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Abstract 
Advanced porous materials are a new group of materials where the desired properties can be 
controlled and even tailored. These interesting materials offer a vast field of applications, 
thanks to their multi-functional abilities. Several types of advanced porous structures 
including cellular metals and ceramic porous materials are the focus of the present 
investigation. Corevo® foam and perlite metallic syntactic foam are investigated in this thesis 
and manufactured from infiltration casting. In addition, advanced pore morphology foam 
elements are addressed that are fabricated using thermal expansion of a thin wire-shaped 
precursor. Ceramic porous structures specially developed (via foam replication) for tissue 
engineering scaffolds are also studied within the scope of this work. Given the similarity of 
the geometrical structure of all these materials, the same mechanical characterisation 
approaches are adopted to assess their mechanical properties. The materials properties are 
determined for quasi-static and dynamic compression for both small and large strain 
deformation. Numerical simulations are performed by making use of the highly accurate 
models obtained from micro-computed tomography data. Where possible, numerical results 
are verified by the findings of experimental testing. Detailed analysis is included in each 
chapter elaborating the result from the numerical simulations and the compressive loading 
test. Versatile tools such as electron microscopy, image based geometry analyser software 
and IR-thermal imaging are utilised to assist the study. The results show that all cellular 
metals investigated in this thesis exhibit the characteristic stress-strain curve of metallic 
foams. This means that a linear slope is found in the beginning of the compression loading, 
this is followed by a long plateau region indicating energy absorption capability and ends 
with a steep slope at the end representing the densification. Corevo® foam exhibits a 
significant amount of mechanical anisotropy in casting direction under quasi-static 
compressive loading. The degree of mechanical anisotropy is considered mild for perlite 
metallic syntactic foam in the casting direction under the same loading condition. Foam 
materials (Corevo® and advanced pore morphology foam element) characterised under 
dynamic loading show a strain-rate dependence property. Last, but not least, a possible 
extension of the present research is proposed at the end of this thesis in the Conclusions and 
Outlook section. 
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Chapter 1 

Introduction 

 
Porous materials in nature have evolved to achieve structural optimisation. They 
accommodate the need for having lightweight yet strong structures. Structures existing in 
nature such as bones, cork, wood and honeycombs are perfect examples to showcase this 
concept. These structures have inspired engineers to develop new materials to suit various 
needs of applications. Advanced porous materials are a group of materials that can be tailored 
to provide multi-functional properties. They can be manufactured via many different ways 
and by using a wide range of base materials. Examples that are investigated in the scope of 
this thesis are cellular metals and tissue engineering scaffolds. 
 
Cellular metals are a category of advanced porous materials which were discovered over 
eight decades ago where a very first patent was documented in French (Banhart, 2013). These 
engineered materials are distinguished from traditional dense metals by their combination of 
specific mechanical and physical properties. Metallic cellular structures in general can be 
grouped into two main classes: open-cell and closed-cell types (Jee et al., 2000). One 
outstanding feature of these materials is their ability to absorb large amounts of strain energy 
at a relatively low stress level due to their highly porous structure (Öechsner and Augustin, 
2009). Cellular metals are used in engineering applications such as lightweight sandwich 
panels, automotive crash absorbers and industrial machine vibration dampers (Pannert et al., 
2009).  
 
Materials with porous structures also have been developed in biomedical research. The main 
applications in this field are tissue engineering scaffolds. A tissue engineering scaffold is 
implanted inside the human body to support the regrowth of damaged or missing tissue. 
During this process the structure has to match the stiffness and strength of the surrounding 
tissue in order to support the mechanical stresses during the ingrowths (Xie et al., 2010, 
Boccaccini et al., 2006). Depending on the type of tissue that is intended to re-grow, the base 
material and geometry of the scaffold can be adjusted to match the required mechanical 
properties. To date, a number of bio-inert and biodegradable tissue engineering scaffolds 
have been designed to fulfil these specific requirements. Inorganic, ceramic-based scaffolds 
such as titania, alumina, and calcium phosphates are among available examples reported in 
the literature (Mohamad Yunos et al., 2008). Organic, polymer based scaffolds, for instance, 
polyglycolic acid (PGA), polylactic acid (PLA), or co-polymers polylactic-co-glycolic acid 
(PLGA) are also used to synthesise a highly porous scaffolds (Chen and Boccaccini, 2006, 
Baker et al., 2009, Torres et al., 2007). 
 
The detailed investigation of the mechanical properties of advanced porous materials will 
provide an important contribution to engineering and materials science. In the present study 
Corevo® foam, perlite-metallic syntactic foam (perlite-MSF), advanced porous morphology 
structure (APMS) and titania biomaterial scaffolds are investigated by means of numerical 
simulations and/or experimental tests. Most of the samples are characterised mechanically for 
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the first time. For engineering applications of cellular metals, the precise knowledge of their 
mechanical properties such as stiffness, strength and energy absorption capability is crucial. 
This research is required in order to advance the knowledge of cellular metals. The same is 
true for the materials used for biomedical applications: characterisation of general mechanical 
properties for tissue engineering scaffolds is very important in order to match the targeted 
surrounding bone (or soft tissue) structure.   
 
The investigations presented in this thesis are done either by means of experimental tests or 
numerical analysis. Wherever possible, both methods are combined to obtain an independent 
validation of the results. The advantages of experimental tests include the direct assessment 
on intended samples and time saving. However, there are two major disadvantages of the 
experimental approach: (i) observations are usually limited to the surface of samples and no 
information on internal deformation mechanisms can be obtained and (ii) destructive testing 
prevents the repeated investigation of identical samples. Undoubtedly, experimental tests are 
very crucial in determining the suitability of metallic foams for specific usage. The additional 
computational analysis of the material further allows the overcoming of the limitations of 
experimental testing without the increased cost and time requirements. It should be 
emphasised here that experimental testing on cellular metals permits the sample to be used 
only once. This limitation makes the investigation of anisotropic behaviour of cellular foams 
difficult by means of experimental testing. In contrast, computational analysis based on 
virtual 3D models of the real sample is non-destructive and the investigation can be repeated 
for loading in different spatial directions. This repetitive nature of simulation allows the 
anisotropic material behaviour (for example, of cellular metals) to be explored. Numerical 
simulations also allow parametric studies to be conducted. This means a controlled variation 
of a single parameter (i.e. hardening modulus) is possible since a single numerical model can 
be used repeatedly. The limitations of computational analysis are: long computation times; 
and the need for validation by means of the experimental test to ensure the reliability of the 
results. It is worth mentioning that the combination of experimental testing and numerical 
analysis adopted in several investigations in this thesis provides a more extensive insight.  
 
The main focus of this thesis will be on the mechanical characterisation of metallic foams 
which are assessed by quasi-static and dynamic loading modes. The general mechanical 
properties for advanced porous structure such as Young’s modulus, yield stress, plateau stress 
and energy absorption are characterised within the scope of this thesis. 
 
The thesis begins with an Introduction (Chapter 1) which provides a general overview of the 
topic of this thesis. That Chapter elaborates the link between papers gathered in the following 
Chapters of this manuscript. The following Chapter 2 presents a general literature review on 
advanced porous structures that is supplemented by more specific information in the 
beginning of the subsequent Chapters. Chapter 2 addresses the topics manufacturing, 
application and limitations of advanced porous materials. 
 
Chapters 3-5 focus on the mechanical characterisation of cellular metals manufactured by 
infiltration casting, i.e. Corevo® foam and perlite-metallic syntactic foam (perlite-MSF). The 
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difference between these two materials originates in the physical properties and geometry of 
the filler particles used. Corevo® foam has filler particles (salt particles) with visible edges 
and perlite-MSF with a more rounded geometry. Chapters 3-5 also cover the mechanical 
characterisation of the metallic foams using quasi-static loading. Quasi-static compression is 
the simplest and thus most efficient test on most engineering materials and allows the 
determination of Young’s modulus, Poisson’s ratio and the initial yield stress. Some 
properties that are unique to cellular metals are the plateau stress and densification strain and 
can further be determined by these compression tests.  The mechanical properties of Corevo® 
foam are discussed in Chapter 3 and perlite-MSF is studied in Chapter 4. In Chapter 4 the 
effects of particle size on the mechanical response of the cellular metal is investigated. 
Chapter 4 discusses the mechanical characterisation of perlite-MSF based on experimental 
tests and is extended using computational analysis in the subsequent Chapter 5. The 
investigation also employs computational simulation to study the mechanical anisotropy of 
perlite-MSF. Strain hardening first observed in experimental testing in Chapter 4 is 
investigated numerically by making use of a reverse engineering method.  
 
The thermal expansion of pre-cursor method is an alternative approach to produce metallic 
porous structures. The cellular metals formed by using this approach (i.e. APMS) allow the 
close control of their physical properties such as the amount of porosity, average pore size, 
pore shape, pore distribution and degree of pore coalescence (Vesenjak et al., 2013, Vesenjak 
et al., 2011, Baumeister et al., 2007) at increased cost due to a more complex manufacturing 
process. This motivates the investigation of the mechanical properties of APMS under 
compressive loading presented in Chapter 6. The Chapter combines the results of quasi-static 
and dynamic analyses of the material. The dynamic analysis enables the study of possible 
strain rate sensitivity. The strain rate sensitivity of metallic foams is defined as the material’s 
stress-strain characteristics that are dependent on the rate (or speed) of loading. Dynamic 
analysis provides this information by compressing the sample at a high compression velocity. 
The deformation mechanism is usually somewhat different from the one found in quasi-static 
loading. This is chiefly due to inertia effects and base material strain rate sensitivity. As a 
result, the initial plastification observed in the scope of our investigation tends to be 
concentrated at the interface of the sample with moving pressure stamp.  
 
Chapter 7 discusses the dynamic analysis of Corevo® metallic foam. The heat generated due 
to plasticity during dynamic loading is captured by an IR thermograph camera to identify 
areas of high plastic deformation. The use of infrared cameras during the compression test 
provides an important insight of major deformation behaviour of the cellular metals which is 
unavailable to the naked eye. However, the analysis with IR thermograph is limited to the 
outer surface of the sample. Therefore, the additional deformation analysis of the internal 
deformation mechanism is performed using computational analysis of the same material. 
 
In Chapter 8, a ceramic cellular structure is considered. This tissue engineering scaffold is 
made of titania and intended for application in bone-remodelling. The ceramic cellular 
structure is different to cellular metals because of its different base material. However, the 
porous structure (morphology) is very similar to cellular metals with a comparable porosity. 
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This enables the characterisation of the material using a similar approach for computational 
analysis as for cellular metals. Numerical models are generated from the μCT data to capture 
the complex geometry of the scaffold. The geometry data is further modified to simulate 
surface erosion due to immersion in body fluid and predict the resulting change in mechanical 
properties.  
 
Finally, conclusions and a brief outlook are presented at the end of this manuscript in Chapter 
9.  

 

Section 1.1 Hypotheses 

In this section, the hypotheses in the scope of this thesis are presented. These hypotheses are 
addressed chapter by chapter in order to cover all the important research questions that lead 
to the investigations conducted in the thesis.  

In Chapter 3, it is proposed that open-cell type cellular metals will have a layer-wise failure 
mechanism. This hypothesis is tested by careful monitoring of the propagation of the 
plastification regions. This is achieved by means of numerical modelling with the use of a 
highly precise reconstructed 3D model from a µCT scanner. This approach is very beneficial 
because of the ease of the virtual analysis and obtaining results coming from it.  

The investigation conducted in Chapter 4 aims to answer the question: Does the filler particle 
size affect the general mechanical properties of metallic foams? At present, several papers in 
the literature have already indicated that the size of filler particles in ceramic and polymeric 
based foams directly affects its mechanical properties (Juhasz, 2004) and (Cho, Joshi and 
Sun, 2006).  

Chapter 5 starts with the proposition that there is a significant difference between the amount 
of load that can be supported by thin struts or weak cell walls parallel to the loading direction 
compared with other directions. This research question has also arisen due to anisotropic 
behaviour of mechanical properties obtained in Chapter 3. The samples in Chapter 3 and 
Chapter 5 are different in terms of filler particles’ type and chemical composition of matrices 
used. However, their cellulous structures and manufacturing route are nearly identical. 

In the following Chapter 6, we postulate that a single APM foam has a uniform plastic 
deformation throughout the structure. The investigations in this chapter are also directed to 
answer the question: Are the mechanical properties of single APM foams affected if the outer 
skin is removed? 

In Chapter 7, we wish to probe whether the mechanical behaviour gained from quasi-static 
loading for open-type metallic foam is significantly different from dynamic loading 
counterparts. Thermal imaging is used in the investigation to locate the deformation 
concentration during the impact test. The research question is: Does inertia affect the plastic 
deformation of metallic foam derived from infiltration casting? This is answered at the end of 
this research. 
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Finally, in Chapter 8 we assume that if a tissue engineering scaffold is gradually eroded in 
simulated body fluid (SBF), then its mechanical properties also characteristically disintegrate. 
This relationship (in functional form) between the immersion time and effective mechanical 
properties is investigated. Results of this study are certainly valuable for future tissue 
engineering development. 
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Chapter 2 

Literature review 

 
This Chapter provides an extensive literature review that covers the general properties, 
manufacturing, applications and limitations of advanced porous materials. The mechanical 
characterisation of advanced porous materials such as cellular metals and tissue engineering 
scaffolds under compressive loading is the ultimate objective of this work. The results of the 
present study allow the mechanical behaviour of advanced porous materials subjected to 
compressive loading in technological applications to be predicted. Chapter 2 can also be used 
as a reference point whenever the materials investigated in this work are compared to existing 
porous materials reported by other researchers.  
  
2.1 Advanced porous materials 
Advanced porous materials are a class of materials known for their low densities and 
excellent strength-to-weight ratio. They demonstrate a wide variety of specific mechanical 
and physical properties (Ashby et al., 2000) that make them different from traditional dense 
metals. To date, cellular metals have been used in a number of applications discussed in 
Section 2.3, thanks to a broad selection of different base materials to choose from. For 
example, aluminium honeycomb sandwich structure was replaced by Aluminium Foam 
Sandwich (AFS) to build two cone-shaped adaptors (Schwingel et al., 2007) for the European 
‘Ariane 5’ rocket that must be very light but exhibit sufficient strength to support the huge 
weight of the vehicle. 
 
In the biomedical research field, a new generation of tissue engineering scaffolds are being 
designed to aid cell growth whilst giving the structural support from the imposed load 
(Hollister, 2005, Adachi et al., 2006). These scaffolds constitute another sub-class of 
advanced porous materials. Various biodegradable tissue engineering scaffolds are being 
investigated for application in real life bone regeneration (Hutmacher et al., 2004, Rezwan et 
al., 2006, Novak et al., 2009). 
 
2.1.1 Cellular metals 
The word ‘cell’ originates from the Latin word cella meaning enclosed space. This word was 
coined by British scientist, Robert Hooke in the 1660s when he investigated cork and found 
pores which he called “cells” under his hand-crafted microscope (Gibson et al., 2010). Figure 
2.1 shows the microscope drawn and invented by Robert Hooke and a sample of a cork tree’s 
bark. The concept of cellular metals emerged in 1983 (Ashby and Medalist, 1983). Later, in 
the early 21st century, these ground-breaking materials have been further studied in terms of 
cost-efficient manufacturing methods and multi-functionality. Several prominent researchers 
in this field, for example, Gibson and Ashby, introduced a universal framework for the 
characterisation of cellular metals (i.e. relative density, plateau stress and densification strain) 
that serves as reference point for the present researchers (Ashby et al., 2000, Gibson and 
Ashby, 2001).  
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Figure 2.1: a) Classic microscope invented by Robert Hooke b) Pore structure of cork under 
Hooke’s microscope (Both images are adapted from the Micrographia book, 1961). 
 
Gas-filled voids or low-density spacer materials are introduced within the metallic matrix to 
produce lightweight cellular metals. There are two main categories of cellular metals, namely 
open-cell and closed-cell types (Jee et al., 2000). Open-cell type cellular metals have the 
geometry of a sponge, where a fluid like water can easily pass through the material. Closed-
cell cellular metals are similar to foams such as polystyrene foam that contains trapped air 
bubbles. In both cases, the pore geometry may vary in terms of its size, spatial morphology, 
and shape (Banhart, 2001, Degischer and Kriszt, 2002, Öchsner and Augustin, 2009).   
 
Despite the significant physical differences of pores in open- and closed-cell type cellular 
metals, the characteristic compressive stress-strain curves remain similar. A comparison 
between Alporas® (closed-cell type) and M.Pore® (open-cell type) compressive stress-strain 
curves can be seen in Figure 2.2 (Bastawros et al., 2000, Vesenjak et al., 2012). Overall, the 
curves obtained from compression loading tests can be divided into three distinctive regions. 
These three regions can be easily identified by separating the initial (quasi-linear) region 
denoted by a circle, notably long plateau stress (shaded middle) curve and rapidly ascending 
densification stress at the end (Caty et al., 2008). The similarity of the compressive curves for 
both types of cellular metals is chiefly due to the existence of hollow voids within the 
material’s matrix. This unique physical feature allows the material to absorb a significant 
amount of energy during compressive loading whilst undergoing large macroscopic 
deformation and without losing its structural integrity. The combined volume fraction of 
voids (commonly referred to as porosity) determines the strength of the material and its 
ability to absorb energy from the compressive stress before densification occurs.  
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Figure 2.2: Compressive loading stress-strain curves for a) open-cell type, b) closed-cell type 
cellular metals. Images adapted from published literature (Vesenjak et al., 2012, Bastawros et 
al., 2000) 
 
By introducing pores into solid materials (via foaming or particles inclusion) the properties 
change drastically. For example, metallic and ceramic foams can reach densities as low as 102 
kg/m3 compared with 104 kg/m3 for solid metals and ceramics (Ashby et al., 2000, Gibson 
and Ashby, 1997). This significantly reduced density allows the design of light yet strong and 
stiff structures which is difficult to achieve using solid materials. The extended range of 
possible densities is not the only change of properties made possible by the foaming of a solid 
material. Other properties that can be tailored are Young’s modulus (Badiche et al., 2000, Yu 
et al., 2012), yield strength (Amsterdam et al., 2008, Bart-Smith et al., 1998) and thermal 
conductivity (Babscán et al., 2003, Solórzano et al., 2009). As a result, a new range of 
properties can be adjusted to suit specific engineering applications. Further attractive 
properties of cellular metals that have been reported in the literature are vibration damping 
(Merkel et al., 2009), acoustic absorption (Öechsner and Augustin, 2009) and versatile 
thermal properties (Babscán et al., 2003, Hosseini et al., 2009). The large internal surface 
areas created by the internal pores further enable their use as catalysts or heat exchangers. 
 
 
2.1.2. Tissue engineering scaffolds 

Advanced biomaterials are designed to support the natural recovery mechanisms of the 
human body. To this end, 3rd generation tissue engineering scaffolds are being developed 
which support cell growth, are biocompatible and are slowly degradable at the same time 
(Rezwan et al., 2006, Tiainen et al., 2012). As a result, revision surgeries can be avoided. 
Given that the scaffold material is biodegradable, the potential risk imposed by permanent 
medical prostheses can be avoided as well (Quadbeck et al., 2010).  Figure 2.3 shows the 
geometry of a ceramic based tissue engineering scaffold that has been re-generated from 
micro-computed tomography (μCT) data. The resorbed and unresorbed titania scaffolds are 
illustrated in the Figure to show the surface degradation of the material in body fluids.  
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Figure 2.3: Titania biomaterial scaffold generated from µCT data 

 
Biodegradable scaffolds are intended for use in bone-regeneration. This is a new concept of 
tissue engineering to replace the traditional practice of synthetic implants introduced in the 
early 1990’s which has limitations from tissue grafting (Xie et al., 2010). Biodegradable 
polymers can be grouped into 4 classes: 1) natural-based poly-saccharides materials (i.e. 
starch, chitosan), 2) proteins (i.e. soy, collagen, silk) 3) Polyglycolide (PGA), 4) Poly(D,L-
lactide) (PDLLA) (Rezwan et al., 2006). Alternatively, tissue engineering scaffolds can be 
made of ceramics such as bioactive glass (Bioglass®), alumina (TiO2) and calcium 
phosphates (Mohamad Yunos et al., 2008). Bioactive glass and ceramic scaffolds are known 
to have a low compression load resistance and high brittleness. In addition, it was shown by  
(Gutwein and Webster, 2002) and by (Webster et al., 2001) that the bioactive materials with 
bioinert particulates such as TiO2 and Al2O3 show a lack of bone bonding when the 
particulate form is in bulk or micrometer-size. However, an enhanced cell integration is 
observed when the particulate inclusions are nano-sized (Savaiano and Webster, 2004) 
 
Tissue engineering scaffold degradation has been addressed in previous research. 
Experimental studies have used magnetic resonance and computed tomography imaging to 
monitor in vivo implant resorption (Torio-Padron et al., 2011, Kłodowski et al., 2014). 
However, the high cost, risk and time requirements associated with these techniques limit 
their applicability for extensive studies. This inhibitor can be overcome by the additional use 
of numerical models.  Han and Pan (2009) developed a mathematical model of the 
simultaneous crystallization and biodegradation of biopolymers such as PGA and PLA. They 
extended a previous phenomenological model Wang et al. (2008) by considering the 
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formation of a crystalline phase that retards the reaction. The models combine a set of 
coupled reaction-diffusion equations that were solved for simple geometries using a finite 
element method. In Sanz-Herrera and Boccaccini (2011) addressed the degradation of 
bioactive glasses for tissue engineering scaffolds. The reaction of bioactive glasses with body 
fluid results in hydroxyapatite being formed on the surface of the scaffold. The growing 
hydroxyapatite layer introduces a diffusion barrier that decreases the reaction rate over time. 
The complete set of equations that constitute their model was solved using a finite element 
method representing the geometry as voxels. 

 
2.2 Manufacturing 
In the manufacturing of cellular metals, perhaps the major impediment faced is the materials’ 
stochastic geometry. The complex and irregular character of the internal structure of cellular 
metals may cause the mechanical properties to be unreliable and prevent their usage in safety-
relevant applications. Furthermore, the development of advanced tissue engineering scaffolds 
is based on the motivation to combine mechanical support with value added properties such 
as improved bioactivity and controlled degradation ability. In the following sub-sections, the 
existing manufacturing methods for cellular metals and advanced tissue engineering scaffolds 
are discussed.  
 
2.2.1 Fabrication technique of cellular metals  

Owing to the rapid development of manufacturing processes, many types of cellular metals 
can be manufactured. In recent years, not only have a variety of novel manufacturing 
processes appeared, but also an improvement in the quality of the product and a reduction of 
the relatively high cost for foamed metals can be seen. There are nine different production 
processes of metal foams that have been identified (Ashby et al., 2000). Figure 2.4 illustrates 
a list of existing manufacturing routes for cellular metals. The properties of cellular metals 
are influenced by the properties of the used metal, their relative density, pore sizes and the 
cell morphology. Cellular metals demonstrate a variety of outstanding specific mechanical 
and physical properties such as considerable energy absorption (Evans et al., 1998) and high 
specific stiffness (Ashby et al., 2000). Cellular metals also exhibit a low specific weight, 
reduced electrical conductivity, good mechanical damping, reduced flammability, good 
recyclability and good machinability (Baumeister et al., 1997).  
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Figure 2.4: Identified manufacturing routes of cellular metals. Many of these methods are 
implemented in commercially established cellular materials (Ashby et al., 2000). 

 
 
APM foam elements. In 2005, Stöbener et al. investigated a new concept of metal foam 
components production (Stöbener et al., 2005b). The resulting cellular material is called 
Advanced Pore Morphology (APM, see Figure 2.6) foam and it has been developed based on 
an improvement of the powder metallurgical FOAMINAL® process that was introduced 
earlier by Baumeister (1990).  
 

 

Figure 2.6: A photograph of APM foam elements. 
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The FOAMINAL® process is known to produce successfully near net-shaped parts and three-
dimensional (3D) sandwich panels with a foamed core layer. In (Hohe et al., 2012), an AlSi7 
aluminum alloy was prepared in powder metallurgy precursor form with TiH2 added as 
foaming agent. Foaming was activated by the heating of the precursor. This process usually 
takes place within a mould cavity. During the foaming process furnace temperatures up to 
800 °C are used depending on matrix alloys and the presence of stabilizing ceramic particles. 
As a result, the foaming mould has to bear high thermal loads in each foaming cycle 
(Lehmhus et al., 2009). A new process route proposed by Stöbener and Rausch (2009) in 
APM foaming eliminates the need for expensive moulds. The manufacturing procedure 
consists of powder compaction (by the CONFORM® process) and rolling of the AlSi7 alloy 
with TiH2 foaming agent to obtain expandable precursor material. The wire-shaped precursor 
material (diameter Ø = 3 mm) is then cut into small granulates (length l = 2 mm) (Stöbener 
and Rausch, 2009), which are expanded into sphere-like foam elements (see Figure 2.6) due 
to the thermal decomposition of the TiH2 foaming agent in a continuous belt furnace. This is 
driven by internal gas pressure, surface tension and the formation of an oxide skin. Three 
sizes of APM foam elements have been manufactured so far with diameters 5, 10, and 15 mm 
and foam element densities varying from 0.5-1.0 kg/m3 (IFAM, 2007, Lehmhus et al., 2009). 
Structures assembled by APM foam elements exhibit two types of porosity: (i) the inner 
porosity in single APM foam elements (approx. 70%) and (ii) the outer porosity between 
many APM foam elements which depends on the size of the APM elements and their 
arrangement (Stöbener et al., 2005a). Detailed information on the automated production of 
APM foam elements can be found in the literature (Stöbener and Rausch, 2009). 
 
Corevo® foams. Corevo® foam is sometimes referred to as salt foam and is a new type of 
cellular material. This new material belongs to the class of open-cell type cellular metals. A 
photograph of Corevo® foam is shown in Figure 2.7. This lightweight structure is fabricated 
by means of infiltration casting method. The pores in the final product are filled with salt 
dough which acts as a placeholder before they are dissolved. Depending on the size of the salt 
dough pellets which can be selected from 2mm-10mm interval, broad range of porosities (65-
85%) can be achieved. 
 



13 
 

 
Figure 2.7: Light photographs of Corevo® foam samples 

 
Perlite-MSF. A new type of metallic cellular foam material was introduced recently using 
low-cost expanded perlite (EP) particles as a filler material making use of the infiltration 
casting manufacturing technique. A reconstructed 3D model based on micro-computed 
tomography data of this syntactic foam is shown in Figure 2.8. The metallic matrix of the 
foam is made of A356 aluminium alloy. The manufacturing process includes the counter 
gravity infiltration of molten aluminium into a packed bed of perlite particles. The production 
cost of perlite-MSF is relatively low compared with other MSFs due to its inexpensive raw 
materials (filler particles and matrix) without the need of prolonged holding time in the 
furnace (>20 minutes) (Taherishargh et al., 2014). Perlite particle size ranging from 1-5.6 
mm can be used during the manufacturing process and this defines the final porosity of the 
foam. To achieve a homogeneous filler particle distribution, the mould is vibrated at 
controlled time intervals. The molten aluminium is injected through a small orifice from the 
bottom to the top of a graphite mould. A stainless steel mesh is positioned on top of the 
mould to hold the mixture of aluminium melt and (buoyant) perlite particles in place. Finally, 
the mould is cooled to room temperature before the sample is removed. 
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Figure 2.8: Perlite-MSF original sample and a virtual model (of another sample) 

reconstructed using µCT data  
 

 
2.2.2 Production of tissue engineering scaffolds 
To date, the most effective methods to manufacture tissue engineering scaffolds are 
robocasting (Russias et al., 2007), sol-gel synthesising (Menon, 2009), thermally induced 
phase separation (Torres et al., 2007) and the foam replication method (Fu et al., 2009). 
Details of some of these methods are described in this section.  
 
Robocasting. Robocasting is a technique used to manufacture an object layer-by-layer, often 
with the help of computer-aided design (CAD) (Hutmacher et al., 2004). In this technique, the 
three-dimensional (3D) printer’s inkjet in the form of aqueous paste is deposited on top of the 
previous layer through a small orifice of a nozzle (Yeong et al., 2004). The porosity of the 
horizontal XY plane is controlled by adjusting the neighbouring filaments. The vertical Z 
space is created by extruding subsequent layer of filaments over previous layer of filaments. 
One of the restrictions of this rapidly increasing biomaterial scaffolds production method is 
the limited range of materials that can be transformed into aqueous paste while retaining their 
bioactivity. Biomaterial scaffolds containing bioactive glass manufactured using robocasting 
method have been reported in (Russias et al., 2007), but the information on production of 
bioactive glass scaffolds using similar methods is very limited. Recently, bioactive glasses 
from the 6P53B group have been used in robocasting methods to produce glass scaffolds that 
exhibit a compressive strength comparable to human cortical bone (~ 136 MPa) (Fu et al., 
2011b).   
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Sol-gel processing. Sol-gel synthesis is another technique to fabricate bioactive glass 
scaffolds. Scaffolds produced by the sol-gel method have a few advantages such as a 
hierarchical pore morphology and good process control (Menon, 2009, Uchida et al., 2003, 
Fu et al., 2011a). Hierarchical pores positively promote the response of human cells towards 
the scaffold. The likely explanation for this behaviour is that the scaffold structure 
successfully mimics the hierarchical nature of tissues and physiological environment (Fu et 
al., 2011a). In spite of many good characteristics found in scaffolds derived from sol-gel 
method, their structures have a relatively low strength (0.3-2.3 MPa) (Jones et al., 2006) and 
consequently this scaffold material can only be exploited in low load-bearing tissue areas. 

Foam replication. The foam replication method was first used to produce macro-porous 
ceramics (Karl and Somers, 1963), before it was adapted to successfully create porous glass 
scaffolds. The chief advantage of the foam replication method is its ability to produce highly 
porous glass scaffolds with an open and interconnected porosity of up to 95% (Fu et al., 
2011a). Scaffolds that can be produced with the foam replication method include various base 
materials such as silicate (Vitale-Brovarone et al., 2009), borosilicate (Fu et al., 2010) and 
borate bioactive glass (Fu et al., 2009). However the challenge of biomaterials produced by 
this technique is their relatively low mechanical strength compared to trabecular bone. Post-
processing of glass scaffolds produced by foam replication such as coating with porous 
poly(D,L-lactide) PDLLA (Novak et al., 2009, Gerhardt et al., 2007) or carbon nanotubes 
can be used to improve the strength of the glass scaffold. It has been reported that PDLLA 
coated glass scaffolds are seven times stronger than their uncoated counterparts (Novak et al., 
2009). This strengthening mechanism could be attributed to the filling of micro-cracks in the 
thin struts by the PDLLA slurry (Fiedler et al., 2014). The present study focuses on scaffolds 
manufactured using the foam replication method. The resulting scaffolds exhibit porosities 𝑝 
> 90% and an average pore size of 300 µm.  

 
2.3 Applications 
Both cellular metals and tissue engineering scaffolds are able to fulfil several functions. This 
ability is useful when optimisation is needed to comply with demanding working conditions. 
For example, cellular metals can be used to sustain a relatively high temperature of exhaust 
smoke emitted directly from an internal combustion engine when applied as a silencer or 
catalyst (Tritt, 2004, Merkel et al., 2009). The new generation of biomedical scaffolds can 
not only be exploited as medical prostheses, but the same structure can also be a catalyst for 
cell growth during the patient’s healing process (Glorius et al., 2011, Li et al., 2009). 
 

2.3.1 Multi-functional cellular metals 

High strength-to-weight ratio structures. Some industries, for example aerospace, demand 
materials that are simultaneously lightweight and strong. Similarly, modern motor vehicles 
benefit from the use of lighter materials. The use of such design materials reduces the energy 
consumption and facilitates the acceleration of the vehicle. Other examples of metal foams 
used in lightweight structures are robotic arms, milling machine tables (Baumeister et al., 
2004) and laser head mountings (Hipke et al., 2007). Another interesting application is the 
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development of cone 3936 for Ariane 5 as shown in Figure 2.9. The cone structure of 
European Space Agency (ESA) rocket is built using aluminium foam sandwiches (AFS). The 
cone structure is an assembly of 12 segments (see Figure 2.9b) with an integrated flange used 
to hold them in position (Schwingel et al., 2007). The cone structure has been tested at the 
prototype stage where around half of the limit load during launch was used. Sound agreement 
was found between the predictions made by numerical simulations and the static test. The 
cone structure with aluminium foam core can be seen as a promising candidate for future 
lightweight rocket construction.  

 

Figure 2.9: Cone prototype constructed for the body of Ariane 5 rocket, a) assembled AFS 
segments, b) close-up view of foam sandwiched by aluminium sheets (Image adapted from 
Schwingel et al., 2007). 

 
Energy absorption. Another important property of cellular metals is their ability for 
controlled collapse under high loads. This is due to the ability of the material to be 
compressed at a constant stress level within the stress plateau until the densification point is 
reached. A huge amount of energy can be absorbed by the unique structure of these metallic 
porous materials.  
 
