in [9]. 
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The fatigue life of the AlAcH samples was generally not significantly different 
from that of the AB samples except for the high stress (0.5σpl) condition of the 
most porous structure, i.e. Ti 120-500, whereas the fatigue life of the AcAl 
samples was significantly lower than that of AB and AlAcH samples for both 
stress levels and all porosities (Figure 2.12). 

 

Figure 2.12: Fatigue life or cycles to failure of three types of rhombic dodecahedron porous 
structures before (AB) and after bio-functionalizing surface treatments (AlAcH and AcAl), tested 

under two different fatigue stress levels: 0.35σpl (A) and 0.50σpl (B). 

Since for the AlAcH samples there was none or little difference in the static 
mechanical properties, it is reasonable to accept that the dynamic mechanical 
properties are also similar. In case of the AcAl samples, the substantial mass 
loss caused by the surface treatment results in even more significant loss of 
dynamic strength compared to the static properties. Where the static 
mechanical properties of AB samples were about 1.5-6 times higher compared 
to the AcAl samples, the fatigue strength of AB samples is up to 23 times that 
of AcAl samples. 

2.5. In vitro and in vivo performance 
New implants can be evaluated in several ways, but in the end the clinical 
performance is all that counts. Biocompatibility of the used material is often the 
first requirement, and since Ti6Al4V has a proven clinical track record of being 
a non-toxic biocompatible material, there is no reason to assume this would be 
different with SLM processed porous Ti6Al4V implants. This is confirmed by 
internal company records that have proven the non-cytotoxicity of porous parts 
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after SLM processing by LayerWise at an independent and accredited lab 
according to ISO 10993-5. 

Second, the requirements in terms of mechanical strength are somewhat 
contradictive since they should avoid stress-shielding effects by a lower 
stiffness, but should be strong enough to withstand the load during the implant 
lifetime. It is obvious that this requirement still leads to a broad range of 
possible porous structures discussed in section 2.3 and 2.4. A proper selection 
based on the actual application and known loads on the implant should be 
made, using the results reported in these previous sections.  

Regardless of the final choice, if the mechanical requirements are fulfilled for a 
biocompatible material like Ti6Al4V, bone will grow in eventually. But proper 
selection of the geometrical and mechanical properties of the porous implant, 
may lead to faster or more bone ingrowth and stronger implant-bone interfaces, 
as is illustrated by van der Stok in [49] using the same porous Ti6Al4V ELI 
implants with a rhombic dodecahedron unit cell geometry as presented in the 
previous sections to reconstruct a critical size femur defect in rats. 

When all the basic requirements are fulfilled, other options that can improve 
the implant performance can be considered. The faster the bone gets triggered 
to grow inside the porous implant, the faster the initial fixation will be and the 
better the corresponding long-term outcome. Also the quality of the 
regenerated bone is of importance. 

There are basically two potential ways to increase the bone regeneration 
performance of porous Ti6Al4V implants: by incorporating drugs or other 
stimulating factors in the open porosities so that the porous structure acts as a 
carrier or matrix, or by changing the surface properties. Both options are 
potential routes for the next generation additively manufactured porous 
implants, since they take the created opportunities of these novel 
manufacturing methods to a next level. Although these innovations seem 
promising, regulatory issues for drug delivery devices might be a hurdle for 
large scale clinical use in the near future. 

Recently, the first promising results of porous Ti6Al4V implants with the same 
geometry as used in [49], incorporated with colloidal gelatin gels for time- and 
dose-controlled delivery of dual growth factors have been reported [46]. Gels 
with growth factors like BMP-2 and FGF-2 that can easily be embedded in the 



2. Porous Ti6Al4V Implants 

36 

 

porous Ti6Al4V implants, showed stimulatory effects for bone regeneration 
and an improved mechanical strength of the implant-host bone interface. 

Another study, still using the same porous Ti6Al4V implants, compared the 
bio-functionalizing surface treatments acid-alkali (AcAl), alkali-acid-heat 
treatment (AlAcH) and anodizing-heat treatment (AnH) [8]. In brief, the 
applied surface treatments have considerable effects on apatite forming ability, 
cell attachment, cell proliferation, and bone ingrowth. The relationship between 
these properties and the bone-implant biomechanics is, however, not trivial. 

Additively manufactured porous implants are relatively new and more in vitro 
and in vivo implant performance data will be available over time. This should 
give more insights in the mechanisms that can enhance the bone regeneration 
performance of porous Ti6Al4V implants. Until more data gets available, the 
improvements summarized in this section are considered as highly interesting. 

2.6. Conclusions 
Metal implants have been used for decades in orthopedics or other load-bearing 
applications. Still today, and although they are widely used, new insights in 
metal implant performance are under continuous investigation. This is not 
surprising, since almost endless variations have to be taken into account and 
influence the clinical outcome. 

With the introduction of highly innovative AM techniques for the production 
of porous implants, new opportunities and applications are created, but also the 
number of possible variations that have to be considered, increased. A material 
that has been of great interest to process using metal AM and is commonly 
used for implant manufacturing is Ti6Al4V and is therefore the first material 
discussed in detail in this dissertation. 

This chapter gives an overview of all the different studies that have been carried 
out on porous Ti6Al4V implants in the framework of this dissertation. It 
discusses all potential influences that have been identified so far and could 
influence the implant performance. This chapter can be used as a handbook for 
porous implants and as a starting point for further research. 
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3. Porous Tantalum Implants 

This chapter is based on the following manuscript: 

 [50] Wauthle R., van der Stok J., Amin Yavari S., Van Humbeeck J., 
Kruth J.-P., Zadpoor A.A., Weinans H., Mulier M., Schrooten J.. 
Additively manufactured porous tantalum implants. Submitted, 2014. 

In this article porous tantalum implants and test samples were manufactured by 
the main author, by first doing a SLM process parameter optimization. The full 
morphological evaluation and all static compression tests were carried out by 
the main author. Dynamic mechanical tests were done by S. Amin Yavari at TU 
Delft and the animal study was conducted by J. van der Stok at Erasmus 
Medical Centre in Rotterdam. Biomechanical torsion tests were carried out by 
S. Amin Yavari at TU Delft, the cytotoxicity test was done by Toxikon NV, and 
histological sample preparation was done at UZ Leuven by Dr. M. Maréchal 
and R. Kroes from the Prometheus research division. The manuscript was 
written by the main author and revised by all co-authors. 
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3.1. Introduction 
Today, porous metal orthopedic implants are breaking new ground in skeletal 
reconstructive surgery and more specifically in total hip replacement, yet 
recently called ‘The operation of the century’ [51]. While total hip arthroplasty 
has become a routine treatment for hip osteoarthritis and as the number of 
surgical interventions increased from the seventies on, also the number of 
necessary revision operations has also increased.  

The most common causes for revisions are mechanical loosening, infection and 
instability/dislocation [52]. A large portion of these failures are due to 
polyethylene wear and periprosthetic osteolysis and more recently metallosis 
[51, 53]. When this causes large bone defects and cavities in the bony structure 
and when the dimensions of these defects become too large, there is a chance 
of aseptic loosening of the implant.  

These bone defects need to be reconstructed and filled during revision 
operations with new structures on which new prosthesis elements are attached. 
These new structures can be autografts, polymethylmethacrylate (PMMA, bone 
cement) or allografts.  

In the case of large bone defects, the structural bone and compacted grafts are 
currently the best solution to create a mechanical stable reconstruction, which 
can withstand postoperative mechanical loads [54, 55].  

Given the increased demand for allograft material and due its limited 
availability, more and more surgeons start to use artificial bone substitute 
materials. Preferably, these substitute materials should provide initial fixation 
and a long-term stability for surrounding prostheses.  

Porous metals have the ability to allow for bone ingrowth and avoid stress-
shielding by a lower stiffness without losing too much strength and thus are 
suitable to be used as bone substitute materials in load bearing applications. 
The first porous implants only had porous coatings of cobalt-chrome but were 
soon replaced by titanium (Ti), which is still today the most used material for 
porous biomaterials [51]. An alternative high potential biometal is tantalum 
(Ta). 

Ta is a hard, ductile, highly chemically resistant material with good apposition 
to human bone [4]. It has been successfully used in clinical applications as a 
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biomaterial since the 1940s [4, 56], but because it is both expensive and difficult 
to machine [57], the use of Ta as a biomaterial has been limited.  

The biocompatibility and non-toxic behavior of Ta in general has been 
reported previously [58, 59]. Tantalum’s good attachment, proliferation and 
differentiation of human osteoblasts [60], even compared to the more 
commonly used surgical grade 5 Ti-6Al-4V [61, 62], are interesting properties.  

More recently, surface modifications [63-69] or protein coatings [70] to enhance 
the biological performance of Ta have been investigated. Despite its promising 
biological properties, Ta is not considered as an appropriate material for large 
implants due to its high density and high price. The high density is on the other 
hand an advantage in case for high contrast applications such as bone markers 
for roentgen stereophotogrammetry (RSA) [71-75].  

