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Abstract 

Aluminum and copper foams were manufactured by the sponge replication technique and a 

combination of the sponge replication technique with two additional freezing steps, freezing 

and freeze-drying, in order to generate additional lamellar strut pores. The effect of the starting 

powder particle characteristics, the thermal processing parameters, the polymeric template 

foam cell size, and the additional strut porosity on the macrostructure, the porosity, the 

mechanical properties, the thermal conductivity, and the specific surface area was studied. 

Foams prepared with the additional freeze processing steps possess additional pores with a 

lamellar shape in the struts, and they showed a higher strut porosity and a higher specific surface 

area. The lamellar pores in the foam struts had a thickness between 24 µm and 56 µm and a 

random orientation, which had a significant influence on the compressive strength, the absorbed 

energy during compression testing, and the thermal conductivity of the metal foams. 

Since those foams are potential supports for microporous materials due to their unique heat 

transport and fluid dynamic properties, the zeolite SAPO-34 was crystallized directly on 

aluminum foams and the MOF material HKUST-1 was crystallized directly on copper foams. 

These microporous components were found on the outer surface of the foam struts, in the 

hollow cavities of the foam struts, and in the lamellar pores generated by additional freezing 

steps. 
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Kurzfassung 

Aluminium- und Kupferschäume wurden durch das Replika-Verfahren und mittels 

Kombination des Replika-Verfahrens mit Gefrieren und Gefriertrocknung, hergestellt, um 

zusätzliche lamellare Stegporen zu erzeugen. Untersucht wurden die Auswirkungen der 

Eigenschaften der Ausgangspulverpartikel, der thermischen Verarbeitungsparameter, der 

Zellgröße der Polymerschaumtemplate und der zusätzlichen Stegporosität auf die 

Makrostruktur, die Porosität, die mechanischen Eigenschaften, die Wärmeleitfähigkeit und die 

spezifische Oberfläche. 

Schäume, die mit den zusätzlichen Gefrierbehandlungsschritten hergestellt wurden, wiesen 

zusätzliche Poren mit einer lamellaren Struktur in den Stegen auf, und sie zeigten eine höhere 

Stegporosität und eine höhere spezifische Oberfläche. Die lamellaren Poren in den Stegen 

hatten eine Dicke zwischen 24 µm und 56 µm und eine zufällige Orientierung, was einen 

signifikanten Einfluss auf die Druckfestigkeit, die absorbierte Energie während des Drucktests 

und die Wärmeleitfähigkeit der Metallschäume hatte. 

Da diese Schäume aufgrund ihrer einzigartigen Wärmetransport- und 

Fluiddynamikeigenschaften potenzielle Träger für mikroporöse Materialien sind, wurde der 

Zeolith SAPO-34 direkt auf Aluminiumschäumen und das MOF-Material HKUST-1 direkt auf 

Kupferschäumen kristallisiert. Diese mikroporösen Komponenten befanden sich auf der 

äußeren Oberfläche der Stege, in den Hohlstegen der Schäume und in den zusätzlichen 

lamellaren Poren. 
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1 Introduction 

Highly porous metallic and ceramic foams possess a combination of properties such as high 

stiffness-to-weight ratio, high energy and sound absorption capability, and a low specific 

gravity [1–3]. The combination of these properties made porous materials candidates for 

widespread applications in industry. Closed-cell metallic foams, for example, are mainly used 

in aerospace industry for noise reduction, in architecture as lightweight structures and 

heat/sound insulation materials, in automotive industry in engine brackets or gear wheels with 

anti-vibration layer out of aluminum foams [4,5]. Open-cell metal foams, due to a combination 

of properties such as high thermal/electrical conductivity with a high specific surface area and 

permeability to liquids and gases, have found applications in filters, heat exchangers, heat 

pumps, and substrates in catalysis, where foams often are coated with active materials [4–6]. 

For these kind of applications, the efficiency of a metal foam-based system depends strongly 

on parameters such as cell size and specific surface area, which influence the active-material 

loading, the thermal and mechanical properties. 

Open-cell metal foams can be manufactured by the sponge replication method, also called the 

Schwartzwalder process [1,7–9]. Those foams are characterized by their open-cellular structure, 

a high total porosity, high gas and liquid permeability, and they possess comparatively high 

stability and strength. The foams also have a high specific surface area, which can be varied by 

the pore size of the polymeric foam templates from which they are made. A distinctive feature 

of sponge replicated foams compared to other preparation methods is the hollow strut structure 

formed after template burn-out. This increases the specific surface area but brings challenges 

for the coating processes of the hollow struts with active materials. 