This is the perfect property for sacrificial components in modern vehicle design, for example 
a crash impact absorber. The cellular metals may be fitted to a vehicle and designed to 
collapse in order to protect passengers (Banhart and Weaire, 2002). Due to the cell wall 
structure in metal foams, a high compression load can be effectively absorbed by means of 
plastic deformation. Unlike polymer foams where energy is stored elastically and released 
after unloading, the absorbed energy in metallic foams is permanently converted into plastic 
deformation and thermal energy. One of the metal foam examples that are already 
commercially used is Alulight®. This closed-cell type of cellular metals is currently used in a 
side skirt crash absorber for luxury vehicles (Hipke et al., 2007). 
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Thermal applications. Cellular metals can be used in a wide range of heat transfer related 
applications especially where lightweight structures that retain strength and toughness are 
needed. Unlike polymer foams that are broadly used due to their low thermal conductivity 
(e.g.: polystyrene hot-drink cups) metallic foams are ideal for heat transfer enhancement. 
Open-cell metals can be used in applications such as cryogenic heat exchangers, heat 
exchangers for airline equipment, coal combustors, heat sinks for high-powered electronic 
devices, heat shielding for aircraft exhaust, compact heat exchangers, liquid heat exchangers, 
air-cooled condenser-cooling towers and regenerators for thermal engines (Lu et al., 1998). 
 
Structural vibration damping. The low density of most cellular metals makes the material 
suitable for adding to components where excessive vibrations occur. Inside the porous 
structure of cellular metals mechanical vibrations are transformed into thermal energy thus 
reducing the vibration energy. As a rule of thumb, the smaller the pores within a cellular 
metal, the better vibrations can be absorbed (Raju et al., 2007). Examples for the application 
in vibration damping are a high speed cutting machine and machine arm (Baumeister and 
Weise, 2000, Baumeister and Molitor, 2009). The vibrational behaviour of hollow sphere 
structures (HSS), a closed-cell type of cellular metal, has been addressed by Merkel et al. 
2009. A good correlation between numerical and experimental frequency results was found.  
 
Sound absorption. The unique structure of metal foams allows them to attenuate sound waves 
and acoustic energy by transforming them into heat energy. For this reason, open-cell 
metallic sponges are able to act as an acoustic absorber. For sound absorption (i.e. such as in 
a theatre), cellular metals absorb sound waves once they enter the pore cavities. However, the 
dimension of the cavities must be compatible with the wave length of the sound to enable 
them to penetrate into the porous material. In this application, the multi-functional properties 
of the metal foam add further advantages.  The metal is durable to the most adverse work 
conditions such as high temperature, humidity and vibrations (Stöbener et al., 2003) and non-
combustible. An example for an industrial application is a gear wheel equipped with 
aluminium foam components. The cellular structure of metal foam in the gear provides two 
benefits: 1) Noise emission is reduced by the hybrid gear and 2) The total weight of the gear 
wheels is lowered by 25%. 
 
2.3.2 Tissue engineering scaffolds in applications 

Ceramic biomaterials have been widely applied in biomedical implant such as dental and 
orthopaedic implants (Boccaccini et al., 2005). Tissue engineering scaffolds which also fall 
under ceramic biomaterial category, are fabricated to act as a bone graft (Hollister, 2005). 
Over a decade of development, the tissue engineering scaffolds have been improved to 
become bioactive and biodegradable. This improvement indeed is useful since the commonly 
practiced revision surgery need not be executed. Besides the cost being significantly 
decreased by avoiding revision surgery, the biodegradable scaffolds also reduce adverse risk 
to human health caused by permanent bone implants.  
 
In developing this artificial bone, collaboration between powder metallurgy (PM) material 
engineers and clinical experts produces a material that is biodegradable. Open-cell cellular 
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materials made of Fe0.6P alloy has been successfully implanted in the femur of adult sheep 
and shows good biocompatibility and no inflammatory response of the surrounding bone 
tissue (Quadbeck et al., 2010). Another research team at Fraunhofer IFAM in Germany 
investigated the same open-cell cellular structure but using Ti6Al4V alloy. The resulting 
bone implant matched the strength of real bone tissue and most importantly allows bone cells 
and blood vessels to grow inside the cellulous structure (Stephani, 2010, Muñoz-Bonilla et 
al., 2013).  
 
Titania scaffolds belong to the ceramic tissue engineering sub-group. Titania scaffolds 
derived from the foam replication method can reach an overall porosity of up to 85%. 
Furthermore, the microstructure of this material is similar to that of human trabecular bone 
(Fu et al., 2008). Titania scaffolds are designed to act as a temporary support for the bone 
tissue regeneration. Titania scaffolds have been proven to be applicable for such application 
and a large number of studies have been reported on in vivo implantation in laboratory 
animals such as rabbits (Kłodowski et al., 2014, Liu et al., 2004), minipigs (Tiainen et al., 
2012), rats (Meretoja et al., 2007, Midha et al., 2013) and  humans (Fu et al., 2008). Several 
factors including biocompatibility, cell attachment ability and size of the pores determine the 
suitability of the scaffold to serve its ultimate purpose. 
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2.4 Limitations 
In spite of having the ability to combine multiple functions into a single material, cellular 
metals and tissue engineering scaffolds are restricted by some factors. These limitations often 
stem either from lack of research or unknown parameters (i.e. pore coalescence, precise 
degree of bioactivity, etc.) (Boomsma and Poulikakos, 2001, Yeong et al., 2004). However, 
these challenges become the driving force for engineers and material scientists alike to probe 
into the problems and develop viable solutions. As a result, further improvement can be 
accomplished.  
 
Cellular metals. The scattering of material parameters represents an essential limiting factor 
for the large-scale industrial usage of cellular metals. Their stochastic geometry results in 
unpredictable mechanical properties. However, this problem can be overcome by finding 
ways to control the pore structure during the manufacturing process. By increasing control 
over the pore creation in cellular metals, it will allow better homogeneity of its morphology 
and topology (pore size distribution, pore shape and cell wall geometry) (Markaki and Clyne, 
2001, Vesenjak et al., 2008). As a result, a better control of these important parameters will 
allow a close control of the mechanical properties. Some researchers solve this problem by 
introducing a method where homogeneous metallic hollow spheres are assembled to form a 
metallic foam (Augustin and Hungerbach, 2009). A related approach is the use of a precursor 
heat expansion which consists of a mixture made up of metal powder and a powdered 
blowing agent (Stöbener et al., 2005a) to create APM foam elements. Another important 
challenge for cellular metals to enter the mainstream market is the reduction of their high 
manufacturing cost. 
 
Tissue engineering scaffolds. Numerous investigations have been reported in the literature 
showing that tissue engineering scaffolds can be manufactured using a variety of different 
base materials. Nevertheless, there are still a few aspects that hinder the advance of these 
innovative materials. First, the mechanical integrity of biomaterial scaffolds is frequently 
found to be below targeted application requirements. To compromise, an initially fragile 
tissue engineering scaffold usually needs a second treatment such as surface coating (Novak 
et al., 2009, Meng et al., 2009) or the incorporation of enforcement particles within the 
biomaterial scaffold (Rezwan et al., 2006). Secondly, the tissue engineering scaffolds always 
suffer from inadequate structural design. The need for highly porous scaffolds (~90% 
porosity) (Novak et al., 2009) to accommodate the cell growth impedes the optimisation of 
mechanical properties. Thirdly, a disadvantage is caused by the complexity of experimental 
tests with biological tissues which requires a long characterisation period (Kokubo and 
Takadama, 2006). This difficulty constrains the speed of acquiring essential data. Lastly, the 
adhesion of cells or degree of bioactivity within the implant is hindered by unsuitable 
scaffold surfaces which reduce the effective new cell growth (Liu et al., 2004, Rohanová et 
al., 2011). This is yet another challenge for tissue engineering scaffolds researchers and to 
date, several proposed methods (i.e. heat treatment) have already been reported in the 
literature. 
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Chapter 3  

Mechanical properties of aluminium foam derived from 

infiltration casting of salt dough 

 
Chapter 3 investigates the mechanical properties of Corevo® aluminium foam under quasi-
static compression. This Chapter showcases the combined experimental and numerical testing 
approach that is further applied in the following Chapters 4, 5 and 6. The quasi-static 
mechanical characterisation of aluminium foam structure derived from infiltration casting of 
salt dough is discussed in this Chapter.  
 
The effective elastic gradient (Young’s modulus equivalent), Poisson’s ratio, initial yield 
stress and 0.2% offset yield stress are determined experimentally and numerically. The 
complex internal geometry of the sample is successfully captured by means of micro-
computed tomography (μCT) imaging approach. The investigations are made using the 
numerical model and further test the mechanical anisotropy of the material. The numerical 
simulation also provides additional insight on the distribution of the plastic deformation 
within the material’s meso-structure. To introduce compressive loading (performed on a total 
of four samples), appropriate boundary conditions are prescribed on the surfaces of the 
numerical models. Mechanical behaviour that is typical for cellular metals (e.g. initial elastic 
gradient followed by a plateau stress and densification) is found with a noticeable elastic 
anisotropy. Mechanical anisotropy is observed for Young’s modulus and the initial yield 
stress, markedly in the direction that is parallel to the casting direction. Sound agreement 
between experimental and numerical results was found. The numerical analysis indicated that 
initial plasticity tends to occur in thin struts of the meso-structure which are parallel to the 
macroscopic loading direction.  

The findings from this investigation enhance the knowledge of the compressive properties of 
open-cell type cellular metals under quasi-static loading. Results presented in this Chapter 
also add more information on cellular metals derived from infiltration casting.  

This investigation has been published online and accepted for print publication by the journal 
Computational Materials Science. 
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Cellular metals combine a range of attractive properties. Due to [8,9]. It enables mechanical testing of materials without destroying

their high porosity they are relatively light whilst maintaining a
high level of strength [1]. Furthermore, they can be used for the
damping of structural and acoustic vibrations [2]. Their versatile
thermal properties make them especially attractive for use in ther-
mal conductivity enhancement [3] or heat exchangers [4]. Finally,
cellular metals exhibit controlled deformation behaviour under
compressive loading making them optimum materials for plastic
energy absorption applications [5,6]. Corevo� aluminium foam is
a novel type of cellular metal consisting of an aluminium matrix
and an interconnected pore network. In this paper and for the first
time, its mechanical properties are characterised using experimen-
tal and numerical methods.

Corevo� foam is manufactured by a replication process based
on salt dough as a spacer material [7]. Salt dough pellets are man-
ufactured with sizes ranging from 2 to 10 mm (dictating the final
pore size of the foam) and compressed into a preform (the com-
pression step dictates the final foam porosity ranging from 70%
to 80%). Aluminium is then infiltrated inside the preform by a
low pressure die casting process. After this step, the salt is rinsed
away to obtain the final foam. This process is quite versatile, allow-
ing for foam parts with various shapes and sizes as well as the inte-
gration (one shot during casting or by integration of external
elements at the preform stage) of dense metal parts.

Finite element analysis of models based on micro-computed
tomography (lCT) data is now an established tool for the numeri-
cal analysis of cellular metals and their complex meso-structures
samples, the study of anisotropy, strain rate dependency and the
visualisation of stresses within the material [10]. Furthermore,
geometric modifications of the models enable the virtual study of
material defects or the improvement of materials [11].

Fig. 1 shows a light photograph and lCT reconstruction of one
of the tested cylindrical Corevo� foam samples. A total of four
cylindrical samples have been used for the mechanical character-
isation of Corevo� aluminium foam. These samples are analysed
using experimental and numerical testing to determine their effec-
tive Young’s modulus, Poisson’s ratio and yield strength.

A total of four samples have been tested in the experimental
analysis. Prior to uni-axial compression, samples 2 and 3 were
scanned using lCT imaging for additional numerical analysis. The
voxel size in both scans was 36.25 lm. All samples exhibited a
cylindrical shape (diameter and height d = h = 25 mm). The masses
m of each sample are listed in Table 1. The sample porosity p was
calculated in two steps. First, the metal volume Vm was obtained by
dividing the mass by the density of the aluminium alloy (i.e. qA-
l = 2670 kg/m3 [12]). The combined volume of the pores is then
the metal volume Vm subtracted from the cylinder volume p�d2�h/
4. Subsequent normalisation of the pore volume with the cylinder
volume yields the porosity p. For samples 2 and 3 where lCT data
were available the specific internal surface area Si was determined.
In the first step the lCT data was segmented by identifying the
metallic phase using the software ImageJ. The segmentation
threshold was adjusted iteratively until the segmented metal vol-
ume corresponded to the calculated metal volume Vm. Next, a fine
STL surface mesh was generated that encloses the segmented me-
tal volume using the commercial software Mimics 10. The area of
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Fig. 1. Corevo� aluminium foam cylinder (d = h = 25 mm): (a) photography of
sample #3 and (b) lCT reconstruction of sample #3 sliced along its centre.

Table 1
Samples’ characteristics.

Nr m (g) p (%) Si (mm2/mm3)

#1 9.165 71.7 –
#2 8.900 72.6 1.48
#3 8.970 72.4 1.49
#4 8.875 72.6 –
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the surface mesh was divided by the cylinder volume in order
to calculate the specific internal surface area Si. The values
indicated homogenous geometric properties of the samples
considered.

Compressive testing was performed on a Shimadzu 50 kN uni-
axial testing machine. The speed of the machine crosshead was
0.5 mm/min (quasi-static compression). Compressive forces F were
measured using a 50 kN load cell. Displacements u were obtained
using a novel optical measurement system that provides superior
accuracy (resolution 3.4 lm) at small displacements and machine
crosshead displacement data at large displacements. Images were
recorded with a frequency of 1 s�1. The force–displacement curve
obtained was transformed into engineering stress–strain data
using the initial cylindrical cross section A0 and height h0, i.e.
r = F/A0 and e = Du/h0. A total of four specimens were tested with
the results being shown in Fig. 2. The effective Young’s modulus
(z-direction) is identical to the initial slope of the stress–strain
curve. The corresponding values are E1 = 7.15 GPa, E2 = 6.52 GPa,
E3 = 5.38 GPa, and E4 = 6.29 GPa where the subscript indicates the
sample ID. Furthermore, the 0.2% offset yield strength r0.2 was
Fig. 2. Stress–strain data of the experimental measurement.
determined and similar values were found for all samples
(r0.2,1 = 11.2 MPa, r0.2,2 = 11.0 MPa, r0.2,3 = 11.2 MPa, and
r0.2,4 = 12.4 MPa). The densification strain was defined as the strain
where stress first exceeds 20 MPa. The corresponding values are
ed1 = 0.59, ed2 = 0.55 ed3 = 0.43, and ed4 = 0.60. It is interesting to
note that the onset of densification occurs earlier in sample 3.

Segmented micro-computed tomography data were converted
into high resolution finite element calculation models that accu-
rately capture the complex meso-structure of the material. In the
first step, two non-intersecting cubes with a side length of
10 mm were extracted from each of the two cylindrical lCT data
sets of samples 2 and 3. Mixed meshes containing tetrahedral, pen-
tahedral and hexahedral elements exhibit minimum element dis-
tortion and thus superior numerical accuracy [13] and were used
in the present analysis. Preliminary mesh refinement analysis indi-
cates a minimum of 710,000 nodes per model for numerical con-
vergence. Analogous to the experimental testing, uni-axial
compressive loading was simulated. To this end, a time-dependent
compressive boundary condition was prescribed at one surface of a
cube whilst the opposing surface was constrained in its normal
direction. By alternating the orientation of these planes, material
anisotropy was tested. All other surfaces remained unconstrained.
For the subsequent calculation of Poisson’s ratio, averaged dis-
placements of the nodes within the free surfaces were used. The
chemical composition of the metallic base material corresponds
to AlS7G06. Accordingly, the following base material properties
were used in the numerical analysis: Young’s modulus
E = 72.4 GPa, Poisson’s ratio m = 0.33, and initial yield stress
r0 = 241 MPa. Plastic hardening was modelled using a tangent
modulus T = 2.3 GPa to match the ultimate yield stress ru = 310 -
MPa at eu = 0.03 [12].

A user-supplied subroutine was applied to log the total nodal
reaction force F and nodal displacement Du. Based on these values
and identical to the procedure used in experimental testing, engi-
neering stresses r and strains e were calculated. The numerical
stress–strain data were used to extract the effective material prop-
erties of Corevo� aluminium foam. Fig. 3 shows the effective
Young’s modulus and initial yield stress. Young’s modulus ranges
from 3.4 to 7.7 GPa and a distinct elastic anisotropy was found.
The effective Young’s modulus was relatively consistent in the x
and y-directions. However, in the casting (i.e. z) direction distinctly
higher values were found. Especially the extracted cubes #2b and
#3a showed excellent agreement with experimental results. The
initial yield stress (see Fig. 3b) is the macroscopic stress at the in-
stant when plasticisation first occurs within the numerical calcula-
tion model. The material property follows the anisotropy found for
Young’s modulus. This material property can only be determined in
numerical analysis and limits the range of purely elastic
deformation.

Poisson’s ratio m (see Table 2) was calculated by dividing the
average length change Du\ perpendicular to the loading direction
by the average length change Duk parallel to the loading direction,
i.e. m = �Du\/Duk. The orientation of Poisson’s ratio is indicated by
its subscripts with the first subscript indicating the loading direc-
tion and the second subscript the transverse direction. The results
are summarised in Table 1 and show values between 0.17 and 0.36.
Minimum values are found for compression in the x or y-directions
and transverse deformation in the z-direction, i.e. mxz and myz. This
can be explained by the relatively high Young’s modulus in the z-
direction (see Fig. 3a).

Furthermore, finite element analysis allows the visualisation of
the deformation mechanism within the material’s meso-structure.
Fig. 4 shows the distribution of equivalent plastic strain at a mac-
roscopic compression of 10%. It can be observed that plastification
is concentrated in thin struts parallel to the loading direction. This
behaviour is observed for all (i.e. x, y, and z) loading directions.



Fig. 3. Results of the finite element analyses: (a) effective Young’s modulus and (b) initial yield stress.

Table 2
Poisson’s ratio.

#1 #2 #3 #4 Average

mxy 0.31 0.26 0.31 0.30 0.30
mxz 0.17 0.18 0.18 0.20 0.18
myx 0.36 0.32 0.31 0.30 0.32
myz 0.19 0.17 0.20 0.19 0.19
mzx 0.32 0.26 0.23 0.30 0.28
mzy 0.24 0.25 0.32 0.30 0.28

Fig. 4. Distribution of equivalent plastic strain (sample #2a).
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This paper addressed the mechanical properties of Corevo� alu-
minium foam. Combined experimental and numerical analysis al-
lowed the determination of the effective Young’s modulus,
Poisson’s ratio, initial yield strength and 0.2% offset yield strength.
The elastic anisotropy was found with Young’s modulus ranging
from an average of 3.9 GPa in the x–y plane to 5.9 GPa in the z-
direction. Similar behaviour was found for the initial yield stress
(x–y plane 0.6 MPa and 1.14 MPa in the z-direction). Good agree-
ment between experimental and numerical results for Young’s
modulus was found. Experimental analysis further indicated val-
ues of the 0.2% offset yield strength between 11.0 MPa and
12.4 MPa. The densification strain (i.e. the strain where 20 MPa is
first exceeded) was found to range from 0.43 to 0.60. Finally,
numerical analysis indicates that initial plasticisation was concen-
trated in thin struts of the meso-structure parallel to the macro-
scopic loading direction.
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Chapter 4 

On the particle size effect in expanded perlite aluminium 

syntactic foam 

 
Chapter 4 addresses a different type of cellular metal manufactured by infiltration casting. 
The difference to the material in the previous Chapter is a different spacer material, i.e. 
expanded perlite particles instead of salt dough. These expanded perlite particles have a very 
low density and thus may remain in the structure without noticeably increasing its weight. 
However, they are very weak compared to the metallic matrix and cannot bear a significant 
load. The material investigated in this Chapter can be categorised as a “syntactic foam”. 
Syntactic foams are defined as a cellular material containing hollow inclusions (often but not 
always of a near spherical shape) surrounded by a matrix material (Couteau and Dunand, 
2008).  
 
The present Chapter focuses on the effect of different filler particle sizes on the geometry of 
the syntactic foam and its mechanical properties. Samples are made using A356 aluminium 
alloy. Infiltration casting is used to manufacture the syntactic foam by using expanded perlite 
(EP) as filler material. The investigation addresses two main objectives:  

1) the influence of EP particle size on microstructural, geometrical, and mechanical 
properties of the foams and 

2) the effect of heat treatment on the mechanical response of perlite-MSF foam.  
To this end, EP particles with three different size ranges are used for sample preparation and 
all samples undergo a T6 heat-treatment. The mechanical properties elastic gradient, yield 
stress, plateau stress, and energy absorption are examined in this Chapter. The findings 
indicate that when inspected under an electron microscope, samples containing smaller 
particles have a refined cell wall micro-structure with small dendritic arms. The filler particle 
size is further found to directly affect the homogeneity of the foam’s cell-wall geometry. 
Foam structures with smaller particles exhibit a superior mechanical response, chiefly due to 
its more uniform and refined grain cell-wall microstructure compared to bigger particle size 
sample counterparts.  
 
Results from this investigation contribute significantly to the understanding of cellular metals 
manufactured from infiltration casting methods. The mechanical response of the material is 
influenced markedly by filler particle size and heat treatment. 
 
This investigation has been published online and accepted for print publication by the journal 
Materials and Design. 

Taherishargh, M, MA Sulong, IV Belova, GE Murch, T Fiedler, "On the particle size effect 
in expanded perlite aluminium syntactic foam" Materials and Design 66 (2015): 294-303. 
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Packed beds of expanded perlite (EP) particles with three different size ranges (1–1.4, 2–2.8, and
4–5.6 mm) have been infiltrated with molten Al to produce EP/A356 Al syntactic foam. A T6 heat treat-
ment was applied to the foams. The effects of EP particle size on microstructural, geometrical, and
mechanical properties of the foams were investigated. The EP particle size determines the number of cells
across the sample diameter (7–25). It also influences the microstructural characteristics of the cell-wall
alloy and the homogeneity of the cell-wall geometry. Enhanced microstructural characteristics and a
greater geometrical homogeneity of the cell-wall in the case of smaller EP particles result in superior
mechanical properties. The compressive deformation becomes more uniform by decreasing the EP
particle size resulting in smoother and steeper stress–strain curves. As a result, these foams exhibit
higher plateau stresses and improved energy absorption. The number of cells across the sample diameter
does not have a significant effect on the mechanical properties of the samples considered.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Metallic foams are characterized structurally by their cell type
(open or closed), porosity, cell shape, and cell size [1–3]. Such
structural properties can be tailored by utilizing hollow or porous
particles to introduce the porosity in case of metallic syntactic
foams [4–7]. It has been shown that the mechanical response of
the metallic foams under compression depends on the structural
characteristics. There has been good agreement on the effect of
density and cell shape on the mechanical properties. It is now well
accepted that the plateau stress and energy absorption of the
metallic foams depends on density [1,8–12] and cells geometry
[3]. In the case of metallic syntactic foams, the density and cell
shape cannot always be varied freely since they depend on the fil-
ler particles’ morphology and density [13]. However, the cell size
can be controlled easily by the filler particle size. Studies have
shown that reducing the particles’ size enhances the mechanical
properties of syntactic foams containing high strength hollow
spheres [4,14–17]. The explanation is in the fact that the wall
thickness to diameter ratio is higher in the case of smaller particles
[4,14,15,18]. However, there are some contradictions on the effect
of cell size on the mechanical properties of foams containing no fil-
ler materials. Some researchers reported that the mechanical prop-
erties of the foams improve as the cell size decreases [11,12,19],
while others have shown that there is an optimum cell size at
which the foam has superior mechanical properties [9,20,21].
Interestingly, some reports have shown that decreasing the cell
size reduces the plateau stress and the energy absorption of the
foams [1,22,23].

In a previous study, we introduced expanded perlite (EP), a nat-
ural porous volcanic glass, as a new filler material which offers
lower density and cost for metallic syntactic foams [13]. However,
unlike other porous filler materials [24–26] EP does not have a
direct strengthening effect in EP/A356 Al syntactic foam. These
foams show mechanical behaviour similar to metallic foams that
contain no filler material because of the low mechanical strength
of EP. Heat treatment proved to be an efficient process to improve
the mechanical properties of the EP/A356 syntactic foam [27].
While changing the particles’ size could be a good approach to tai-
lor mechanical properties, this has not been reported in the case of
syntactic foams containing low strength porous filler particles. In
the present study, we report on an investigation of the effect of
EP particle size on mechanical properties of heat-treated EP/A356
syntactic foam.
2. Experiment

2.1. Foam preparation

Syntactic foams composed of A356 aluminium alloy and EP par-
ticles were synthesised by a counter gravity infiltration process.
The A356 aluminium alloy with a composition of 7.2 wt% Si,
0.4 wt% Mg, 0.1 wt% Ti, 0.12 wt% Fe, and the balance aluminium,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2014.10.073&domain=pdf
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mailto:Mehdi.Taherishargh@uon.edu.au
http://dx.doi.org/10.1016/j.matdes.2014.10.073
http://www.sciencedirect.com/science/journal/02613069
http://www.elsevier.com/locate/matdes


M. Taherishargh et al. / Materials and Design 66 (2015) 294–303 295
provided by the supplier (Hayes Metals), was used as the matrix.
According to their product specification, the EP particles have the
composition of 75 wt% SiO2, 14 wt% Al2O3, 3 wt% Na2O, 4 wt%
K2O, 1.3 wt% CaO, 1 wt% Fe2O3, 0.3 wt% MgO, 0.2 wt% TiO2 with
traces of heavy metals. The EP particles were sieved to 3 size
ranges (1–1.4 mm, 2–2.8 mm, 4–5.6 mm) and thus have a 40% size
increase within and between the groups. The sieving process was
done by a vibrating machine with frequency of 50 Hz. The sieves
with the standard ASTM mesh sizes were used (ASTM No. 18, 14,
10, 7, 5, and 3.5 corresponding to 1, 1.4, 2, 2.8, 4, and 5.6 mm open-
ings). A detailed description of the infiltration process along with
the set-up configuration can be found in [13]. The samples under-
went a T6 heat treatment comprising a solution treatment at
540 �C for 16 h followed by water quenching. Subsequent aging
was performed at 160 �C for 10 h.

The exact height (h) and diameter (d) of the cylindrical samples
were measured using a digital calliper and the foam volume was
calculated. The density of samples was calculated by dividing the
sample mass by this volume.
2.2. Microstructural observations

Sections were cut from some of the foam samples with a silicon
carbide disc cutter. Standard grinding was performed manually
using 180-, 240-, 320-, 600-, and 1200-grit silicon carbide papers
on disc rotating with speed of 240 rpm. Subsequent polishing with
0.5 lm and 0.05 lm diamond powder suspended in distilled water
resulted in mirror-like surfaces. The microstructure of the cell
walls was investigated using an Olympus BX60 M optical
microscope.
2.3. lCT observations

lCT scans were prepared from samples containing small,
medium and large EP particles. All images were captured using
an Xradia MicroXCT-400 machine with a Hamamatsu L8121-03
X-ray source with a constant voxel size of 35.32 lm. The selected
acceleration voltage was 140 kV with a current of 70 lA.
2.4. Compression test

Compression tests were conducted according to the ISO-13314
standard [28]. Five cylindrical samples for each particle size were
prepared to generate statistically significant data. The compression
tests were conducted on a uni-axial computer-controlled 50 kN
Shimadzu testing machine with the crosshead speed 3 mm/min
corresponding to a strain rate of 10�3 s�1. Both ends of the samples
were ground and lubricated by a silicon lubricant to reduce the
friction between the samples surface and loading platens. The load
and cross-head displacements were recorded by the data acquisi-
tion software Trapezium2. The engineering stress–strain data
was then calculated based on the initial sample cross-section and
height.
3. Results

3.1. Samples porosity and lCT observations

Fig. 1 shows the syntactic foams with small sized particles (SP),
medium sized particles (MP), and large sized particles (LP) and a
constant diameter of 30 mm. The dense packing and uniform dis-
tribution of the EP particles throughout the sample is a result of
the 5-step filling and vibration of the mould [13]. Most of the sur-
face particles were removed from the pores during the machining
and surface grinding due to the weak bonding between the EP par-
ticles and Al matrix.

It has been shown that the surface and internal pores of EP par-
ticles are not infiltrated by molten Al [13]. Accordingly, the volume
fraction of EP particles (FP) can be calculated as:

Fp ¼
V sf � ððmsf �mpÞ=qAlÞ

V sf

� �
ð1Þ

where Vsf is the foam volume, mp is the combined perlite mass, msf

is the syntactic foam mass, and qAl is the density of aluminium
(2.68 g/cm3 according to the mixing rule). Also, the density of EP
particles (qP) can be calculated as:

qp ¼
mp

V sf � ððmsf �mpÞ=qAlÞ
ð2Þ

The total porosity of syntactic foam (FTP) is then obtained as:

FTP ¼ Fp � 1�
qp

qs

� �
ð3Þ

where qs is the density of the solid part of the perlite particles
(2.79 g/cm3) [13]. Table 1 shows the density data of the Ø30 mm
samples with different EP particle sizes. The standard deviations
of density are 0.04, 0.018, and 0.008 mm for SP, MP, and LP foams
respectively. Accordingly, the SP foams exhibit the highest scatter-
ing of density. This scatter decreases significantly as the particle
size increases. The smaller particles create a higher fraction of nar-
row regions between neighbouring particles which require a higher
pressure for effective infiltration with molten metal [29]. However,
based on the lower density of small EP particles (see EP particle
density in Table 1), one can assume that they have a lower strength
which makes them more susceptible to collapse at high pressures.
Accordingly, small variations in infiltration pressure may either
result in incomplete infiltration or the collapse of EP particles thus
causing the relatively high scatter of density in the SP samples.

Micro-computed tomography (lCT) data was obtained for one
additional sample of each particle size. In the first step of the
lCT analysis the raw lCT data of each sample was segmented.
To this end, the perlite volume fractions of the scanned samples
were determined using Eq. (1). In an iterative process a grey-scale
threshold was then adjusted until the volume fraction of the lCT
matches this reference value [30]. As a result, voxels can be attrib-
uted to either the perlite particles (black voxels) or the metallic
phase (white voxels). It should be mentioned here that perlite
appears transparent in the lCT data due to its low density and wall
thickness.

In the following, the geometrical characteristics of the foam
structure are evaluated based on the lCT data. The uniformity of
the aluminium phase, i.e. the material distribution between the
struts and joints is analysed. A set of segmented images with
600 � 600 � 600 voxels and a voxel side length of 35.32 lm was
loaded into the open-source software ImageJ [31]. The calculations
were performed using the BoneJ plugin [32]. This plugin calculates
the local thickness by determining the diameter of the largest
sphere which can be grown inside the segmented (aluminium)
phase [32,33]. A summary of the analyses is shown in Table 2. As
expected, the average value of the local thickness decreases as
the EP particles size decreases. Furthermore, the coefficient of var-
iation (CoV) of the local thicknesses was determined. A high coef-
ficient of variation indicates a strong deviation of the local
thickness. This can be caused by (a) struts with differing diameters
and (b) by a conical shape where struts narrow towards their cen-
tre. Accordingly, the CoV predominantly quantifies the uniformity
of the aluminium phase. The values of the CoV in Table 2 indicate
that the strut thickness is more uniform in SP samples (0.36) com-
pared with MP (0.40) and LP (0.51) samples.



Fig. 1. Representative cross section of EP/A356 syntactic foam with EP particle sizes of (a) 1–1.4 mm (SP), (b) 2–2.8 mm (MP), and (c) 4–5.6 mm (LP).

Table 1
Density and porosity data of Ø30 mm samples containing EP particles with size range of 1–1.4 mm (SP), 2–2.8 mm (MP), and 4–5.6 mm (LP).

Samples EP mass (g) Foam mass (g) Foam volume (cm3) Foam density (g/cm3) EP volume fraction (%) EP particle density (g/cm3) Total porosity (%)

SP1 3.11 35.08 34.22 1.03 65.15 0.14 61.88
SP2 3.08 35.75 33.17 1.08 63.25 0.15 59.92
SP3 3.04 37.73 34.30 1.10 62.26 0.14 59.08
SP4 3.03 37.63 34.03 1.11 62.06 0.14 58.86
SP5 3.01 38.67 34.03 1.14 60.89 0.15 57.72
MP1 3.22 35.73 33.87 1.05 64.19 0.15 60.78
MP2 3.23 36.30 34.06 1.07 63.78 0.15 60.38
MP3 3.47 36.93 34.09 1.08 63.37 0.16 59.73
MP4 3.23 36.85 34.03 1.08 63.14 0.15 59.74
MP5 3.35 37.72 34.30 1.10 62.61 0.16 59.11
LP1 4.22 36.87 33.87 1.09 64.03 0.19 59.57
LP2 4.19 37.46 34.01 1.10 63.50 0.19 59.08
LP3 4.07 36.89 33.61 1.10 63.57 0.19 59.23
LP4 4.13 36.91 33.21 1.11 63.17 0.20 58.71
LP5 4.22 38.37 44.48 1.11 63.12 0.19 58.75

Table 2
Analysis of the lCT images in BoneJ.