To avoid stress shielding, Ta is mostly limited to open porous structures in 
biomedical applications. Knowing that bulk Ta is difficult to process, and 
therefore commonly produced as a powder, it can also be applied as a coating 
on both solid [62, 76] and open porous implant surfaces [77, 78].  

In the early 2000s, a new porous Ta biomaterial for acetabular cups was 
introduced (originally branded under the name Hedrocel™ by the company 
Implex, Allendale, NJ, USA and now known as Trabecular Metal™ (TM) by the 
company Zimmer, Warsaw, IN, USA). This highly innovative biomaterial is 
created by depositing a Ta coating upon open porous carbon matrices [78].  

Ever since the introduction of TM, the use and range of applications has 
expanded. The increased interest in Ta, mainly thanks to TM, can clearly be 
illustrated by the number of publications on PubMed over the past 23 years 
shown in Figure 3.1. In the last ten years the number of publications on Ta has 
more than tripled.  

Today, TM is the most commonly used biomaterial containing Ta in 
orthopedics [79-85]. Over 250 publications and 800,000 surgeries worldwide 
[86] illustrate its non-toxic and osteoconductive behavior, but without actual 
proof of outperforming other commonly used materials such as surgical grade 5 
Ti-6Al-4V  [87-91]. It has proven bone ingrowth both in animal studies [78, 92-
94] and retrievals from clinical cases [95, 96], although some publications 
mention issues like implant failure and the brittle deformation behavior of TM 
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[97-99]. Moreover, the mechanical properties of TM are close to those of 
human bone [100-103]. Most uses of TM can be found in hip [104-111], knee 
[112-116], spinal [89, 117-119] and other orthopedic applications [120].  

 

Figure 3.1: Resulting number of publications per year over the past 23 years on PubMed using 
search string "Tantalum" 

Despite the clinical success of TM, no other implant manufacturers use Ta as 
raw material for orthopedic implants. Surgical grade 5 titanium and other 
titanium alloys are still the current standard for porous biomaterials used in 
orthopedics [85, 121]. Several manufacturing techniques like furnace sintering, 
plasma spraying, laser/electron beam melting, lost wax casting and vapor 
deposition techniques are used to manufacture porous Ti biomaterials [122-
124]. 

Recently, new attempts have been made to produce both solid and porous Ta 
parts using novel manufacturing techniques such as Laser Engineered Net 
Shaping (LENS™) [125, 126], Spark Plasma Sintering (SPS) [127] and Selective 
Laser Melting (SLM) [3, 128].  

Selective Laser Melting is an additive manufacturing technology in which a 
focused laser beam melts thin layers of metal powder together in order to create 
fully dense functional parts [129].  
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Some of the authors of this study were involved in previous research in which 
the first successful manufacturing of functional Ta parts by SLM was reported 
[3]. It is now possible to make nearly 100% dense parts fulfilling both the 
chemical and mechanical requirements according to ISO 13782 ‘Unalloyed 
Tantalum for Surgical Applications’ [130].  

Therefore, SLM manufacturing of porous Ta implants could lead to unexplored 
opportunities in orthopedics by tailoring mechanical properties and innovative 
implant designs with predictable mechanical properties.  

The research presented in this work examines SLM as a new method to 
manufacture highly porous pure Ta bone replacement structures with 
controlled mechanical properties. Following morphological and mechanical 
characterization an in vivo assay in a load-bearing orthotopic animal model was 
conducted. 

3.2. Materials and Methods 

3.2.1. Materials and manufacturing 
Porous Ta structures were manufactured from Ta powder using the selective 
laser melting technology (Layerwise NV, Leuven, Belgium). The unit cell used 
as the micro-architecture of these porous structures was a dodecahedron, with 
an average strut size of 150 µm and an average pore size of 500 µm, which 
resulted in an overall open porosity of ±80%.  

This specific unit cell was chosen in order to compare the obtained results with 
those of previous studies that used identical dodecahedron structures made by 
SLM out of Ti6Al4V ELI powder [5, 6, 8, 46, 49].  

In this work, the same spherical pure Ta powder (chemical composition 
according to ISO 13782 [131]) with particle size ranging from 13 µm to 26 µm 
as in [3] was used. The production was performed in an inert atmosphere and 
the samples were built on top of a solid Ti substrate. After production, the 
samples were removed from the substrate using wire electro discharge 
machining (EDM).  

Porous structures in the shape of a rat femur defect with a maximum diameter 
of 4 mm and a height of 6 mm were manufactured for filling the segmental 
defect created in the animal model (Figure 3.2 A) [8, 46, 49]. Cylindrical porous 
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specimens with a diameter of 10 mm and height of 15 mm were manufactured 
for morphological analysis, static and dynamic mechanical testing and an in vitro 
cytotoxicity test (Figure 3.2 B).  

 

Figure 3.2: Morphological properties of open porous SLM processed Ta: Top and side view of 
the femur shaped porous Ta implant (A), 3D visual representation of the cylindrical test 

specimen (B), SEM pictures of the top view (C, D) and LOM pictures of a cross section (E, F)  

3.2.2. Morphological analysis 
Overall open porosity was measured using dry weighing and Archimedes 
measurements on 5 different cylindrical samples prior to their being used for 
mechanical evaluation.  

Dry weighing occurred under normal atmosphere conditions and overall 
porosity was calculated by dividing actual weight by the theoretical weight of 
the macro volume using a theoretical density of 16.6 g/cm³ for pure Ta.  
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Archimedes measurements are based on a combination of dry weighing and 
weighing in pure ethanol. Overall porosity was then calculated by dividing the 
actual volume by the macro volume. All weighing measurements were 
performed on an OHAUS Pioneer balance.  

The geometry and surface of the porous structures was viewed using secondary 
electrons in a PHILIPS SEM XL30 FEG equipped with a Schottky type of gun. 
A Leica DMILM 12V/100W Light Optical Microscope (LOM) was used to 
evaluate metallographic cross sections.  

3.2.3. Mechanical testing 

Static mechanical testing 
Static mechanical testing of cylindrical porous samples was carried out in 
accordance with the standard ISO 13314 [17]. All tests were carried out using 
an INSTRON 5985 mechanical testing machine (30 kN load cell) by applying a 
constant deformation rate of 1.8 mm/min.  

Each static compression test resulted in a stress-strain curve (Figure 3.3) for 
which the following values were calculated: plateau stress (σpl) as the arithmetic 
mean of the stresses between 20% and 30% compressive strain, plateau end 
stress (σ130) and strain (eple) as the point in the stress-strain curve at which the 
stress is 1.3 times the plateau stress, the quasi-elastic gradient (E) as gradient of 
the straight line determined within the linear deformation region at the 
beginning of the compressive stress-strain curve and the yield strength (σy) as 
the compressive 0.2% offset stress.  

In this context, the quasi-elastic gradient is closest to the concept of stiffness, 
which is used for solid materials. In order to facilitate understanding and 
comparison between the results of this study and those of similar studies on 
solid and porous materials, the quasi-elastic gradient will be referred to as 
stiffness. Nevertheless, the exact definitions presented above should be kept in 
mind when interpreting the data.  

Dynamic mechanical testing 
Compression-compression fatigue tests were carried out on an identical set-up 
as reported before [6] using a hydraulic test frame (MTS, Minneapolis, US) with 
a 25 kN load cell. The loading frequency was fixed at 15 Hz (sinusoidal wave 
shape) and a constant load ratio, R = 0.1, was used.  
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Thirteen different values of maximum force were chosen, resulting in applied 
stress levels between 0.23 σpl and 0.9 σpl. The samples were considered to have 
failed once they lost +90% of their stiffness. The S-N curve of porous Ta was 
established by plotting the absolute values of stress versus the number of cycles 
to failure for all tested samples. 

3.2.4. Biological evaluation 
The biological and bone regeneration performance of porous Ta were evaluated 
through an in vitro cytotoxicity test, an in vivo segmental bone defect model and 
quantification of bone ingrowth by histological analysis. 

Cytotoxicity test 
Biocompatibility testing by means of an in vitro cytotoxicity test according to 
ISO 10993-5 [132] was performed (Toxikon Europe NV, Leuven, Belgium). 
The observed viability for the L929 mammalian cells exposed to the test sample 
at 41 hours observation is used as the test criterion and the tested biomaterial is 
considered non-cytotoxic if the percentage of viable cells is equal or greater 
than 70% of the untreated control. 

Bone defect model 
For the functional in vivo evaluation of the open porous Ta implants, load-
bearing segmental  bone defects were used as described earlier [8, 46, 49]. In 
brief, a critical-sized femoral bone defect was grafted with a porous Ta implant, 
in eight male Wistar rats. The Animal Ethics Committee of the Erasmus 
University approved the study and Dutch guidelines for care and use of 
laboratory animals were followed.  

Prior to surgery, rats were administered one dose of antibiotics (enrofloxacin, 5 
mg/kg body weight) through subcutaneous injection. Surgery was performed 
aseptically under general anaesthesia (1 - 3.5% isoflurane) as follows: first the 
right femur was exposed through a lateral skin incision and blunt division of 
underlying fascia.  