A potential solution for foam processing to access the inner surface of their struts and to increase 

the specific surface area by creating additional strut porosity is the combination of the sponge 

replication technique with the freeze-drying process; as shown in [10,11]. Freeze-drying or 

freeze-casting is a method for manufacturing porous structures with a high specific surface area 

[12]. This method is based on the formation of pores in materials by freezing a suspension 

consisting of solids and solvent or dispersant. Sublimation is applied to remove the frozen 

solvent or dispersant leaving behind pores after solidification. 

The aim of this work is to develop manufacturing routes for porous open-cell aluminum and 

copper foams by the sponge replication technique and a combination of the sponge replication 
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technique with freezing techniques to generate a higher porosity, preferably in the strut material 

of the open-cellular reticulated metal foams. For this purpose, sponge replicated foams were 

prepared and the most relevant processing parameters were identified to obtain stable foams. In 

a second step, the sponge replication technique was combined with the freezing technique to 

generate pores on the foam struts. After identification of the most relevant process parameters 

of the combination of these two different pore-forming processes, the resulting metal foams 

were coated with microporous metal-organic framework compounds or with zeolites by a 

direct-crystallization process. All materials were investigated by means of solid state 

characterization. 
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2 Theoretical part 

This chapter describes the macrostructure and manufacturing processes of open-cell foams, 

focusing on the replication technique as well as the freezing method to obtain highly porous 

materials. The influence of the pore size of the initial polyurethane (PU) template, additives, 

powder loading, freezing temperature, and freezing rate on the porosity, pore direction, and 

mechanical properties of the foams are discussed. An overview of relevant works related to the 

manufacturing of sponge replicated foams and the freeze-dried foams, as well as ceramic foams 

obtained by a combination of these methods, is presented. The second part of the chapter 

describes the possibilities of using highly porous metallic foams as a support for microporous, 

sorption-active materials such as metal-organic frameworks (MOFs) and zeolites. The 

structures and properties of the active microporous materials SAPO-34 and HKUST-1 are 

reviewed. 

2.1 Types of metal foams and their structure 

Metallic and ceramic foams are characterized by a cellular structure and are divided into open-

cell and closed-cell foams (Figure 1). The structure of both, open-cell and closed-cell foams, 

consists of a set of polyhedral cells, which are irregularly shaped and surrounded by a three-

dimensional strut network [2]. In the case of open-cell foam, the cells are connected by edges 

or struts, and the cell-to-cell connection occurs through open faces, also addressed as windows. 

In closed-cell foams, the cells are connected by a solid body without interconnection between 

them. The main purpose of this work is to obtain open-cell foams, so further work will focus 

only on open-cell foams. 

  

Figure 1 Metal foams with open cells (a) (adapted from [13]) and closed cells (b) [14]. 
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Open-cell foams have high porosity, which has a major influence on their permeability and 

fluid dynamic behavior [15,16]. Their porosity is mainly based on the volume of voids (cells) 

enclosed between the struts. However, additional strut porosity such as material pores and 

hollow struts after PU burn-out may be present in the structure of open-cell foams, which are 

formed during the manufacturing process. The cell size is one of the important parameters in 

the design and manufacture of open-cell foams. It is common to use the number of pores per 

inch (ppi), which is obtained by counting the cells over a distance of a linear inch, to indicate 

the cell size. Other relevant characteristics of open-cell foams are their high specific surface 

area and the resulting ration of surface area to volume, which influence the heat and mass 

transfer and, therefore, is important when they are used e.g. as catalysts, filters, and heat 

exchangers [5,16–18]. 

2.2 Mechanical properties of open-cell metal foams 

The properties of metal foams depend on three dominant factors: 1) the material of foams 

determines the mechanical, thermal, and electrical properties; 2) the cell topology, open or 

closed, and pore shape influence the bending or stretch dominated behavior of the stress-strain 

cure; and 3) the relative density (ρrel), which is derived as the ration of foam density (ρ*) to bulk 

material density (ρ) [19]. 