Samples LP MP SP

Particle size range (lm) 4000–5600 2000–2800 1000–1400
Mean strut thickness (lm) 965.9 694.9 377.3
Standard deviation (r) 14.01 7.96 3.89
Coefficient of variation (CoV) 0.51 0.40 0.36
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Fig. 2 shows the cell-wall thickness distribution in samples
using the thickness command of ImageJ/BoneJ. The bright yellow
colour is assigned to the highest local wall thickness of each sam-
ple and the dark blue corresponds to the lowest wall thickness,
respectively. For better comparison, sections of foams with small
and medium EP particles are magnified to have the same relative
cell size as the LP foam. One can see that the frequency of occur-
rence of bright yellow and dark blue colour (i.e. very large and very
low local wall thicknesses) decreases as the cell size decreases.
Moreover, the colour map shifts to shades of orange indicating a
more uniform wall thickness close to the mean value. In combina-
tion with the CoV this indicates a more homogeneous wall thick-
ness distribution in the struts of SP foams.
3.2. Cell wall microstructure

Fig. 3 shows the microstructure of the cell-wall in SP and LP
foams. The microstructure of the A356 alloy consists of alumin-
ium-rich primary and secondary dendritic arms. A eutectic phase
comprising the aluminium rich phase and silicon flakes forms
between the dendritic arms during the solidification. Heat treat-
ment changes the morphology of silicon particles from flakes to a
near spherical shape and blurs the interdendritic boundaries
[27]. In the following, untreated samples (as cast) are examined
for a better illustration of the microstructure.

Cavities are the most common defect found in Al–Si alloys [34].
The microstructure of the LP foams is replete with small and big
cavities while only small cavities are scarcely observed in the case
of SP foams (see Fig. 3a and b). The main sources of such cavities
are the shrinkage accompanying the solidification in combination
with insufficient liquid metal feeding [27]. As can be seen, the cav-
ities, marked with arrows, are mainly distributed at the central
areas of the nodes. Solidification starts at the particles surfaces
and proceeds with the dendrites oriented in the corresponding
easy growth directions. Upon solidification, the molten metal is
fed to the nodes via struts to compensate the solidification shrink-
age. lCT observations showed that the ratio between the thinnest



Fig. 2. Wall thickness distribution within the samples. The dark blue and bright yellow colours are assigned to the areas with the thinnest and thickest cell walls respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Optical micrographs of cell walls in (a) and (c) SP foam; (b) and (d) LP foam.

M. Taherishargh et al. / Materials and Design 66 (2015) 294–303 297



298 M. Taherishargh et al. / Materials and Design 66 (2015) 294–303
part (the struts) and the nodes is higher in the case of foams con-
taining larger particles. Therefore, the struts are likely to solidify
earlier and block the feeding channels to the nodes. Improper melt
feeding results in the formation of large cavities at the final stages
of solidification, mainly in central areas of nodes in the LP samples.

Comparing Fig. 3c and d, one can see that the grain structure of
the aluminium matrix changes from large columnar dendritic
grains (LP) to relatively fine equiaxed dendrites (SP) as the particle
size decreases. The structure is called columnar if the dendrites’
growth is oriented in a preferential direction, whereas equiaxed
dendrites are growing in all spatial directions [35]. During solidifi-
cation, solid nuclei form at the surface of EP particles and start to
grow. Growth occurs more rapidly in direction parallel to the heat
flow direction i.e. normal to the EP particles surface. Less favour-
ably-oriented crystals grow more slowly and tend to get pinched
off by the more rapid growth of their neighbours. Several dendrites
of similar orientation can form a grain. The approximate grain
boundaries in SP and LP foams are marked in Fig. 3c and d. The
grain size is smaller in the case of SP foams. The reason could be
the higher curvature of the surface of the smaller particles and
accordingly more simultaneous solidification directions. In addi-
tion, the higher total surface area of the smaller particles results
in more nucleation sites.

3.3. Compression stress strain curves

In the following section the relative cell size, i.e. the ratio of cell
size to sample diameter is addressed. According to the numerical
study in [36], the effective stiffness and strength of a foam
decreases as the relative cell size increases. In order to address this
effect in the present study, two small SP and MP foams each with a
diameter of 15 mm and a height of 22 mm were fabricated. In this
way, the small MP foams (diameter 15 mm) have a similar relative
cell size as the LP foams with normal size (diameter 30 mm). Fig. 4
shows a Ø30 mm LP sample and Ø15 mm MP sample of similar rel-
ative cell size. Similarly, the Ø15 mm SP samples have almost the
same relative cell size as the Ø30 mm MP foams. The crosshead
speed used for the compression test of the small samples was
1.5 mm/min in order to achieve the same strain rate used for the
Ø30 mm samples.

Fig. 5 shows the quasi-static stress–strain curves of the
samples. All of the EP/A356 syntactic foams show the classical
Fig. 4. Ø30 mm LP and Ø15 mm MP samples which have the similar relative cell
size 1/7 (i.e. the ratio of average cell size diameter d to the sample diameter D).
foam stress–strain curves comprising three main regions: the elas-
tic region, the plateau at which the stress remains approximately
constant over a large strain interval and densification where the
stress increases rapidly. However, comparing Fig. 5a–c, it can be
seen that the curves become smoother and steeper as the particle
size decreases. This is attributed to a more uniform deformation
behaviour which will be discussed below. Moreover, a slight
increase in density resulted in higher stresses for all samples.
The curves of the Ø15 mm samples are close to the ones of
Ø30 mm foams of the same particle size (SP or MP). It appears that
the effect of the relative particle size can be disregarded for the
samples considered. However, the Ø15 mm samples exhibit
slightly stronger stress oscillations compared to the corresponding
Ø30 mm samples. The explanation is a smaller volume (containing
a lower number of struts) where localised deformation (e.g. the
buckling of a single strut) has a stronger impact on the macro-
scopic stress.

3.4. Compression characteristics

The compressive stress–strain response of the samples changes
significantly with the EP particle size. This can be related to the
strain hardening behaviour of the foams which has been the focus
of some research recently [37–41]. Strain hardening occurs in the
plastic region. For quantification, the strain-hardening exponent
n of the foam is obtained by fitting a power-law relation [41] (i.e.
r = K en) to the true stress–true strain curves. In the present study,
the n value was measured as the slope of a linear regression anal-
ysis of the true stress–strain data on a logarithmic scale (log
r = logK + n loge) between 10% and 40% strain.

Fig. 6 shows the change of the coefficient n with respect to foam
density and EP particle size. The n value increases considerably
with decreasing particle size. In addition, the strain hardening
exponent of the MP samples increase linearly with density. Inter-
estingly, the n value of the SP foams decreases slightly as the den-
sity increases. Some researchers reported that strain hardening is
sensitive to the foam density [40] while others found no correla-
tion between hardening and foam density [41]. Based on our
results, it seems that the dependency of the coefficient n on density
is influenced by the cell size.

Fig. 7 shows the mechanical properties of the foam samples. All
values have been derived from the stress strain curves using the
ISO 13314 standard [28]. The plateau stress (rpl) is the mean stress
between 20% and 40% of macroscopic strain. First, the sample with
the minimum density was compressed for each size batch (SP, MP,
and LP) and its plateau stress was measured. The remaining sam-
ples were unloaded at 70% and reloaded at 20% of the correspond-
ing plateau stress. Their elastic gradient was obtained as the secant
line of the resulting hysteresis loop. Alternatively, the quasi-elastic
gradient (QE) can be determined as the approximate stress–strain
gradient in the elastic region. The 1% offset yield stress (ry) was
determined using this QE. The absorbed energy was calculated
using the integral:

W ¼
Z 50%

0
rde ð4Þ

where e is the macroscopic strain. The energy absorption efficiency
was obtained as:

g ¼ W
rmaxe50%

ð5Þ

in which rmax is the maximum stress up to a strain of 50%. Finally,
the plateau end strain eple is obtained from the first intersection of
the stress–strain data with 1.3 times the plateau stress of the corre-
sponding sample.
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Regardless of particle size all mechanical properties except the
energy absorption efficiency and plateau end strain increase with
density (see Fig. 7a–d). The same observation has been broadly
reported in the literature for a variety of metallic foams
[8,40,42–45]. The SP foams have the minimum and MP foams have
the highest elastic gradient at a given density (see Fig. 7a). The
same trend is observed for the 1% offset yield stress (see Fig. 7b).

The plateau stress and the energy absorption are often consid-
ered as the most important mechanical properties of metal foams.
The degree to which the foam deviates from a constant plateau
stress is quantified by the energy absorption efficiency [40]. It
can be observed that rpl and W are considerably lower in the case
of LP foams while these foams show the highest energy absorption
efficiency even at higher densities. This is due to their relatively
constant plateau stress over a wide range of strain (see Fig. 5c).
At low densities, the plateau stress of SP foams exceeds the value
of MP foams. However, the SP foams show significantly lower
energy absorption efficiency and plateau end strain due to the rel-
atively high gradient of the plateau. Interestingly, the plateau
stress of SP foams shows less sensitivity to the density in compar-
ison to MP and LP foams. Fig. 7c shows that rp of MP and LP foams
increases with similar slopes which are distinctly higher than that
of SP foams.

Furthermore, the similarity of the mechanical characteristics of
Ø15 mm (unfilled markers) and corresponding Ø30 mm (filled
markers) samples is apparent from the graphs. This underlines
the limited effect of the relative particle size on the mechanical
properties of the foams.

4. Discussion

The mechanical properties of metallic foams depend on density,
the properties of the cell wall material, and the cell geometry [36].
The effect of density on mechanical properties of metallic foams is
often expressed using a power law relation [11,15,46]:

rpl

rys
¼ C

q
qs

� �c

ð6Þ

where rys is the yield stress of solid material, q and qs are foam
density and the density of solid material respectively, and C and n
are fitting parameters. As shown in Fig. 7, the plateau stress of all
foams increases with the foam density. Elastic stiffness, energy
absorption, and 1% offset yield stress show a similar behaviour.
The yield stress and density of heat-treated A356 alloy are
256 MPa and 2.78 g/cm3 respectively [27]. Applying Eq. (4), c has
the value of 2.4, 6.5, and 7.6 in the case of SP, MP, and LP foams.

In the case of EP/A356 syntactic foam, the microstructure and
geometry of cells are determined by the EP filler material. Smaller
EP particles yield a refined cell-wall microstructure with a smaller
grain size, fewer defects and an equiaxed dendritic morphology. In
addition, the size of the EP particles affects the geometrical
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properties of the foam in two ways: (i) smaller particles result in a
lower relative cell size which is equal to higher number of cells for
a constant sample diameter and (ii) the material distribution
between the struts and nodes change with the EP particle size.
Each of these parameters may have different effects on the
mechanical properties of the syntactic foams.

4.1. Relative size effect

According to the literature [47], the number of cells across the
sample diameter is an important parameter since the individual
response of cells during compression loading is influenced by their
location in the material. Compared to the cells located near sur-
faces, cells in the bulk experience more constrained deformation
[47]. According to the results of a numerical study conducted by
Tekoglu et al., increasing the relative cell size decreases the stiff-
ness and strength of the metallic foam. According to these authors,
the reason is a higher area fraction of weak boundary layers
located at the stress-free (i.e. no normal stresses) surfaces. The
lower deformation resistance of cells in these areas accelerates
the formation of localized deformation bands and results in a lower
plastic strength. However, they found that the compressive proper-
ties are widely size-independent for specimens in which the rela-
tive cell size is less than 1/8 [36]. Jeon and Asahina reported the
same fact for a relative cell size of less than 1/6 [48]. A theoretical
evaluation of Nieh et al. showed that the relative cell size has a
negligible effect on mechanical properties while the cell shape
and the density play major role [49]. Our experimental findings
are in good agreement with these reports. We showed that the rel-
ative cell size has a negligible effect on the mechanical properties
of EP/A356 syntactic foam (see Figs. 5d–7). Otherwise, one could
expect that Ø15 mm MP samples would show a mechanical behav-
iour closer to the Ø30 mm LP samples since they both have the
same relative cell size (almost 1/7). However, they replicated the
behaviour of Ø30 mm MP samples containing the same particles
but with a different relative cell size (i.e. 1/13). Analogously, the
Ø15 mm SP foams replicated the mechanical properties of the
Ø30 mm SP samples (the corresponding relative cell sizes are
1/13 and 1/26, respectively). Accordingly, the influence of other
parameters like the cell-wall microstructure, material distribution
between the struts and nodes, and cell shape uniformity seem to
be more important for their mechanical behaviour.

4.2. Elastic properties

Both the unloading modulus and the 1.0% offset yield stress first
increase and then decrease with increasing cell size. In metallic
foams localised plastic deformation already occurs at early stages
of compressive loading. Thus it is usually not possible to derive
the initial yield stress from the stress–strain graph. Alternatively,
the 1.0% offset yield stress is used and provides an approximate
limit for the ‘elastic’ deformation of the foams.

The lCT data of the syntactic foam samples shows that the uni-
formity of the cell wall thickness decreases with increasing EP par-
ticles size (see Table 2 and Fig. 2). A higher coefficient of variation
of the cell-wall thickness in the case of larger EP particles means
that the ratio between the average thickness of the thin struts to
the thick joint areas increases with an increase in EP particle size.
This geometrical characteristic affects the resistance of the struc-
ture to elastic deformation. Simulation results presented in [50]
indicate that the stiffness of unit cell structures increases with
increasing the ratio between the joint solid fraction and the strut
up to a critical point after which it drops. According to the authors,
the moment of inertia of ligaments near the joint, at which the
bending moment is a maximum, increases as the thickness of the
joint increases. This yields a higher elastic stiffness of unit cells.
However, upon further increasing of the joint thickness and
decreasing of strut thickness, the decrease in the moment of inertia
at the middle of struts dramatically decreases the stiffness of the
structure and additional thickness of the joint does not have a sig-
nificant effect on stiffness. This reduces the overall stiffness of the
structure. In good agreement with this study, the highest elastic
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values are found for MP samples with strong joints and sufficiently
large struts that have the highest resistance to elastic bending.

4.3. Plastic properties

The higher gradient of the stress plateau of SP foam results in a
higher plateau stress, energy absorption (see Fig. 7), and a higher
strain hardening exponent (see Fig. 6). However, the energy absorp-
tion efficiency decreases (see Fig. 7) because rmax grows more rap-
idly than the absorbed energy. The higher slope and smoothness of
the stress–strain curves of the samples with smaller particles (see
Fig. 5) indicate more uniform deformation behaviour. To pursue a
better understanding of the deformation behaviour one SP and LP
foam sample was bisected prior to compression. One side of the
samples was truncated in the radial direction by 8 mm (diameter
30 mm) to see the behaviour of the cells during compression.
Fig. 8 shows photographs of the samples at various stages of com-
pression and the corresponding stress–strain curves. Fig. 8a (I)
and (III) correspond to the SP and LP samples respectively. For a
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better comparison, a section of the images of SP samples is magni-
fied (see Fig. 8a (II)). The deformation is quite uniform for the SP
foam while the LP foam shows a localised deformation.

At the beginning of plastic deformation, localized deformation
bands initiate at single cells and grow across the entire cross sec-
tion by cell distortions in the form of bending or buckling. Further
deformation of cells is reduced due to strain hardening of the cell
wall. Instead, stress concentrations are transmitted to the neigh-
bouring cells which are still within the elastic region and new
deformation bands nucleate and grow progressively in different
areas [39,46,47]. This is a well-accepted mechanism for deforma-
tion of metallic foams. In the case of SP foam, multiple deformation
bands form throughout the sample after initiation of plastic defor-
mation. This is because of successive stress transmission due to
cell-walls strain hardening. Upon further deformation, the progres-
sive strain hardening of the deformation bands and the impinge-
ment of struts on one another [39] result in a steady increase of
foam strength (see Fig. 8b). This can explain the high strain hard-
ening coefficient n in the case of SP foams (see Figs. 6 and 8b).
a) 

b) 

0.3 0.4 0.5
rain

n=0.97)
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(II) magnified section showed with black rectangular in (I) and (b) the corresponding
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Moreover, the curve is smooth because of simultaneous activity of
multiple deformation bands. In contrast, the LP foams deform by
continuous formation and collapse of discrete bands of cells. As
can be seen in Fig. 8a (III), the deformation is localized in a band
at 10% strain while the other regions of the foam remain largely
undeformed. Upon collapse of this layer, a second band is formed
and collapses (i.e. at the 20% and 30% strain). This behaviour con-
tinues until all of the undeformed cells are consumed. The result
of this localised deformation bands is a stress strain curve with dis-
tinct oscillations in the plateau regime. As different bands have
approximately the same strength, the compressive strength of
the foam remains relatively constant until all the cells are col-
lapsed. This is a likely explanation for the relatively constant pla-
teau stress of LP foams and their lower overall n values (see
Figs. 6 and 8b).

One can deduce that the plastic deformation of the foams is
controlled by the strain hardening of the cell struts and nodes
[39]. The hardening and deformation behaviour of the cell struts
depends on both the microstructure of the material and the geom-
etry of the cells, i.e. the material distribution between the struts
and the nodes [39]. These parameters are influenced by the EP par-
ticle size. The microstructure of the cell walls changes from a
columnar dendritic structure with large grains to an equiaxed den-
dritic structure with considerably smaller grains (see 2.2). The
equiaxed grain structure has more isotropic macroscopic mechan-
ical properties [35]. In addition, a small grain structure has a higher
resistance to deformation and hence a higher mechanical strength
[51]. Moreover, it was shown that cell-wall imperfections i.e.
micro-shrinkages decreases considerably as the EP particle size
decreases. These imperfection have deleterious effects on the
mechanical properties of the A356 alloy [34]. Accordingly, one
can say that the smaller EP particles result in stronger cell walls
with higher strain hardening ability.

From a geometrical point of view, the cross-sectional area of cell
struts varies along the length increasing closer to the cell nodes. As
a consequence the nodes contain a significant portion of the mate-
rial. Mangipudi et al. numerically investigated the strain hardening
behaviour of irregular cell wall [39]. According to the authors, the
yielding and the formation of the plastic hinge initiate at a location
away from but close to the nodes. At low strains, a large fraction of
struts near the nodes becomes plastic. Further yielding of the strut
depends on the hardening behaviour of the material [39]. In the
case of foams with smaller EP particles, the hardening capacity of
the cell wall material is higher because of a refined microstructure
and fewer defects. This leads to effective hardening of the solid
material causing higher stresses in plastic regions and yielding of
neighbouring elastic areas. Because of the lower difference
between the thickness of struts and nodes of foams containing
smaller EP particles (see Table 2 and Fig. 2), the plastic hinges
can more easily spread to a large portion of strut and node. In con-
trast, foams with larger particles exhibit a lower strain hardening
capacity of the cell wall material and a higher difference between
the thickness of struts and nodes (see Table 2 and Fig. 2). This
results in a limited spread of plastic hinge and a higher stress con-
centration at thin struts. Accordingly, one can say that failure
occurs at the thin struts while a large portion of the nodes is still
mostly in the elastic regime. This means that less solid material
participates in plastic deformation of foams containing larger EP
particles which can explain the comparably lower plateau stress.
5. Conclusions

EP/A356 aluminium syntactic foams were fabricated via infil-
tration of a packed bed of EP particles with three different size
ranges. The effects of EP particle size on microstructural, geometri-
cal and mechanical characteristics of heat treated syntactic foams
were investigated. The results presented in this study indicate:

(1) Smaller EP particles resulted in a refined cell wall micro-
structure with smaller dendritic grains and less defects. This
results in higher strength and hardenability of the cell-wall.
The homogeneity of the cell geometry also increases as the
EP particle size decreases.

(2) The compressive stress–strain curves of all foams comprise
three regimes of elastic deformation, plateau and densifica-
tion. The elastic properties, e.g. stiffness and the 1% offset
yield stress increase first and then decrease as the EP parti-
cles size decreases.

(3) More uniform geometry of cells and higher mechanical
strength of cell wall material result in more effective strain
hardening in the case of smaller EP particles. This causes
more uniform plastic deformation with multiple active
deformation bands. As a result, the foams with smaller EP
particles show smoother and steeper stress–strain curve
and a higher plateau stress and energy absorption capacity.

(4) The number of cells across the sample diameter (minimum
of 7 in the present study) has a negligible effect on the
mechanical properties of syntactic foams.
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Chapter 5 

On the mechanical anisotropy of aluminium perlite syntactic 

foam 

 
This Chapter is an extension of Chapter 4 and addresses the mechanical properties of perlite-
metallic syntactic foam. The main difference is that Perlite-MSF samples are investigated by 
means of computation simulation as opposed to the experimental tests presented in Chapter 4. 
The versatility of the finite element method enables the determination of the stress 
distribution inside the material and the detailed investigation of deformation mechanisms. In 
addition, unlike in destructive experimental testing, the virtual samples can be repeatedly 
compressed in multiple directions permitting the characterisation of the foam’s mechanical 
anisotropy.  
 
Directional analysis conducted in this Chapter reveals a weak mechanical anisotropy of 
perlite-MSF. Micro-computed tomography (μCT) imaging is used in order to capture the 
complex internal morphology of the material. The effective material properties are found to 
be slightly higher if the loading direction is parallel to the casting direction. The deformation 
mechanism analysis revealed that plastic deformation tends to accumulate in thin struts that 
are parallel to the loading direction. Interestingly, this coincides with the deformation 
mechanism found for Corevo® foams observed previously in Chapter 2. The so-called layer-
wise collapse mechanism found in this numerical investigation is in line with observations 
reported in the experimental test.  
 
In summary, aluminium perlite syntactic foam has characteristic stress-strain curves typical 
for cellular metals. In addition, a mild mechanical anisotropy is found. The analysis given in 
this Chapter provides another important insight towards the development of cellular metals 
manufactured from infiltration casting approach. The general mechanical properties obtained 
from quasi-static compression of the material are certainly vital for its future development.  
 
This investigation has been published online and accepted for print publication by the journal 
Computational Materials Science. 
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a b s t r a c t

A novel metallic syntactic foam is produced using a counter-gravity infiltration casting method. To this
end, expanded perlite particles are combined with an aluminium alloy matrix. This enables close control
of geometry at a relatively low production cost. The mechanical properties of the material are studied
using finite element analysis. Numerical calculation models are generated directly from
micro-computed tomography in order to capture their complex internal geometry. For verification pur-
poses, numerical results are compared with experimental measurements of similar samples where avail-
able. But in contrast to experimental testing the numerical analysis is non-destructive and hence allows
the repeated testing of samples in multiple loading directions. Thus, material anisotropy can be investi-
gated for the first time. To this end, the quasi-elastic gradient, the 1% offset yield stress and the plateau
stresses are obtained from virtual compression tests in three perpendicular directions (one coincides
with the casting direction). Results indicate a weak anisotropy of the mechanical properties.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

Metallic syntactic foams (MSF) are made by combining light-
weight filler particles with a metallic matrix [1]. Due to the
relatively low strength of commonly used filler materials, metallic
syntactic foams often exhibit mechanical properties similar to
cellular metals. Their most important characteristic is an excellent
energy absorption at a constant and controlled stress level [2,3].
Furthermore, cellular metals and MSF exhibit a high strength-to-
weight ratio [4], damp vibrations [5] and have versatile thermal
properties [6]. The density of MSF is higher compared to cellular
metals at the same level of porosity [1] due to the additional mass
introduced by the filler particles. However, MSF exhibit both supe-
rior elastic stiffness and strength [7,8]. In MSF the embedded filler
particles can be hollow or porous [8]. The bulk material porosity
and mechanical properties of these structures strongly depend on
the filler material. The most common metal matrix material stud-
ied is aluminium and its alloys with various filler materials such as
silicon carbide (SiC) spheres [1], fly ash cenosphere [9,10] and alu-
mina (Al2O3) particles [11].

Al/Ceramic spheres MSF have been tested using both static and
dynamic compression tests. Results were acquired for two types of
ceramic spheres obtained from different suppliers (Envirospheres
Pty Ltd., Australia and Omega Minerals Ltd., Germany).
Experimental tests include Al/Ceramic sphere foams with four dif-
ferent aluminium volume fractions. Higher matrix volume fraction
(aluminium volume fraction, VAl = 0.6) sample has shown higher
plateau strength and energy absorption under static compression
loading when compared to a lower matrix volume fraction sample
(VAl = 0.32). Al/Ceramic spheres MSF reveal that their plateau stress
and energy absorption capability mostly depend on the volume
fraction of the aluminium matrix [12]. The mechanical properties
of the ceramic spheres only have a minor impact on the properties
of the bulk material. This was attributed to the fact that Al is stron-
ger than the porous ceramic spheres. It was found that higher Al
volume fractions in the foam structure leads to improved mechan-
ical response of the structure, such as plateau stress due to denser
Al matrix network. Another MSF material is developed by Luong
et al. using aluminium alloy A356 filled with silicon carbide hollow
spheres (SiC) [1]. They reported that the compressive and plateau
strengths were higher compared to aluminium/fly ash cenosphere
metallic syntactic foam under uni-axial loading [9,10,13]. The com-
pressive strengths of Al/SiC foams was recorded at 160 MPa, how-
ever for the Al/fly ash cenosphere this parameter was found to be
only 75 MPa [10].
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Several types of metallic syntactic foams (MSF) are usually
manufactured using pressure infiltration casting, see, for example
[1,7,8,12,14]. The work by Zhang and Zhao [12] describes the man-
ufacturing of an aluminium matrix foam made by the infiltration of
porous ceramic spheres [12]. The ceramic spheres studied were
synthetically made using ceramic fine powder (particle size: 1–
10 lm) which can be tailored into a variety of sphere sizes [15–
18]. Rohatgi et al. [14] reported that a high volume fraction and
uniform distribution of particles was achieved using infiltration
casting method when fly ash filler materials is used in A356 alu-
minium alloy matrix. A new type of metallic cellular foam material
was introduced recently using low-cost expanded perlite (EP) par-
ticles as a filler material making use of the infiltration casting man-
ufacturing route (see Fig. 1). This new type of metallic cellular foam
is referred to as perlite-MSF (perlite-metallic syntactic foam) in the
following parts of this manuscript. The production cost of
perlite-MSF is relatively low compared to other MSF due to its
inexpensive filler and matrix material. A thorough review on the
production process can be found in the manuscript [19].
Investigations have shown that the mechanical properties of
perlite-MSF can be improved by reduction of the EP particle size
and T6 treatment [20]. The investigation in [19] further indicates
a higher plateau stress and energy absorption of perlite-MSF for
decreasing particle size (d = 1.0 . . .1.4 mm) due to changes in the
aluminium micro-structure and a more uniform geometry of cells
compared to larger EP particles (d = 4.0 . . .5.6 mm). This is in con-
trast with the work done by Castro et al. [7] which involved alu-
mina spheres (as a filler materials) infiltrated with two types of
aluminium alloys (i.e.: ductile A1100 and hardened A6061).
Static and dynamic impact loading tests showed that the use of
smaller size alumina spheres (d = 1 mm) does not increase the
energy absorbed by the metallic syntactic foam compared to larger
alumina spheres (d = 2.5 mm) [8]. The investigation in [8] however
is using A201 aluminium alloy as a matrix in their sample. In com-
parison with the mechanical properties of the other MSF the
dynamic compression testing of perlite-MSF revealed more effi-
cient energy absorption in high speed compression [21]. An

increase in compression resistance in high impact loading was
ascribed to the filler particles (i.e.: perlite) which entrapped air.
High impact loading caused the pressure of this entrapped air
within the perlite particles to increase resulting in a higher macro-
scopic compressive resistance (see Fig. 2).

In the present paper, the mechanical characterisation of
perlite-MSF under quasi-static compression is performed numeri-
cally for the first time. Numerical models were generated using
micro-computed tomography (lCT) imaging in order to capture
the complex internal morphology of the material. Finite element
analysis of these models then allows the computation of stress dis-
tribution and the detailed study of deformation mechanisms.
Furthermore, unlike in destructive experimental testing the virtual
samples can be compressed in multiple directions enabling the
characterisation of mechanical anisotropy. Mechanical anisotropy
in the present work is defined as the dependence of the mechanical
properties on the compressive loading direction.

2. Finite element analysis (FEA)

Micro-computed tomography (lCT) data of perlite-MSF sam-
ples has been obtained in order to capture accurate
three-dimensional models of their complex meso-structure. Due
to their low density, the perlite particles appear transparent and
only the aluminium phase is visible. In total, three foam samples
from the same production batch with a medium perlite particle
size (diameter d = 2.0–2.8 mm) were scanned using the lCT imag-
ing approach. A voxel length of 35.32 lm was used that ensures
capturing all relevant geometrical detail. The masses m, heights
H and diameters D of the scanned samples are listed in Table 1.
The numerical models in the present study are cubic
sub-volumes with the side length of l = 21.15 mm that have been
sliced from the scans of the cylindrical samples.

A model of a cellular structure must be sufficiently large to form
a representative volumetric element (RVE) that exhibits the same
properties as the complete structure [3]. Simulation of larger vol-
umes unnecessarily increases the computational cost and should
therefore be avoided. According to previous studies [1,2] the min-
imum side length over pore diameter ratio (l/d) for RVEs of cellular
metals is 6–8. The numerical models of this study have a side
length of l � 21.15 mm (see Table 2) and the pore (particle) size

Fig. 1. Photograph of A356/perlite metallic syntactic material.
Fig. 2. Optical micrograph of perlite-SMF on the frontal-yz plane of sample A,
showing coexisting small and large pores with interconnected morphology.
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is between 2.0 mm and 2.8 mm. Accordingly, the l/d ratio is in the
range of 7.6–10.5 and meets the criteria for a RVE.

Perlite-MSF can be manufactured using different expanded per-
lite particle sizes. Accordingly, samples can be classified as con-
taining small (S), medium (M) and large (L) particles. The
corresponding particle diameter ranges are d = 1.0 . . .1.4 mm (S),
d = 2.0 . . .2.8 mm (M) and d = 4.0 . . .5.6 mm (L). Previous investiga-
tion on perlite-MSF has shown that the particle size affects the
mechanical properties of the metallic strut material [19]. It was
found that the particle size alters the microstructure of the metallic
struts resulting in changing mechanical properties of the alu-
minium alloy. In the numerical simulations, this effect is repro-
duced by modifying the material model based on the simulated
particle size according to findings in [19]. It should be noted that
the samples with smaller particles exhibit a slightly decreased
variation of strut thickness which could affect mechanical proper-
ties. However, in the scope of this work the effect of these minor
geometric changes is disregarded. To minimize the geometric error
introduced by this simplification, all lCT scans are performed on
medium (M) samples. In total, three mesh models are created from
group M samples.

2.1. Modelling approach

2.1.1. Geometric discretisation
Prior to the generation of the numerical calculation model the

lCT data has to be segmented. By using the aluminium volume
fraction as a reference, the lCT data is processed using
grey-value thresholding. The threshold is iteratively adjusted until
the calculated aluminium volume fraction /Al of the sample coin-
cides with the segmented volume fraction of the virtual model.
The target volume fraction /Al is calculated as the total volume
of the aluminium matrix divided by the cylinder volume that
encloses the sample i.e. /Al = VAl/VCyl. The enclosing cylinder vol-
ume is simply VCyl = p � D2 � H/4 using the values listed in
Table 1. The total volume of the aluminium matrix VAl is the
inverse volume of the packed perlite particles (i.e.: VAl = VCyl–Vp)
and the volume of perlite particles Vp can be calculated using the
following equation;

Vp ¼ VCyl � ððms �mpÞ=qAlÞ

The mass of the syntactic foam ms is obtained by direct weigh-
ing of samples. Variable mp is the combined mass of perlite parti-
cles in the mould prior to infiltration casting. Finally, the density
of A356 aluminium alloy qAl = 2520 kg/m3 is taken from literature
[22]. The porosity in the present work is defined as the inverse of

the aluminium matrix volume fraction (p = 1�/Al) which is of
course identical to the perlite particle volume fraction. It should
be mentioned here that this definition of porosity does not account
for solid perlite (approx. 6% of a particle [19]) and possibly
micro-porosity in the aluminium alloy matrix. As a result of the
segmentation, the greyscale lCT images are converted into a set
of bitmaps. Next, a stereolithography (STL) surface mesh is gener-
ated from the segmented images. The STL surface mesh needs to
contain a sufficient number of triangles to avoid the loss of geo-
metric details. To this end, a minimum of 9.7 million elements
were used in all surface meshes. The surface mesh is then trans-
formed into a volume mesh using the commercial meshing soft-
ware Sharc Harpoon using an automated meshing algorithm. A
so-called ‘mixed mesh’ model is created which contains hexahe-
dral, pentahedral and tetrahedral elements. Mixed mesh models
of complex geometries tend to have a superior numerical accuracy
due to lower element distortion [23]. A total of five models with
811k, 985k, 1488k, 2415k and 3011k elements are prepared for a
mesh sensitivity study for sample A. The quasi-elastic gradient is
used for the mesh sensitivity study and the model with 2415k ele-
ments is found to give a good convergence. The error margin of the
selected model is around 3.8% compared to the model with maxi-
mum number of elements. Fig. 3 shows a comparison between a
coarse and a fine volume mesh. The mesh parameters for the final
numerical models used in the present work are summarised in
Table 2.