Then, a 23 mm long Poly Ether Ether Ketone (PEEK) plate was fixated to the 
anterolateral plane using six bicortical titanium screws (0.8 x 6.5 Ø mm). 
Periosteum was removed over approximately 8 mm of the mid-diaphyseal 
region before a 6 mm cortical bone segment was removed with a wire saw and 
a tailor-made saw guide. The 6 mm femur-shaped implants were press-fit into 
the defect.  
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Finally, fascia and skin were sutured using Vicryl 5-0 and pain medication 
(buprenorphine, 0.05 mg/kg body weight) was administered through 
subcutaneous injection twice a day for 3 days. Rats were sacrificed after 12 
weeks with overdose of pentobarbital (200 mg/kg body weight). Afterwards 
implant fixation was determined on explants using X-ray images acquired using 
a SkyScan 1076 (Bruker micro-CT NV, Kontich, Belgium). 

Histological evaluation 
Histology was performed on two specimens of the total group (n=8: 2x 
histological evaluation, 1x spare histological evaluation, 5x ex vivo testing) to 
qualitatively study the amount of bone ingrowth and to examine the bone-
tantalum interface. The specimens were selected by two medically-trained co-
authors as being representative of the whole group (the specimens with the 
least and most visible amount of bone formation were selected).  

Specimens were first preserved and dehydrated and then embedded in 
methylmethacrylate. Serial sections of about 100 µm were made using a saw 
microtome (longitudinal cuts, anterior-posterior), which were polished to 50 
µm and finally stained using Stevenel’s blue and counterstained using von 
Gieson’s picrofuchsine.  

As a result bone stains red, fibrous tissue stains blue and cartilage stains purple. 
Stained sections were examined using a Leica M165 FC fluorescent stereo 
microscope. One additional specimen was kept as a spare part in case further 
histological examination was necessary, but was not ultimately used. 

3.2.5. Biomechanical testing 
The strength of the implant-bone connection was evaluated after explantation 
on the 5 remaining specimens by means of a torsion test as described earlier 
[133]. In brief, both ends of each femur were embedded in a cold-cured epoxy 
resin (Technovit 4071, Heraeus Kulzer, Germany), after removal of the PEEK 
fixation plate. On the upper clamping side, a Cardan joint was used to ensure 
the specimens were subjected to pure rotation without bending. The lower 
sides of the specimens were simply fixed. The tests were performed until failure 
with a rotation rate of 0.5° s-1 using a static mechanical testing machine (Zwick 
GmbH, Ulm, Germany). The torsional strength (maximum torque to failure, 
N.mm) and maximum rotation (degree) were determined and reported. 
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3.3. Results 

3.3.1. Morphological properties 
Dry weighing resulted in a mean overall open porosity of 79.9±0.2% and 
according to the Archimedes measurement the strut density was 99.0±0.2% 
and the overall porosity was 79.7±0.2%. Figure 3.2 C-D shows SEM pictures 
of the top view at different magnifications and Figure 3.2 E-F shows LOM 
pictures at a certain cross section of a prepared sample of the regular porous 
structure.  

3.3.2. Mechanical properties 
The results of the static compression tests are summarized in Table 3.1. Due to 
the ductile behavior of the porous Ta material, no maximum compressive stress 
(σmax) and strain at maximum compressive stress (emax) could be registered. 

 Symbol Units Mean St. Dev. 

yield stress σy [MPa] 12.7 0.6 

plateau stress σpl [MPa] 21.8 0.9 

plateau end stress σ130 [MPa] 28.3 1.2 

plateau end strain eple [%] 36.1 0.4 

stiffness E [GPa] 1.22 0.07 

Table 3.1: Results of the static compression tests of open porous SLM processed Ta according 
to ISO 13314 

Figure 3.3 A shows a representative stress-strain curve and the ductile behavior 
of the porous Ta structure during static compression testing. The repeatability 
of the mechanical properties of the porous Ta is illustrated by Figure 3.3 B, in 
which the stress-strain curves for 0-20% strain of all tested samples are shown.  

The dynamic compression test results are shown in Figure 3.4 through an S-N 
curve consisting of 13 data points obtained by compression-compression 
fatigue testing. The horizontal line at the level of the yield strength 
differentiates between low cycle fatigue strength (above σy and mainly plastic 
deformation) and high cycle fatigue strength (below σy and mainly elastic 
deformation). Since three samples did not fail at 106 cycles, the highest of these 
three values (7.35 MPa) is considered as an indication of the fatigue limit, Sf, of 
the porous Ta biomaterial. 
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Figure 3.3: Static mechanical properties of open porous SLM processed Ta: representative 
compressive stress-strain curve and graphical representation of the calculated values σy, σpl, 
σ130 and E (A) and overview of the individual and average stress-strain curves of all 5 tested 
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Figure 3.4: Dynamic mechanical properties of open porous SLM processed Ta: S-N curve 
obtained by compression-compression fatigue testing with indication of the plateau stress (σpl), 

the yield stress (σy) and the fatigue limit (Sf) 

3.3.3. Biological properties 
Cytocompatibility of SLM produced Ta implants was determined in vitro using a 
cytotoxicity test. For this test, 82% viability was observed and the cellular 
response obtained from the positive control extract (4% viability) and the 
negative control extract (108% viability) confirmed the suitability of the test 
system. The test sample is considered non cytotoxic and meets the 
requirements of ISO 10993-5, thus showing that SLM produced Ta is 
cytocompatible. 

Figure 3.5 shows X-ray images and histology images of the two implants that 
were processed for histology after 12 weeks in vivo. On the X-ray images (Figure 
3.5 A, G) the porous Ta implant can clearly be recognized thanks to the high 
contrast caused by the high specific weight and atomic number of the Ta 
material. However, this X-ray absorbing property makes it difficult or 
impossible to draw any conclusions on bone formation and bone ingrowth into 
the porous Ta implant based on radiological images.  
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Figure 3.5: X-Ray and histological images of open porous SLM processed Ta: explant 
specimen 1 (A-F) and explant specimen 2 (G-L), including detailed interface view (D,E) for 

specimen 1 and (J,K) for specimen 2. The scale bar indicates 1 mm. 
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The only observation that could be made is that on Figure 3.5 A there is a 
radiolucent line visible, indicating a weak implant-bone connection at the 
bottom, probably resulting in no bone ingrowth (or very little), whilst at the 
connection at the top no radiolucent line is visible. Also for Figure 3.5 G no 
radiolucent lines are present at the implant-bone interface and in this case the 
bone has clearly grown around the implant. 

Two explant specimens were selected for histological analysis as being 
representative for the whole group. Three images of cross-sections at different 
locations including two detail images are shown in Figure 3.5 B-F and Figure 
3.5 H-L respectively. All cross-sections show some amount of bone ingrowth 
inside the porous Ta implant.  

On Figure 3.5 B, C, F the X-ray observation of bad implant-bone connection at 
the bottom is confirmed by no visible bone ingrowth, but the purple staining 
indicates the presence of cartilage-like tissue at these locations (Figure 3.5 B, C, 
E). Furthermore, a thorough bone ingrowth from the top with restoration of 
the femur canal can be seen on Figure 3.5 C and soft tissue is observed on 
Figure 3.5 B and F.  

For the second specimen (Figure 3.5 H, I, L), the bone has not only grown 
around the implant, but also deep inside the pores of the implant resulting in an 
almost full bridging of the defect at all cross-sections. At some locations only 
small gaps are in between, and the presence of cartilage can be noticed. As 
shown by the detail images in Figure 3.5 D, J, K, a good implant-bone interface 
is established since the bone has grown closely to the Ta surface. 

3.3.4. Biomechanical properties 
5 explant specimens were biomechanically evaluated using torsion testing for 
which the results can be found in Table 3.2. Two specimens did not fail at the 
maximum torque (450 Nmm) of the test setup, whereas three samples did fail 
at an average maximum torque of 331.3 Nmm and an average rotation of 59.1 
°. Two of the failed specimens showed a fracture at the implant-bone interface 
and one specimen had a fracture in the bone. 

3.4. Discussion 
It has been shown previously that it is possible to produce solid bulky Ta parts 
by SLM that meet both the requirements in terms of chemical composition and 
mechanical properties [3, 130, 131]. In this study, the SLM technology was used 
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to produce for the first time porous structures consisting of a dodecahedron 
unit cell with an overall porosity of 80%, a strut size of 150 µm and a pore size 
of 500 µm. Morphological analysis revealed the regular dodecahedral 
architecture of the porous structure with a highly repeatable overall porosity. 
The small difference between the dry weighing and Archimedes method can be 
explained by the small amount of enclosed pores inside the struts (Figure 3.2 
E). Other strut defects are caused by the strut surface roughness and the 
imperfect alignment of the cross-sectional plane  

Specimen Max. torque 
[Nmm] 

Rotation at  
max. torque [°] 

Fracture location 

1 >450.0 / not broken 

2 324.6 54.6 implant-bone interface 

3 324.4 65.7 bone 

4 345.0 56.9 implant-bone interface 

5 >450.0 / not broken 

Average 331.3* 59.1* / 

Table 3.2: Torsion test results of 5 open porous SLM processed Ta explants after 12 weeks. 
*specimen 1 and 5 not included 

Therefore it can be concluded that the SLM technology is able to produce very 
fine porous Ta structures with high reproducibility. This quality is also 
noticeable in the mechanical properties and is important if this technology is 
considered to be used for serial manufacturing of implants. 