Mechanical properties of metal foams, such as compressive strength or energy absorption 

capability, are strongly dependent on the relative density of the foam, pore size, pore shape, and 

the ratio of open and closed cells. The characteristics of the compressive strength of foams are 

characterized by an elastic-plastic deformation of the stress-strain curves (Figure 2 a), which 

can be generally divided into three regions [20,21]: the region of elastic deformation, 

characterized by a linear increase in stress-strain until the plastic collapse stress (σpl*) is 

exceeded, the region of plastic deformation (plateau area) with the plastic collapse of cells as a 

result of yielding, buckling, or cell crushing, and the densification region at the densification 

strain point εD, where opposing cell walls start to come into contact and crush together [19,20]. 
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Figure 2 Schematic representation of a compressive stress-strain curve for a metal open-cell foam 

indicating the linear elastic behavior, the stress plateau and the densification regimes (a); 

deformation of an elastic-plastic cellular structure (b, c) and an elastic-brittle cellular structure 

(d). 

Figure 2 shows the deformation under compressive loading for an elastic-plastic metal cell 

structure (b, c) and an elastic-brittle cell structure (ceramic, d) [19,20,22]. At the beginning of 

loading, the cell struts begin to bend, resulting in bending deflection (b). When the load applied 

to the cell walls exceeding their full plastic moment, they begin to yield. A further increase in 

compressive load causes the metal foam to collapse by the elastic buckling of the cell struts (c). 

Ductile foams are destroyed by plastic bending of the cell struts (broken struts, d). 

The Gibson-Ashby model can be used to find a relationship between microstructure (cell size, 

porosity etc.) and the mechanical strength [19,20]. It can predict the compressive strength of 

open-cell metal foams assuming that struts undergo bending deformation. According to this 

model, the data σpl*/σb
* can be plotted as a function of the relative density ρrel according to the 

following equation: 

𝜎𝑝𝑙
∗

𝜎𝑏
∗ = 𝐶 ∙ (

𝜌∗

𝜌
)

𝑛

, (1) 

where ρ* is the density of foams, σb
* and ρ are the compressive yield strength and the density 

of bulk material, respectively. The proportionality constant C is related to the pore geometry 

effect and the density exponent n shows the deformation mechanism. The empirical values of 

these constants for open-cell metal foams are C ≈ 0.3 and n ≈ 1.5 [19,20,23,24]. 
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2.3 Manufacturing techniques of open-cell metal foams 

There is a variety of methods to manufacture open-cell metal foams. The most widespread and 

established methods are investment casting, casting around hollow spheres, and space holder 

or infiltration casting [25–27]. There are other less common methods such as layer by layer 

electrodeposition on a polymer pre-form [28], direct foaming [29] or sponge replication 

technique [8,25,30,31]. All of the manufacturing routes have their specific production 

characteristics, advantages and limitations, which significantly affect mechanical properties, 

total porosity, pore size, pore shape, and specific surface area of foams. 

Manufacturing of open-cell metal foams by investment casting consists of four main steps 

(Figure 3) [2,32]. In the first step, a PU foam is dipped in a mould slurry as ceramic or gypsum. 

The PU foam is then burnt out after the mould material has dried and solidified. This produces 

pores or open voids in the mould material that follow the shape of the PU foam. In the third 

step, molten metal is filled into this mould material by capillary infiltration. Then, in the final 

step, after the metal has solidified, the mould material is removed by high-pressure water jets 

or by dissolution in acids or by leaching, to produce a metal foam that follows the shape of the 

original PU foam. The investment casting open-cell foams can be made from different metals 

and alloys, for example, from aluminum alloys [33–35], and have a wide range of desired cell 

sizes, relative densities, and porosities, which are replicated from the initial PU foam. The 

porosity typically ranges from 80 % to 97 %. 

 
Figure 3 Schematic illustration of the production of open-cell metal foams by investment casting 

(adapted from [36]). 

Despite these advantages, there are some challenges, such as non-uniform filling of the mould 

with molten metal. To overcome this problem, high pressure in a gravity field and preheating 

of the mould is used to fill the mould with molten metal [33–35]. Changing the gravity ratio 

can also improve mould filling. It has been shown in [33] that the structural integrity of pores, 

surface morphology, and thickness of aluminum columns improve after increasing the gravity 

coefficient. In addition, the fabrication of metal foams in the supergravity field makes it possible 
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to obtain open-porous metal foams with a smaller cell size. The authors also varied the cell size 

from 4.5 mm to 0.1 mm. However, the removal of materials from the mould was ineffective for 

foams with a cell size of 0.1 mm. 