2.1.2. Boundary conditions
All simulations are conducted using the commercial finite ele-

ment software MSC.Marc�. Quasi-static mechanical compression
is simulated in order to investigate the effective mechanical prop-
erties of the syntactic foam. Fig. 4 shows the boundary conditions
used in all simulations. A time-dependent displacement boundary
condition is imposed on one surface of the cubical numerical
model to introduce compressive loading. A zero displacement
boundary condition is assigned to its opposite surface to represent
a stationary pressure stamp. Contact between all surfaces is
assumed to be frictionless. By alternating the orientation of the
compression and fixed planes, material anisotropy can be tested
as well.

2.1.3. Material model
The perlite-MSF matrix material is A356 aluminium. Literature

provides the following material properties for this alloy: Young’s
modulus E = 75 GPa [24], Poisson’s ratio t = 0.35 [24], and yield
stress ry0 = 230 MPa (ideal plasticity is assumed) [25]. This mate-
rial model was used in one initial simulation and plotted together
with averaged experimental data in Fig. 5b. It can be seen that this
material model overestimates the stiffness within the elastic range
(see Fig. 5b). However, the use of a decreased value for the modu-
lus E⁄ = 14 GPa shows a sound agreement with the experimental
data and is thus used in all subsequent simulations. Similar devia-
tions have been previously observed in numerical simulations of
cellular metals and required a recalibration of Young’s modulus
to obtain a good fit with experimental tests. Studies include the
numerical analysis of metallic hollow sphere structures [26,27],
sintered metallic fibre structures [28] and open-cell metal foam
[29]. The accepted reason for this apparent decrease of elastic stiff-
ness is micro-plasticity that occurs at small strains and reduces the
material stiffness. Therefore, E⁄ should no longer considered as an
elastic constant but as an effective fitting parameter that success-
fully reproduces the base material behaviour.

The perlite particle size affects the formation of the aluminium
micro structure during casting and changes its mechanical proper-
ties [19]. The direct experimental determination of these mechan-
ical properties is difficult to achieve since the cooling rate during

Table 1
Physical parameters of perlite-MSF for medium (M) particle size samples.

Characteristics for group M samples used in analysis

Samples A B C

Foam mass, ms (g) 16.89 16.59 16.01
Diameter, D (mm) 30.70 30.70 30.70
Height, H (mm) 43.75 43.60 43.50
Porosity, p (%) 61.22 61.07 62.22

Table 2
Mesh parameters for numerical models.

Sample Al. volume
fraction, /Al

Side length
x, lx (mm)

Side length
y, ly (mm)

Side length
z, lz (mm)

Number
of
elements

A 0.388 21.156 21.151 21.156 2415k
B 0.389 21.149 21.150 21.159 2589k
C 0.378 21.151 21.149 21.157 2450k
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solidification must be precisely replicated to obtain the same
micro-structure in solid samples. A more efficient approach is
therefore numerical analysis. To this end the hardening behaviour
of the aluminium alloy is described as a general parabolic function
of plastic strain epl, i.e. ry (epl) = ry0 � [a�epl

2 + b�epl + c], where
ry0 = 230 MPa [25] is the initial yield stress of A356 alloy. The three
fitting parameters a, b and c are systematically modified until the
solution of the numerical model approximates the experimental
data for the corresponding particle size with a good accuracy.
The obtained hardening behaviour for each particle size is shown
in Fig. 5 for one sample (sample A) and is used in all subsequent
simulations for the corresponding particle sizes.

2.1.4. Evaluation
For each simulation time-step, a user subroutine logs the nodal

reaction forces FN and average nodal displacements Du of all nodes
where the compressive boundary condition is prescribed. The

engineering stress r is calculated as the sum of nodal reaction
forces FN divided by the initial surface area A0 of the cubic model
i.e. r =

P
FN/A0. The engineering strain is calculated by dividing

the average nodal displacement Du by the initial side length l0 of
the numerical model i.e. e = Du/l0. Once the engineering stresses
and strains are obtained, the quasi-elastic gradient, the 1.0% offset
yield stress and the plateau stress are determined following the ISO
13314 [30] standard. The plateau stress is calculated as the arith-
metic mean of the engineering stresses between 20% and 30% com-
pressive strain.

3. Results and discussions

Fig. 5 allows the comparison of stress–strain curves for numer-
ical and experimental testing. Numerical simulation results are
plotted as dashed lines and the thick solid lines represent the
experimental data taken from [19]. In all experimental tests, the
samples were compressed in casting (z) direction and experimen-
tal samples contained small (S), medium (M) or large (L) sized per-
lite particles. After the calibration of the material model (see Fig. 6)
an excellent agreement between numerical and experimental mea-
surements is achieved.

A major advantage of numerical simulation over experimenta-
tion is the ability to repeatedly test a virtual model without
destroying it. We use this in the present work to investigate the
mechanical anisotropy of perlite-MSF. In order to avoid excessive
computation times, the anisotropy study is limited to MSF contain-
ing medium sized EP particles. The results are shown in Fig. 7
where samples are represented by colour (blue, magenta and cyan
for sample A, B and C respectively) and loading directions are indi-
cated by different line types. It can be seen that the stresses in the
casting direction (i.e.: the z-dir.) are slightly higher compared to
the perpendicular x- and the y- directions.

It is difficult to quantify mechanical anisotropy by observing
Fig. 7 alone. Therefore, the quasi-elastic gradient, the plateau stress
and the 1% offset yield stress are determined for each virtual com-
pression test. Using this data, a set of bar charts is created in
Fig. 8a–c that allows the directional comparison of material prop-
erties. The mechanical properties are similar for samples A and B
whereas distinctly lower values are obtained for sample C. This
can be explained by the higher porosity of the sample (see
Table 1). In addition to the graphical representations, the ratio v

Fig. 3. Mesh models of perlite-MSF numerical model, sample A. A magnified mesh is shown for the coarse (left) and fine (right) models.

Fig. 4. Schematic diagram of boundary conditions applied to the numerical model.
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of the minimum and maximum value of each mechanical property
is determined to quantify the degree of anisotropy. A ratio v close
to 1 indicates isotropic behaviour whereas low values are evidence
of a strong anisotropy.

The quasi-elastic gradients are shown in Fig. 8a and their values
range from 1585 MPa to 2463 MPa. The maximum value belongs to
sample B and loading in z-direction (i.e. parallel to the casting
direction) and the minimum value corresponds to the sample C
and loading in y-direction. Elastic anisotropy is clearly observed
and for all samples the highest elastic gradient coincides with
the casting direction. This can be attributed to a slight variation
of perlite particles distribution within the samples due to a gravi-
tational filling process described in [31]. It can be postulated that
this variation of perlite particles distribution may create slightly
thicker struts that are aligned in the casting direction. The aniso-
tropy ratio v of the quasi-elastic gradient is 0.93, 0.76 and 0.91

Fig. 5. Stress–strain curves for perlite-MSF obtained by numerical simulation and by quasi-static compression test [19] with different perlite particle sizes: (a) small, d = 1.0–
1.4 mm, (b) medium, d = 2.0–2.8 mm and (c) large, d = 4.0–5.6 mm.

Fig. 6. Hardening modulus model for perlite-MSF sample A with three different particle sizes, d = 1.0–1.4 mm for particle size (S), d = 2.0–2.8 mm for particle size (M), and
d = 4.0–5.6 mm particle size (L).

Fig. 7. Stress–strain curves for different loading directions.
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for samples A, B and C respectively (see Table 3). This ratio for sam-
ple B is much lower than of the other two samples. This may be
likely explained as the existence of unevenly distributed strut
thickness as a result of manual multiple-step filling procedure dur-
ing the manufacturing process [31].

The values of the 1% offset yield stress are shown in Fig. 8b.
Analogous to the elastic behaviour, the 1% offset yield stress is
highest in the casting direction. Absolute values of the 1% offset
yield stress are between 29.5 MPa to 33.6 MPa and the anisotropy
ratio v for sample A, B and C is 0.95, 0.94 and 0.91 respectively (see
Table 3). These values are close to unity indicating only a weak ani-
sotropy of the plasticity properties. This observation is further sup-
ported by results for the plateau stress shown in Fig. 8c (v P 0.93).
In summary, slightly stronger mechanical properties are observed
in the casting direction (i.e. z-) and weaker in the corresponding
normal directions (i.e. x- and y). This observation shows that
perlite-MSF exhibit systematic slight mechanical anisotropy. It
should be noted that this anisotropy is weak compared to other
metallic foams [29,32]. The anisotropy behaviour of plateau stress
of the m.pore� aluminium foam has been investigated in [29] and
was found to be 0.49, indicating stronger anisotropy compared to
the present material. The anisotropy ratio for the plateau stress
of AlSi7Mg Alporas-like metallic foam was reported in [33] as
v = 0.59.

3.0.1. Deformation analysis

Using numerical analysis, the plastic deformation in perlite-
MSF for different material models (S, M and L perlite particle sizes)
can be analysed in great detail.

In order to correlate plastic deformation with geometric
features a geometric analysis was conducted. To this end, the strut
thickness distribution of the micro-computed tomography data
was calculated using the BoneJ plugin [34]. The results are shown
for a thin slice of sample B in Fig. 9a where dark colour indicates
thin struts. Fig. 9b shows the corresponding distribution of equiv-
alent plastic strain. One can observe that plasticity originates at
such thin struts before moving to similar adjacent features. The
localised plasticity has a tendency to occur in thin struts that are
parallel to the loading direction. A magnified thin strut undergoing
local buckling is shown in Fig. 9b. Localised plastic deformation ini-
tiates at low strains (e = 0.1) and precedes strut buckling occurring
at larger macroscopic strain e � 0.2 . . .0.3. This mechanism of
plastic deformation was first described in [19,20] based on sample
surface observations during compressive testing.

An identical plastic collapse mechanism is observed for models
S and L making use of numerical post-script data (see Fig. 10). In
Fig. 10a, a cross-sectional view through the center of the cube
shows the internal plastic failure. The black arrows indicate the
loading direction used in numerical simulations. Subsequent
images of the plastic deformation propagation for the macroscopic
compressive strain e = 0.1, 0.2 and 0.3, are shown together with
their respective oblique view (for e = 0.2). Analogous to the defor-
mation mechanism described above, plasticity starts to accumulate
in thin struts at low strains (e = 0.1) and subsequently this leads to
a localised buckling.

For material model S (see Fig. 10a), the number of collapse
bands is relatively high compared to the results of the M and L
material models (see Figs. 9 and 10b). In the case of small filler par-
ticles, more thin struts undergo plastic deformation at the same
level of macroscopic strain (i.e. e = 0.3). This behaviour is identical

Fig. 8. Effective material properties for different loading directions: (a) quasi-elastic gradient, (b) 1% offset yield stress, (c) plateau stress.

Table 3
Anisotropy ratio of mechanical properties for medium perlite-SMF samples.

Sample Anisotropy ratio

Quasi-elastic gradient 1% offset yield stress Plateau stress

A 0.93 0.95 0.94
B 0.76 0.94 0.93
C 0.91 0.91 0.94
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for all samples (A, B and C). The explanation is the strain hardening
defined in the M and, in particular, S material models (see Fig. 6).
The strain hardening effect increases the local yield stress and thus
plasticity is more likely to spread to a neighbouring weak feature.
As shown in Fig. 6 this effect is strongest for the syntactic foam
with small particles and lowest for the large particle model where
ideal plasticity (i.e. no strain hardening) is assumed.

In all simulations, a layer-wise collapse mechanism is observed.
Due to strain hardening, the plastic collapse may temporarily stop
within a layer until increasing stresses reach the new yield stress
level. The syntactic foam in the present work starts to show loca-
lised plastic deformation band at macroscopic compression strain
e � 0.1. At higher compression strain (e = 0.2 . . .0.3), additional col-
lapse bands form as more thin struts and cell walls are deformed. A
similar mode of plastic deformation was also observed for
closed-cell [35,36] and open-cell [37] metallic foams.

4. Conclusions

The compressive properties of perlite-MSF have been addressed
with computational simulations. Calculation models were based
on micro computed tomography data of actual samples in order
to capture the complex material geometry. An iterative calibration
of the material model then allowed the characterisation of the
plastic hardening behaviour by the comparison with experimental
data. The filler particle size was found to have a profound impact
on the hardening behaviour. Near ideal plasticity was found for
large particles whereas strong strain hardening was observed in
the case of small filler particles. Next, directional analysis was per-
formed by compressing virtual models in three perpendicular load-
ing directions. The investigation revealed weak anisotropy of the
perlite-MSF mechanical properties. The effective material proper-
ties were slightly higher if the material was loaded parallel to

Fig. 9. Results of numerical simulations shown: (a) thin struts on a slice of perlite-SMF sample presented as dark blue areas by BoneJ plug-in [34]; and (b) a single strut local
buckling magnified in the designated square. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Total equivalent plastic strain distribution of numerical models using (a) small (S) presented by sample C and (b) large (L) material model presented by sample A.
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the casting direction. Finally, a detailed deformation analysis of the
cellular material was carried out by post-processing the numerical
calculation data. Analysis of the deformation mechanism revealed
concentrations of plastic deformation in thin struts that are paral-
lel to the loading direction. On a macroscopic scale a layer-wise
collapse mechanism was found which is in good agreement with
experimental observations. The number of collapse bands was
found to vary with the filler particle size. Strong strain hardening
in the case of small filler particles caused the formation of multiple
simultaneous collapse bands whereas a relatively low number of
collapse bands were observed in the case of the large filler
particles.
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Chapter 6 

Compressive properties of Advanced Pore Morphology (APM) 

foam elements 

 
In contrast to the infiltration casting in the previous Chapters 3-5 the cellular metal 
considered in this Chapter was manufactured by the thermal expansion of pre-foamed 
elements. The resulting APM foam element has a porous internal structure and a near 
spherical outer skin. The similarities between APM and the previously considered foams is 
that they are all metallic and exhibit a porous structure. In this Chapter, we present the 
compressive properties of APM under dynamic loading conditions. 
 
The present Chapter combines micro-computed tomography imaging and finite element 
analysis of APM foam elements. This is the first time that this approach has been used for 
this novel cellular material. The μCT imaging approach provides a highly accurate 
representation of the complex inner foam geometry. Geometrical data from μCT is obtained 
and incorporated in the numerical analysis. This Chapter addressed two compressive loading 
velocities (quasi-static and dynamic) of a single APM foam element. To this end, 
computational calculations are performed to simulate the experimental compressive test. The 
compressive force-displacement data are then evaluated numerically for APM foam elements 
with different diameters (i.e. 5 mm and 10 mm) and strain rates. For verification purposes, 
numerical results are compared with experimental data published in the literature and a good 
agreement is found. Quasi-static and dynamic analyses reveal that plastic deformation does 
not occur uniformly within a single sphere but is concentrated in a conical sub-volume 
located in between the pressure stamp and the sphere’s contact area.  

In summary, larger APM foam elements exhibit a 3.3 times higher structural stiffness 
compared to the smaller ones. Removing the outer skin of original APM foam elements will 
reduce its stiffness by 30%. Furthermore, APM foam elements show an increase of stiffness 
and plateau stress with increasing strain rate.  

This investigation has been published online and accepted for print publication by the journal 
Materials Science and Engineering: A. 
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a b s t r a c t

Advanced Pore Morphology (APM) foam elements have a spherical outer skin and a porous inner
structure. APM foam is a product of the improved powder metallurgy FOAMINALs process. The present
work investigates the mechanical properties of single APM foam elements under quasi-static and
dynamic compressive loading. By means of μCT techniques, an accurate finite element model is
generated. The compressive force–displacement response of APM foam elements is numerically
evaluated for different diameters and strain rates. The results of the numerical analysis are compared
with experimental data. Good agreement is found. Quasi-static and dynamic loading are both
investigated by making use of numerical analysis and verified by comparison with experimental results.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Cellular materials are known for their very high porosity, high
specific stiffness, acoustic damping and the ability to absorb a
relatively high amount of energy at a low stress level [1,2]. Their
versatile heat insulation property makes them useful for heat
exchangers or thermal insulation [3]. A major limitation of con-
ventional cellular materials is their stochastic geometry which can
result in unreliable mechanical properties. Another important
challenge is the reduction of their high manufacturing cost.
Control of the pore structure will allow the varying of the
morphology and topology (pore size distribution, pore shape and
cell wall geometry), which can be expected to allow a better
definition of mechanical properties [4,5]. Recently, a new concept
of metal foam components production was patented by Stob̈ener
et al. [6]. Carrying the name Advanced Pore Morphology (APM, see
Fig. 1) foam, this innovative cellular material has been developed
on an improvement of the powder metallurgical FOAMINALs

process that was introduced earlier by Baumeister [7].
Several investigations have been conducted on either single or

composite APM foam elements with both partial and syntactic
morphology. The experiments have been carried out by Lehmhus
et al. [8] to investigate the influence of APM foam density for both

quasi-static and dynamic compressive loading as well as the effect
of varying the bonding agent (an epoxy-based adhesive and
polyamide). They reported that the dynamic initial strength of
epoxy-bonded APM foam is slightly higher than the quasi-static
initial strength. A notable increase in the dynamic initial strength
was observed for polyamide-bonded APM foam. Vesenjak et al. [9]
investigated the behaviour of a single APM foam element and a
composite APM foam with partial and syntactic morphology under
compressive loading. Two APM foam element sizes with diameters
∅¼5 mm and ∅¼10 mm were tested experimentally. The results
indicated that the larger APM spheres exhibit a higher energy-
absorption capability due to a lower densification strain. They also
investigated cylinder-shaped (d¼h¼30 mm) epoxy samples with
embedded APM foam elements. Experimental testing was con-
ducted using free and confined radial boundaries. It was found that
syntactic APM composites have energy absorption capacity approxi-
mately four times higher than non-bonded or partially bonded APM
foam elements. Hohe et al. [10] conducted experimental and
numerical tests on graded APM foams for multi-functional aero-
space applications. The main focus of their investigation was
perforation resistance against bird strike events. In a case study, a
sandwich plate with graded APM foam core was compared with a
sandwich plate with a conventional foam core. The results indicated
that the use of a graded APM foam core increases the perforation
resistance performance of the sandwich plate. This was achieved by
dissipating the plastic energy over a larger volume. Vesenjak et al.
[11] used an infrared thermal imaging camera to enhance the usual
data acquisition during compressive experimental testing of APM
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foam elements. Infrared thermal imaging indicated that plastic
yielding occurred predominantly in the outer region of the APM
foam element and then propagated inwards in a shear band into the
sphere. The present paper combines, for the first time, micro-
computed tomography imaging and finite element analysis of
APM foam elements. In contrast with earlier investigations, a highly
accurate representation of the complex inner foam geometry is
obtained and incorporated in the numerical analysis. As a result,
detailed information on the internal deformation mechanisms is
obtained. For verification purposes, numerical results are compared
with experimental data published in the literature.

2. Manufacturing process of APM foam elements

The FOAMINALs process is capable of successfully manufactur-
ing near net-shaped parts and three-dimensional (3D) sandwich
panels with a foamed core layer. In [10], an AlSi7 aluminium alloy
was prepared in powder metallurgy precursor form with TiH2

added as foaming agent. Foaming was activated by the heating of
the precursor. This process usually takes place within a mould
cavity. During the foaming process, furnace temperatures up to
800 1C are used depending on matrix alloys and the presence of
stabilising ceramic particles. As a result, the foaming mould has to
bear high thermal loads in each foaming cycle [8]. A new process
route proposed by Stob̈ener in APM foaming eliminates the need for
expensive moulds. The manufacturing procedure consists of pow-
der compaction (by the CONFORMs process) and rolling of the
AlSi7 alloy with TiH2 foaming agent to obtain expandable precursor
material. The wire-shaped precursor material (diameter ∅¼3 mm)
is then cut into small granulates (length l¼2 mm) [12], which are
expanded into sphere-like foam elements (see Fig. 1) due to the
thermal decomposition of the TiH2 foaming agent in a continuous
belt furnace. This is driven by internal gas pressure, surface tension
and the formation of an oxide skin. So far, three sizes of APM foam
elements have been manufactured with diameters of 5, 10, and
15 mm and foam element densities varying from 0.5 to 1.0 kg m�3

[8,13]. Structures assembled by APM foam elements exhibit two
types of porosity: (i) the inner porosity in single APM foam
elements and (ii) the outer porosity between many APM foam
elements which depends on the size of the APM elements and their
arrangement [14]. Detailed information on the automated produc-
tion of APM foam elements can be found in the literature [12].

3. Model generation

Micro-computed tomography (μCT) imaging is a non-destructive
procedure that allows precise measurements on aluminium foams

[15–17] with the advantage of repetitive 3D assessment and compu-
tation of micro-structural and micro-mechanical properties. The
most outstanding feature of μCT is the ability to image the sample's
interior with high spatial and contrast resolution. A thorough review
of μCT can be found in the monograph [18]. In previous analyses,
sintered metallic hollow sphere structure (MHSS), sintered metallic
fibre structure (SMFS), lotus-type porous material, Alporass and M-
Pores have been characterised using μCT technology [2,3,15–
17,19,20]. The companion study [21] first addressed μCT of APM
foam elements by analysing their geometrical micro- and meso-
structures. By using the voxel data from the μCT images, geometrical
properties such as the number of pores and their size distribution in
the cellular materials were characterised. This novel approach can be
applied to any closed-cell morphology and will be expanded to
open-cell cellular materials. Results show that the deviation of the
porosity and the microstructure characteristics between specimens
of the same size was moderate. In the present study, μCT scanning of
small (∅¼5 mm) and large (∅¼10 mm) spherical foam elements
was performed. An Xradia MicroXCT-400 machine with a Hama-
matsu L8121-03 X-ray source was used. Due to the size differences
of the samples, the voxel resolutions were limited to 3.61 μm
(∅¼5 mm sphere) and 6.28 μm (∅¼10 mm sphere), respectively.
A total of 1800 absorption radiographs (exposure time 16 s) was
captured with a 0.21 rotation for each projection. The selected
acceleration voltage was 140 kV with a current of 70 μA. The μCT
data was first segmented by gray-value thresholding. In this step, it
must be ensured that the volume of the voxels representing the
metallic phase matches the volume of metal in the APM foam
element. To this end, the mass of the scanned APM foam elements
was measured using a precision scale. Next, the metal volume was
calculated using the AlSi7 material density ρ¼2680 kg m�3 [22].
The segmentation threshold was adjusted iteratively until the
segmented voxel volume coincided with this calculated volume.
The segmented voxels were then rendered to a 3D structure that was
subsequently converted into a stereolithography (STL) surface geo-
metry mesh. Stereolithography surface geometry is widely used in
3D model rapid prototyping. Unlike the higher-level representation
such as non-uniform rational B-spline (NURBS) that contains a
smooth polynomial function or spline, the created STL mesh file is
not very rich in information [23]. STL meshes only describe the
surface geometry of a three-dimensional object using a triangulated
surface. In order to avoid the loss of geometrical detail during
meshing, at least 750,000 triangles were used in the STL surface
mesh. A volume mesh was then created within the bounds of the
surface mesh by using the commercial automatic mesh generation
software Sharc Harpoon. The small margin of error of the created
model mesh volume is found for both APM foam element sizes. The
small volumetric error percentages for ∅¼5 mm and ∅¼10 mm are
7% and 2%, respectively. A Hex-dominant mesh that contains three
types of elements, namely, linear hexahedral-, linear pentahedral-
and tethedral-elements have shown superior performance in the
numerical analysis of complex geometries [16]. Accordingly, mixed
meshes were used in the present analyses.

3.1. Finite element simulation

The accurate representation of the complex internal foam
geometry including the micro and macro-porosity requires a high
geometrical resolution. As a result, a single APM foam element is
too large to be meshed (and computed) on the available large
memory computers (64 GB RAM). In this work, we made use of the
symmetry of the roughly spherical-shaped APM foam elements to
reduce the size of the calculation model. To this end, each
spherical APM element was subdivided into eight segments (see
Fig. 2). For each diameter (i.e., 5 mm and 10 mm) four segments
were converted into numerical calculation models.

Fig. 1. Light photograph of APM foam elements.
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The boundary conditions of the finite element analysis are
shown in Fig. 3. A rigid support was defined as part of a contact
boundary condition with the deformable elements of the APM
volume meshes. Quasi-static and dynamic compressive loading
was introduced using a time-dependent nodal displacement
boundary condition at the upper symmetry plane of the foam
element. For the dynamic loading case the rate of the displace-
ment boundary condition was adjusted to achieve a macroscopic
strain rate of 100 s�1. Within the remaining two symmetry planes,
the normal displacement was set to zero in order to simulate the
remaining APM foam element. Such boundary conditions were
introduced with the assumption that the deformation propagates
in an identical way at the top and the bottom of the foam
elements. Nevertheless, in the actual experiment the deformation
progress can only be observed and confirmed at the top of the
foam elements since the moving force platen is located at the top.
The maximum deformation of the model was set to 10% (quasi-
static) and 70% (dynamic) of the original APM sphere's height. The
smaller deformation of the quasi-static model is caused by
significantly longer calculation times. Material properties of AlSi7

used in this numerical model were Young's modulus
E¼72,400 MPa, Poisson's ratio ν¼0.3, yield stress sy¼120 MPa,
density ρ¼2680 kg m�3, and tangent modulus T¼800 MPa [22].
Within the dynamic simulations the base material inertia and its
strain rate effect have been accounted for [20]. The dynamic
response of cellular materials is mainly influenced by (i) the
micro-inertial effect and (ii) the material strain-rate sensitivity
[24–26]. The micro-inertia of the individual cell walls can affect
the deformation of metal foams as discussed in [27,28]. According
to Tan et al. [29] the inertia effects associated with the dynamic
localisation of crushing are responsible for the enhancement of the
dynamic strength properties in high velocity regimes. The authors
in [28] state that inertia effects contribute significantly to the rate
effect, even when the strain rate sensitivity of material properties
is ignored. The material rate-dependence is usually taken into
account within the constitutive material model [30]. In addition,
the strain-rate sensitivity of the cellular structure might be
affected by the presence of a gaseous pore filler (e.g., air, H2)
[31,32]. However, the strain rate sensitivity effect is usually more
apparent for structures with higher initial pore pressures or higher
relative densities [33,34]. It should be noted that air compression
within the cells was not considered in the scope of this work
which might influence the response of the APM element subjected
to dynamic loading (high strain rates). The base material strain
rate sensitivity was introduced using the Cowper–Symonds con-
stitutive model with the parameters C¼6500 s�1 and p¼4
[35–37]. All nodes of the aluminium foam belong to a single
surface contact accounting also for friction with a coefficient of
friction of 0.5 [38]. A user-defined subroutine was used to extract
force–displacement data. To this end, the sum of nodal reaction
forces and the average displacement of these nodes selected on
the upper plane were recorded. The computational models were
analysed using the commercial finite element codes MSC.Marc for
the quasi-static loading case and LS-DYNA for the dynamic loading
case [37].

It should be mentioned here that the simulation of a complete
APM foam element will serve better results. The simulation of a
full sphere with an adequate geometrical resolution that captures
the internal pore structure requires extremely long computation
times (44 months) and large random access memory (4128 GB).
This obstacle is overcome by considering only a segment (one-
eighth of an APM foam element) for the numerical simulation.
However, this simplification introduces a number of shortcomings
that should be considered during the result interpretation. First,
the size and shape of pores that intersect a symmetry plane are
going to be altered. Second, the boundary conditions may affect
local bending and buckling of the solid phase. However, this effect
seems to be limited since the analysis of stress and strain
distributions in the vicinity of and away from the boundary
condition showed no significant deviation. Third, the boundary
conditions affect the stress wave propagation through the foam
structure and influence the dynamic response. However, consider-
ing the high porosity of the structure and moderate loading
velocities the influence of the symmetrical boundary is not
significant. This has also been confirmed by validation of the
computational results with experimental tests.

Prior to the mechanical characterisation of APM foam elements,
the mesh independence of the solution was addressed. The results
of the mesh refinement study are illustrated in Fig. 4. The
boundary conditions described above were used and the initial
gradient dF/dy of the force–displacement curve was calculated.
Fig. 4 shows that 640,000 nodes (∅¼5 mm) and 550,000 nodes
(∅¼10 mm) yielded satisfactory numerical convergence. The cor-
responding average element sizes were 0.014 mm for ∅¼5 mm
and 0.035 mm for ∅¼10 mm APM foam elements. In addition, for
the dynamic simulations, the time step sensitivity analysis had to

Fig. 2. Sub-division of APM foam elements.

Fig. 3. Boundary conditions of the finite element analyses.
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be performed in order to satisfy the Courant–Friedrichs–Lewy
condition for the explicit integration scheme. Based on the
smallest finite element edge length it was confirmed that the
time step of 0.39 μs provides stable convergence [36].

4. Results and discussion

Fig. 5 shows the quasi-static force–displacement response of
APM foam elements with ∅¼5 mm and ∅¼10 mm diameters.
Numerical simulations of APM foam elements are denoted by thin

continuous lines and their average value is represented by a thick
continuous line. The experimental data taken from [9] and the
corresponding average are denoted by the thin and thick dotted
lines, respectively. It can be observed that absolute values as well
as the scattering of numerical and experimental results are
consistent. In particular, good agreement is found in their averaged
values. The comparison of large (∅¼10 mm) and small (∅¼5 mm)
foam elements clearly indicates higher compressive force values
for the large APM element. This result is expected since (unlike
stress–strain data) force–displacement data are not normalised by
the sample size. Accordingly, the larger (∅¼10 mm) foam ele-
ments provide more resistance to compressive loading. To enable a
direct comparison between the two foam element sizes, additional
numerical simulations are conducted. To this end, two of the 3D
segments from the ∅¼5 mm APM elements are scaled in size by a
factor of two (i.e., their diameter is increased to 10 mm). This
scaling process does not change the geometry of the microstruc-
ture of the ‘small’ APM spheres. It can be observed that the force–
displacement curves from the “scaled ∅¼5 mm” APM foam
elements are different from the ∅¼10 mm APM spheres. The
“scaled ∅¼5 mm” curves exhibit a reduction in structural stiffness
between displacements of 0.2–1.0 mm. The most likely explana-
tion for this deviation is differences in the internal microstructure
and outer particle shape between “scaled ∅¼5 mm” and 10 mm
APM foam elements.

The structural stiffness, k of ∅¼5 mm and ∅¼10 mm APM
foam elements is shown in Table 1. It can be seen from Fig. 5 that
APM foam elements with different diameters exhibit different
stiffnesses. The structural stiffness is the change in compression
force divided by the difference in displacement, e.g., the slope of
the dot-dashed line in Fig. 5b. For the ∅¼10 mm APM foam
elements, the displacement range between 0.2 mm and 1.0 mm
was considered. Low displacements are disregarded in order to
eliminate initial effects due to the establishment of contact
between the foam element and contact plane. In the case of the
∅¼5 mm APM foam elements, the selected range is 0.15–0.5 mm.
The average structural stiffness of ∅¼10 mm APM foam elements
is 3.3 times higher in comparison to ∅¼5 mm APM foam ele-
ments. In addition, the relative variability value was calculated by
dividing the standard deviation of the structural stiffness by the
corresponding average value. Comparing the relative variability of
both diameters, it can be seen that the structural stiffness of the
larger foam elements is more consistent. The variability of the
stiffnesses is probably linked to the relative size of the pores with
respect to the diameter of the foam elements. A study has been
conducted in [21] to investigate the number of pores in one
∅¼5 mm and one ∅¼10 mm APM element with respect to their
pore radius. It has been found that the number of pores per APM
element for ∅¼5 mm and ∅¼10 mm is 4363 and 13,797, respec-
tively. Furthermore, the study conducted in [21] also counted the
number of large pores in ∅¼5 mm and ∅¼10 mm APM foam
elements. These largest pores in the APM (with radius of about
20% or larger of the foam elements' diameter) are likely to strongly
affect the mechanical properties of APM foam elements. Referring
to the data reported in [21], there are more than 10 pores larger
than 2 mm in radius for the ∅¼10 mm APM foam element.

Fig. 4. Convergence analysis on APM foam elements.

Fig. 5. Quasi-static response for (a) ∅¼5 mm APM foam and (b) ∅¼10 mm APM
foam elements.