The actual static mechanical properties like yield strength (12.7±0.6 MPa) and 
stiffness (1.22±0.07 GPa) are in the range of human cancellous bone and are 
hence favorable in lowering stress shielding effects although it should be noted 
that the elastic modulus of the porous Ta implants evaluated here is below the 
stiffness of most human cortical bone [4]. Compared to similar porous 
structures in Ti6Al4V ELI made by SLM [5-7], the stress-strain curve of porous 
Ta does not reach a first local maximum due to the intrinsic ductile behavior of 
the Ta material (comparative data not shown) [3, 130, 134, 135].  

Instead of failure at the local maximum, now continuous (plastic) deformation 
occurs. This different deformation behavior is expected since conventionally 
processed pure tantalum has a higher ductility compared to Ti-6Al-4V ELI [4]. 
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As already postulated by the morphological properties, the reproducibility of 
the process is confirmed by the static mechanical properties since all calculated 
values – except for the stiffness – have standard deviations lower than 5% of 
the nominal values.  

The fatigue behavior has been evaluated at thirteen different stress levels of 
which six are above and seven are below the yield strength. Despite the fact 
that tests at these stress levels were only performed once per level, a shift in the 
trend can be noticed when passing the yield strength.  

This observation and the indication of the fatigue limit Sf should be interpreted 
with care, since further tests have to be done in order to confirm the results. 
Normalizing the fatigue limit by the yield strength results in an endurance limit 
of 0.58 σy, which is much higher when compared to identical porous structures 
in Ti6Al4V ELI which have an estimated endurance limit of 0.12 σy for an open 
porosity range from 66% to 84%. Even for absolute values, porous Ta (7.35 
Mpa) apparently has higher fatigue strength than porous Ti-6Al-4V ELI (4.18 
MPa) [6]. 

The reason for the good fatigue behavior of porous Ta can be explained by its 
high ductility which lowers crack initiation and propagation by softening the 
material when loaded [136]. Yet again, since no statistics can be done, further 
tests have to be conducted in order to confirm the observed trends. 

The cytotoxicity test confirmed the non-cytotoxicity of the porous Ta 
biomaterial, also after SLM processing, but to evaluate the in vivo functionality 
of the new biomaterial an animal experiment was done. In this experiment, 
eight rats have been implanted with a 6 mm porous Ta implant to reconstruct a 
critical-sized femoral bone defect.  

Since Ta has a high atomic weight, it highly absorbs X-rays and it is therefore 
difficult to use standard evaluation techniques like radiographic or 3D CT 
follow-up as was performed in previous studies [8, 46, 49]. Nevertheless, 
implant fixation can still be observed from the presence of radiolucent lines, 
but no conclusions on the amount of bone ingrowth can be done based on the 
radiographic images.  

Histological analysis of two explant specimens confirmed the observation of 
fixation based on X-rays by the presence of bone inside the porous Ta implant 
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at the sides with no radiolucent lines (top of Figure 3.5 A vs. B, C and F and 
top and bottom of Figure 3.5 G vs. H, I and L).  

The depth of bone ingrowth varied between the cross-sections within one 
specimen, but was at least for one cross-section of each specimen more than 
50% of the total length of the defect, resulting in an almost 100% bridging of 
the defect for the second specimen.  

The regenerated bone grows closely to the Ta surface and proofs the good 
apposition of Ta to bone and enables a continuous load transfer. The lack of 
bone ingrowth in the first specimen (at the bottom of Figure 3.5 B, C, F) could 
be explained by less initial fixation during surgery. However this mechanical 
instability is a fairly reasonable cause, but other factors may have influenced the 
bone regeneration.  

Nevertheless, the inter-implant differences are not considered to have an 
influence since the differences in morphological and mechanical properties are 
very small. Despite the mechanical instability, a stimulating biological effect is 
noticeable by means of cartilage formation (Figure 3.5 B, C, E). In a biological 
preferential environment, micro-motions lead to bone generation through a 
phase of cartilage formation [137, 138]. 

A good implant-bone interface connection is also visible in the biomechanical 
torsion test results. Two out of 5 explant specimens did not fail. One specimen 
failed due to a fracture in the host bone and two specimens failed at the 
implant-bone interface.  

The maximum torque for the three failed specimens did not differ significantly, 
indicating that the implant-bone interface was at least as strong as the host 
bone. This assumption is in agreement with previous reported maximum 
torque values of 146.7±19.1 Nmm of intact femurs in a comparable study in 
which the same animal model was used [139]. 

Based on the radiographical and histological analysis and biomechanical 
evaluation of these porous Ta implants after 12 weeks in vivo it can be 
concluded that this new biomaterial functions well in a biomechanically loaded 
environment. The bone regenerates and grows inside the porous biomaterial, 
except for one side of a histologically examined specimen, resulting in a very 
stable and strong reconstruction.  
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The favorable biological properties of the Ta material that facilitate cell 
attachment and proliferation [58-62] and the preferential mechanical properties 
of the porous structure that likely avoid stress-shielding effects by transferring 
loads in a stimulating way [140], are considered to be the main reasons for the 
excellent implant performance. To progress from the first promising results of 
this new porous Ta biomaterial, further more extensive tests should be carried 
out on large animal models to confirm the findings of this study. Also, the 
potential risk for infection deep inside the pores of large porous implants and 
the effects and optimization of the microporosity are important to take into 
consideration when translating this porous tantalum biomaterial to human 
implants. 

This work has illustrated for the first time that SLM technology can become a 
robust method to manufacture porous Ta implants, allowing for almost full 
design freedom to create any interconnected porous structure with controllable 
mechanical properties and personalized outer geometries.  

Also no additional surface modification treatment (e.g. etching, anodizing, HA 
plasma sprayed coating, etc.) was applied yet to improve implant-host 
interaction, whereas this is more common for Ti implant surfaces. Still, the high 
cost of the material and the difficult radiological interpretations are currently 
major disadvantages to be well considered before clinical use of this new type 
of implants.  

Given both the advantages and disadvantages, SLM processed porous Ta result 
new window of opportunities for new and innovative implant designs, both for 
standard and patient-specific orthopedic implants. Small implant types (e.g. 
dental implants, spinal implants, small joints and extremities, examples see 
Figure 3.6) will benefit of less material consumption, whereas highly porous 
structures can be applied as a thin layer on top of a solid substrate for larger 
load bearing applications for which a fast and solid anchoring of the implant is 
required.  

Compared to identical Ti porous structures, SLM produced Ta shows excellent 
osteoconductive properties even without any surface treatments, has a higher 
normalized fatigue strength and allows for a higher formability due to its 
excellent ductile properties. The latter can lead to unexplored applications by 
easier surgical handling and intraoperative manipulation of the implant to 
obtain an optimal implant-bone fit. 
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Figure 3.6: Examples of additively manufactured porous tantalum implants: A dental implant 
with integrated helix-shaped porous structure (upper left corner); A porous acetabular shell 
(upper right corner); a porous spinal fusion cage (lower left corner); and cubic test samples 

illustrating different possible porous structures.  

Further research on this topic could investigate the optimization of the 
geometric and mechanical properties for optimal load transfer and bone 
ingrowth for different applications and the enhancement of cell attachment and 
proliferation by modifying the surface characteristics.  

3.5. Conclusions 
In this study the additive manufacturing technology selective laser melting was 
used to manufacture a highly open porous (80%) pure Ta implant. The 
morphological and mechanical evaluation of this biomaterial demonstrated the 
high repeatability of the SLM process. With a yield strength of 12.7 MPa, a 
stiffness of 1.22 GPa and a ductile deformation mechanism, the porous Ta 
exhibits mechanical properties that are in the range of cancellous bone and 
appear to allow for bone ingrowth. Moreover, with a fatigue limit of 7.35 MPa, 
the investigated material has relatively high resistance to cyclic loading. A 
cytotoxicity test as part of the biological evaluation raised no concerns over 
biocompatibility of the SLM processed material and an in vivo rat segmental 
bone defect model was used to investigate the osteoconductive and 
biomechanical performance of the porous material. Substantial bone ingrowth 
after 12 weeks was shown by histological analysis with almost full bridging of 
the created defect in isolated cases. Torsion testing of the explants indicated a 
strong implant-bone interface connection and a high strength of the repaired 
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bone defect. Altogether, it can be concluded that based on this initial study, 
selective laser melting can be used to manufacture highly porous, pure Ta 
orthopedic implants with interesting mechanical properties and promising in 
vivo performance for the used animal model.  
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4. Porous Pure Titanium Implants 

This chapter is based on the following manuscript: 

 [141] Wauthle R., Ahmadi S.M., Amin Yavari S., Mulier M., Zadpoor 
A.A., Weinans H., Van Humbeeck J., Kruth J.-P., Schrooten J.. Revival 
of pure titanium for dynamically loaded porous implants using additive 
manufacturing. Submitted, 2014. 