The production of metal foams by investment casting has a size limitation due to the incomplete 

filling of the moulds and the uneven heating of large moulds, which affects the filling of pores 

with liquid metals, macrostructure, and phase distribution of metal alloys [32,35]. In addition, 

the foam structure may be damaged when the heat-resistant mould is removed. 

Manufacturing of open-cell metal foams by casting with space holders is shown in Figure 

4. In the first process step, metal powder is mixed with space holders. This mixture is further 

heated. After the melt metal is solidified, the space holders are removed with acids or leached 

in solvents. Sodium chloride, sugar, carbonates or sand can be used as space holders. The 

resulting foams replicate the shape and size of the space holders, and foams with a porosity of 

˃90 % can be obtained. The space holder casting is used to prepare foams, for example, from 

aluminum, magnesium, zinc, lead, tin [2]. 

 
Figure 4 Schematic illustration of the fabrication of open-cell metal foams by space holder casting 

(adapted from [36]). 

There are some challenges in making foams with this method: the voids between the particles 

of the space holders may not be completely filled with the metal melt due to the high surface 

tension of liquid metals. High-pressure melt infiltration, vacuum, and preheating of the space 

holders are used to increase their wettability with the molten metal and to prevent the molten 

metal from solidifying before the preform is completely filled [37,38]. These production 

process optimizations improve the stability of the foams and help to obtain foams with the 

desired functional properties. 

Another way to manufacture open-cell metal foams is the electrodeposition technique, which 

is carried out in an electrolyte solution with dissolved metal ions [2]. Polymer foams are used 
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as templates for the electrodeposited metal. Before electrodeposition, the polymer foam must 

have a certain electrical conductivity. For this purpose, the polymer foam is usually immersed 

in an electrically conductive slurry based on graphite or carbon black for chemical coating. 

Then, after electrodeposition, the polymer is removed by heat treatment. The result is a three-

dimensional arrangement of metal struts. The struts become hollow, after the polymer is 

removed. These foams have a wide range of cell sizes from 6 ppi to 70 ppi and a surface area 

of 500 m2·m-3 to 7500 m2·m-3 [2]. Basically, this method is used to produce nickel or nickel-

chromium foams and copper foams. 

Although the electrodeposition process can easily create a three-dimensional dendritic metal 

structure, it is difficult to control the microstructure with the desired characteristics [39]. This 

is because the trunks and branches in a porous dendritic structure are often unable to support 

the weight of multiple subbranches. As a result, the produced structure begins to collapse even 

with minimal convective forces. Another problem associated with this method is an overgrowth 

of dendritic structures, which form a thick film with very low porosity. This, in turn, makes it 

difficult for the transport of gases and/or liquids through this type of foam. 

Manufacturing of open-cell foams by the sponge replication technique. Initially, the sponge 

replication method was used to produce ceramic foam [40]. This method consists of three 

production steps, which are shown in Figure 5. In the first step, an aqueous suspension of 

metallic powder, mixed with a binder, is applied to a PU template foam. After that, the PU 

template and the binder are burned out. The last step is the sintering of the metal foam. As a 

result of this manufacturing method, the foam is characterized by a hollow strut, as illustrated 

in Figure 5. This type of foam has a high porosity (up to 90 %) and a controlled pore size, which 

depends on the shape and size of the original PU template foam. In addition, the foams have a 

high surface area to volume ratio, which makes these foams attractive for the chemical industry 

in catalytic reactions, as a support template for various coatings, filters, and heat exchangers. 

 

Figure 5 Schematic illustration of manufacturing of open-cell metal foams by the sponge replication 

technique (adapted from [36]). 
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Despite many advantages, this production method has limitations. One of them is the thin oxide 

layer on the initial metal powders (an example of rapidly oxidizing metals is aluminum), which 

is difficult to disrupt [41]. This leads to incomplete sintering of the powder particles and a 

heterogeneous microstructure of the foam. As a result, the foam may have poor mechanical 

properties and low thermal/electrical conductivity. Various additives, different sintering 

temperatures and atmospheres are used to dissolve the thin oxide layer [42,43]. 

2.3.1 Open-cell metal foams prepared by the sponge replication technique 

The sponge replication technique has a widespread application in the production of ceramic 

foams. Recently, this technique has also started to be used for the production of metal foams; 

in contrast to ceramic foams, sponge replicated metal foams have been less studied. It has been 

used to obtain open-porous titanium [7,30,44], Ti6Al4V [31], steel [9,45] and aluminum foams 

[46,47]. 