Table 1
Structural stiffness of ∅¼5 mm and ∅¼10 mm APM foam elements determined by the slope of their respective graphs.

APM sphere size (mm) Effective stiffness, k (N/mm) Simulations

Segment #1 Segment #2 Segment #3 Segment #4 Average Relative variability

∅¼5 107.4 166.6 76.6 77.6 107.0 0.39
∅¼10 370.0 412.2 328.7 280.9 348.0 0.16
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Furthermore, there are more than 120 pores larger than 1 mm in
radius distributed in the ∅¼10 mm APM sphere. It should also be
noted that the largest pores (radiusZ20% of the foam elements'
diameters) shown in Figs. 1, 2, 6, 7 and 9 are non-homogenously
distributed compared to the more evenly distributed pores of size
1 mm in radius. Investigation done in [21] also found more than 10
pores (with a radius of about 20% or larger of the foam elements'
diameter) in a ∅¼5 mm APM sphere, but the number of pores
with radius of about 10% of the foam elements' diameters is much
lower (fewer than 20 pores). The higher number of more evenly
distributed pores (pores with radius Z10% of the foam elements'
diameters) in ∅¼10 mm APM sphere results in more consistent
results. On the other hand, a significant reduction of the number of
pores with radius attaining more than 10% of the foam elements'
diameters in a ∅¼5 mm APM foam element has some effect in
representing an adequate RVE and this resulted in inhomogeneity
of the stiffnesses.

The scatter of the structural stiffness for ∅¼5 mm APM sphere
was also possibly caused by the irregular outer shape of the
simulated segments. Comparing all the segments from ∅¼5 mm
to ∅¼10 mm APM foam elements, the outer shape of ∅¼10 mm
APM segments is closer to a perfect sphere. In contrast, the smaller

APM foam elements exhibit a more irregular outer shape poten-
tially causing scatter of their mechanical properties.

An additional numerical simulation was conducted to investi-
gate the effect of the skin on the APM foam sample. To this end,
the skin has been virtually removed from segment #2 of the
∅¼10 mm APM foam sphere. This reduced the sphere volume by
13%. The structural stiffness of both APM foam elements with and
without skin was then calculated. The results of 412.2 N/mm for
the original sphere and 290 N/mm for the sphere without the skin
reveal that a significant reduction of structural stiffness has
occurred. The structural stiffness of the sphere without the skin
is reduced by a factor of 1.4 compared to the original APM sphere
elements. The skin thickness is more for diameter 5 mm APM foam
elements compared to the diameter 10 mm APM foam element.

Fig. 6 shows the distribution of equivalent plastic strain for
quasi-static loading for segment #1 of ∅¼5 mm and ∅¼10 mm
diameter APM foam spheres. The maximum displacement applied
is limited to 10% of the sample height. This displacement was
chosen in order to achieve an adequate calculation time. Thus, for
the APM foam element with ∅¼5 mm and ∅¼10 mm, the applied
displacement is 0.25 mm and 0.5 mm, respectively. It can be
observed that the upper part of the foam element is flattened by
the simulated compressive plate. This is more likely due to
minimum cross section. A similar observation has been reported
by Stob̈ener et al. [39] who conducted an experimental compres-
sion test of ∅¼10 mm APM foam elements. Fig. 6 further shows
that plastic deformation is not uniformly distributed over the
complete foam element but occurs predominantly in proximity of
the contact area. Vesenjak et al. [11] studied the propagation of the
plastic yielding within the APM foam element using infrared
measurements. They too observed that the yielding originates
from the contact area between the APM foam and the rigid
support and spreads in a shear band with an angle of 451 towards
the lower part of the foam element. Fig. 6 clearly supports this
observation and demonstrates that plasticisation is not limited to
the immediate surface area. A line with a distance of 2.5 mm from
the initial contact point is drawn in Fig. 6a and b. It can be seen
that independent of the foam element size a similar depth is
affected by high levels of plastic deformation at the same macro-
scopic deformation of u¼0.25 mm. However, in the case of the
larger foam elements the affected volume is larger.

4.1. Internal deformation analysis

The internal deformation characteristics of APM foam elements
under quasi-static loading are elaborated here. Localised concen-
trations of equivalent plastic strain are shown in Fig. 7. The
distribution of plastic strain validates the shear band premise
made earlier in this section. During compression, a shear cone

Fig. 6. Distribution of total equivalent plastic strain for macroscopic deformation of
u¼0.25 mm: (a) APM foam element with ∅¼5 mm, and (b) APM foam element
with ∅¼10 mm (contours represent the total equivalent plastic strain).

Fig. 7. Common features of internal distortion under compressive load.
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with an angle of 451 (generated by revolving the 451 line about the
vertical axis in Fig. 6) with respect to the loading axis was formed.
Whenever features like thin walls and thin struts are located
within the shear cone, they will be among the first to experience
high levels of plastic deformation. In addition, high levels of
plasticity occur near the contact area of the external load. In
quasi-static analysis, this phenomenon is caused by the high
contact stresses (contact force divided by contact area) due to
the small initial contact area of the sphere. However, in dynamic
analysis the flattening of the top part of the model is (regardless to
the loading velocity) a result of the distribution of cross sectional
areas in sphere-like bodies. Such behaviour is different from the
uni-axial compression observed in hexahedral shape cellular
material (e.g., Alporass), wherein the incremental deformation
maps show collapse bands originating from neighbouring previous
bands [40].

Next, the dynamic behaviour of APM foam elements is con-
sidered. The time step increment in these direct finite element
simulations is based on the size of the shortest finite element
edge, i.e., 0.0093 mm for ∅¼5 mm foam and 0.0109 mm for

∅¼10 mm foam. These small lengths put extreme demands on
computational time. As a result, dynamic analyses were limited to
∅¼10 mm foam elements. Fig. 8 shows the dynamic force–
displacement response of ∅¼10 mm APM foam elements. Numer-
ical simulations of APM foam elements were conducted at a
macroscopic strain rate of 100 s�1 and are denoted by thin
continuous lines. Their average value is represented by a thick
continuous line. In addition, experimental data taken from [11] are
shown. The thick dotted line shows the results of experimental
testing with a macroscopic strain rate of 20 s�1. For comparison,
results of quasi-static testing are plotted as a dashed line. The
compressive response of APM foam elements shows the typical
behaviour of porous materials. Following the initial elastic
response one can observe the onset of an elastic–plastic transition
zone that is then manifested as a plateau followed by the final
densification [41]. The averaged numerical results are in good
agreement with the experimental measurements. The numerical
results correspond to a compressive strain rate 100 s�1. In con-
trast, experimental results were obtained at lower strain rates (i.e.,
20 s�1) and quasi-static conditions. Numerical tests had to be
performed at the higher strain rate since a transition to 20 s�1

would have caused unreasonably long calculation times. As a
result, the numerical results exhibit an increased plateau stress
and slightly decreased densification strain. Furthermore, it can be
observed that the stiffness of the structure increases at high
loading rates.

Fig. 9 shows the distribution of total equivalent plastic strain in
the ∅¼10 mm APM foam element at different displacement
increments. As already observed in experiments and quasi-static
numerical results, the local deformation originates at the contact
between the APM foam element and the loading/support plate due
to the lowest load bearing cross section of the spherical-shaped
object. Again we can note that the propagation of the plastic strain
spreads in a shear band towards the centre of the foam element in
agreement with previous observations [11]. The numerical inves-
tigations conducted within this paper only focus on a single APM
sphere rather than on a more complex structure made up of

Fig. 8. Numerical simulations and experimental results for ∅¼10 mm APM foam
element.

Fig. 9. Distribution of total equivalent plastic strain for the ∅¼10 mm APM foam element with contours (contours represent total equivalent plastic strain).
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several APM spheres. Assuming that one APM sphere can be
considered as a representative volumetric element (RVE) of a
structure formed by these elements, the findings presented in this
work can to some extent be used to predict the mechanical
properties of this material.

5. Conclusions

This paper has addressed the compressive properties of sphe-
rical APM foam elements. Two different sphere sizes, i.e., ∅¼5 mm
and ∅¼10 mm were investigated. Numerical finite element ana-
lyses were conducted for quasi-static and dynamic loading. To
account for the complex interior foam geometry, calculation
models were directly derived from micro-computed tomography
data. Results were compared with experimental measurements
conducted on similar samples. Good agreement was found. Single
APM foam elements demonstrated typical cellular material beha-
viour, i.e., an extended stress plateau followed by densification at
high macroscopic strains. Numerical analyses of the APM meso-
structure showed that plastic deformation does not occur uni-
formly but is concentrated in a relatively small sub-volume. This
deformation is not limited to the surface of the spherical element
but continues within the interior foam structure. More specifically,
plasticity originates from the contact area of pressure stamp and
sphere and propagates in a 45o shear cone towards the interior of
the samples. As expected, larger APM foam elements were able to
support higher compressive loads, i.e., ∅¼10 mm APM foam
elements exhibit a 3.3 times higher structural stiffness. The
investigation on the skin effect shows that the skin significantly
contributes to the mechanical strength of APM foam elements. The
single APM foam elements with removed skin have a reduction in
structural stiffness by a factor of 1.4 from the original APM foam
counterpart. Internal microstructure deformation analysis reveals
that weak structures like thin walls and thin struts within the 451
shear cone are likely to experience high levels of plastic deforma-
tion. Finally, dynamic compression simulation indicates an
increase of stiffness and plateau stress with increasing macro-
scopic strain rate.
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Chapter 7 

Dynamic compression of aluminium foam derived from 

infiltration casting of salt dough 

 
Building on Chapter 6, the present Chapter extends the analysis of the dynamic compressive 
properties of metallic foam. In this Chapter, Corevo® aluminium foam is considered. This 
metallic foam has been previously discussed in Chapter 3 but limited to quasi-static loading. 
Now, the investigation covers compressive properties of the samples under dynamic loading 
conditions. Quasi-static and dynamic loading primarily differs in terms of speed and inertia 
effects.  
 
This is the first attempt to study the influence of strain rate sensitivity on Corevo® aluminium 
foam. Experimental and numerical analysis are carried out in order to determine the 
compressive stress-strain response, effective material properties and deformation 
mechanisms. Foam samples are manufactured by combining ASG06 aluminum alloy with 
salt dough that introduces 70-80% porosity. Impact compression loading is applied with a 
range of strain rates. A μCT imaging approach is adopted to build a computational model and 
ensures the geometrical accuracy of the complex structure. The effective mechanical 
properties are analysed from the stress-strain results obtained from both the experiment and 
numerical tests. Furthermore, the deformation mechanism was thoroughly investigated by 
making use of IR thermograph technology and data from numerical simulation.  

In summary, impact loading on Corevo® foam reveals a deformation behaviour that is 
different from quasi-static loading markedly in terms of major plasticity concentration areas. 
Due to inertia, dynamic loading tends to concentrate plasticity towards the surface in contact 
with the moving pressure stamp. In contrast, quasi-static loading is characterised by randomly 
distributed plastic deformation throughout the entire sample.  

Results reported in this Chapter give an important insight in the dynamic mechanical 
properties of cellular metals derived from infiltration casting and their strain rate sensitivity. 
This crucial information is needed before aluminium foam can be used in applications such as 
automotive impact absorbers. 

This has been published online and accepted for print publication by the journal of Mechanics 
of Materials. 

M Vesenjak, MA Sulong, L Krstulović-Opara, V Mathier, T Fiedler, “Dynamic compression 
of aluminium foam derived from infiltration casting of salt dough.” Mechanics of Materials 
(2015).
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Highlights 

 First dynamic mechanical characterisation of infiltration-cast aluminium foam. 
 Properties and deformation mechanisms observed by experiments and FE analyses. 
 Numerical finite element analyses were based on micro-computed tomography. 
 Numerical results and infrared imaging indicate layer-wise collapse. 
 Insight in the micro-deformation behaviour and anisotropy has been provided. 
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Abstract:  

This paper addresses the dynamic mechanical characterisation of infiltration-cast aluminium 

foam. The material is produced by combining melt aluminium with salt precursors which are 

removed after solidification. The resulting aluminium foam allows controlled energy 

absorption and hence is of high interest for impact engineering applications at high strain rates. 

In this study, experimental and numerical analyses are combined to quantify its effective 

material properties and investigate relevant deformation mechanisms. First, uniaxial 

compression tests are conducted for both quasi-static and dynamic loading velocities. The 

comparison of the test results permits a direct evaluation of property changes due to the 

loading velocity. Under dynamic loading conditions, infrared imaging enables the localisation 

of concentrated plastification and provides important insight into the dominant deformation 

mechanism. Additional numerical finite element analyses were based on micro-computed 

tomography imaging of actual samples to accurately capture the complex foam geometry. 

Whenever possible, numerical findings were verified by comparison with experimental data. 

Both numerical results and infrared imaging indicate layer-wise collapse as the main 

deformation mode. Furthermore, the numerical results provide insight in the micro-

deformation behaviour of analysed foam and allow additional evaluation of the strain rate 

sensitivity and the anisotropy of mechanical properties. 

Keywords: aluminium foam, salt dough infiltration casting, Corevo, compressive tests, 

infrared thermography, micro computed tomography, finite element method, mechanical 

properties 
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1 Introduction 

Cellular metals are formed by a metallic matrix containing multiple voids usually called 

pores. The internal porosity allows the design of lightweight materials with unique properties. 

First, cellular metals have versatile thermal properties that enable their use as compact heat 

exchangers [1, 2] or for thermal conductivity enhancement [3]. Furthermore, they are used for 

structural damping [4, 5] and as core materials in sandwich panels [6, 7]. However, their most 

remarkable feature is the orderly collapse of pores under compressive loading. This allows the 

controlled conversion of impact energy in plastic deformation whilst the material compresses 

up to very high strains [8-10]. The result is a material that safely absorbs energy and 

simultaneously limits deceleration under impact conditions. Hence, the dynamic properties of 

cellular metals are of particular interest for a wide range of applications in impact protection. 

Examples include road safety barrier systems [11], battery housings in electric vehicles [12] 

or motorcycle helmets [13]. The current paper investigates the dynamic properties of 

aluminium foam derived by a low cost process from infiltration casting of salt dough 

(Corevo) using combined experimental and numerical analyses. 

The mechanical properties of most cellular metals are known to be affected by strain rate. The 

main causes are strain rate sensitivity of the base material (the micro-inertial effect and the 

material strain-rate sensitivity) [8, 14, 15], entrapment of a filler (solid or gas) [16-20] and 

change of deformation mode from uniform deformation (quasi-static) to shockwave 

propagation [10, 21, 22]. Impact is often categorized relative to the velocity of sound as high 

and low velocity. Lopatnikov et al. [23] used analytical and numerical analysis to describe 

energy absorption of metal foams in plane-strain plate impact conditions for various velocity 

regimes. Low velocity impact on metal foam sandwich beams was considered in [24]. Again, 

analytical and experimental analysis was conducted. For an indentation body of finite 

dimensions local denting was found to distinctly decrease the load-carrying capacity. 

Unfortunately, none of the aforementioned studies used experimental testing for the 

verification of the results. A study by Rajaneesh et al. [25] combined experimental and 

numerical analysis to study the low velocity impact on foam cored (Alporas) sandwich panels. 

Energy absorption behaviour was found to depend both on core thickness and the type of 

faceplates. The results suggest using a strain based failure criterion for the foam core instead 

of the more widely used stress limit. 

A previous study addressed the mechanical properties of Corevo aluminium foam with an 

average pore size of 1.9 mm under quasi-static loading conditions [26]. Combined numerical 

and experimental analysis indicated an offset yield stress exceeding 11 MPa and weak elastic 
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anisotropy. Plastic deformation was found to concentrate within thin struts parallel to the 

macroscopic loading direction. This study was extended in [27] where the additional larger 

pore size 5.6 mm was investigated, although still under quasi-static loading conditions. The 

results showed a distinct (up to 30%) decrease of the offset yield stress for the larger pore 

size. 

The current study analyses for the first time Corevo aluminium foam (pore size approx. 3 

mm) under dynamic loading. To this end, experimental compression testing is conducted for 

both quasi-static and dynamic loading conditions. During testing, infra-red (IR) thermography 

is used to observe the evolution of sample surface temperature. Temperature increase can be 

attributed to high levels of plastic deformation. In addition, numerical analyses are conducted 

to better understand the dominant deformation mechanism, strain rate sensitivity and material 

anisotropy. In order to accurately capture the complex network formed by aluminium struts 

micro-computed tomography (CT) scans of actual samples were converted into numerical 

calculation models. Accordingly, virtual compression tests of these models allowed the 

identification of plasticity concentrations, deformation bands and strut failure throughout the 

complete sample volume. Numerical findings are verified by comparison with macroscopic 

stress-strain data and IR thermographies of the experiment. 

 

2 Sample preparation 

The Corevo foam is manufactured by a replication process based on salt dough as a spacer 

material [28]. Salt dough pellets are manufactured with sizes ranging from 2 to 10mm 

(dictating the final pore size of the foam) and compressed into a preform (the compression 

step dictates the final foam porosity ranging from 70% to 80%). Aluminium is then infiltrated 

inside the preform by a low pressure die casting process. After this step, the salt is rinsed 

away to obtain the final foam. This process is quite versatile, allowing for foam parts with 

various shapes and sizes as well as the integration (one shot during casting or by integration 

of external elements at the preform stage) of dense metal parts. 

In this study, the Corevo foam structure has cylindrical pores with d = 2.8 mm in diameter 

and l = 3 mm in height (Fig. 1). The aluminium alloy A357 (Al / 7% Si / 0.6% Mg) has been 

used as the base material in the as-cast state and occupies a fraction of 25%vol. Twenty 

samples of 30×30×30 mm have been cut from a single block by classical sawing and milling 

with physical properties given in Table 1. 
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Figure 1. Testing sample 

 

Table 1. Physical properties of tested samples 

No. Mass Density  No. Mass Density 

[-] [g] [g/dm3]  [-] [g] [g/dm3] 

#E1 17.01 630.0  #E11 18.00 666.7 

#E2 17.64 653.3  #E12 18.41 681.9 

#E3 21.97 813.7  #E13 19.93 738.2 

#E4 22.79 844.1  #E14 19.40 718.5 

#E5 18.83 697.4  #E15 18.53 686.3 

#E6 19.08 706.7  #E16 20.08 743.7 

#E7 18.00 666.7  #E17 18.91 700.4 

#E8 19.44 720.0  #E18 19.14 708.9 

#E9 18.50 685.2  #E19 19.31 715.2 

#E10 19.83 734.4  #E20 18.49 684.8 

 

3 Methods 

3.1 Experimental testing of Corevo specimens 

The experimental testing consisted of quasi-static and dynamic compressive loading of 

Corevo specimens. For that purpose the servo-hydraulic testing machine INSTRON 8801 has 

been used according to the standard ISO 13314: 2011 [29, 30]. The experiments were 

monitored with two digital video cameras, both supporting recording at 100 frames per 

second, and an IR thermal camera. The specimens have been subjected to quasi-static loading 

velocity of 0.1 mm/s (specimens #E1-#E10) and dynamic loading velocity of 284 mm/s 

(specimens #E11-#E20). The dynamic loading resulted in a macroscopic engineering strain 

rate of approx. 10 s-1. The testing machine support plates were lubricated with the graphite 

based silicone grease to minimize the friction between the specimens and the support plates. 
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During the tests the force and cross-head displacement have been recorded to evaluate the 

engineering mechanical properties. The engineering values for result evaluation were 

determined according to the initial geometry of the specimens. The engineering strain has 

been determined as the cross-head displacement divided by the initial specimen’s height (h = 

30 mm), while the engineering stress has been determined as the experimentally measured 

force divided by initial specimen’s cross-section (A0 = 900 mm2). 

 

3.2 IR thermography 

During dynamic compressive testing the specimens (#E11-#E20) were also monitored by IR 

thermography [31] using the high speed cooled middle-wave IR thermal camera Flir SC 5000 

at 314 frames per second. The capture of thermal images is based on an InSb detector 

operating at cryogenic temperatures of -200 °C. Thermal imaging at high frame rates allows 

acquisition of noise free thermal images indirectly visualising irreversible deformation and its 

front waves, plastification slide lines, failure mechanisms, crack propagation and fracture 

process [32] during the mechanical loading. This method has been already proved as a reliable 

tool in case of several porous materials types, e.g. open-cell aluminium foams with and 

without silicone foam filler [29], advanced pore morphology (APM) foam elements [33], 

aluminium tubes filled with close-cell aluminium alloy foam [7, 34] and expanded 

perlite/aluminium syntactic foam [19]. In our recent research it has been also proven that the 

thermal images are equivalent to the strain field on the specimen’s surface where IR method 

has been compared to three-dimensional (3D) optical Digital Image Correlation (DIC) method 

(e.g. ARAMIS system) [35, 36]. As the DIC is limited to the speed of charge-coupled device 

(CCD) cameras (frame rates up to 700 Hz) and the light source, this makes the IR approach 

one of the most effective methods capable of visualising plastic deformations at higher strain 

rates which is the case in this study. Quasi-static tests (specimens #E1-#E10) were not 

evaluated with IR thermography due to the rapid heat conduction in aluminium alloy that 

prevents clear thermal images. 

 

3.3 Computational models and numerical simulations 

The irregular and complex 3D geometry of the fabricated Corevo foam specimens has been 

taken into account by using CT imaging. This has already proven to be an efficient tool for 

geometrical characterisation [37, 38] and preparation of computational models of other porous 

materials like Alporas® [39], M-Pore® [8, 40], APM foam [41, 42], sintered metallic fibre 
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structures [43] and expanded perlite/aluminium syntactic foam [19]. The results of CT 

imaging of the Corevo samples are grey level image stacks with a voxel length of 51.92 m. 

In the first step, these voxels are segmented into metallic phase and pores of the cellular 

structure. The segmentation threshold is iteratively calibrated until the mass of the virtual 

model coincides with the scanned sample. The segmented data is then converted into a closed 

triangulated STL surface mesh which bounds the solid volume of the structure. In the final 

meshing step, these surface meshes are transformed into volume meshes using the automated 

meshing algorithm of the Harpoon software. To achieve realistic calculation times the size of 

the computational model was truncated to approx. 15×15×15 mm. Geometrical convergence 

of the numerical model requires a sufficient number of finite elements to accurately represent 

the complex foam geometry. Furthermore, the calculation models must contain a sufficient 

number of integration points to accurately capture the calculated displacement field. To 

ensure both geometrical and numerical convergence a preliminary study was conducted for 

sample #C1. To this end, six meshes containing 660k, 671k, 965, 1036k, 1187k and 1267k 

elements were generated. The volume deviation with respect to the segmented voxel data is 

less than 0.1% for all meshes and thus considered acceptable for geometrical convergence. 

For the numerical convergence analysis Young’s modulus and the offset yield stress were 

determined. The medium sized mesh containing 1036k elements showed good convergence 

for both material parameters (≤ 4.3% deviation with respect to the highest mesh density). 

Accordingly, meshes with approx. 1 million fully integrated tetrahedron elements have been 

chosen for subsequent simulations (Table 2). It should be mentioned here that the element 

number in the mesh #C2 is slightly lower due to the decreased density of the sample. 

 

Table 2. Properties of computational models 

Model number Density 

[g/dm3] 

Number of FE 

[-] 

#C1 730.4 1.036.476 

#C2 650.5 935.785 

 

The mechanical properties of the base material (aluminium alloy A357) have been determined 

by quasi-static and dynamic experimental tensile tests on solid aluminium alloy samples 

according to ISO 6892-1:2010 [44].  
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Figure 2. Stress-strain data of the base material 

 

From these tests the stress-strain data (Fig. 2) have been used as an input for the material 

model in numerical simulations. A piece-wise linear elastic-plastic constitutive model 

accounting for strain rate sensitivity and failure has been chosen in this respect [45]. When the 

plastic strain in a finite element develops and exceeds the prescribed failure plastic strain (set 

according to the measurements given in Fig. 2), the finite element is effectively removed from 

the finite element model. Since fully integrated quadratic finite elements were used, the 

average plastic strain was considered as a failure measure, which was computed from the 

plastic strain in integration points [45]. The material rate-dependence is usually taken into 

account with straightforward incorporation into the constitutive material model [46]. For this 

purpose the base material strain rate sensitivity was introduced using the Cowper-Symonds 

constitutive model: 

 

 





















p

stat C

1

1 



, (1) 

 

where  corresponds to the stress at the strain rate   and stat is the quasi-static response. The 

strain rate sensitivity parameters of the aluminium alloy are C = 3818 s-1 and p = 1.723 [47-

49]. The boundary conditions of the finite element analysis combine displacement controlled 

loading and a fixed planar rigid wall at the opposite specimen’s surface simulating uniaxial 

compressive loading (Fig. 3). The strain rate sensitivity of the Corevo foam has been 
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determined based on three constant loading velocities 0.3, 3 and 30 m/s, resulting in 

macroscopic engineering strain rates of 10, 100 and 1000 s-1, respectively. Additionally, the 

computational simulations allowed to precisely study the anisotropy of Corevo foams. To this 

end, the computational models have been subjected to the compressive loading in three 

orthogonal directions (in x, y and z axis). All nodes of the foam models were included in an 

automatic single surface contact accounting for friction (friction coefficient of 0.5). From the 

forces recorded at the rigid support plane and the displacements of the loading plane, the 

engineering stress-strain data of the foam models have been evaluated. 

 

 
Figure 3. Boundary conditions. 

 

The computational model has been analysed using the commercial engineering software LS-

DYNA MPP R7 (single precision) based on the explicit integration scheme [45, 48]. With the 

sensitivity analysis of the time discretization it was confirmed that the time step of 10-9 s 

provides stable convergence. Computational analyses have been performed using the HP 

ProLiant DL380p cluster with Intel Xeon E5-2670 processors and 128 GB of RAM per 

processor. From 32 to 64 processor cores have been used per simulation, resulting in 

computational times from 50 up to 200 (for lower velocity loading cases) wall-clock hours. 

 

4 Results and discussion 

4.1 Experimental results 

The characteristic compressive behaviour of Corevo specimens under quasi-static and 

dynamic (strain rate 10 s-1) loading conditions is represented in Fig. 4. By visual observation 

of the specimens during experimental testing the deformation mechanisms have been studied. 

The specimens subjected to quasi-static loading (Fig. 4a) experienced already at lower strains 

(< 10%) deformation bands which are in most cases parallel to the loading/support plates 

rigid support plane 

foam specimen 

displacement 
controlled 
loading plane 

x 
z 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

indicating a layer-wise collapse mechanism, typical for regular [20, 50, 51] but also for 

irregular foams with random topology [19, 52]. Due to the randomly distributed weak regions 

inclined deformation bands can be observed. The individually initiated collapse bands 

propagate further with the strain increase and eventually merge in one large horizontal 

deformation band (area marked with black colour) until a complete densification is being 

reached. The images showing the deformation during the dynamic loading (Fig. 4b) exhibit 

some motion blurring due to the high loading velocity (recording with 100 frames per second 

was not sufficient). Nevertheless, the main deformation mechanism can still be observed. The 

images show that parallel (horizontal) and inclined deformation bands are being formed. This 

indicates that the loading velocity (corresponding to a strain rate of 10 s-1) is insufficient to 

change the deformation mechanism in the observed porous structure. As observed in case of 

quasi-static loading, single deformation bands are being joined at larger strains in one large 

collapse band. 

 

  
a) b) 

Figure 4. Compressive behaviour of Corevo specimens subjected to quasi-static (a) and 

dynamic (b) loading (strain increment   10%) 

 

In order to study the deformation mechanics and plastic deformation of base material in more 

detail IR thermography has been employed during dynamic tests (in case of quasi-static 

loading the generated heat indicating the plastification zones is dissipated too quickly to 
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provide conclusive data). Fig. 5 shows the deformation behaviour of two specimens during 

dynamic compression. The observed temperature increase is caused by irreversible 

plastification and is equivalent to the Von Mises strain field on the specimen’s surface [35]. 

 

 
Figure 5. Compressive behaviour of two Corevo specimens subjected to dynamic loading 

(strain increment   10%) 

 

The first specimen (upper line in Fig. 5) shows the initiation of a horizontal collapse band (the 

increase in temperatures caused by plastic deformation), while the remaining visible part of 

the specimen still deforms elastically. At larger strain a second inclined deformation band is 

formed which after further deformation merges with the horizontal one. The plastification 

then continuously spreads though the complete specimen. The second specimen (lower line in 

Fig. 5) shows the typical layer-wise collapse mechanism. In total three horizontal 

plastification bands are gradually formed. From these bands the plastic deformation spreads 

through the whole porous structure. 

The maximum sample temperature on the captured sample surface has been monitored during 

each dynamic test. The average of all measurements together with its deviations is represented 

from beginning of loading ( = 0 at t = 0) up to densification (  0.8 at t = 0.086 s) in Fig. 6. 

After an abrupt initial temperature increase (coinciding with formation of the first 

deformation band, region I.) the maximum temperature gradually increases up to t  0.04 s 

(region II.) and then at a slower rate further increases (coincides with merging of single 

deformation bands) up to densification (region III.). 
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Figure 6. Trace of the maximal temperature change through time/deformation. 

 

The response in terms of engineering stress vs. engineering strain for all tested specimens is 

shown in Fig. 7. The stress-strain curves show a typical compressive behaviour for porous 

materials that consists of the: (i) initial quasi-linear-elastic region, (ii) transition zone where 

the base material starts plastically to deform, (iii) plateau region with almost constant stress 

up to large strains and (iv) densification where the stiffness drastically increases [8, 53, 54]. 

The diagram shows considerable scatter of the mechanical properties which is mostly 

attributed to density (porosity) variation of the tested specimens. However, it should be noted 

that the stiffness of the specimens clearly increases with their increasing density. 

 

 
Figure 7. Stress-strain data for all specimens subjected quasi-static and dynamic compressive 

loading 
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Due to the variation of specimens densities the strain rate sensitivity cannot be clearly 

observed in Fig. 7. Accordingly, only the response of specimens with approximately same 

density (  700 g/dm3) have been depicted in Fig. 8. The results indicate a positive strain rate 

sensitivity of the Corevo foam. With increasing loading velocity the global stiffness of the 

structure increases, while the densification strain is slightly shifted to lower strains. Fig. 8 also 

contains quasi-static stress-strain data of Corevo samples with different pore sizes taken from 

[27]. All samples of the current study (see Table 1) exhibit an average pore size of 3 mm. It 

can be seen that the pore size of 5.6 mm yields almost identical results, whereas distinctly 

higher stresses are observed for the smaller pores size of 1.9 mm.  

 

 
Figure 8. Stress-strain data of specimens with approximately same density (700 g/dm3) 

subjected quasi-static and dynamic compressive loading 

 

4.2 Computational results 

Computational simulations offer further insight in the global and local deformation behaviour, 

strain rate sensitivity and anisotropy of Corevo foam specimens. Initially, the computational 

models and their results have been compared to the experimental test data. Their response is 

validated with the experimental measurements (for the same loading rate) in Fig. 9. 

Throughout the complete strain range a very good agreement can be observed which confirms 

the suitability of the used computational models. 
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Figure 9. Comparison between the experimental and numerical results (strain rate 10 s-1) 

 

Fig. 10 shows the computational deformation behaviour and plastification distribution in 

Corevo specimens. As discussed above, the formation of several independent deformation 

bands is clearly visible. The plastic deformation of the base material is mostly concentrated 

within these deformation bands, while other regions are being deformed only elastically.  

 

 
Figure 10. Computational results of Corevo specimens subjected to compressive behaviour 

(strain increment   10%, loading direction as shown in Fig. 3) 
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The computational simulations show the collapse mechanics with deformation bands which 

are not necessarily constant through the complete specimen’s thickness. Representative 

examples are depicted in Fig. 11. In agreement with the experimental IR observations up to 

three deformation bands can be observed. The orientation of those deformation bands can be 

horizontal, inclined or a combination of horizontal and inclined bands.  

 

 
Figure 11. Representative deformation bands in various specimens (strain   10%, loading 

direction as shown in Fig. 3) 

 

Another advantage of computational simulations is the availability of results in almost any 

point (depending on the discretisation) of the analysed model. Unlike the experimental tests, 

plasticity data is not limited to a single outer surface of the specimens but provides insight in 

the local behaviour inside the porous structure. The most common local micro-deformation 

mechanisms are shown in Fig. 12 and are highlighted by arrows and a letter denoting the 

deformation mechanism. Initially (strains up to approx. 15%) the plastic concentrations 

predominantly appear within thin struts that are parallel to the loading direction, as it was also 

observed in [19, 26]. Further deformation of the structure results in bending, crushing and 

stretching of aluminium struts and eventually in their failure and collapse. 
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Figure 12. Local deformation mechanisms observed in computational simulations  

(bending – B, crushing – C, stretching – S, failure or collapse – F) 

 

By means of computational simulations, the strain rate sensitivity (achieving strain rates 

higher than the capability of the used testing machine, i.e. > 10 s-1) and anisotropy of Corevo 

specimens have been further analysed. The stress-strain data of both computational models 

(#C1 and #C2) are shown in Fig. 13. 