In this article porous pure titanium test samples were manufactured by the 
main author. The full morphological evaluation and all static compression tests 
were carried out by the main author. Dynamic mechanical tests were done by 
S.M. Ahmadi and S. Amin Yavari at TU Delft. The manuscript was written by 
the main author and revised by all co-authors. 
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4.1. Introduction 
Porous metal structures in orthopedics were first reported in the late sixties, 
and ever since then the interest has only increased [4, 85, 121]. The reasons for 
this trend in reconstructive surgery are obvious: coming from solid metal 
implants with high strength and stiffness, porous metals are optimal for 
uncemented use since they allow for bone ingrowth through the open 
porosities, have an improved fixation thanks to the high roughness and 
corresponding coefficient of friction and have in addition a lower stiffness and 
thus avoid stress-shielding [142].  

Today, one of the most well-known porous metal bone replacement structures 
is Trabecular Metal™ (Zimmer, Warsaw, IN, USA), which is a highly porous 
carbon matrix coated with tantalum (Ta) [4, 78, 82, 83, 100, 101]. But due to 
the high density and high cost of Ta and its difficulty to process, most 
orthopedic device manufacturers choose to use porous biomaterials based on 
titanium or titanium alloys [85, 121, 143]. These titanium porous structures are 
usually manufactured using conventional techniques such as furnace sintering, 
plasma spraying, lost wax casting and vapor deposition [28, 122, 123, 143].  

Recently, additive manufacturing (AM) techniques such as selective laser 
melting (SLM, [129]) and electron beam melting (EBM) are breaking new 
ground in implant manufacturing and more specifically in the manufacturing of 
porous metal bone replacement structures. AM allows for almost full design 
freedom, giving the possibility to manufacture regular open porous structures 
with high repeatability and thus full control over both geometrical and 
mechanical properties.  

The design freedom and reproducibility are important features when there is a 
need for implant performance simulations and outcome predictions [5, 7]. Also, 
using AM has the advantage to manufacture implants with both porous and 
solid sections in one step (monolithic design), with less material consumption 
since the non-used powder can be recycled for future use. Finally, materials like 
Ta that are difficult to process conventionally, could be also processed using 
AM, creating a whole range of new opportunities [50].  

In the current study, the SLM technology was used to manufacture porous 
structures from commercially pure (CP) grade 1 titanium. Previous studies 
mostly dealt with porous structures in Ti6Al4V (grade 5 or grade 23), either 
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using SLM [5-8, 21, 24, 26, 39, 40, 46, 49, 124, 144-146] or EBM [28, 29, 31, 32, 
44, 45, 147]. This biocompatible titanium alloy is the material of choice for 
load-bearing applications since it has a high strength to weight ratio.  

Commercially pure titanium, on the other hand, has a lower strength and 
therefore its use is often limited to non-load bearing applications like cranio-
maxillo-facial implants [13]. A general overview of these mechanical properties 
of different grades of titanium and tantalum can be found in Table 1.1.  

Also, only few publications about additively manufactured CP titanium are 
available, all of them covering SLM of CP grade 2 titanium [148-152] and none 
were found that deal with CP grade 1 titanium. Nevertheless, the use of CP 
titanium has some major advantages over alloyed titanium that can potentially 
bring additively manufactured CP titanium back in the scope of medical device 
manufacturers.  

First of all, pure titanium has the advantage of having no potential hazardous or 
toxic alloying components such as V or Al [4]. Secondly, the high ductility that 
provides CP titanium with the sometimes necessary deformability in certain 
applications like e.g. bone plates, could be an interesting property of porous 
metals that could be deformed intra operatively to the patient specific bone 
defect. And finally, in a previous study on porous Ta structures, the ductile 
behavior of the Ta material led to a very high fatigue strength compared to 
similar Ti6Al4V ELI structures and a preferential load transfer and bone 
ingrowth in an animal study [50]. It was proposed that the mechanical behavior 
of the porous Ta including its high ductility was partly responsible for the 
excellent in vivo performance of Ta.  

Therefore, the aim of this study is to investigate whether pure titanium can 
have a revival in orthopedics as a raw material for SLM processed porous 
implants. This is the first study that presents and discusses the mechanical 
properties of additively manufactured porous structures made of CP grade 1 
titanium and compares them with those of additively manufactured Ti6Al4V 
ELI and Ta structures. This could be useful for facilitating proper selection of 
the most appropriate material for the envisioned implant application. 

4.2. Materials and Methods 
The materials and methods section describes the details of the new porous CP 
grade 1 Ti samples, manufactured and analyzed in the current study. The 
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properties of identical porous structures made from Ti6Al4V ELI and Ta to 
which the CP titanium samples are compared, were published elsewhere unless 
otherwise implied [6, 50]. 

4.2.1. Materials and manufacturing 
Porous CP Ti structures were manufactured from CP Ti powder using the 
selective laser melting technology (Layerwise NV, Leuven, Belgium). The 
details of the laser processing method were similar to the ones presented in 
previous studies [6, 124, 145, 146].  

The unit cell used as the micro-architecture of these porous structures was in all 
cases dodecahedron, in four different porosities. This specific unit cell, pore 
and strut sizes were chosen in order to compare the results with those of a 
previous study that used identical dodecahedron structures made by SLM out 
of Ti6Al4V ELI powder [6].  

In this work, spherical commercially pure grade 1 Ti powder (chemical 
composition according to ASTM F67, further referred to as CP Ti) with 
particle size ranging from 10 µm to 45 µm was used. The production was 
performed in an inert atmosphere and the samples were built on top of a solid 
Ti substrate. After production, the samples were removed from the substrate 
using wire electro discharge machining (EDM). Cylindrical porous specimens 
with a diameter of 10 mm and height of 15 mm were manufactured for 
morphological analysis, static and dynamic mechanical testing (Figure 4.1).  

4.2.2. Morphological analysis 
Overall open porosity was measured using dry weighing and Archimedes 
measurements on 5 different cylindrical samples prior to mechanical testing. 
Dry weighing occurred under normal atmosphere conditions and overall 
porosity was calculated by dividing the actual weight by the theoretical weight 
of the macro volume using a theoretical density of 4.507 g/cm³ for pure Ti [2].  

Archimedes measurements are based on a combination of dry weighing and 
weighing in pure ethanol. Overall porosity was then calculated by dividing the 
actual volume by the macro volume. All weighing measurements were 
performed on an OHAUS Pioneer balance. 
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Figure 4.1: Additively manufactured porous CP Ti structures: 3D CAD visual representation of 
the four different structures in isometric (A) and top (B) view and a picture of actual samples 

after manufacturing (C). 

4.2.3. Mechanical testing 

Static mechanical testing 
Static mechanical testing of 5 cylindrical samples of each of the four series of 
porous structures was carried out in accordance with the standard ISO 13314 
[17]. All tests were done using an INSTRON 5985 mechanical testing machine 
(30 kN load cell) by applying a constant deformation rate of 1.8 mm/min.  

Ti 120-500 Ti 170-450 Ti 170-500 Ti 230-500
A

B

C

10 mm
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Each static compression test resulted in a stress-strain curve (Figure 4.2) for 
which the following values were calculated: plateau stress (σpl) as the 
arithmetical mean of the stresses between 20% and 40% compressive strain, 
plateau end stress (σ130) and strain (eple) as the point in the stress-strain curve at 
which the stress is 1.3 times the plateau stress, the quasi-elastic gradient (E) as 
gradient of the straight line determined within the linear deformation region at 
the beginning of the compressive stress-strain curve and the yield strength (σy) 
as the compressive 0.2% offset stress.  

In this context, the quasi-elastic gradient is closest to the concept of stiffness, 
which is used for solid materials. In order to facilitate understanding and 
comparison between the results of this study and those of similar studies on 
solid and porous materials, the quasi-elastic gradient will be referred to as 
stiffness. Nevertheless, the exact definitions presented above should be kept in 
mind when interpreting the data.  

In the previous study on Ti6Al4V ELI porous structures, it was assumed that 
the plateau stress was close to the concept of yield stress [6], and this is 
confirmed by re-calculating the yield stress according the 0.2% offset stress 
explained above (solid and dashed grey lines in Figure 4.3 A). For three out of 
four data points, there is no significant difference between the yield stress and 
the plateau stress for Ti6Al4V ELI porous structures, meaning that the 
assumptions were valid. However, for CP Ti porous structures, there is a 
significant difference between the yield stress and the plateau stress, and 
therefore both values were calculated and analyzed separately. 

Dynamic mechanical testing 
Compression-compression fatigue tests were carried out on an identical set-up 
as reported before [6] using a hydraulic test frame (MTS, Minneapolis, US) with 
a 25 kN load cell. The loading frequency was fixed at 15 Hz (sinusoidal wave 
shape) and a constant load ratio, R = 0.1, was used.  

Ten different values of maximum force were chosen for every porous structure 
(except one, for which only 7 values were tested), resulting in applied stress 
levels between 0.45 σy and 0.8 σy. Two samples were tested for each stress level   
with 20 samples in total for series Ti 120-500, Ti170-500 and Ti 230-500 and 14 
samples for series Ti 170-450 (see Figure 4.1 and Table 4.1. for details on the series 
nomenclature) 
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The samples were considered to have failed once they lost +90% of their 
stiffness. The S-N curves of the four tested porous structures were established 
by plotting both absolute and normalized values of stress versus number of 
cycles to failure for all tested samples. In case of normalized S-N curves, a 
power law was fitted to all data points of the normalized S-N curves. 