Since metal powders have a high density, it is important to obtain a suspension that is uniformly 

coated on the PU template foam and does not drain during drying. Therefore the slurry's 

rheological properties, which can be varied by using additives (such as polyvinyl alcohol 

(PVA), polyethylene glycol (PEG) carboxyl methylcellulose), dispersants (Dolapix), dispersion 

liquids (mostly water), and powder loading, are of great importance in the production of foams 

with this manufacturing technology [7,9,44]. For instance, it was shown in [44] that PVA and 

particle loading had a major influence on the viscosity of a titanium suspension. However, 

Dolapix did not affect the viscosity but prevented the metal particles from rapid sedimentation. 

A mixture of water and ethanol was used in [48] as a solvent or a dispersion liquid, respectively, 

to increase the compressive strength of titanium scaffolds by improving compactness where the 

compressive strength reached 83.6 ± 4.0 MPa with a total porosity of 66.4 ± 1.8 %. The addition 

of ethanol resulted in a homogeneous porous titanium scaffold structure and fully 

interconnected foam cells. 

The composition of the PU template foam can also influence the uniformity of the suspension 

coating, the chemical composition of the sintered foam, and their mechanical properties. 

Titanium foams were manufactured using three different PU foam templates in [49]: polyether- 

and no-degraded polyester-based PU template foams and degraded polyester-based PU 

template foams. Coating a titanium slurry on polyester-based PU template foams provided a 

uniform coating because it was more hydrophilic than polyether-based PU template foams due 

to the increase in polarity of the carboxylic acid group. A positive coating characteristic during 
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the manufacturing of titanium foams with the polyester-based PU template foam had a positive 

effect on the mechanical properties of the resulting Ti foams. The compressive stress-strain 

curve of the titanium foams based on degraded polyester-based PU foams was characterized by 

a brittle behavior, no initial elastic response at low strain levels, and no stress plateau was 

observed. This was due to the formation of titanium carbide during PU template burn-out. 

Consequently, the type, chemical and surface chemical characteristics of the PU template foam 

have a significant influence on the resulting foams; the formation of undesirable compounds 

must be considered that may impair the properties of the reticulated foams. 

Figure 6 shows a typical foam strut and its cross-section. It can be seen that the material around 

the hollow strut pore is unevenly distributed, and struts are characterized by an edge defect, 

which can also be seen in the cross-section (oval highlighted area) and the presence of pores in 

the strut. The edge defects form due to insufficient coating of the PU foams with a suspension. 

Strut pores can occur in form of gas bubbles as a result of the interaction between powder and 

additives. All these features can have a negative effect on the mechanical properties of foams 

compared to bulk or cast material [45]. It was observed a tensile failure of steel foams in [45], 

in which the influence of strut pores and edge defects on the failure of the foam was studied in 

detail. The results showed that hollow struts fail by zipping along with the corners of the strut 

(Figure 7 a,b). The opening of the strut occurred in areas with less solid material as strut corners 

and edge defects. Pores, which are located near the strut corner (Figure 7 c,d), contributed to 

cracking especially in areas with thinner struts and leading to the opening of the strut corner 

(marked with an *). 

 
Figure 6 SEM image of a typical strut and cross-section of metal foams prepared by the sponge 

replication technique (here: aluminum foams). 
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Figure 7 Tomographic imaging of the strut before loading, showing the sutured area of the strut (black 

arrow) (a); strut after loading at 4 % deformation strain, showing unzipping along the struts 

(white arrow) (b); development of cracks around the pore: unloaded strut (black arrow) (c) and 

crack development around the pore after loading at 1.4 % strain (unzipping (*) is marked) (d) 

[45]. 

One of the most important parameters in foam production is the cell size of PU template foams. 

Varying this parameter affects porosity, mechanical properties, water and gas permeability, and 

surface area. In [7], the microstructure and mechanical properties of titanium foams with 

different cell sizes ranging from 25 ppi to 40 ppi with a total porosity of 86 % to 92 % were 

studied. It was found that, as the number of pores increased, i.e. as the cell size decreased, the 

porosity decreased and the compressive strength increased non-linearly. 

The sponge replication technique also allows the production of metal matrix composite foams. 

A homogeneous distribution of TiC0.7N0.3 particles in a 316L matrix was obtained in [9], which 

worked as a reinforcing material, increasing the compressive strength from 4.5 MPa to 16.5 

MPa at 4 wt. % of TiC0.7N0.3. The compression strain curves of the 316L stainless steel metal 

matrix composite had a typical compression strain behavior for an open-cell metal foam shown 

in Chapter 2.2. 