 

 
Figure 13. Stress-strain response of the computational model #C1 (a) and #C2 (b) in different 

loading directions and different loading velocities 

 

The diagrams represent three different loading velocities (corresponding to strain rates 10, 

100 and 1000 s-1) and three orthogonal loading directions (x, y and z). In order to better 

understand the dynamic behaviour of Corevo foam, the material strain rate sensitivity 

(Cowper-Symonds model) has not been accounted for in one set of simulations. This set of 

simulations is in diagrams labelled as 10 s-1 only inertia, as the inertia represented the only 
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dynamic effect. From both diagrams it can be observed that the results are clustered in four 

strain rate groups. Within each of these groups, the influence of the loading direction can be 

observed. Comparison of curves for the strain rate 10 s-1 with 10 s-1 only inertia shows the 

impact of the material strain rate sensitivity. A noticeable increase in stiffness is found even at 

this relatively low strain rate. The stiffness of specimens further increases by increasing the 

strain rate up to 100 s-1. A more significant difference can be observed at the strain rate 1000 

s-1 which is most likely, besides to the inertia and base material strain rate sensitivity, 

attributed also to the change of the deformation mechanics. The influence of the loading 

velocity on the deformation mechanics is presented in Fig. 14. At lower strain rates, local 

deformations start to form randomly through the structure (depending on the weakest points). 

Contrary, at higher loading rates the deformation mode changes and the local deformation is 

due to the inertia effects mostly concentrated within the region where loading occurs and not 

at the weakest region, thus providing higher load carrying capacity [10, 22]. 

 

 
Figure 14. Comparison of strain propagation at low (10 s-1, left) and high (1000 s-1, right) 

strain rate (strain   5%, loading direction as shown in Fig. 3) 

 

4.3 Mechanical properties of Corevo foam 

The quasi-static and dynamic mechanical properties of Corevo foam specimens were 

determined in accordance with the ISO 13314: 2011 [30, 55] based on experimental and 

computational results. The 1% offset yield stress, plateau modulus, plateau stress and specific 

energy absorption (0.2 <  < 0.4) are plotted versus density in Fig. 15. Thus, the influence of 

the density and the strain rate sensitivity can clearly be observed. Random variation of the 

results is most likely to be attributed to the complex foam structure and highly irregular pore 

topology, as it was already observed in [52]. A clear tendency that the mechanical properties 

increase with the foam density can be noted. The influence of the density is strongest in the 
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case of plateau stress (Fig. 15b) and plateau modulus (inclination of the plateau region, Fig. 

15c), followed by specific energy absorption (Fig. 15d) and offset yield stress (Fig. 15a). It 

was observed that the offset yield stress is less affected at lower densities (< 750 g/dm3). The 

plateau values and specific energy absorption increase almost linearly with density increase. 

The results show again a positive strain rate sensitivity of the analysed specimens which is 

consistent with our previous studies [8, 19, 52] and also confirmed by other authors [21, 56]. 

Nevertheless, results contradicting this observation were also published. Some studies on the 

behaviour of aluminium foams reported their insensitivity to strain rate [57, 58], while others 

have shown that the foams with lower porosity experience a higher strain rate sensitivity 

which diminishes by increase of porosity [17, 59, 60]. Hence, understanding of the 

mechanisms contributing to the influence of strain rate sensitivity for foams are still subject to 

discussion. 

 

 
Figure 15. Experimental and computational mechanical results: 1% offset yield stress (a), 

plateau modulus (b), plateau stress (c) and specific energy absorption (d) 

 

The anisotropy of the Corevo foam specimens was observed (due to the limited number of 

available CT data sets) using the already validated numerical models. The influence of the 
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loading direction on the 1% offset yield stress and plateau stress can be observed in Figs. 16 

and 17, respectively.  

 

 
Figure 16. Influence of the anisotropy on the 1% offset yield stress for #C1 (a) and #C2 (b) 

 

 
Figure 17. Influence of the anisotropy on the plateau stress for #C1 (a) and #C2 (b) 

 

For lower strain rates ( 100 s-1) only a moderate anisotropy can be noted. This indicates that 

the aluminium alloy infiltration direction during specimens’ fabrication does not considerably 

affect the mechanical properties. Furthermore, the distribution and orientation of salt pallets 

appear to be random (no preferred alignments) and therefore the stochastic internal foam 

structure does not systematically influence the mechanical properties in respect to the loading 

direction. Both samples show a stronger anisotropy for z-direction at the maximum strain rate 
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in case of yield stress. This effect is associated with the change of the deformation mode (Fig. 

14) at higher strain rates and coincides with the aluminium alloy infiltration direction. 

Anisotropy appears to be less pronounced for the case of plateau stress, in particular at the 

highest strain rate. It should be noted that plateau stress is an averaged value at high strains 

and therefore the influence of the deformation mode change is not as prominent. 

The 10 s-1 (only inertia) results indicate that the base material strain rate sensitivity increases 

the effective material properties in average by 6.7% (offset yield stress) and 10.8% (plateau 

stress). This additionally emphasises the need for accounting the base material strain rate 

sensitivity with appropriate constitutive material models in computational simulations. 

5 Conclusions 

The manuscript presents for the first time a detailed study of compressive mechanical 

properties, including the strain rate sensitivity and anisotropy, of Corevo aluminium foam. For 

this purpose extensive experimental tests and computational simulations have been performed. 

The study of deformation mechanisms during compressive tests has been additionally 

supported by IR thermography. Computational simulations have been based on numerical 

models with precisely reconstructed models replicating complex irregular 3D geometry of the 

fabricated specimens by using CT data. The suitability of computational models has been 

thoroughly validated by comparison with experimental tests. Collapse mechanisms have been 

observed by IR thermography and computational simulations, both indicating formation of 

deformation bands during the loading process. These bands can be parallel or inclined 

regarding to the loading/support plates, indicating a layer-wise collapse mechanism. Multiple 

collapse bands merge into one large crush band before densification. By means of 

computational simulations, the most common micro-deformation mechanisms were identified, 

showing plastic concentrations predominantly within the struts that are parallel to the loading 

direction at lower strains. Upon further loading struts start to bend, crush and stretch, up to 

their failure and collapse. The results of the experimental tests and simulations have clearly 

shown the influence of the loading velocity. The results indicate a positive strain rate 

sensitivity of the mechanical properties of the Corevo foams. Additionally, the computational 

simulations show moderate mechanical anisotropy. Accordingly, it can be concluded that the 

aluminium infiltration direction and pore topology do not significantly influence the 

mechanical properties in respect to the loading direction. Finally, such combined experimental 

and numerical investigation showed to be necessary when evaluating complex material 

structure, such as Corevo foam. 
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Chapter 8 

A model of the mechanical degradation of foam replicated 

scaffolds 

 
The previous Chapters 3-7 addressed the mechanical characterisations of metallic foams. In 
contrast, this Chapter deals with the mechanical properties of tissue engineering scaffolds, i.e. 
a ceramic porous structure. The considered biomaterial scaffold is similar to the previously 
investigated metallic foam materials in terms of geometry (they all have a complex internal 
morphology and are porous) and stress-strain behaviour. Thus the tissue engineering 
scaffolds are investigated using the same methods applied in previous Chapters for quasi-
static loading. The biomaterial is synthesised from titania powder using the foam replication 
technique. 
   
Image-based modelling from high resolution sources such as μCT opens a wider window to 
explore the properties of tissue engineering scaffolds. In this Chapter, accurate predictions of 
the transformation of scaffold geometry caused by surface erosion and the resulting change in 
its mechanical response are presented. The geometrical degradation of the foam structure is 
simulated using a phenomenological method to mimic the surface erosion in body fluids. 
However, this investigation does not attempt to apply the complex diffusion-chemical 
reaction system into the degradation model. Instead, the models reported in the literature are 
used in the scope of this work to connect the relation between the implantation times to mass 
loss of the biomaterial scaffold. Micro-computed tomography (μCT) images of foam 
replicated scaffolds are processed and partially resorbed three-dimensional (3D) geometries 
are re-generated herein. The virtual geometries obtained are then used for mechanical finite 
element analysis in order to assess the decrease of the elastic stiffness and degradation of 
material strength. The compressive properties of the titania scaffolds are assessed by 
imposing quasi-static loading. Results show the systematic decrease of the quasi-elastic 
gradient, 0.2% offset yield stress and the plateau stress during a ten-week (74 days) period of 
immersion time.  

In summary, the mechanical properties of the titania scaffolds studied in this Chapter can be 
accurately represented using an exponential decay function of the immersion time. More 
importantly, this function scales the mechanical property of the original titania foam 
according based on its immersion time. Results obtained from this investigation reveal the 
great potential of numerical analysis for accurate modelling and prediction of the mechanical 
properties of tissue engineering scaffolds. 

The latest version of the submitted paper is presented here.  

M.A. Sulong, I.V. Belova, A.R. Boccaccini, G.E. Murch, T. Fiedler, “A model of the 
mechanical degradation of foam replicated scaffolds.” Under review in Journals of Materials 
Science
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Abstract Tissue engineering scaffolds are implants that actively support tissue growth whilst 
providing mechanical support. For optimum functionality, they are designed to slowly dissolve 
in vivo so that no foreign material remains permanently implanted inside the body. The current 
study uses a simple degradation model that estimates the change of scaffold geometry due to 
surface erosion. This model is applied on scaffolds that have been manufactured using the foam 
replication method. In order to capture their complex geometry micro-computed tomography 
scans of samples are obtained. Their change in geometry and degradation of mechanical 
properties are evaluated using computational analysis. The present investigation found that the 
mechanical properties such as the quasi-elastic gradient, 0.2% offset yield stress and the plateau 
stress are decreased systematically over a ten week period of immersion time. Deformation 
analysis on the titania foam scaffold is performed by means of the deformed model obtained 
from finite element calculations.  

Keywords: Tissue engineering scaffold, bone resorption, surface erosion, mechanical properties, 
finite element method. 

 

Introduction 

Tissue engineering scaffolds are advanced biomaterials that aim to support self-healing 
mechanisms of the body. The underlying philosophy is the regrowth of damaged tissue that 
naturally has the ability to react to biochemical stimuli [1]. The scaffolds themselves should 
slowly dissolve in contact with body fluid due to a controlled resorption reaction. Benefits 
include possible time-delayed release of drugs, nutrients or growth factors stored within the 
scaffold matrix. The frequency of revision surgery can be reduced or can be avoided altogether 
by using this advanced biomaterial. Furthermore, no permanent implant remains inside the 
human body thereby decreasing the risk of an adverse host reaction.  

Over the past ten years a variety of tissue engineering scaffolds have been created using 
numerous biomaterials. The most successful approaches include the robocasting [2], rapid 
prototyping [3, 4], sol-gel foaming [5] and foam replication methods[6, 7]. Robocasting is a 
technique which is used to manufacture an object layer-by-layer, often with the help of 
computer-aided design (CAD) [8]. In this technique, the so-called three-dimensional (3D) 
printer’s inkjet in the form of aqueous paste is deposited on top of the previous layer through a 
tiny orifice of a nozzle [9]. Recently, bioactive glasses from the 6P53B group have been used in 
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the robocasting method to produce glass scaffolds that exhibit a compressive strength 
comparable to human cortical bone (~ 136 MPa) [10].  Sol-gel processing is another technique to 
fabricate bioactive glass scaffolds. This method has several advantages such as a hierarchical 
pore morphology, good process control and a yield of highly pure powder [11–13]. In spite of 
many good characteristics found in scaffolds derived from the sol-gel method, the structure has a 
relatively low strength (0.3-2.3 MPa) [14] and consequently this scaffold material can only be 
exploited in low-load bearing bone areas. 

The foam replication method was first used to produce macroporous ceramics [15] before it was 
adapted to successfully create porous glass scaffolds [16]. The chief advantage of the foam 
replication method is its ability to produce highly porous glass scaffolds with open and 
interconnected porosity up to 95% [16]. Scaffolds that can be produced by using the foam 
replication method include a wide range of materials such as silicate [16], borosilicate [17] and 
borate bioactive glass [18]. However the challenge of biomaterials produced by this technique is 
the relatively low mechanical strength in the range of trabecular bone. Post-processing of glass 
scaffolds produced by foam replication such as coating with porous poly(D,L-lactide) PDLLA 
[6] or carbon nanotube [19] can be used to improve the strength of the glass scaffold. It has been 
reported that PDLLA coated glass scaffold is seven times stronger than the uncoated counterpart 
[6]. This strengthening mechanism could be attributed to the filling of microcracks in the thin 
struts by the PDLLA slurry and this hypothesis is supported by numerical simulation results [20]. 
The present study focuses on scaffolds manufactured using the foam replication method. The 
resulting scaffolds exhibit porosities of p > 90% and an average pore size of 300 m.  

Tissue engineering scaffold degradation has been addressed in previous research. Experimental 
studies have used magnetic resonance and computed tomography imaging to monitor in vivo 
implant resorption [21, 22]. However, the high cost and time requirements associated with these 
techniques limit their applicability for extensive studies. These drawbacks can be overcome by 
the additional use of numerical models.  Han and Pan [23] developed a mathematical model of 
the simultaneous crystallization and biodegradation of biopolymers such as PGA and PLA. They 
extended a previous phenomenological model due to Wang et al. [24] by considering the 
formation of a crystalline phase that retards the reaction. The models combine a set of coupled 
reaction-diffusion equations that were solved for simple geometries using a finite element 
method. A polymeric biomaterials degradation simulation based on the Voxel Finite Element 
Method has been developed by Adachi et al. [25]. The investigation in [25] addresses the surface 
erosion of the scaffold and new bone formation in the same time frame. The proposed simulation 
method is promising for use in porous scaffold microstructure design. However, the coupling 
effects of two phenomena during regeneration were found to be very complex despite simple rate 
equations for the decomposition of scaffold and bone formation being used.  In another study, 
Sanz-Herrera and Boccaccini [26] addressed the degradation of bioactive glasses for tissue 
engineering scaffolds. The reaction of bioactive glasses with body fluid results in hydroxyapatite 
being formed on the surface of the scaffold. The growing hydroxyapatite layer introduces a 
diffusion barrier that decreases the reaction rate over time. The set of equations forming their 
model was solved using a finite element method representing the geometry as voxels. 

The focus of the present paper is the accurate prediction of scaffold geometry change due to 
surface erosion and its impact on mechanical properties. To this end, micro-computed 
tomography (CT) images of foam replicated scaffolds are processed and partially resorbed 
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geometries are calculated. The geometries obtained are then used for mechanical finite element 
analysis in order to assess the degradation of the elastic stiffness and material strength. It should 
be emphasized here that the authors do not attempt to implement a detailed model of the complex 
diffusion-chemical reaction system. However, the models presented in the literatures [23], [24], 
[26] can be used to link implantation time to mass loss (e.g. the resorbed volume fraction) of the 
scaffolds.  

Resorption Model 

Two basic degradation mechanisms are usually distinguished: surface erosion and bulk 
degradation [27]. Polymers that are permeable to water (e.g. polylactic acid) are most likely to 
undergo bulk degradation [28, 29]. Water penetrates the polymer and subsequent hydrolysis 
generates carboxylic acids within the scaffold. This causes a decrease of the pH that is most 
pronounced away from the scaffold surfaces (at the surfaces the pH is stabilized due to mixing 
with surrounding body fluid). As a result, the reaction tends to form acid filled cavities within the 
material. When the polymer eventually breaks apart these acids are released and can cause 
inflammation of the surrounding tissue [30]. In contrast, hydrophobic materials undergo surface 
erosion which is manifested in the gradual thinning of the scaffolds. The present paper considers 
surface erosion which is better suited to describe the resorption behaviour of bioactive glasses.  

A phenomenological model is used to predict surface erosion. In the first step, the stochastic 
scaffold geometry is captured using micro-computed tomography with a voxel resolution of 
13.97 µm. As a result, detailed three-dimensional voxel data are obtained that represent the 
scaffold geometry in the form of 16 bit grey-level data. The grey-level of each voxel corresponds 
to the measured material density inside its volume and is used to segment the data set into 
scaffold (high density) and pore space (low density). To this end, the segmentation threshold is 
iteratively adjusted until the mass of scanned scaffold and virtual 3D model coincide. 

For simplicity, the resorption reaction is assumed to occur at a constant rate for a given interface 
area between the reactants (i.e. scaffold and body fluid). As a result, the local reaction rate of a 
voxel is directly proportional to its surface area. The functionality of the algorithm is visualized 
in Figure 1 using a simple two-dimensional example. In most cases, the degradation rate of tissue 
engineering scaffold can be represented as an exponential function of time [31-32]. Initially, all 
pixels in the scaffold surface (grey pixels) are identified and their reaction counter is set to zero. 
At t = 1 the reaction counter of each surface pixel is incremented by its surface area (i.e. the 
number of interfaces with the pore space). In the example shown in Figure 1, a surface pixel is 
dissolved after the reaction counter has reached a value of 5 or greater. Accordingly, the 
protruding pixel on the left side is removed at t = 2. Newly exposed surface pixels are updated 
and their reaction counter is set to 0. This procedure is continued until the desired dissolved 
volume fraction is reached. In the case of the tissue engineering scaffold, the algorithm is applied 
to three-dimensional voxel data instead. Furthermore, the reaction counter value for voxel 
removal is increased to 1000 for improved accuracy. It must be highlighted here that the 
algorithm does not attempt to capture the reaction dynamics, i.e. it is not suitable for determining 
the mass loss after a certain time period. However, as mentioned above additional knowledge of 
the reaction dynamics can be used to relate scaffold geometry to the time the scaffold has been 
implanted in the body. 
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Fig. 1 Resorption model (pixels are removed at local values of 5) 

Figure 2 shows results of the resorption algorithm applied to one of the CT data sets. Images 
are shown for different stages that are identified by their resorbed volume fraction 𝛷Res, (i.e. the 
decrease in volume relative to the initial solid scaffold volume). Three different volume fractions 
are presented: the scanned CT model (𝛷Res= 0 vol. %) and 𝛷Res = 12 vol. % and 30 vol. %. It 
can be seen that at 𝛷Res = 30 vol. % fragments start to separate from the main scaffold 
(disconnected fragments such as in the magnified circle are shown using a light grey colour).   

 

Fig. 2 Resorption of Sample #2 (areas shown in light grey are not percolating) 

 

Finite Element Analysis 

Finite element (FE) analysis is a numerical approach to mechanically characterize a sample by 
using a virtual model. The FE method allows the computation of mechanical properties such as 
reaction force, displacement, stress distribution, equivalent plastic strain and deformation 
analysis of a sample. The versatility of FE analysis includes the ability to repetitively test the 
same sample which is impossible in a destructive experimental test. This can be used to optimize 
a virtual sample by modifying its geometrical parameters and to consider different materials. 
Furthermore, FE analysis can be integrated with numerical models from micro-computed 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



5 
 

tomography (μCT) images. The μCT imaging approach is well known to approximate the real 
structure regardless of geometrical  complexity [33]. 

Geometric Discretisation  

In the present study, the three-dimensional (3D) numerical calculation models are generated 
from the μCT data of actual samples. Three different samples have been scanned and their 
geometric properties are shown in Table 1. The complex geometry of the samples was captured 
using a high resolution scan with a voxel length of 13.97 µm. The raw μCT data obtained are 
segmented using the ImageJ [34] image processing software. Using the volume fraction of titania 
𝛷TiO2

∗  as the reference, the μCT data is segmented using grey-value thresholding. To this end, the 
grey-value threshold is iteratively adjusted until the titania volume fraction 𝛷TiO2

∗
 of the virtual 

model coincides with the scanned sample. The superscript * indicates that a variable refers to the 
original scaffold geometry (i.e. prior to resorption). The target volume fraction 𝛷TiO2

∗
 of the 

scanned sample is obtained by dividing the titania volume VTiO2 by the smallest rectangular 
prismatic volume VPrism that encloses the sample, i.e. 𝛷TiO2

∗  = VTiO2/VPrism. The volume VPrism is 
calculated by multiplication of sample height, length, and width. All dimensions (i.e.: height, 
length, and width) are taken as the averaged values measured at three different locations. This is 
done to minimise the error that may arise from minor deviation between the samples’ outer 
shapes and the perfect rectangular prism. The titania volume VTiO2 is calculated using 𝑉TiO2 =
𝑚S/𝜌Tio2, where the sample mass 𝑚S is obtained by weighing the samples on a digital precision 
scale and the density of titania TiO2 is taken from the literature as ρTiO2= 3800 kg/m3 [35].  

To describe the resorption of models, we will use the resorbed titania volume fraction which is 
introduced as:  

𝛷Res = 1 − 𝑉TiO2/𝑉TiO2
∗  

where 𝑉TiO2
∗  is the original and 𝑉TiO2 the current (i.e. after partial resorption) titania volume of a 

sample. Assuming a constant density of titania, this resorbed volume fraction is equivalent to the 
relative mass loss of the scaffold. The ‘inverse’ of the titania volume fraction is the porosity 𝑝 of 
the sample, i.e. 𝑝 = 1 − 𝛷TiO2 . Accordingly, the resorbed volume fraction and the scaffold 
porosity are simply linked by the relation: 

𝑝 = 1 − (1 − 𝛷Res)𝛷TiO2
∗  

Using the above equations, the porosity of samples #1, #2 and #3 at the initial stage (𝛷Res = 0%) 
are 93.31%, 93.79% and 94.34% respectively. The partially resorbed models are generated by 
applying the Resorption Model (see the previous Section) on the segmented data until the desired 
resorbed volume fraction (mass loss) is reached.  

The processed μCT data is then converted into a Stereolithography (STL) surface mesh. The STL 
surface mesh contains a large number of triangles (>1.3 million) to avoid the loss of geometric 
details. In the next step, the commercial meshing software, Sharc Harpoon is used to transform 
the surface mesh into a volume mesh. The resulting numerical 3D model contains a mix of 
hexahedral, pentahedral and tetrahedral elements. The usage of mixed meshes has been shown to 
produce better numerical accuracy due to decreased element distortion [36]. All FE simulations 
were done using the commercial finite element software, MSC.Marc®. The element types 7, 136 
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and 134 were used which corresponds to hexahedral, pentahedral and tetrahedral elements, 
respectively. 

The geometrical parameters of the original scaffold models are listed in Table 1. The initial 
surface area of the samples was estimated using the Materialise Mimics software after the 
removal of floating pixels and has been normalized by the cuboid sample volume. Due to the 
high porosity relatively high values 2.78-3.05 mm2/mm3 are obtained. The mean strut thickness 
(MST) and its standard deviation are calculated using the open source analysis tool BoneJ [35] 
and the ImageJ image processing software [34]. The coefficient of variation (CoV) is obtained 
by the division of the standard deviation with the corresponding average MST value. The values 
indicate a variation of the mean strut thickness by approximately 30% which can be attributed to 
a thickness variation between struts and vertices. Comparing the scanned samples similar 
geometric parameters are obtained. This can be explained by the usage of polyurethane foam 
precursors in the replication method that enables close control of the scaffold geometry.   

Table 1 Physical parameters of scaffold numerical samples initial state (𝛷Res= 0 vol. %) 

Samples #1 #2 #3 
Height, h (mm) 5.70 5.56 5.57 
Length, l (mm) 3.62 4.66 4.65 
Width, w (mm) 5.68 5.16 5.15 
Porosity 𝑝∗ (%) 93.31 93.79 94.34 
Normalised surface area (mm2/mm3) 3.05 2.78 2.80 
Mean strut thickness, MST (mm) 0.0777 0.0751 0.0746 
MST Std. Dev. (mm) 0.0248 0.0250 0.0249 
MST CoV 0.32 0.33 0.33 

 

Material model 

The investigated titania foam samples are sintered from titanium oxide nano-powder (mean 
particle size 23 nm) using the foam replication method [6]. The result is a foam containing 
relatively large meso-pores between struts and micro-pores inside the sintered titania struts. The 
micro-pores are too small to be captured in a μCT scan (voxel resolution 13.97 m) and are 
therefore not included in the geometrical model. Instead, an improved material model is used for 
sintered bulk titania that considers this micro-porosity. This improved material model for 
sintered titania is based on the work by Menon [11]. They investigated the bulk erosion of 
sintered titania samples that were immersed in simulated body fluid (SBF) for 42 days. The 
titania foam of the current study was sintered at a temperature of 1300 °C which is comparable 
with the conditions (1400 °C) in Menon’s study [11]. Relevant results of that study are 
summarized in Table 2 where the immersion time is shown together with the resorbed volume 
fraction 𝛷Res  and the Vickers hardness (HV). The yield stress0 has been estimated in the 
present study using the Vickers hardness, i.e. HV = 3.0 0 [37, 38]. The constant value of 3.0 in 
the equation assumes a material without significant strain hardening. Ideal plasticity of the 
sintered titania is assumed at all times. 
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Table 2 Menon study on sintered bulk titania [11] 

Immersion time 
(days) 

Volume fraction 
𝛷Res (%) 

Bulk density 
(kg/m3) 

Vickers hardness 
(kgf/mm²) 

Yield stress 0 
(MPa) 

0 0 3800 404.1 134.7 
14 5 3600 363.0 121.0 
28 7 3540 265.5 88.5 
42 12 3525 179.1 59.7 
56 20 3504 114.3* 38.1 
74 30 3360 33.3* 11.1 

*extrapolated     

Following the study by Menon numerical simulations were conducted for partially resorbed 
scaffolds at six stages of immersion in simulated body fluid (SBF): 0 days (original scaffold), 14 
days, 28 days, 42 days, 56 days and 74 days. These immersion periods correspond to resorbed 
volume fractions of 0, 5, 7, 12, 20 and 30%. It should be noted that for an immersion time of 56 
and 74 days the Vickers hardness was extrapolated from the data reported in [11]. For the 
partially resorbed models of this study the segmented CT geometry data was modified to the 
desired resorbed volume fraction using the resorption algorithm and the corresponding yield 
stress was used for the material model. Young’s modulus E was assumed to be 6.2 GPa [39] and 
Poisson’s ratio was defined as υ = 0.27 [40] irrespective of the immersion time. 

 

Boundary conditions and evaluation 

Quasi-static mechanical compression was simulated by the finite element method in order to 
determine the effective mechanical properties of the original and resorbed titania scaffolds. The 
boundary conditions used in all simulations are shown in Fig. 3a. A time-dependent 
displacement boundary condition is defined on the top surface to simulate the moving platen of 
an experimental test rig. In addition, a zero displacement boundary condition is assigned to the 
opposite surface in its normal direction simulating a stationary compression platen. Nodes 
included in this boundary condition are confined only in the z-direction but are allowed to move 
freely inside the x-y plane. Fig. 3b shows the macroscopic compression strain limit ε = 0.3 of the 
computational tests.  
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Fig. 3 a) Boundary conditions schematic diagram, b) μCT model dimensions and compression 
strain limit applied in the numerical analysis 

A user subroutine was applied to record the computed nodal reaction forces F and nodal 
displacements Δu. Based on this data, the engineering stress σ was calculated as the sum of nodal 
reaction forces FN on the top surface (where the time-dependent displacement boundary 
condition is prescribed) divided by the initial surface area A0 of the cubic model (σ = ∑ FN/A0). 
Analogously, the engineering strain was calculated by dividing the nodal displacements by the 
initial height of the numerical model (ε = Δu/h). From the technical stress-strain curves the quasi-
elastic gradient 𝐸 , 0.2% offset yield stress 0.2 and the plateau stress Pl were evaluated 
following the standard ISO 13314 (E) [41]. The quasi-elastic gradient was determined as the 
slope of the straight line within the linear deformation region at small strains (see curve labelled 
with I in Fig. 4). The 0.2% offset yield stress is determined as the compressive stress at the 
plastic strain of 0.2% (see label II in Fig. 4). The plateau stress has been defined as the average 
stress in the range of 20-30 % of compressive strain. 

Mesh independence study 

A mesh sensitivity study was conducted by computing six preliminary compression tests. For 
time-efficiency, the final compression was limited to 10% macroscopic engineering strain. Six 
meshes of the same geometry (based on the original CT data of Sample #1) with increasing 
elements numbers of 47k, 64k, 91k, 124k, 161k and 190 k elements respectively were tested. The 
obtained stress-strain curves are shown in Fig. 4. It can be observed that numerical convergence 
is reached for a numerical model with 161k elements, i.e. a further increase of the element 
number to 190k does not significantly alter the results. The average FE size that corresponds to 
this chosen model is 28 µm. Due to the similar geometry, the results of the mesh refinement 
study of Sample #1 were applied to Samples #2 and #3 and the resulting meshes (with a slightly 
increased mesh density) contain 166k and 164k elements, respectively. 
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Fig. 4 Mesh sensitivity analysis on Sample #1 

Results and Discussion 

In order to quantify the change of effective mechanical properties due to resorption, the quasi-
elastic gradient 𝐸, the 0.2% offset yield stress 0.2 and the plateau stress Pl were determined for 
the resorbed volume fractions 𝛷 res = 0% (initial scaffolds), 5%, 7%, 12%, 20%, and 30%. 
Starting at the volume fraction 𝛷res = 12% a small number of struts become disconnected from 
the main scaffold. This effect increases for higher resorbed volume fractions and models for 𝛷res 
> 30% are disregarded since the structure breaks into disconnected fragments that are unable to 
support an external load.  

The stress-strain curves obtained from numerical simulations are shown in Fig. 5. The dark blue 
solid lines, magenta dashed lines and cyan dotted lines represent samples #1, #2 and #3 
respectively. The six groups of stress-strain curves correspond to the increasing immersion time 
between 0 and 74 days. It can be observed that the stresses gradually decrease as the immersion 
time increases. A comparison of the initial scaffolds (𝛷res = 0%) shows a systematic deviation 
between samples #1-3. The higher stress values for sample #1 can be explained by the lowest 
porosity of this scaffold (see Table 1), followed by samples #2 and #3. The porosity dependence 
of mechanical properties is well documented in the literature for metallic foams [42, 43] and 
porous biomaterials [44–46]. 
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Fig. 5 Stress-strain curves from numerical simulations under a compression stress 

Using the stress-strain data from Fig. 5, the quasi-elastic gradient 𝐸, the 0.2% offset yield stress 
0.2 and the plateau stress Pl were determined. In Fig. 6 these effective material properties are 
plotted versus the immersion time in SBF solution. The quasi-elastic gradient shows initial 
values of 𝐸∗ = 3.4 – 4.1 MPa. The maximum initial value belongs to the sample #1 (4.1 MPa) 
and the minimum value corresponds to sample #3 (3.4 MPa). As briefly discussed above, this 
deviation is due to porosity variations of the original samples. After immersion in SBF for 28 
days (𝛷res = 7 vol. %) the elastic gradient reduced to almost half of its initial value (~2.1 MPa). 
At an immersion time of 74 days (𝛷res = 30 vol. %) the scaffolds begin to lose structural integrity 
(i.e. multiple struts become disconnected from the lattice structure) and the elastic gradient 
converges to zero. This loss of connectivity is shown in Fig. 7 for a thin slice of sample #1 at 0 
(original), 28 and 74 days of immersion.  
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Fig. 6 a) Quasi-elastic gradient, E b) 0.2% offset yield stress, σ0.2 and c) Plateau stress, σPl (20-
30% strain) 

The 0.2% offset yield stress and plateau stress are shown in Figs. 6 b-c. The values gradually 
decrease in a similar pattern to the quasi-elastic gradient. For the 0.2% offset yield stress the 
values of the initial scaffolds are in the range of 0.052 - 0.070 MPa and the plateau stresses are 
between 0.067 - 0.131 MPa. Analogous to the elastic gradient, both properties converge towards 
zero due to the loss of strut connectivity at 74 days (see Fig. 7). The results of the quasi-elastic 
gradient 𝐸, the 0.2% offset yield stress 0.2 and the plateau stress Pl can be interpolated using an 
exponential decay function f(t) = a · exp (-c · (t + b)) where t is the immersion time and 
variables b, c are fitting parameters. The parameter a is the corresponding material property of 
the original scaffold, i.e. for the quasi-elastic gradient a = 𝐸∗(t=0), for the 0.2% offset yield stress 
a = 𝜎0.2

∗ (t=0), and for the plateau stress a = 𝜎Pl
∗ (t=0) The goodness of fit is indicated by R2 and all 

values exceed 0.95. It is interesting to compare the deviations of the three tested samples #1-3. 
Initially, the stress-strain data (see Fig. 5) and effective material properties (see Fig. 6) exhibit a 
distinct deviation between samples. However, increasing immersion time in SBF appears to 
reduce the differences in their mechanical properties. A possible explanation is a more uniform 
strut thickness of the scaffolds due to immersion in SBF solutions. The average strut thickness of 
the models was calculated using the BoneJ plugin [35] in ImageJ.  The average strut thicknesses 
for models #1-3 prior to immersion in SBF are 0.0777 mm, 0.0751 mm and 0.0729 mm 
respectively. This corresponds to a scatter of 6 % between maximum and minimum values. 
Immersion in SBF for 74 days yields strut thickness of 0.0651 mm, 0.0637 mm and 0.0658 mm 
which is equivalent to a decreased scatter of 3 %. 