4.3. Results 

4.3.1. Morphological properties 
The measured values for the overall porosity by dry weighing and Archimedes 
measurements are summarized in Table 4.1. A high repeatability in terms of 
overall porosity (< 1%) and a high density of the struts (> 98%) was achieved, 
which is of importance for reproducibility of the mechanical properties. 

Series Ti 120-500 Ti 170-450 Ti 170-500 Ti 230-500 

Porosity,  
dry weighing [%] 

81.7 ± 0.2 71.4 ± 0.6 78.5 ± 0.3 66.7 ± 0.4 

Porosity,  
Archimedes [%] 

81.6 ± 0.2 71.1 ± 0.6 78.4 ± 0.4 66.0 ± 0.6 

Strut density,  

Archimedes [%] 
99.8 ± 0.2 99.2 ± 0.1 99.5 ± 0.3 98.0 ± 1.1 

Pore size,  

nominal [µm] 
500 450 500 500 

Strut size,  

nominal [µm] 
120 170 170 230 

Table 4.1: The geometrical/physical properties of the four different series of porous CP Ti 
samples tested in the current study. 

4.3.2. Mechanical properties 
The results of the static compression tests are summarized in Table 4.2. Due to 
the ductile behavior of the porous CP Ti material, no maximum compressive 
stress (σmax) and strain at maximum compressive stress (emax) could be registered. 
Figure 4.2 A shows a representative stress-strain curve and the ductile behavior 
of the porous CP Ti Ti 120-500 structure during static compression testing, 
including a graphical representation of all calculated properties.  

The actual values of the static mechanical properties are summarized in Table 
4.2 and are visually presented and compared to Ti6Al4V ELI and Ta in Figure 
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4.3 A and B, in which the actual open porosity of each porous structure is taken 
into account. For the Ta values, σpl was recalculated for the 20-40% strain 
interval instead of the previously reported 20-30% strain interval.  

Series σy 
[MPa] 

σpl 
[MPa] 

σ130 
[Mpa] 

eple 
[%] 

E 
[GPa] 

Ti 120-500 8.6 ± 0.3 14.3 ± 0.2 18.6 ± 0.3 46.3 ± 0.4 0.58 ± 0.02 

Ti 170-450 29.2 ± 2.3 63.2 ± 3.8 82.3 ± 5.2 40.3 ± 0.5 2.08 ± 0.14 

Ti 170-500 13.7 ± 0.4 27.6 ± 2.2 36.3 ± 3.4 41.4 ± 2.3 0.96 ± 0.05 

Ti 230-500 36.5 ± 0.4 62.7 ± 1.4 81.5 ± 1.9 42.4 ± 0.5 2.61 ± 0.05 

Table 4.2: The static mechanical properties of the four different series of porous CP Ti samples 
tested according to ISO 13314. 

The dynamic compression test results are shown through S-N curves in Figure 
4.4 A  for absolute and in Figure 4.4 B for normalized stress values obtained by 
compression-compression fatigue testing, including the power law for the 
normalized S-N curves of Ti6Al4V ELI and Ta structures as reported 
previously [6, 50].  

Power laws were fitted to the normalized data points of all four series and to all 
series together and are presented in Table 4.3. The coefficient of determination 
was very high for all fitted power laws, but it should be noted that the series Ti 
170-450 and the combined data have a lower coefficient of determination. 
When multiplying these power laws by the yield strength of each series for both 
materials, this results in power laws for the absolute stress values as shown in 
Figure 4.5 A. The point where the same series in the two materials intersect is 
marked with an ‘X’. It should be noted that Figure 4.5 A assumes that each of 
the four series in CP Ti are completely identical to the corresponding series in 
Ti6Al4V ELI, while in fact there are minor differences in overall open 
porosities between them, which should be kept in mind while interpreting this 
figure.  

In conclusion, Figure 4.5 B shows the fatigue strength Sf after 106 cycles, for CP 
Ti based on an extrapolation of the fitted power laws in Table 4.3, for Ti6Al4V 
ELI based on the estimated fatigue strength of 0.12σy in [6], taking into account 
the actual overall porosity for both materials and for all four series, and finally 
for Ta based on the determined fatigue strength of 7.35 MPa (or 0.57σy) for 
only one porosity mentioned in [50]. 
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Figure 4.2: Static mechanical properties of open porous SLM processed titanium structures: 
representative compressive stress-strain curve and graphical representation of the calculated 

values σy, σpl, σ130, eple for a Ti 120-500 structure in CP Ti (A) and Ti6Al4V ELI (B), both 
including a picture of a sample after compression testing. 
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Figure 4.3: Static mechanical properties of open porous SLM processed titanium and tantalum 
structures: A comparison between the yield strength and plateau stress (A) and stiffness (B) for 

all three materials versus the actual measured open porosity of each structure. 
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Figure 4.4: Dynamic mechanical properties of open porous SLM processed titanium  and 
tantalum structures: S-N curves obtained by compression-compression fatigue testing of all CP 
Ti samples using absolute (A) and normalized (B) stress values and a power law representing 

the results of Ti6Al4V ELI  and tantalum structures from previous studies (B) [6, 50]; 

4.4. Discussion 
Recently, it has been shown that selective laser melted porous structures made 
from Ti6Al4V ELI and Ta can be clinically used as implant materials [46, 50]. 
Although Ti6Al4V ELI is the current standard for load-bearing implant 
applications, Ta showed excellent in vivo performance and bone ingrowth. The 
ductile mechanical behavior and the high fatigue strength are believed to be one 
of the key factors for the performance of porous Ta implants, but due to high 
material cost, the use of Ta in large orthopedic implants is expected to remain 
relatively limited. In this study, the SLM technology was used to manufacture 
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porous CP Ti structures based on dodecahedron unit cells with overall 
porosities ranging from 66% to 82% in order to compare them with previously 
published data of Ti6Al4V ELI and Ta structures with the same geometrical 
architecture. 

 

Figure 4.5: Dynamic mechanical properties of open porous SLM processed titanium  and 
tantalum structures: An overview of all fitted power laws for all four porous structures in both 

titanium materials using absolute stress values, including the structure intersection points 
marked by ‘X’ (A); an extrapolation of the fitted power laws to 106 cycles for all four porous 

structures in  both titanium materials and the actual fatigue limit of the tantalum structure versus 
the actual measured open porosity of each structure (B). 

A first part investigates whether CP Ti porous structures have similar static and 
dynamic mechanical properties as compared to pure Ta structures. It was 
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compressive load, without reaching a first local maximum (Figure 4.2 A). This 
ductile mechanical behavior of CP Ti porous structures is very similar to what 
was previously reported for pure Ta [50].  

Series Fitted power law R² value Stress level at 106 cycles 

Ti 120-500 σy · 6.266 · N-0.215 0.98 0.32σy 

Ti 170-450 σy · 2.742 · N-0.122 0.77 0.51σy 

Ti 170-500 σy · 4.465 · N-0.177 0.93 0.39σy 

Ti 230-500 σy · 6.095 · N-0.197 0.95 0.40σy 

All series σy · 4.154 · N-0.167 0.72 0.41σy 

Table 4.3: The power laws fitted to the data points of the normalized S-N curves for all four 
different series of porous CP Ti samples tested. When multiplied by the corresponding value of 

the yield strength, the power law of the absolute values is obtained. Also the extrapolated 
values at N = 106 cycles are listed. 

In order to compare the actual measurable static mechanical properties, it is 
important to take the overall porosity into account. It was concluded that for 
both the yield strength and the plateau stress, there is no significant difference 
between the values of porous Ta and the trend lines of porous CP Ti obtained 
in this study (Figure 4.3 A and B). 

To explain this resemblance, the properties of the solid pure metals Ta and CP 
Ti should be compared. Both metals are single phase metals, but they do have a 
different crystal structure; Ta has a cubic BCC structure and Ti has a close 
packed hexagonal HCP structure [2]. In terms of yield strength both Ta and CP 
Ti have similar bulk properties (Table 1.1). Since both metals are single phase 
ductile materials with similar yield strength, the resembling mechanical behavior 
of Ta and CP Ti as a porous structure can be explained.  

The stiffness of porous Ta however appears to be different from the trend line 
of porous CP Ti stiffness values (Figure 4.3). This difference can be explained 
by the fact that the stiffness of pure Ta is higher than that of CP Ti (Table 1.1).  

Regarding the dynamic mechanical properties it was observed that porous Ta 
has a higher relative fatigue strength (0.58 σy vs. 0.41 σy) and since there is no 
significant difference in yield strength, this resulted in a slightly higher absolute 
fatigue strength for porous Ta compared to CP Ti (Figure 4.5).  
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In conclusion it can be stated that porous CP Ti has a comparable mechanical 
behavior compared to porous Ta, except that CP Ti has a slightly lower 
stiffness and absolute fatigue strength after 106 cycles. This is a very interesting 
finding, since in a previous study it was shown that the mechanical behavior of 
porous Ta was likely responsible for the excellent in vivo performance, which 
could now be replaced by the much cheaper, more commonly available and 
easier to process CP Ti. Therefore the authors suggest for future research to 
evaluate porous CP Ti implants in an in vivo animal study and compare the 
results with those obtained for porous Ta.  