The possibility of processing aluminum foams prepared by the sponge replication method was 

demonstrated in [47]. Relatively stable aluminum foams sintered in air at 620 °C for 4 h and 7 

h showed a porosity between 94.4 % and 95.5 %. The focus of this work was mainly on 

determining the suspension composition. Despite the general possibility of obtaining stable 

aluminum foams, no further studies were carried out. 

2.4 Freeze-drying as a method to manufacture porous materials 

Freeze-drying is a method of manufacturing porous materials from a ceramic, polymers, or 

metal suspension by ice-crystal driven particle movement during freezing and subsequent 
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sublimation of the solidified liquids (solvents) at low pressure and temperature; this leads to a 

porous structure. The pore structures formed after these processing steps replicate the 

morphology of the solidified liquid. The advantage of this method is its flexibility since this 

method allows the volume fraction, size, shape, and orientation of pores to be varied by 

changing the characteristics of the suspension, such as the type of solvents, additives, the 

fraction of particles, and by the solidification conditions such as freezing temperature, freezing 

front direction, mold design and substrate material [50,51]. 

This chapter deals with the basic principles of the freeze-drying method. The basic parameters 

affecting pore shape, pore thickness, and pore direction are presented. The main applications of 

porous materials are discussed. An overview of recent research on freeze-dried foams is 

presented. 

2.4.1 Basic principles: anisotropic and isotropic freezing 

Freezing is divided into anisotropic and isotropic freezing [50,51]. The anisotropic type 

includes unidirectional freezing. This method has been studied more extensively than isotropic 

freezing. A diagram of this type of freezing is shown in Figure 8. First, a suspension consisting 

of solids and a liquid is placed in a mould, sidewise to a thermally insulating material such as 

Teflon (a). The base of this mould consists of thermally conductive materials such as copper, 

which is cooled. This leads to the nucleation of a solidification front and its directional 

propagation (b). At the beginning of the solidification front, the solidification rate is very high 

and dispersed particles are captured by the freezing front forming a dense layer at the base of 

the sample (c). As the solidification front propagates, particles are pushed out of the liquid and 

concentrate in the interdendritic space (d). As a result, areas of high concentration of frozen 

particles and frozen liquid are formed. The frozen liquid is then removed by sublimation after 

completion of the freezing process (e). The formed pores replicate the morphology of the 

solidified liquid, have an elongated shape and have a direction co-directed to the freezing front. 

The resulting samples are sintered after sublimation of the frozen liquid (f). 
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Figure 8 An anisotropic freeze casting process consisting of placing a suspension in a thermally insulated 

mould (a), freezing the suspension (b), accumulation and pushing the particles out of the liquid 

into the interdendritic space (c) and their incorporation (d), sublimation of frozen samples (e), 

and densification of the sample via sintering (f) [50]. 

The isotropic freezing method is used to obtain irregular porosity [50,51]. In isotropic freezing 

shown in Figure 9, the slurry is also placed in a heat-insulating mould and placed in a freezer 

(a). In contrast to the anisotropic method, freezing of the particles occurs randomly and has no 

direction, since nucleation (b) and solidification (c) occur simultaneously throughout the 

suspension in a random orientation. The resulting pores have an isotropic structure after 

sublimation (d) and densification and/or sintering (e). In this type of freezing the shape of pores 

may vary from closed equiaxed cells to open reticular networks [50]. In particular cases, 

freezing is carried out in thermally conductive forms to obtain directional freezing in a 

predominantly bottom-up and radial direction. Despite the presence of relatively directional 

freezing, the pores are generally isotropic in this kind of freezing. Figure 10 shows the most 

common types of pores after anisotropic freezing having a lamellar (a), a dendritic (b) or a 

honeycomb structure (c), and after isotropic freezing having a honeycomb (d), an equiaxed (e) 

or a cellular (f) structure [50]. 

 
Figure 9 An isotropic freeze casting process consisting of placing a suspension in a thermally insulated 

mould (a), solid nucleation in suspension (b), random solidification (c), sublimation of frozen 

samples (d) and densification via sintering (e) [50]. 
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Figure 10 Schematic representation of pores in sublimated materials during anisotropic (top) and 

isotropic freezing (bottom). The colored areas indicate the region with solidified liquid, 

which determines the morphology of the pores after sublimation. The dark areas are the solid 

material particles [50]. 