Furthermore, localized plastic buckling can be found in many places within the deformed 
computational model. At a macroscopic compressive strain of ε = 10%, the plasticity 
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concentrates at weak features, i.e. mostly thin struts within the structure. The thin struts that are 
parallel to the loading direction are more prone to exhibit high stresses (indicated by black 
arrows in Fig. 7 at the original stage) as opposed to struts normal to the loading direction.  

 

 

Fig. 7 Plasticity distribution map on a thin slice of titania foam sample #1 for the condition at 0, 
28 and 74 days of immersion 

Two characteristic geometric features can be identified in the foam structure: ‘ellipsoidal’ and 
vertical ‘column’ struts (see Fig. 8). Both features are found to buckle under compressive 
loading. After buckling of a single feature, plastic failure is likely to spread to an adjacent feature 
resulting in failure bands propagating through the structure. This deformation mechanism is 
typical for open-cell foams such as aluminium replicated foam [46] or  open-cell nickel foam 
[47].  

The buckling of the two features was further investigated with respect to their compressive 
strength.  To this end, the strut shapes were analysed using simplified FE models based on direct 
measurements on the μCT data. In the case of the ellipsoid the aspect ratio, strut diameter and 
length are determined. The column strut model requires the knowledge of the strut length and the 
minimum and maximum strut diameters (see Fig. 8). The measurements were taken randomly at 
20 different features to obtain representative values. The average aspect ratio of the ellipsoid is 
m/n = 1.4 and its average strut thickness is 0.035 mm with standard deviations of 0.26 and 0.02 
respectively. The column strut length lcol measurement is illustrated using a scaled-up strut image 
in Fig. 8. The mean value of the column strut’s length is 0.41 mm with a standard deviation of 
0.1. The maximum (dmax) and minimum (dmin) diameters are also determined from direct 
measurement with the values of 0.035 mm and 0.0175 mm respectively. The obtained FE models 
are then compressed in the negative z-direction with time-dependent point load boundary 
condition on the nodes of the top surface(s) as indicated in Fig. 8. The displacement in the z-
direction of all nodes contained within the bottom surface(s) is set to zero. For the ellipsoidal 
strut model, the surface nodes of the horizontal struts are ‘tied’, i.e. they must exhibit an identical 
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displacement in the x-direction. These ties approximate the presence of the neighbouring foam 
structure that provides some support to the sides of the ellipsoidal strut.  

 

Fig. 8 Finite element (FE) modelling of simplified ellipsoidal and column struts 

The compressive force-displacement data are then obtained from the numerical simulations. The 
force data is defined by the boundary condition and displacement has been obtained as the 
average nodal displacement of all nodes contained in the point force boundary condition. The 
linear slopes at the beginning of both force-displacement diagrams are the stiffness of the strut 
configurations. The FE results reveal that the ellipsoid strut has an effective gradient of 8 N/mm, 
whereas the column strut effective gradient is 12 N/mm. Accordingly,  a column is 1.5 times 
stiffer than an ellipsoid strut. In contrast, the strength (i.e. the maximum load before buckling) of 
an ellipsoidal strut is 2.5 times higher compared with a column strut (0.25 N and 0.1 N 
respectively). As a result, column struts are likely to experience higher loads due to their higher 
stiffness but buckle prior to ellipsoidal struts due to their lower strength. Images of the 
progressive plasticity sequence are shown in Fig. 9. These results reinforce the findings in 
previous FE simulations [48, 49] that localised buckling is likely to initiate in vertical column 
struts (pointed by black arrows) which are parallel to the loading direction.  
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Fig. 9 Localised plastic buckling (picked at random from Samples #1-3) 

Conclusions 

The mechanical degradation of titania foam due to immersion in simulated body fluid has been 
addressed in this paper. The degradation mechanism has been simulated using a 
phenomenological method to predict the surface erosion at different stages due to immersion in 
the body fluids. Subsequent mechanical characterization of the partially resorbed scaffolds was 
done by making use of finite element analysis. The numerical models of the scaffolds were based 
on micro computed tomography data of three titania foam samples in order to accurately capture 
the complex material geometry. The investigation revealed a systematic decrease of the quasi-
elastic gradient, 0.2% offset yield stress and plateau stress. The degradation of these mechanical 
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properties can be accurately expressed using an exponential decay function. This function scales 
the mechanical property of the original titania foam according to its immersion time. A detailed 
deformation analysis was performed on the numerical samples based on the results of the finite 
element analysis. The investigation revealed that plastic deformations tend to originate from thin 
struts that are parallel to the compressive loading direction. At strains above 10%, failure of 
some of these struts occurs in the form of buckling where they reached plasticity limit. When an 
individual strut has buckled it can no longer support the compressive load and additional force is 
transferred to adjacent struts. Some of these struts will buckle under the additional load causing 
the formation of collapse bands within the structure. Buckling analysis was conducted on two 
characteristic strut configurations (column and ellipsoid) of the titania foam. The results revealed 
that localised buckling is likely to initiate on a column struts that are 60% weaker compared to 
ellipsoidal strut configurations.  
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Chapter 9 

Conclusions and outlook 

 
In this thesis, the characterisation of advanced porous materials including cellular metals and 
tissue engineering scaffolds was addressed. Mechanical properties of these two types of foam 
materials were investigated using experimental and virtual compressive loading tests. The 
thesis further covers the mechanical characterisation of syntactic foam morphology, open-
type and closed-type cellular metals under dynamic loading.  
 
Where possible, a combination of experimental test and numerical simulation was employed 
to perform an in-depth analysis of the foam materials. Moreover, data was obtained from high 
definition CT images in order to generate accurate 3D models of all the samples used for 
computational simulations.  
 
9.1 Engineering material charts 
Together with other engineering materials, advanced porous structures fall in the attainable 
material space. The following engineering material charts include data points for Corevo® 
foam, perlite-metallic syntactic foam (MSF), advanced pore morphology (APM) structures 
and titania biomaterial scaffolds. The original chart was  developed by (Gibson et al., 2010) 
and allows the comparison of foam materials with other engineering materials as well as 
natural structures such as Balsa and cork wood products. In Figs. 9.1 and 9.2 materials are 
compared in terms of their Young’s modulus and yield strengths. The charts use logarithmic 
scale on both axes to capture the wide range of existing materials. 
 
In Figure 9.1, the Young’s moduli of the materials investigated in this thesis are indicated as 
black filled ovals. For the APM structure the values for Young’s modulus are taken from the 
literatures (Stöbener et al., 2008, Stöbener and Rausch, 2009) since the investigation in this 
work is only dealing with a single APM foam element. In the literature, several APM foam 
elements are bonded together to form a cylindrical shape sample either with epoxy or 
polyamide. The Young’s modulus of Corevo® foam, perlite-MSF, and titania biomaterial 
scaffold are in close proximity to each other and the top range of polymers and elastomers. 
Perlite-MSF’s modulus lies in between carbon fibre composites and titanium monofilaments 
lattice structures or TMCs. The Young’s moduli for cellular metals considered in this thesis 
are located outside the ‘metallic foam’ area (i.e. light pink with white dots). This difference 
may be attributed to higher density and at least partially an improved metallic foam property 
since the creation of the original image.   
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Fig. 9.1: Engineering material property charts showing the Young’s modulus plotted against 
density (Image adapted from (Gibson et al., 2010)). 

 

The yield strengths of foam materials investigated in the scope of this thesis are shown in 
Figure 9.2. The position of data points is different from the ones found for Young’s modulus 
and this may be attributed to a stronger sensitivity to differences in porosity, base material 
and the pore geometry. It should be further highlighted that the yield strength values for the 
foam materials of the current study were obtained under compressive loading. In Figure 9.2 
several ‘building blocks’ are presented for material groups such as composites, ceramics, 
glasses, and polymers. By observing Figure 9.2, it becomes obvious that the challenge for 
future porous material development is to have lighter and stronger characteristics. 
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Fig. 9.2: Identifiable building blocks (denoted by random shapes of various colours) which 
are adjacent shown (porous ceramics, glasses, composites, polymers) (Image adapted from 

(Ashby et al., 2000)). 

 
9.2 Discussions 

In this section, the results obtained within the scope of this thesis are interpreted with regard 
to the hypotheses proposed in Chapter 1.  
 
Our investigation on the open-cell type cellular metals in Chapter 3 reveals a characteristic 
failure mechanism. The plastic failure observed within the structure (i.e. Corevo®) is found to 
be concentrated at weak features such as thin struts and fragile cell walls which are parallel to 
the loading direction. The plastification then propagates to the next weak features and 
subsequently forms a visible collapse band. Thus our hypothesis on the characteristic collapse 
mechanism is confirmed with the relevant explanation elaborated above. In addition, the 
parameters studied (i.e. the effective elastic gradient and initial yield stress) exhibit an 
anisotropic behaviour. Superior elastic properties are found along the loading direction 
parallel to the casting direction. 

The findings in Chapter 4 show the effect of different filler particle sizes on the geometry of 
the syntactic foam and its mechanical properties. In order to assess the degree of this effect, 
elastic gradient, yield stress, plateau stress and energy absorption were computed from the 
numerical and experimental results. The results indicate that the perlite particle size affects 
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the homogeneity of the internal structure of the foam. Syntactic foams with smaller filler 
particles exhibit superior mechanical properties with a higher stress-strain slope and visibly 
less jagged curves. Foams with smaller filler particles also have a higher plateau stress and 
subsequently improved energy absorption capability. This constitutes the answer to our 
research question for this study. Furthermore better mechanical properties for smaller filler 
particles foam may be explained by a more refined grain structure with small dendritic arms 
as observed under the electron microscope. 

In Chapter 5 the proposition was that there is a significant difference between the amount of 
load that can be supported by thin struts or weak cell walls parallel to the loading direction 
compared with other directions. This was not confirmed. Only a weak mechanical anisotropy 
of perlite-MSF samples was found. Nevertheless, the effective material properties are found 
to be only slightly better if the loading direction is parallel to the casting direction. Therefore 
the research proposition was not confirmed. The findings in this Chapter are consistent with 
the results obtained for Corevo® foam in terms of the collapse mechanism. In agreement with 
the experimental test, layer-wise plastification is also observed in our numerical simulations 
in which highly accurate 3D models are used. Moreover, foam samples with small filler 
particles exhibit denser collapse bands compared to medium and large filler particles 
syntactic foams. This is likely due to strain hardening that increases the local yield stress and 
consequently spread to the neighbouring fragile struts and cell walls. 

Results from Chapter 6 verify that plastic deformation of single APM foam is not uniform 
throughout the structure (our research question for this study). The plasticity is concentrated 
in a conical sub-volume with a 45º angle of the APM sphere. This cone is located 
immediately under the loading plate for both quasi-static and dynamic tests. Such plastic 
deformation is reported for the first time. Furthermore, APM foam elements with a larger 
diameter exhibit 3.3 times higher compressive force as compared to smaller diameter foam 
elements. It is also concluded from our numerical simulations that the APM foam elements 
skin play an important role in improving its mechanical properties. The stiffness of the 
structure without the skin is reduced to 30% of the foam elements structure with the skin 
intact. 

In Chapter 7, our hypothesis on the difference between the mechanical response of quasi-
static and dynamic loadings was tested. The dynamic mechanical properties are found to be 
significantly different from the quasi-static counterparts. In the dynamic loading test, the 
major plastification areas are concentrated towards the surface in contact with the moving 
pressure stamp. These observations are obtained by means of numerical analysis and IR 
thermal camera images. A likely explanation of this plastification behaviour is due to inertia 
effects resulted from the dynamic loading. 

In Chapter 8, it was clearly shown that the mechanical properties of titania scaffold structure 
disintegrate gradually when eroded in body fluid solutions. By using several samples 
synthesised from replication casting method, parameters such as elastic gradient, 0.2% offset 
yield stress and plateau stress were characterised. The changes of these parameters were also 
observed for an implantation period of 0 up to 10 weeks. As was stated in our hypothesis, the 
mechanical properties of tissue engineering scaffold studied in this chapter can be accurately 
modelled using an exponential decay function of the immersion time. This function scales the 
mechanical property of the original titania scaffold with respect to an implantation period of 
10 weeks where the structure completely loses its mechanical integrity. From the post-script 
file retrieved from numerical analysis, localised plastic buckling is observed for thin struts 
that are parallel to the loading direction throughout the scaffold structures. 
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9.3 Conclusions 

The key conclusions from the conducted investigations can be summarised as follows: 
 

1. Fragile features in cellular metals such as weak cell walls and thin struts that are 
parallel to the macroscopic loading direction are prone to reach early plastification 
and failure.  

2. Some mechanical anisotropy is commonly found in cellular metals made by 
investment casting in the direction that is parallel to the casting direction. However, 
the degree of the anisotropy varies on parameters such as pore geometry and pore 
spatial distribution. 

3. APM foam elements with larger diameter exhibit higher support and can tolerate 
maximum compressive force by a factor of 3.3 of the maximum compressive force for 
APM elements with smaller diameter.  

4. For a single APM foam element, plasticity is concentrated immediately under the 
pressure stamp during the quasi-static and dynamic loading tests. The region 
deformed by the compressive force is localised in upside down conical sub-volume 
with a 45º angle.  

5. For other foam materials (i.e. Corevo®, perlite-MSF), a so-called layer wise plastic 
collapse is observed and they are mostly parallel to the force platen. 

6. Micro-inertial effect triggered by dynamic loadings causes the occurrence of 
plastification in the area of contact between the exerted force and the cellular metal 
sample’s surface.   

7. The general mechanical properties of the ceramic-based (i.e. titania) tissue 
engineering scaffolds are similar to cellular metals which is demonstrated by an 
extended stress plateau followed by densification at high deformation strains.  

8. The controlled surface degradation and material properties changes of biomaterial 
scaffolds considered in this thesis can be characterised using an exponential decay 
function. The surface degradation is controlled to match the experimental degradation 
performed in vitro taken from literature. 

9. The degradation of titania scaffolds can be scaled based on the respective mechanical 
properties of the original foam according to its immersion time. 

 
 
9.4 Outlook 

For the purpose of future development of this area, the following suggestions can be outlined: 
 

 Investigation by means of experimental and numerical analysis can be extended to 
engineering elements such as foam-filled tubes or sandwich foam structure. 

 
 In future research, the mechanical properties and deformation mechanism of APMs or 

stack of APM foam elements can be investigated. This research should also include 
metallic sphere arrangement analysis (i.e.: FCC, BCC and Hexagonal) of the APM 
foam elements. 
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 Compressive loading can be further studied in multiple directions of a single APM 

foam elements to assess a possible anisotropy of the material. 
 

 Research on MSFs can be further extended by studying the effect of sphericity of the 
filler particles towards the stiffness and strength of syntactic foams.  



105 
 

References  
ADACHI, T., OSAKO, Y., TANAKA, M., HOJO, M. and HOLLISTER, S. J. 2006. 

Framework for optimal design of porous scaffold microstructure by computational 
simulation of bone regeneration. Biomaterials, 27, 3964-3972. 

AMSTERDAM, E., DE HOSSON, J. T. M. and ONCK, P. R. 2008. On the plastic collapse 
stress of open-cell aluminum foam. Scripta Materialia, 59, 653-656. 

ASHBY, M. F., EVANS, A., FLECK, N. A., GIBSON, L. J., HUTCHINSON, J. W. and 
WADLEY, H. N. G. 2000. Metal Foams: A Design Guide, Butterworth-Heinemann. 

ASHBY, M. F. and MEDALIST, R. M. 1983. The mechanical properties of cellular solids. 
Metallurgical Transactions A, 14, 1755-1769. 

AUGUSTIN, C. and HUNGERBACH, W. 2009. Production of hollow spheres (HS) and 
hollow sphere structures (HSS). Materials Letters, 63, 1109-1112. 

BABSCÁN, N., MÉSZÁROS, I. and HEGMAN, N. 2003. Thermal and Electrical 
Conductivity Measurements on Aluminium Foams. Materialwissenschaften und 
Werkstofftechnik, Volume 34. 

BADICHE, X., FOREST, S., GUIBERT, T., BIENVENU, Y., BARTOUT, J. D., IENNY, P., 
CROSET, M. and BERNET, H. 2000. Mechanical properties and non-homogeneous 
deformation of open-cell nickel foams: application of the mechanics of cellular solids 
and of porous materials. Materials Science and Engineering: A, 289, 276-288. 

BAKER, S. C., ROHMAN, G., SOUTHGATE, J. and CAMERON, N. R. 2009. The 
relationship between the mechanical properties and cell behaviour on PLGA and PCL 
scaffolds for bladder tissue engineering. Biomaterials, 30, 1321-1328. 

BANHART, J. 2001. Manufacture, characterisation and application of cellular metals and 
metal foams. Progress in Materials Science, 46, 559-632. 

BANHART, J. and WEAIRE, D. 2002. On the road again: metal foams find favor. Physics 
Today, 55, 37-42. 

BART-SMITH, H., BASTAWROS, A.-F., MUMM, D., EVANS, A., SYPECK, D. and 
WADLEY, H. 1998. Compressive deformation and yielding mechanisms in cellular 
Al alloys determined using X-ray tomography and surface strain mapping. Acta 
Materialia, 46, 3583-3592. 

BASTAWROS, A., BART-SMITH, H. and EVANS, A. 2000. Experimental analysis of 
deformation mechanisms in a closed-cell aluminum alloy foam. Journal of the 
Mechanics and Physics of Solids, 48, 301-322. 

BAUMEISTER, E., KLAEGER, S. and KALDOS, A. 2004. Lightweight, hollow-sphere-
composite (HSC) materials for mechanical engineering applications. Journal of 
materials processing technology, 155, 1839-1846. 

BAUMEISTER, E. and MOLITOR, M. 2009. Hollow Spheres in Composite Materials and 
Metallic Hollow Sphere Composites (MHSC). Multifunctional Metallic Hollow 
Sphere Structures. Springer. 

BAUMEISTER, J. 1990. Verfahren zur Herstellung poröser Metallkörper. German patent 
application. 

BAUMEISTER, J., BANHART, J. and WEBER, M. 1997. Aluminium foams for transport 
industry. Materials and Design, 18, 217-220. 

BAUMEISTER, J., RAUSCH, G., STÖBENER, K., LEHMHUS, D. and BUSSE, M. 2007. 
Verbundwerkstoffe mit Aluminiumschaum – Anwendungen im Schienenfahrzeugbau. 
Materialwissenschaft und Werkstofftechnik, 38, 939-942. 

BAUMEISTER, J. and WEISE, J. 2000. Metallic Foams. Ullmann's Encyclopedia of 
Industrial Chemistry. Wiley-VCH Verlag GmbH and Co. KGaA. 

BOCCACCINI, A., BLAKER, J., MAQUET, V., CHUNG, W., JÉRÔME, R. and NAZHAT, 
S. 2006. Poly(D,L-lactide) (PDLLA) foams with TiO2 nanoparticles and 



106 
 

PDLLA/TiO2-Bioglass® foam composites for tissue engineering scaffolds. Journal 
of Materials Science, 41, 3999-4008. 

BOCCACCINI, A. R., GERHARDT, L. C., REBELING, S. and BLAKER, J. J. 2005. 
Fabrication, characterisation and assessment of bioactivity of poly(d,l lactid acid) 
(PDLLA)/TiO2 nanocomposite films. Composites Part A: Applied Science and 
Manufacturing, 36, 721-727. 

BOOMSMA, K. and POULIKAKOS, D. 2001. The Effects of Compression and Pore Size 
Variations on the Liquid Flow Characteristics in Metal Foams. Journal of Fluids 
Engineering, 124, 263-272. 

CATY, O., MAIRE, E., YOUSSEF, S. and BOUCHET, R. 2008. Modeling the properties of 
closed-cell cellular materials from tomography images using finite shell elements. 
Acta materialia, 56, 5524-5534. 

CHEN, Q. and BOCCACCINI, A. 2006. Poly (D, L‐lactic acid) coated 45S5 Bioglass®‐
based scaffolds: Processing and characterization. Journal of Biomedical Materials 
Research Part A, 77, 445-457. 

CHO, J., JOSHI, M. S., and SUN, C. T. (2006). Effect of inclusion size on mechanical 
properties of polymeric composites with micro and nano particles. Composites 
Science and  Technology, 66(13) 

COUTEAU, O. AND DUNAND, D. 2008. Creep of aluminum syntactic foams. Materials    
 Science and Engineering: A, 488, 573-579 
DEGISCHER, H. and KRISZT, B. (eds.) 2002. Handbook of Cellular Metals - Production, 

Processing, Applications: Wiley-VCH. 
EVANS, A. G., HUTCHINSON, J. and ASHBY, M. 1998. Multifunctionality of cellular 

metal systems. Progress in Materials Science, 43, 171-221. 
FIEDLER, T., FISHER, M., ROETHER, J. A., BELOVA, I. V., SAMTLEBEN, T., 

BERNTHALER, T., MURCH, G. E. and BOCCACCINI, A. R. 2014. Strengthening 
mechanism of PDLLA coated titania foam. Mechanics of Materials, 69, 35-40. 

FU, H., FU, Q., ZHOU, N., HUANG, W., RAHAMAN, M. N., WANG, D. and LIU, X. 
2009. In vitro evaluation of borate-based bioactive glass scaffolds prepared by a 
polymer foam replication method. Materials Science and Engineering C, 29, 2275-
2281. 

FU, Q., RAHAMAN, M. N., BAL, B. S., BONEWALD, L. F., KUROKI, K. and BROWN, 
R. F. 2010. Silicate, borosilicate, and borate bioactive glass scaffolds with 
controllable degradation rate for bone tissue engineering applications. II. In vitro and 
in vivo biological evaluation. Journal of Biomedical Materials Research - Part A, 95, 
172-179. 

FU, Q., RAHAMAN, M. N., BAL, B. S., BROWN, R. F. and DAY, D. E. 2008. Mechanical 
and in vitro performance of 13–93 bioactive glass scaffolds prepared by a polymer 
foam replication technique. Acta Biomaterialia, 4, 1854-1864. 

FU, Q., SAIZ, E., RAHAMAN, M. N. and TOMSIA, A. P. 2011a. Bioactive glass scaffolds 
for bone tissue engineering: state of the art and future perspectives. Materials Science 
and Engineering: C, 31, 1245-1256. 

FU, Q., SAIZ, E. and TOMSIA, A. P. 2011b. Bioinspired strong and highly porous glass 
scaffolds. Advanced Functional Materials, 21, 1058-1063. 

GERHARDT, L.-C., JELL, G. and BOCCACCINI, A. 2007. Titanium dioxide (TiO2) 
nanoparticles filled poly (D, L lactid acid)(PDLLA) matrix composites for bone tissue 
engineering. Journal of Materials Science: Materials in Medicine, 18, 1287-1298. 

GIBSON, L. J. and ASHBY, M. F. 1997. Cellular Solids: Structures and Properties
 Cambridge, New York, Cambridge University Press. 



107 
 

GIBSON, L. J. and ASHBY, M. F. 2001. Cellular solids - Structure and properties, Second 
Edition, Cambridge University Press. 

GIBSON, L. J., ASHBY, M. F. and HARLEY, A. B. 2010. Cellular Materials in Nature and 
Medicine, New York, Cambridge University Press. 

GLORIUS, S., NIES, B., FARACK, J., QUADBECK, P., HAUSER, R., STANDKE, G., 
RÖßLER, S., SCHARNWEBER, D. and STEPHANI, G. 2011. Metal Foam – Bone 
Cement Composites: Mechanical and Biological Properties and Perspectives for Bone 
Implant Design. Advanced Engineering Materials, 13, 1019-1023. 

GUTWEIN, L. and WEBSTER, T. 2002. Osteoblast and Chrondrocyte Proliferation in the 
Presence of Alumina And Titania Nanoparticles. Journal of Nanoparticle Research, 
4, 231-238. 

HAN, X. and PAN, J. 2009. A model for simultaneous crystallisation and biodegradation of 
biodegradable polymers. Biomaterials, 30, 423-430. 

HIPKE, T., LANGE, G. and POSS, R. 2007. Taschenbuch für Aluminium-schäume, 
Aluminium Verlag. 

HOHE, J., HARDENACKE, V., FASCIO, V., GIRARD, Y., BAUMEISTER, J., 
STÖBENER, K., WEISE, J., LEHMHUS, D., PATTOFATTO, S., ZENG, H., ZHAO, 
H., CALBUCCI, V., RUSTICHELLI, F. and FIORI, F. 2012. Numerical and 
experimental design of graded cellular sandwich cores for multi-functional aerospace 
applications. Materials andamp; Design, 39, 20-32. 

HOLLISTER, S. J. 2005. Porous scaffold design for tissue engineering. Nature materials, 4, 
518-524. 

HOSSEINI, S. M. H., MERKEL, M. and ÖCHSNER, A. 2009. Finite element simulation of 
the thermal conductivity of perforated hollow sphere structures (PHSS): Parametric 
study. Materials Letters, 63, 1135-1137. 

HUTMACHER, D. W., SITTINGER, M. and RISBUD, M. V. 2004. Scaffold-based tissue 
engineering: rationale for computer-aided design and solid free-form fabrication 
systems. Trends in Biotechnology, 22, 354-362. 

IFAM 2007. Advanced Pore Morphology (APM) Metal Foams. In: (IFAM), F. I. F. M. (ed.). 
Bremen. 

JEE, C. S. Y., GUO, Z. X., EVANS, J. R. G. and ÖZGÜVEN, N. 2000. Preparation of high 
porosity metal foams. Metallurgical and Materials Transactions B, 31, 1345-1352. 

JONES, J. R., EHRENFRIED, L. M. and HENCH, L. L. 2006. Optimising bioactive glass 
scaffolds for bone tissue engineering. Biomaterials, 27, 964-973. 

JUHASZ, J. (2004). Mechanical properties of glass-ceramic A–W-polyethylene composites:  
effect of filler content and particle size. Biomaterials, 25(6), 949–955.  

KARL, S. and SOMERS, A. V. 1963. Method of making porous ceramic articles. Google 
Patents. 

KŁODOWSKI, K., KAMIŃSKI, J., NOWICKA, K., TARASIUK, J., WROŃSKI, S., 
ŚWIĘTEK, M., BŁAŻEWICZ, M., FIGIEL, H., TUREK, K. and SZPONDER, T. 
2014. Micro-imaging of implanted scaffolds using combined MRI and micro-CT. 
Computerized Medical Imaging and Graphics, 38, 458-468. 

KOKUBO, T. and TAKADAMA, H. 2006. How useful is SBF in predicting in vivo bone 
bioactivity? Biomaterials, 27, 2907-2915. 

LEHMHUS, D., BAUMEISTER, J., STUTZ, L., SCHNEIDER, E., STÖBENER, K., 
AVALLE, M., PERONI, L. and PERONI, M. 2009. Mechanical Characterization of 
Particulate Aluminum Foams—Strain-Rate, Density and Matrix Alloy versus 
Adhesive Effects. Advanced Engineering Materials, 12, 596-603. 



108 
 

LI, Z., QU, Y., ZHANG, X. and YANG, B. 2009. Bioactive nano-titania ceramics with 
biomechanical compatibility prepared by doping with piezoelectric BaTiO3. Acta 
Biomaterialia, 5, 2189-2195. 

LIU, X., CHU, P. K. and DING, C. 2004. Surface modification of titanium, titanium alloys, 
and related materials for biomedical applications. Materials Science and Engineering: 
R: Reports, 47, 49-121. 

LU, T. J., STONE, H. A. and ASHBY, M. F. 1998. Heat transfer in open-cell metal foams. 
Acta Materialia, 46, 3619-3635. 

MARKAKI, A. and CLYNE, T. 2001. The effect of cell wall microstructure on the 
deformation and fracture of aluminium-based foams. Acta materialia, 49, 1677-1686. 

MENG, D., IOANNOU, J. and BOCCACCINI, A. 2009. Bioglass®-based scaffolds with 
carbon nanotube coating for bone tissue engineering. Journal of Materials Science: 
Materials in Medicine, 20, 2139-2144. 

MENON, A. 2009. Sintering Additives for Nanocrystalline Titania and Processing of Porous 
Bone Tissue Engineering Scaffolds. University of Central Florida Orlando, Florida. 

MERETOJA, V. V., TIRRI, T., ÄÄRITALO, V., WALBOOMERS, X. F., JANSEN, J. A. 
and NÄRHI, T. O. 2007. Titania and titania-silica coatings for titanium: comparison 
of ectopic bone formation within cell-seeded scaffolds. Tissue engineering, 13, 855-
863. 

MERKEL, M., PANNERT, W. and WINKLER, R. 2009. On the Vibroacoustic Behaviour of 
HSS. In: ÖECHSNER, A. and AUGUSTIN, C. (eds.) Multifunctional Metallic 
Hollow Sphere Structures. Springer Berlin Heidelberg. 

MIDHA, S., KIM, T. B., VAN DEN BERGH, W., LEE, P. D., JONES, J. R. and 
MITCHELL, C. A. 2013. Preconditioned 70S30C bioactive glass foams promote 
osteogenesis in vivo. Acta biomaterialia, 9, 9169-9182. 

MOHAMAD YUNOS, D., BRETCANU, O. and BOCCACCINI, A. 2008. Polymer-
bioceramic composites for tissue engineering scaffolds. Journal of Materials Science, 
43, 4433-4442. 

MUÑOZ-BONILLA, A., CERRADA, M. L., FERNÁNDEZ-GARCÍA, M., KUBACKA, A., 
FERRER, M. and FERNÁNDEZ-GARCÍA, M. 2013. Biodegradable 
Polycaprolactone-Titania Nanocomposites: Preparation, Characterization and 
Antimicrobial Properties. International Journal of Molecular Sciences, 14, 9249-
9266. 

NOVAK, S., DRUCE, J., CHEN, Q. Z. and BOCCACCINI, A. R. 2009. TiO2 foams with 
poly(D,L-lactic acid) (PDLLA) and PDLLA/Bioglass coatings for bone tissue 
engineering scaffolds. J. Mater. Sci., 44, 1442-1448. 

ÖCHSNER, A. and AUGUSTIN, C. 2009. Introduction: Multifunctional Metallic Hollow 
Sphere Structures. Springer Berlin Heidelberg. 

ÖECHSNER, A. and AUGUSTIN, C. 2009. Multifunctional Metallic Hollow Sphere 
Structures. Multifunctional Metallic Hollow Sphere Structures: Manufacturing, 
Properties and Application, Engineering Materials, 1. 

PANNERT, W., WINKLER, R. and MERKEL, M. 2009. On the acoustical properties of 
metallic hollow sphere structures (MHSS). Materials Letters, 63, 1121-1124. 

QUADBECK, P., HAUSER, R., KÜMMEL, K., STANDKE, G., STEPHANI, G., NIES, B., 
RÖßLER, S. and WEGENER, B. Iron based cellular metals for degradable synthetic 
bone replacement.  PM2010 World Congress, Florenz, Italy, 2010. 

RAJU, P. R., SATYANARAYANA, B., RAMJI, K. and BABU, K. S. 2007. Evaluation of 
fatigue life of aluminum alloy wheels under radial loads. Engineering Failure 
Analysis, 14, 791-800. 



109 
 

REZWAN, K., CHEN, Q. Z., BLAKER, J. J. and BOCCACCINI, A. R. 2006. Biodegradable 
and bioactive porous polymer/inorganic composite scaffolds for bone tissue 
engineering. Biomaterials, 27, 3413-3431. 

ROHANOVÁ, D., BOCCACCINI, A. R., YUNOS, D. M., HORKAVCOVÁ, D., 
BŘEZOVSKÁ, I. and HELEBRANT, A. 2011. TRIS buffer in simulated body fluid 
distorts the assessment of glass–ceramic scaffold bioactivity. Acta biomaterialia, 7, 
2623-2630. 

RUSSIAS, J., SAIZ, E., DEVILLE, S., GRYN, K., LIU, G., NALLA, R. and TOMSIA, A. P. 
2007. Fabrication and in vitro characterization of three‐dimensional organic/inorganic 
scaffolds by robocasting. Journal of Biomedical Materials Research Part A, 83, 434-
445. 

SAVAIANO, J. K. and WEBSTER, T. J. 2004. Altered responses of chondrocytes to 
nanophase PLGA/nanophase titania composites. Biomaterials, 25, 1205-1213. 

SCHWINGEL, D., SEELIGER, H.-W., VECCHIONACCI, C., ALWES, D. and DITTRICH, 
J. 2007. Aluminium foam sandwich structures for space applications. Acta 
Astronautica, 61, 326-330. 

SOLÓRZANO, E., RODRÍGUEZ-PEREZ, M. A. and DE SAJA, J. A. 2009. Thermal 
conductivity of metallic hollow sphere structures: An experimental, analytical and 
comparative study. Materials Letters, 63, 1128-1130. 