In the second part, identical porous structures in CP Ti and Ti6Al4V ELI have 
to be compared in order to understand their differences in static and dynamic 
mechanical properties. To do so, the researchers aimed to manufacture porous 
CP Ti structures with nearly identical geometrical properties as reported before 
for Ti6Al4V ELI [6].  

The results show that the morphological properties of the CP Ti structures are 
very close to those of Ti6Al4V ELI, but nevertheless the small differences 
should be taken into account wherever possible because small changes in 
overall porosity can have significant influence on the mechanical properties.  

Firstly, comparing the mechanical behavior during compression testing already 
reveals a significant difference between both materials. While porous CP Ti 
continuously deforms during compression without fracture, Ti6Al4V ELI 
reaches a maximum compression point, after which the structure starts to fail 
locally. Due to the geometry of the Ti6Al4V ELI structure, non-failed parts of 
the structure continue to deform until they fail. This compressive failure 
behavior continues until a plateau is reached and full compression occurs.  

The difference in mechanical deformation or failure can also be seen on the test 
sample images after compression. The porous CP Ti sample is completely 
deformed (Figure 4.2 A), whereas the Ti6Al4V ELI structure failed during 
compression testing (Figure 4.2 B).  

This also explains the difference between the values of the plateau end eple, 
which occurs between 40 and 47 % strain for CP Ti and between 56 and 76% 
strain for Ti6Al4V ELI [6]. Because of the pure deformation of CP Ti 
structures, full or final compression occurs at lower strains. The yield strength 
is lower for CP Ti compared to Ti6Al4V ELI. This is also expected since the 
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yield strength of wrought Ti6Al4V ELI is about four times the strength of CP 
Ti (Table 1.1). However, for the porous structures compared in this study, the 
Ti6Al4V ELI structures have a yield strength that is only 1.7 to 2.4 times more 
than that of CP Ti, as would be expected for standard grade 3 or 4 titanium.  

The lower difference can be explained by the fact that the reference values for 
solid material were processed conventionally (wrought titanium). If strength 
values of as-manufactured selective laser melted solid Ti6Al4V ELI (1110 MPa 
[38]) and CP Ti (555 MPa [153]) are used, it should be noted that SLM Ti6Al4V 
ELI is 40% and CP Ti is 170% stronger compared to their conventionally 
processed counterparts. In that case, a yield strength difference of 2.0 is 
obtained, which is in the difference range that actually was observed for both 
porous materials.  

The plateau stress is not significantly different in the range of 70-80% overall 
porosity, but it tends to be lower for CP Ti outside this interval. Also a strange 
curve in the trend line for CP Ti is noticeable for the Ti 170-450 series data 
point. Since this is the only series with smaller pore size compared to the others 
(450 µm vs. 500 µm) and since porous CP Ti continuously deforms as a whole 
instead of failing by local fracturing, it is assumed that these two factors are the 
reason for the particular curve in the trend line of the plateau stress of porous 
CP Ti.  

Given the ductile deformation behavior and the sensitivity of the plateau stress 
to the pore size, it is important to careful interpret and compare plateau stress 
for CP Ti, since the calculated values do not represent an actual plateau as is 
reached with Ti6Al4V ELI. The authors therefore suggest including the 
deformation mechanism for pure and ductile metals and corresponding 
definitions of representative values in a next revision of the ISO 13314 
standard.  

The stiffness of porous CP Ti structures appears to be lower, but not 
significantly different for porosities >70%, compared to Ti6Al4 ELI. Since 
solid CP Ti has a lower stiffness compared to Ti6Al4V ELI (Table 1.1), and 
since both overall porosity and deformation mechanism influence the stiffness 
of a cellular metal [33, 34], the small differences for the porous structures in 
Figure 4.3 B are justified.  
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Summarizing the differences in static mechanical properties between porous CP 
Ti and Ti6Al4V ELI structures, it can be stated that selective laser melted 
porous CP Ti has about half the yield strength and a more ductile deformation 
mechanism compared to Ti6Al4V ELI, while the stiffness remains the same.  

When the normalized stress levels of the dynamic properties are compared, it 
can be concluded that CP Ti has a higher normalized fatigue strength, and an 
overall normalized fatigue strength after 106 cycles of 0.41 σy, which is 3.4 times 
higher than the normalized fatigue strength of Ti6Al4V ELI (Figure 4.4 B, 
Table 4.3 and [6]).  

The S-N curves obtained by fitting power laws through all data series for 
absolute stress levels, reveal that the S-N curves of CP Ti and Ti6Al4V ELI for 
each separate series intersect at some point (Figure 4.5 A). Keeping in mind 
that the porosities were not exactly the same for both materials, which will 
cause a shift in the intersection point of Ti 120-500 to the right and of Ti 170-
500 to the left, it can be reasonably stated that all intersection points lie in the 
interval 104 – 105 cycles.  

Hence the general observation and conclusion is that Ti6Al4V ELI porous 
structures are mechanically stronger for static or low cycle fatigue (< 104 cycles) 
applications, whereas commercially pure CP Ti titanium structures are 
mechanically superior for high cycle fatigue (> 105 cycles) applications. This 
statement is ratified by the extrapolated values at 106 cycles for both materials 
and for the full range of tested porosities, which show superior fatigue strength 
for porous CP Ti structures compared to Ti6Al4V ELI (Figure 4.5 B).  

In general, titanium is known to have a very good fatigue resistance, and 
properties like crack initiation and crack propagation or growth are often used 
to explain or predict the fatigue behavior of a material. But for porous 
structures the situation is more complex, since it is a combination of actual 
material properties and the architectural properties and surface condition of the 
structure itself.  

Assuming the structures do have identical geometrical morphology, it is 
reasonable to say that the ductile deformation behavior of porous CP Ti is 
likely to be the reason for the excellent high cycle fatigue performance, because 
ductile materials have a lower crack initiation and propagation by softening the 
material when loaded [136].  
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This, however, remains a remarkable observation since the wrought titanium 
alloys generally have a superior fatigue strength compared to commercially pure 
titanium grades (Table 1.1). Since little is known about the fatigue mechanism 
for porous metals in general and given that fatigue properties of additively 
manufactured solid Ti6Al4V ELI reported elsewhere are non-consistent [154-
156], the authors consider it as future research to further investigate more in 
detail the fatigue behavior mechanism of porous metals manufactured by AM 
and how post process heat treatments can influence these results. 

4.5. Conclusions 
In this study the additive manufacturing technology selective laser melting was 
used to manufacture highly open porous (66-82%) CP grade 1 titanium 
structures. After a morphological characterization, both static and dynamic 
compression tests were done on four series of porous structures based on the 
dodecahedron unit cell architecture. The results were compared to previously 
reported data on identical porous structures in Ta [50] and Ti6Al4V ELI [6].  

Based on the experimental results obtained in this study and the comparison 
with the other two already established orthopedic porous metals (Ti6Al4V ELI 
and Ta), it can be concluded that CP Ti is an excellent material for dynamically 
loaded porous implants. At first, it has almost identical mechanical behavior 
and properties compared to porous Ta, which has proven excellent in vivo 
performance, likely thanks to these properties. Secondly, for high cycle fatigue 
strength (> 105 cycles), CP Ti outperforms Ti6Al4V ELI, but for statically 
loaded or low cycle fatigue applications (<104 cycles), Ti6Al4V ELI remains the 
preferred material.  

These conclusions can have a potential huge impact on the medical device 
industry, because it brings CP Ti back in the scope of implant designers, has a 
lower cost compared to tantalum and has the advantage of no potential 
hazardous or toxic alloying components like the presently applied titanium 
alloys. However, no comparative in vitro and in vivo data between additively 
manufactured CP Ti and Ti6Al4V ELI is available and the authors suggest to 
investigate this in future research. 
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5. CONFIDENTIAL: SLM Productivity 
Improvements  

5.1. Summary 
The results presented and discussed in this chapter are confidential and not 
publically available. In brief, the productivity of porous implants made by SLM 
has been investigated. Significant productivity improvements have been 
achieved with build rates up to 4.2 times the previous ‘default’ build rates for 
porous implants. Build rates up to 2.7 faster result in porous Ti6Al4V implants 
with the same mechanical properties as with the previous processing 
parameters. Higher build rates result in lower mechanical properties and are 
part of future work to increase the strength. Figure 5.1 and Figure 5.2 below 
summarize the most important findings. 

 

 

Figure 5.1: Comparison of the build rates of three (A, B, C) optimized processing parameter 
sets with the current Default processing parameter set. 
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Figure 5.2: Comparison of the mechanical properties of three (A, B, C) optimized processing 
parameter sets with the current ‘Default’ processing parameter set. There is no significant 

difference in the compressive strength (top) and stiffness (bottom) of set A and B, but set C 
results in significantly lower strength.
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6. Conclusions and future research	

Metal additive manufacturing is here to stay and will definitely change the 
future of implant manufacturing. One of the greatest advantages is the almost 
unlimited design freedom that allows to create regular open porous structures 
that can be used as functional implants.  

Porous metal implants have been of interest for many years now because they 
avoid stress-shielding effects by a lower stiffness, but still providing sufficient 
mechanical strength. On top of that, they ensure a good initial fixation by the 
high coefficient of friction and a long-term stability by the ability of bone 
ingrowth into the open porosity. 

This dissertation investigated porous titanium and tantalum implants 
manufactured by the Selective Laser Melting technology. Chapter 2 discussed 
the largest set of experimental data available for porous Ti6Al4V implants, 
while Chapter 3 reported the first promising results of additively manufactured 
tantalum implants. The potential revival of pure titanium in orthopedics is 
predicted in Chapter 4 and finally, significant productivity improvements were 
achieved in Chapter 5. 

In this final chapter, the most important achievements of this dissertation and 
their implications will be discussed. Since this research was done within the 
framework of a Baekeland mandate, the connection with the valorization 
accomplishments will be made. Finally, suggestions for future research will be 
given. 

6.1. Conclusions 
Titanium and tantalum are both biocompatible metals that can be used as 
implant materials. The mechanical properties of these metals, however, do 
change when they are used as the base material for porous structures. The 
mechanical strength and stiffness change with a certain amount related to the 
structure relative density. This is illustrated by Figure 6.1 and Figure 6.2 in 
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which the traditional material selection charts for the strength and the Young’s 
modulus versus the density have been updated with all experimental results of 
porous titanium and tantalum reported in this dissertation. 

It is clear from these figures that the application range of these metals has 
been extended by new regions that have been defined by these porous metals. 
For the strength, this new region ranges from the traditional foams to the solid 
metals fully overlapping the polymer application range (Figure 6.1). The new 
stiffness values start from the foams and partly overlap with the polymers, but 
are still an order of magnitude lower compared to the solid metals (Figure 6.2). 

 

Figure 6.1: Material selection chart for the combination of strength and density. All reported 
results in this dissertation for the yield strength of porous metallic implants are displayed as red 
(porous Ti6Al4V), green (CP Titanium) and blue (Tantalum) diamond markers. Chart obtained 

and modified from [157]. 
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Figure 6.2: Material selection chart for the combination of Young’s modulus and density. All 
reported results in this dissertation for the stiffness of porous metallic implants are displayed as 

red (porous Ti6Al4V), green (CP Titanium) and blue (Tantalum) diamond markers. Chart 
obtained and modified from [157]. 

These updated material selection graphs that summarize part of the results of 
this dissertation can be useful tools in selecting the right material and density 
for a certain implant application. But regardless of the mechanical design 
requirements, there are a lot of other conditions that should be considered 
while choosing the right porous implant: 

The porous implant design 
It all starts with designing a porous implant. Additive manufacturing techniques 
like SLM allow for almost full design freedom, but changing the porous implant 
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architecture in combination with a certain material, will affect the mechanical 
properties and bone regeneration performance: 

‐ Increasing the structure relative density of porous Ti6Al4V implants 
between 0.1 and 0.4 increases the static mechanical properties like the 
yield strength (10 – 110 MPa), maximum strength (15 – 185 MPa) and 
stiffness (0.5 – 5.5 GPa) by a more than linear relationship. The fatigue 
strength also increases with an increasing structure relative density, and 
this is linearly related to the static mechanical properties. 

‐ Porous implants based on a cubic-like unit cell design or unit cells 
with struts parallel to the axis of loading are stronger (both statically 
and dynamically) and have a higher stiffness compared to more 
uniform unit cell designs like a diamond or rhombic dodecahedron 
unit cell. 

‐ The selected implant material influences both the mechanical and 
biological performance. For statically loaded applications, porous 
Ti6Al4V is still the material of choice, but since both tantalum and 
pure titanium have a purely ductile deformation behavior, these metals 
exhibit an excellent fatigue behavior. Porous tantalum showed 
excellent in vivo performance compared to Ti6Al4V, but no results for 
pure titanium are available yet. 

The characteristics of the SLM process 
Every manufacturing technique has its limitations and proper knowledge about 
the characteristics of the SLM process allows to manufacture porous implants 
with reproducible and uniform mechanical properties: 

‐ Regardless of the structure relative density, the unit cell design, the 
material and the build orientation, SLM is able to manufacture porous 
implants with high reproducibility of the mechanical properties. In 
most cases, the standard deviation is less than 5% of the mean value. 

‐ Horizontal struts should be avoided during SLM manufacturing. 
Improper selection of the build orientation can result in inferior 
mechanical properties (up to 30% less strength). 
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Post-processing operations 
Once a porous implant is manufactured using SLM, many post-processing 
operations can be applied in order to change or optimize the mechanical or 
bone regeneration properties: 

‐ Heat treatments change the microstructure and the corresponding 
mechanical properties of porous Ti6Al4V implants. A stress relieve 
heat treatment increases the yield strength (15 to 25%), while a HIP 
treatment lowers the maximum strength slightly (up to 15%) and 
increases the elongation at fraction by up to 70%. 

‐ If certain conditions are met, bone will grow into porous implants 
made out of a biocompatible metal. Bio-functionalizing surface 
treatments or growth factors can speed up the process of bone 
regeneration and implant fixation. 

Production cost 
Eventually, at some point the material and manufacturing cost needs to be 
taken into account when considering serial manufacturing of porous implants 
made by SLM: 

‐ Titanium and titanium alloys are relatively cheap materials and are 
easy to (post-)process. Tantalum, on the other hand, is up to 20 times 
more expensive for the same volume and is difficult to post-machine. 
Therefore, the use of tantalum for porous implants will be mostly 
limited to small sized applications.  

‐ The manufacturing cost of porous implants can be reduced 
significantly by defining faster processing parameters (1.6 to 4.2 
times faster), but at a certain point, the improved productivity is at the 
expense of the implant quality.  

The obtained productivity improvements are very important for the 
valorization and industrialization of selective laser melted porous metallic 
implants. The associated manufacturing cost reductions are absolutely necessary 
for further establishment of Selective Laser Melting as a fast and reliable 
method for implant manufacturing. Figure 6.3 shows a comparison of reported 
build rates of commercial available SLM and EBM machines versus the 
theoretical build rates achieved for this dissertation. It is recommended to 
interpret this comparison with care since no details were available on how the 
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reported build rates were calculated. Nevertheless, two conclusions can be 
made based on this figure: Although EBM is often associated with being a 
much faster metal AM process compared to SLM, the productivity gap between 
the two technologies is disappearing, while SLM keeps a number of advantages 
over EBM (better surface finish and resolution and easier powder handling). 
And it should be clear that the productivity improvements lead to a competitive 
advantage over manufacturers that only use commercial SLM machines. 

In conclusion, new insights in additively manufactured porous titanium and 
tantalum implants have been discussed and can be used as a handbook for 
design and manufacturing of new generation porous metallic implants. 
Moreover, significant productivity improvements should pave the path for 
further industrialization and acceptance of Selective Laser Melting as an 
established method for producing porous metal implants. 

 

Figure 6.3: Reported build rates for commercial SLM [158-160] and EBM [161] machines 
compared with the theoretical build rates achieved in this dissertation. The theoretical build rate 
is determined by multiplying the scan speed, v with the hatch spacing, h and layer thickness, t. 
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6.2. Suggestions for future research 
Using a relatively new technology for new applications in medicine raises a lot 
of questions, which cannot be answered by only one dissertation. The human 
body is a complex system and its interactions with implantable devices can be 
hard to predict and long term clinical outcome results are still the gold standard 
for measuring actual implant performance. The increased possibilities created 
by metal additive manufacturing of porous implants make it rather impossible 
and very costly to do long term evaluations of all possible variations. Therefore 
this final section provided some suggestions for future research in order to 
properly use the results of this dissertation for fast and innovative implant 
advancements. 

Many attempts have already been made to create implant performance 
simulation software tools, but only few have tried to incorporate process 
related aspects of metal additive manufacturing. The results presented in this 
dissertation can be used to further optimize these models for all processing 
conditions and different mechanical deformation mechanisms. A few static 
compression tests can be done in order to ‘calibrate’ the models and make 
realistic implant performance predictions. 

New manufacturing technologies used for medical device manufacturing will be 
subjected to the need for more standardization. The actual processing steps 
and parameters during additive manufacturing of porous implants can have a 
significant influence on the implant properties as illustrated by this dissertation. 
Proper standards should be developed that take into account all these variables 
and list minimum requirements in terms of mechanical properties. 

Ductile porous metals like tantalum and pure titanium are of interest since 
they can be deformed intra-operatively to fit to the patient-specific host bone 
anatomy. Also in the case of tantalum the specific ductile deformation behavior 
is believed to be partly responsible for the excellent bone regeneration 
performance and the excellent fatigue life. Therefore it is strongly suggested to 
further explore these possibilities for pure titanium by initial in vivo experiments. 
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