STEPHANI, G. 2010. Titanium with bioanologues structure for use in orthopaedic implants. 
Cellmet News. 

STÖBENER, K., BAUMEISTER, J., LEHMHUS, D., RAUSCH, G., STANZICK, H. and 
ZÖLLMER, V. Composites based on metallic foams: phenomenology; production; 
properties and principles.  International conference in Advanced Metallic Materials”, 
Smolenice, Slovakia, 2003. 281-286. 

STÖBENER, K., BAUMEISTER, J., RAUSCH, G. and RAUSCH, M. 2005a. Forming metal 
foams by simpler methods for cheaper solutions. Metal Powder Report, 60, 12-16. 

STÖBENER, K., LEHMHUS, D., AVALLE, M., PERONI, L. and BUSSE, M. 2008. 
Aluminum foam-polymer hybrid structures (APM aluminum foam) in compression 
testing. International Journal of Solids and Structures, 45, 5627-5641. 

STÖBENER, K., LEHMHUS, D., ZIMMER, N. and J. BAUMEISTER. 2005b. German 
patent application. 

STÖBENER, K. and RAUSCH, G. 2009. Aluminium foam-polymer composites: processing 
and characteristics. Journal of materials science, 44, 1506-1511. 

TAHERISHARGH, M., BELOVA, I. V., MURCH, G. E. and FIEDLER, T. 2014. Low-
density expanded perlite–aluminium syntactic foam. Materials Science and 
Engineering: A, 604, 127-134. 

TIAINEN, H., WOHLFAHRT, J. C., VERKET, A., LYNGSTADAAS, S. P. and HAUGEN, 
H. J. 2012. Bone formation in TiO2 bone scaffolds in extraction sockets of minipigs. 
Acta Biomaterialia, 8, 2384-2391. 

TORIO-PADRON, N., PAUL, D., VON ELVERFELDT, D., STARK, G. B. and HUOTARI, 
A. M. 2011. Resorption rate assessment of adipose tissue-engineered constructs by 
intravital magnetic resonance imaging. Journal of Plastic, Reconstructive and 
Aesthetic Surgery, 64, 117-122. 

TORRES, F. G., NAZHAT, S. N., SHEIKH MD FADZULLAH, S. H., MAQUET, V. and 
BOCCACCINI, A. R. 2007. Mechanical properties and bioactivity of porous 
PLGA/TiO2 nanoparticle-filled composites for tissue engineering scaffolds. 
Composites Science and Technology, 67, 1139-1147. 

TRITT, T. (ed.) 2004. Thermal conductivity: theory, properties, and applications: Kluwer 
Academics / Plenum Publishers. 



110 
 

UCHIDA, M., KIM, H.-M., KOKUBO, T., FUJIBAYASHI, S. and NAKAMURA, T. 2003. 
Structural dependence of apatite formation on titania gels in a simulated body fluid. 
Journal of Biomedical Materials Research Part A, 64A, 164-170. 

VESENJAK, M., BOROVINŠEK, M., FIEDLER, T., HIGA, Y. and REN, Z. 2013. 
Structural Characterisation of Advanced Pore Morphology (APM) Foam Elements. 
Materials Letters. 

VESENJAK, M., FIEDLER, T., REN, Z. and ÖCHSNER, A. 2008. Behaviour of Syntactic 
and Partial Hollow Sphere Structures under Dynamic Loading. Advanced Engineering 
Materials, 10, 185-191. 

VESENJAK, M., GAČNIK, F., KRSTULOVIĆ-OPARA, L. and REN, Z. 2011. Behavior of 
composite advanced pore morphology foam. Journal of Composite Materials, 45, 
2823-2831. 

VESENJAK, M., VEYHL, C. and FIEDLER, T. 2012. Analysis of anisotropy and strain rate 
sensitivity of open-cell metal foam. Materials Science and Engineering: A, 541, 105-
109. 

VITALE-BROVARONE, C., BAINO, F. and VERNÉ, E. 2009. High strength bioactive 
glass-ceramic scaffolds for bone regeneration. Journal of Materials Science: 
Materials in Medicine, 20, 643-653. 

WANG, Y., PAN, J., HAN, X., SINKA, C. and DING, L. 2008. A phenomenological model 
for the degradation of biodegradable polymers. Biomaterials, 29, 3393-3401. 

WEBSTER, T. J., SIEGEL, R. W. and BIZIOS, R. 2001. Nanoceramic surface roughness 
enhances osteoblast and osteoclast functions for improved orthopaedic/dental implant 
efficacy. Scripta Materialia, 44, 1639-1642. 

XIE, X.-H., WANG, X.-L., ZHANG, G., HE, Y.-X., WANG, X.-H., LIU, Z., HE, K., PENG, 
J., LENG, Y. and QIN, L. 2010. Structural and degradation characteristics of an 
innovative porous PLGA/TCP scaffold incorporated with bioactive molecular icaritin. 
Biomedical Materials, 5, 054109. 

YEONG, W.-Y., CHUA, C.-K., LEONG, K.-F. and CHANDRASEKARAN, M. 2004. Rapid 
prototyping in tissue engineering: challenges and potential. Trends in Biotechnology, 
22, 643-652. 

YU, M., ZHU, P. and MA, Y. 2012. Global sensitivity analysis for the elastic properties of 
hollow spheres filled syntactic foams using high dimensional model representation 
method. Computational Materials Science, 61, 89-98. 

 

 

 

 



111 
 

Appendix 

Determination of the thermal conductivity of periodic APM foam models 

 

In this section, the thermal properties of APM foam elements are investigated for the first 
time. Numerical models of metallic foam assembled by APM foam elements of two different 
diameter sizes (i.e. 5 mm and 10 mm) are considered. The foam elements are identical to the 
ones investigated in Chapter 5 for mechanical characterisation.  In the case of APM foam 
elements, the material can absorb a substantial amount of compressive stress whilst being 
lightweight and having adjustable effective thermal conductivity when different 
morphological arrangements (i.e. syntactic or sintered) are chosen. 

Syntactic and partial morphologies are considered in this thermal conductivity simulation. 
The complex internal structure of a single APM foam element is captured by means of a high 
resolution micro-computed tomography (μCT) imaging approach. The obtained three-
dimensional (3D) geometry data is directly converted into Lattice Monte Carlo (LMC) 
calculation models. In the numerical simulations, symmetric boundary conditions are used 
and APM foam elements are arranged in a primitive cubic pattern to mimic an infinite APM 
foam element structure. The effective thermal conductivity tensor is obtained for different 
scans of APM foam elements. Furthermore, partial APM foams obtained e.g. by sintering or 
adhesive bonding and syntactic (infiltration casting using a metallic phase) morphology are 
distinguished.  The average thermal conductivity is found to be 6.4 (ϕ 5 mm) and 7.4 (ϕ 10 
mm) times higher for syntactic compared to sintered APM foam. For sintered APM foam 
element arrangement, the absolute value of thermal conductivity ranges 3.7 – 6.3𝑊/𝑚𝐾. The 
thermal conductivity can be adjusted between 32.5 – 40.0 3 𝑊/𝑚𝐾  for the thermal 
conductivity of syntactic APM foam element structures.  

In summary, the effective thermal conductivity can be tailored according to the desired 
application whether the foam structure needed to be a thermal insulator or thermal conductor 
by switching the spatial assembly from syntactic to sintered arrangement.  

This investigation has been published online and accepted for print publication by the journal 
International Journal of Heat and Mass Transfer. 
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a b s t r a c t

Advanced pore morphology (APM) foam elements have a spherical outer skin and a porous inner struc-
ture. In this study, the method of Lattice Monte Carlo is applied to determining the thermal characterisa-
tion of periodic structures formed by spherical APM foam elements. Two diameters, i.e. 5 mm and 10 mm
spheres, are considered. To this end, micro-computed tomography data of real samples is converted into
numerical calculation models. This procedure allows the accurate geometric representation of the com-
plex internal foam geometry. Lattice Monte Carlo is then used to obtain the effective thermal conductivity
of partial and syntactic structures made up of APM foam elements. Samples are analysed for variation in
absolute and directional (anisotropy) thermal conductivity.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

This work addresses the determination of the effective thermal
conductivity of a periodic model of cellular metal assembled from
advanced pore morphology (APM) foam elements. Cellular metals
exhibit a number of attractive properties such as high specific
strength [1], controlled energy absorption [2], damping [3] and
versatile thermal properties [4,5]. Furthermore, large specific inter-
nal surface areas make them attractive candidates for application
as heat exchanger or catalysts [6,7]. Cellular metals are formed
from a metallic matrix with internal porosity. Structures with
interconnected and mutually insulated pores are called open-
celled and closed-celled, respectively. A major challenge that im-
pedes the large scale industrial application of cellular metals is
the inconsistency of physical properties [8]. Previous analyses have
shown that changes in porosity [9,10], pore size and shapes [11] or
even minor geometrical defects [12] can cause a significant varia-
tion in the effective properties. A promising solution is the assem-
bly of cellular metals using pre-manufactured building elements.
As an example, metallic hollow sphere structures [13] are made
up from hollow spherical shells of sintered metal. More recently,
APM foam elements have been introduced [14]. These are (approx-
imately) spherical particles with a metallic skin and a stochastic
internal foam structure. As such, they combine the controlled
geometry of hollow sphere structures with the stochastic foam
geometry of ‘classical’ cellular metals. APM foam elements are
manufactured using a powder compaction process. AlSi7 powder
and TiH2 foaming agent are rolled into wire-shaped precursor
material. This precursor is then cut into small granulates that are
expanded into sphere-like foam elements (see Fig. 1). Advanced
pore morphology structures (APMS) are formed by joining APM
foam elements using suitable joining technologies such as sinter-
ing, soldering or adhesive bonding.

Previous analyses of APMS have focused on their mechanical
properties. Lehmhus et al. [15] investigated the influence of APM
foam density in quasi-static and dynamic compressive testing. Ves-
enjak et al. [16] addressed the compressive behaviour of single
APM foam elements and composite APM foam. They further intro-
duced infrared thermal imaging to identify areas of plasticisation
in experimental testing [17]. Hohe et al. [18] conducted
experimental and numerical tests on graded APM foams for
multi-functional aerospace applications. Their main focus of inves-
tigation was perforation resistance against bird strike events.

For the first time, the present paper investigates the thermal
properties of APMS. Two different types of APM foam elements
with diameters 5 mm and 10 mm are considered. Furthermore,
two different morphologies (partial and syntactic APMS) are ad-
dressed. To this end, the complex geometry of single APM foam
elements is captured using micro-computed tomography (lCT)
imaging. Geometric data are then converted directly into Lattice

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2014.02.056&domain=pdf
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2014.02.056
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Fig. 1. Light photograph of APM foam elements.
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Monte Carlo (LMC) calculation models. Symmetric boundary con-
ditions are used in the simulations and mimic an infinite APMS
structure with foam elements arranged in a primitive cubic pat-
tern. For each sample, the effective thermal conductivity tensor is
obtained. APMS are tested for directional variation (anisotropy)
and sample variation of their effective thermal conductivity.
2. APMS geometry

The APMS geometry is captured using micro-computed tomog-
raphy imaging. An Xradia MicroXCT-400 machine with a Hamama-
tsu L8121-03 X-ray source was used for the scanning. Due to the
size differences of the samples, the voxel resolutions were limited
to 5.61 lm and 11.08 lm, respectively. A total of 1800 absorption
radiographs (exposure time 16 s) was captured with 0.2� rotation
for each projection. The selected acceleration voltage was 140 kV
with a current of 70 lA. Segmentation of the lCT data allows
material identification (in the case of APM foam elements this is
either AlSi7 aluminium alloy or air). This material data is then
mapped onto lattice models (see below Lattice Monte Carlo Analy-
sis) where each lattice node corresponds to a voxel of the lCT data.
A three-dimensional lCT reconstruction of a 10 mm APMS foam
element is shown in Fig. 2. In order to visualise the internal pore
structure, the foam element is cropped along one of its central
planes.
Fig. 2. Micro-computed CT data: three-dimensional reconstruction (cropped to 1/8
of the spherical element).
The internal pores of APMS foam elements are predominantly
closed, i.e. enclosed by a solid cell wall. However, the micro-
computed tomography data indicates small openings within these
cell walls connecting the majority of neighbouring pores. This
observation can be confirmed using electron-beam microscopy of
the same material. Fig. 3 shows a micrograph of an APM foam ele-
ment cross section and small holes within the cell walls can easily
be identified.

The geometric properties of the scanned foam elements #1–10
are summarized in Table 1.
3. Lattice Monte Carlo analysis

Numerical analysis of the effective thermal conductivity of
APMS is performed using Lattice Monte Carlo (LMC) analysis. This
versatile finite difference method has been successfully applied to
determine the effective thermal conductivity of cellular metals
such as sintered fibre structures [19], hollow sphere structures
[20], Alporas� aluminium foam and M-Pore� metal sponge [21].
The LMC method is based on probing particles that are inserted
into a lattice model to explore the effective diffusivity of composite
materials. Geometry data is usually derived from lCT imaging.
Alternatively simplified model structures can also be utilised.

Probing particles perform random walks within the primitive
cubic lattice model and are directed by jump probabilities. These
probabilities are the thermal diffusivities of each material (norma-
lised by the maximum thermal diffusivity of all components pres-
ent in the model). Whilst simulating APMS, the effective thermal
conductivity of the cell wall material AlSi7 is 167 W/(m K) [22].
The thermal conductivity of air enclosed within the pores is only
0.027 W/(m K) [23] and thus can be assumed to be zero to a good
approximation. This minor simplification allows decreasing the re-
quired computation times for each calculation. The accuracy of
LMC analyses is determined by the number n of probing particles
Fig. 3. Electron beam microscopy of APM foam element.

Table 1
Geometric properties of APM foam elements.

Sample Nominal outer diameter (mm) Porosity (%) Mass (g)

#1 5 81.0 0.064
#2 5 85.3 0.050
#3 5 80.5 0.066
#4 5 82.0 0.061
#5 5 83.7 0.055
#6 10 84.1 0.43
#7 10 84.6 0.42
#8 10 82.3 0.48
#9 10 81.6 0.50
#10 10 82.3 0.48



Fig. 4. Model generation of APMS: (a) segmentation of APM foam element, (b) primitive cubic assembly of APMS.
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and can be estimated according to e � 1/n0.5. Within all analyses
n = 105 particles were used resulting in e � 0.32%. Each particle
needs to explore a representative volume of the geometry, i.e. a
sufficient number of successful jump attempts is required. In the
current simulations 106 jump attempts per particle were defined
resulting in a mean diffusion length h|R|i = 1365 voxels. Since this
number exceeds the model resolution (i.e. 900 voxels per edge)
the condition of representative random walks is satisfied. A de-
tailed description of the LMC algorithm can be found in the litera-
ture [24].

Fig. 4(a) shows the segmentation of an APM foam element cross
section. The magnification shows that geometry data is assembled
by multiple voxels with varying grey levels. Light voxels corre-
spond to volumes with strong X-ray attenuation, i.e. the higher
density AlSi7 in APM foam elements. Dark voxels indicate the low-
er density air that fills internal and external pores. For the segmen-
tation, i.e. the distinction between air and AlSi7 a critical grey level
needs to be defined. Any voxels with a higher brightness are then
assigned to the metallic AlSi7 phase. The mass of the resulting vir-
tual APM foam element is the product of the combined metallic
voxel volume and AlSi7 density q = 2680 kg/m3 [22]. The calcu-
lated mass is compared to measurements on the scanned sample
and the segmentation threshold is iteratively adjusted until the
two masses coincide. The final calculation models contain sym-
metric boundary conditions. This means that each APM foam ele-
ment is mirrored in three perpendicular planes. As a result,
single APM foam elements are expanded into infinite APMS with
a primitive cubic structure (see Fig. 4(b)). Within their contact
planes, all spheres are truncated by 1% of their radius in order to
establish thermal contact with the mirrored neighbouring spheres.
It should be mentioned here that thermal properties of single APM
foam elements are not that useful since the thermal properties of
structure formed by these units will be governed by the thermal
contact between adjacent spheres.
Fig. 5. Model of primitive cubic APM structures: (a) symmetric BC, (b) random
orientation.
The symmetric boundary condition is a simplification that has
been introduced since no actual sintered or syntactic APM struc-
tures were available. In addition, due to the requirement of captur-
ing small geometric features of the foam inside the APM elements,
the limited resolution of micro-computed tomography imaging
permits the scan of larger samples. The symmetric boundary con-
dition is schematically shown in Fig. 5(a), where arrows indicate
the direction of the maximum thermal conductivity of the mir-
rored foam element. The resulting structure is in fact periodic
(white dashed box). In the case of the three-dimensional model
considered, the periodic unit cell contains 8 spheres. However,
the symmetric boundary condition introduces two simplifications.
First, APM foam elements in a real structure are most likely not ar-
ranged in a perfect primitive cubic pattern. This will increase their
packing density and thus change their thermal conductivity. Thus,
the calculated values for the effective thermal conductivity are a
lower bound for partial and an upper bound for syntactic APM
structures. Second, the vector indicating the direction of the max-
imum thermal conductivity is likely to be randomly oriented in an
APM structure as schematically shown in Fig. 5(b). As a result, the
anisotropy of a single foam element is going to be diminished in
the overall structure. In contrast, symmetric boundary conditions
preserve the anisotropy in the normal directions of the symmetry
planes. This can be easily verified using theoretical results of [25].
Therefore, the anisotropy study given in this paper is presenting an
upper bound of thermal anisotropy in APM structures. It should be
clarified here that the current study calculates the effective ther-
mal conductivity of APM foam structures assembled by APM foam
elements. Whilst the geometrical model of the foam element is
highly accurate (i.e. obtained by micro-computed tomography
imaging), the model of the structure is simplified due to the neces-
sary use of symmetric boundary conditions.
4. Partial APMS

First, partial APMS are considered. In these structures, APM
foam elements are joined using sintering or adhesive bonding
(resulting in additional thermal resistance). As a result, these mate-
rial exhibit internal porosity within the APM foam and intercon-
nected external porosity between the foam elements. The result
of a LMC simulation is the complete thermal conductivity tensor
of an APMS. A total of 5 APM foam elements each for the sphere
diameters 5 mm and 10 mm have been scanned using lCT imag-
ing. As discussed above, the presented effective thermal conductiv-
ities form a lower bound for randomly packed APM foams.

Fig. 6 shows the effective thermal conductivity of 5 mm
sintered APMS. Three values are indicated for each structure, i.e.
the minimum, average and maximum thermal conductivities. The
average thermal conductivity of 5 mm APMS is between 5.0 and
5.8 W/(m K). The standard deviation of the five samples is



Fig. 6. Effective thermal conductivity of 5 mm sintered APMS.

Fig. 8. Effective thermal conductivity of sintered APMS plotted vs relative density.
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0.33 W/(m K). The minimum and maximum thermal conductivities
are directional values and thus indicate some material anisotropy.
The corresponding minimum and maximum values (sample #1)
are 4.5 W/(m K) and 6.5 W/(m K).

Fig. 7 shows the corresponding results for 10 mm sintered
APMS. A strong variation of the average thermal conductivity
between samples can be observed. The averages range from
3.7 W/(m K) to 6.6 W/(m K). As a result, the standard deviation of
the average thermal conductivity is 1.27 W/(m K) thus clearly
exceeding the value of 5 mm APMS (0.33 W/(m K)). In addition,
10 mm APMS exhibit a slightly lower thermal conductivity than
5 mm APMS. This can be partially explained by the higher porosity
of 10 mm APM foam elements (see Table 1). It should be
highlighted here that 10 mm APMS exhibit a very small directional
variation of thermal conductivity, i.e. their minimum and maxi-
mum thermal conductivities are similar.

Fig. 8 is a plot of the effective thermal conductivities of 5 mm
and 10 mm sintered APMS versus their relative density, i.e. the
amount of AlSi7 voxels divided by the total number of voxels con-
tained in each model. In addition, a linear regression (based on all
data points) is plotted as dashed line. As expected, the average
thermal conductivity increases with the relative density. However,
a poor correlation (the squared correlation coefficient R2 = 0.47)
between the data points and the linear regression is observed. This
indicates that the thermal conductivity of APMS is not governed by
the relative density alone. Contributing factors are most likely the
spatial and size distribution of internal pores and the contact be-
tween the approximately spherical APMS foam elements. Thus, a
single APM foam element should not be considered a representa-
tive volume element of sintered APM foam. The effective thermal
conductivity of APM foam is more likely to exhibit an averaged
value in proximity to the linear regression line.
Fig. 7. Effective thermal conductivity of 10 mm sintered APMS.
In the following, the anisotropy of the thermal conductivity of
APMS is considered. It should be noted that the use of symmetric
boundary conditions preserves the thermal anisotropy of an indi-
vidual APM chosen to be the elementary block of the APM struc-
ture (see above). Figs. 9 and 10 show polar plots of the effective
thermal conductivity of 5 mm and 10 mm APMS, respectively.
For each sample, three curves are plotted. These three curves cor-
respond to three arbitrary perpendicular planes of the APMS. For
better comparability, all curves are rotated in such a way that
the maximum conductivity direction coincides with the y axis of
the plots. The 5 mm APMS show very consistent conductivity
curves for all samples and planes. This reflects the close clustering
of the average thermal conductivities shown in Fig. 7. In addition, a
small but distinct thermal anisotropy can be observed. The average
ratio of maximum and minimum thermal conductivity of each
sample is 1.29.

Fig. 10 shows the conductivity polar plots of 10 mm sintered
APMS. In contrast to the 5 mm APMS the curves exhibit an approx-
imately circular shape indicating thermal isotropy, i.e. there is no
clear directional variation of the effective thermal conductivity.
The corresponding average ratio of maximum and minimum ther-
mal conductivities is 1.13. However, the radius of these circles dis-
tinctly varies with the sample reflecting the changes in average
thermal conductivities shown in Fig. 6. It can be concluded that
5 mm APMS exhibit thermal anisotropy whereas 10 mm APMS ex-
hibit a strong variation of the thermal conductivity depending on
single APM foam elements.

Previous tests assumed a perfect thermal contact between
neighbouring spheres as may be obtained in soldered or diffusion
bonded structures. However, competing joining techniques such
as adhesive bonding will introduce additional thermal contact
resistance RC between spheres. Fig. 11 shows the model structure
used for the study of the change in effective APMS conductivity
and its dependence on the thermal contact resistance between
neighbouring spheres. The model is assembled from cubes
that exhibit the effective thermal conductivity of APM foam
elements presented above. Between these cubes, a thin layer of
thermal insulator is added that introduces the thermal contact
resistance RC.

Let us assume that the width of the resistance layers d (shown
in the darker colour in Fig. 11) is 1% of the sphere radius, then their
volume / = 1.5% of the total volume; and we assume that its ther-
mal conductivity is kres = ekeff. Then for the analytical expression of
the total effective thermal conductivity ktotal

eff of the structure shown
in Fig. 11 we have following options:



Fig. 9. (a) Polar plot of the effective thermal conductivity in W/(m K) of 5 mm sintered APMS in three perpendicular planes. (b) 3D plot of the (averaged) thermal conductivity
tensor of sample #1 in three main directions.

Fig. 10. Polar plot of the effective thermal conductivity in W/(m K) of 10 mm
sintered APMS in three perpendicular planes.

Fig. 11. Thermal resistance model.
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1. Maxwell expression [26]:
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eff ¼ kresð1þ
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It is easy to see that for the given conditions this expression is the
same as the Maxwell equation (1).
3. Parallel–Series method [19,27] for the 3D, closed cell structure

case:
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It is easy to see that for the given conditions this expression is the
same as the Maxwell equation (1).
4. The Bruggemann model [28] requires solving the following

equation:
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5. Russel equation [29]:
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It is easy to show that for the given conditions this expression is the
same as the Maxwell equation (1).
6. Misnar equation [30]:
ktotal
eff ¼ kres 1þ keff � kres

d
l keff þ 1� d

l

� �
kres

 !

¼ kres 1þ keff � kres

0:005keff þ 0:995kres

� �
ð6Þ
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7. Ashby equation [31]:
to
ta

l

δ = 0.001 l

ktotal

eff ¼ /nkres ¼ 0:015nkres ð7Þ

0.8 δ = 0.0025 l

δ = 0.005 l

f

where n ranges between 1/3 and 2/3.
8. Progelhoff’s expression [32]:
0.4

0.6
δ = 0.01 l

λ ef
f

to
ta

l / λ
ef
ktotal
eff ¼ kres 1þ keff

kres
/n

� �
¼ kres 1þ keff

kres
0:015n

� �
ð8Þ
0.2

δ = 0.025 l

where n is a fitting parameter.
9. Scaling relation [27]:
ktotal
eff ¼ kres/

n ¼ kres0:015n ð9Þ

0

0 0.01 0.02 0.03 0.04 0.05

ε = λ
res

/λ
eff

Fig. 13. Total effective thermal conductivity (Maxwell expression (1)) as a function
of e.
where n is a fitting parameter and usually n 2 [1.65,1.85].

In Fig. 12 we have plotted all the expressions for the total effec-
tive thermal conductivity. The solid line corresponds to Brugge-
mann’s expression (4), the long dashed line corresponds to
Maxwell’s expression (1), the long-short dashed line corresponds
to Misnar’s expression (6), the short dashed lines correspond to
Progelhoff’s expression with n = 1.0 for the line marked 82, n = 0.5
for line marked 81, and expressions (7) and (9) give lines that are
very close to 0 on this scale.

It is clear that relations (7) and (9) both give very low values. On
the other hand, the solution to Bruggemann’s equation for the total
effective conductivity is probably too high. This can be explained
by noting that in the derivation of Bruggemann’s equation the vol-
ume of inclusions are incrementally increased by replacing the cor-
responding volume of the initial composite structure (therefore the
differential limit is applied from above). Progelhoff’s expression (8)
at the limit e ? 0 gives an unrealistic high value.

Therefore the most reasonable expression for the total effective
thermal conductivity is the relation 1 – the Maxwell equation. We
will analyse this expression further by varying the thickness d of
the insulating layer (i.e. the adhesive joining the APM foam ele-
ments) as a fraction of the sphere radius (or length l). In Fig. 13
we plot ktotal

eff as a function of e for the following values of d : 0.1%
of l, 0.25% of l, 0.5% of l, 1.0% of l, and 2.5% of l. It is obvious that
ktotal

eff depends strongly on d (as well as e). An increase of thickness
d distinctly decreases the effective thermal conductivity for a given
value of e.
5. Syntactic APMS

In the following, syntactic APMS are considered. In syntactic
structures, the space between the spherical foam elements is
0
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Fig. 12. Total effective thermal conductivity as a function of e.
completely occupied by aluminium. This is achieved by filling
APM foam elements into a mould and insert molten aluminium
that fills the interstitial space. As a result, contact resistance be-
tween the APM foam elements is negligible and thermal conduc-
tion occurs predominantly within the space outside the APM
foam elements. In addition, the porosity of these structures is dis-
tinctly decreased resulting in a higher relative density. It has been
discussed earlier that the use of symmetric boundary conditions
underestimates the packing density of APM foam elements. Thus,
the following results can be considered as an upper bound for
the effective thermal conductivity of randomly packed syntactic
APM structures.

Analogous to Figs. 6 and 7 the minimum, average, and maxi-
mum syntactic APM foam conductivities are shown below. Fig. 14
displays the effective thermal conductivities of 5 mm syntactic
APMS. Values of the average thermal conductivity range from
32.1 W/(m K) to 41.0 W/(m K). It should be highlighted here that
the variation in conductivity is due differences between samples.
Directional variations (i.e. thermal anisotropy) are small as dis-
cussed below.

Fig. 15 shows the effective thermal conductivities of 10 mm
syntactic APMS. In contrast to Fig. 14, the effective thermal con-
ductivity is relatively consistent among the considered samples
and ranges between 36.3 W/(m K) and 38.7 W/(m K). Again, differ-
ences between maximum and minimum conductivity of each sam-
ple are low indicating thermal isotropy. Comparing the overall
averages of 5 mm (35.5 W/(m K)) and 10 mm (37.9 W/(m K)), a
slightly higher concavity is found for the 10 mm samples. As
Fig. 14. Effective thermal conductivity of 5 mm syntactic APMS.



Fig. 15. Effective thermal conductivity of 10 mm syntactic APMS.

Fig. 16. Effective thermal conductivity of syntactic APMS plotted vs relative
density.
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shown in Fig. 17, this can be explained by differences in relative
density.

It is interesting to note that sintered 5 mm APMS (see Fig. 6) ex-
hibit consistent conductivities. In contrast, the syntactic 5 mm
APMS (see Fig. 14) show a distinct scattering between different
samples. A likely explanation is that in syntactic APMS thermal
conduction is governed by metallic phase within the former void
space between APM foam elements. Shape deviations of the outer
Fig. 17. Polar plot of the effective thermal conductivity in W/(m K) of syntactic APMS in
APM foam element surface (which is approximately spherical) will
then cause a distinct change in relative density and thus its effec-
tive thermal conductivity. This supposition is supported by Fig. 16
where the effective thermal conductivity of syntactic APMS is plot-
ted versus their relative density. It can be seen that a linear regres-
sion fit accurately describes the dependence of the effective
thermal conductivity on relative density. Scattering in thermal
conductivity can thus be explained by variations in relative density
(i.e. porosity).

Fig. 17 shows polar plots of the effective thermal conductivity of
5 mm and 10 mm syntactic APMS. In contrast to sintered APMS
(see Figs. 9 and 10) near-circular shapes are obtained. This indi-
cates thermal isotropy, i.e. the thermal conductivity is widely inde-
pendent of direction. This can again be explained by the additional
conducting phase in the space between the spherical APM foam
elements. Thermal conduction now occurs predominantly within
this volume and thus is less dependent on the internal foam geom-
etry of the APM elements. As a result, their anisotropic contribu-
tion to thermal conduction is decreased resulting in macroscopic
thermal isotropy. The thermal anisotropy can be quantified by
calculating the average ratio of maximum and minimum thermal
conductivities. The corresponding averaged values are 1.09 for
5 mm syntactic APMS and 1.06 for 10 mm syntactic APMS.
6. Conclusions

This work addressed the effective thermal conductivity of peri-
odic models of advanced pore morphology structures (APMS). The
complex geometry of 5 mm and 10 mm APM foam elements (5
samples per size) was captured using micro computed tomography
analysis. Symmetric boundary conditions were used in order to
combine single foam elements into infinite primitive cubic foam
structures. Numerical Lattice Monte Carlo analyses were con-
ducted on the resulting three dimensional models that accurately
represent the real sample geometry.

Different joining technologies of APM foam elements were con-
sidered. Sintered APMS exhibit an average thermal conductivity of
5.5 W/(m K) (5 mm sintered APMS) and 5.1 W/(m K) (10 mm sin-
tered APMS). A distinct scattering of the effective thermal conduc-
tivity of 10 mm APMS was observed. In contrast, the effective
thermal conductivity of 5 mm APMS was found to be consistent
among the investigated samples. Both structures showed some de-
gree of thermal anisotropy. The ratio of maximum and minimum
thermal conductivity is 1.29 (5 mm APMS) and 1.13 (10 mm
APMS). A thermal resistance model was introduced to investigate
three perpendicular planes: (a) 5 mm syntactic APMS, (b) 10 mm syntactic APMS.
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the effective thermal conductivity of adhesively bonded APMS.
Adhesives exhibit a low thermal conductivity and thus form ther-
mal barriers between APM foam elements. As a result, a distinct
decrease of the thermal conductivity of adhesively bonded APMS
was found.

Finally, syntactic APMS were considered where the porosity
outside the APM foam elements is completely filled by the metallic
phase (e.g. by casting). As expected, a distinct increase of the effec-
tive thermal conductivity was found. The average values are
35.3 W/(m K) for 5 mm APMS and 37.9 W/(m K) for 10 mm APMS.
Furthermore, isotropic behaviour was observed with the following
low ratios of maximum and minimum thermal conductivity: 1.09
(5 mm APMS) and 1.06 (10 mm APMS).
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in this License at their sole discretion, for any reason or no reason, with a full refund payable
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enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.

Accepted Author  Manuscr ipts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

         immediately

via their non-commercial person homepage or blog

by updating a preprint in arXiv or RePEc with the accepted manuscript

via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
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their personal use

for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement

         after the embargo period

via non-commercial hosting platforms such as their institutional repository

via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

         link to the formal publication via its DOI

         bear a CC-BY-NC-ND license - this is easy to do

         if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal ar ticle (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscr iption Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.

Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For  book authors the following clauses are applicable in addition to the above:  
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.
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may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article. If this license is to re-use 1 or 2 figures then permission is granted for
non-exclusive world rights in all languages.

16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must



maintain the copyright information line on the bottom of each image; A hyper-text must be
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Heron/XanEdu.
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version. Please note that Cell Press, The Lancet and some society-owned have different
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Accepted Author  Manuscr ipts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
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Authors can share their accepted author manuscript:
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