2.4.2 Influence of freezing parameters, solid loading, solvents and additives 

on the microstructure of freeze-dried porous materials 

One of the parameters significantly influencing the pore size is the freezing front velocity. It 

was found that as the freezing rate increased, the pore size decreased as a result of the 

temperature gradient formation, which, in turn, increased the strength of ceramics [52]. Figure 

11 shows the dependence of the structure wavelength on the ice front velocity [53]. The higher 

the freezing rate, the finer the microstructure of the lamellar pores and material lamellae. The 

speed of the freezing front can be controlled by the solid load, the cooling rate, and the freezing 

temperature. It was reported in [54] that increasing the solid loading decreased the freezing 

onset temperature resulting in a shorter wavelength and increased the lamella wall thickness. 

By varying the temperature from -30 °C to -196 °C during freezing a suspension yttria-

stabilized zirconia (YSZ) with tert-butyl alcohol (TBA), porous ceramics with unidirectional 

pore channels were obtained [55]. The pore size decreased in proportion to the freezing 

temperature and increased in proportion to the distance from the cooling plate (Figure 12). 
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Figure 11 Wavelength variation of the material structure as a function of the ice front velocity. The SEM 

image of the cross-section of the sample parallel to the ice front with the smallest lamellae 

thickness of ~2 μm is shown in inset (a) [53]. 

 
Figure 12 Microstructure of unidirectionally aligned pore channels in YSZ ceramics at different 

distances from the cooled plate from 15 mm to 3 mm and at freezing temperatures varied 

from -30 °C to -196 °C [56]. 

Varying the ratio of liquid to solid part in the initial suspension also affects the microstructure 

of the samples (Figure 13) [53]. The pores formed after sublimation were initially ice formed 

from the liquid part. Thus, the total porosity of the material and size of pores depended directly 

on the liquid/solid ratio in the suspension. A high solid content did not result in lamellar pores 

(Figure 13 c). It was observed that higher solid loading increased the compressive strength by 

forming thicker walls in [57]. 
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Figure 13 SEM micrograph of a cross-section parallel to the ice front showing the effect of the 

suspension water content on the microstructure; total porosity of the samples: (a) 70 %, (b) 

40 %, (c) 24 % [53]. 

The size of the original solid particles also influence the microstructure of the pores [12,58–

60]. This was because solids act as nucleation sites for ice crystals and influence the velocity 

of the freezing front. With decreasing particle size, the number of ice crystal nucleation sites 

increases leading to the formation of numerous small pores. It is difficult to obtain a 

homogeneous morphology of the final frozen structure at particle sizes with the order of the 

size of the interdendritic spaces. Therefore, the particle size has to be lower than the wavelength 

of the desired structure. Consequently, micron-sized particles cannot be used to create structures 

with nanometre wavelengths. In order to achieve a homogeneous and well-defined structure, it 

must be considered that an irregular particle size distribution (presence of large particles or 

agglomerates of particles) has a negative effect on the uniformity of the final structure. 

Additives can also influence the pore morphology. They can be used to change the phase 

diagram of the liquides, the anisotropy of the solid/liquid interfacial energy, the viscosity of the 

suspension, the freezing temperature of the suspension and the volume expansion of the system 

[58]. One of these additives is glycerol, which is the most commonly used one. Its advantages 

include non-toxicity, low cost, good solubility in water, as well as a low freezing point [61]. In 

addition, the use of glycerol can prevent the formation of defects associated with the water 

expansion and the particle push back during freezing. This leads to an increase in suspension 

viscosity and good bonding between lamellae, which, in turn, increases the mechanical 

properties of the system [62]. Polyethylene glycol (PEG) is also referred to as one of the 

additives in water-based suspensions, which, in turn, can also be used as a binder [63]. PEG led 

to a reduction in the local equilibrium solidification temperature and stabilizes the growth of 

dendrite tips. The addition of PEG also reduced the pore size in [64]. PVA is used to regulate 

the pore morphology. That made it possible to obtain small pores in [65,66]. Gelatin is an 

additive for regulating the pore morphology and increases the viscosity of the suspension 

[67,68]. The addition of gelatin helps to prevent abnormal ice growth and to obtain a 

homogeneous microstructure. In addition, gelatin bounds the solid particles together and 
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prevented their breakdown in the green body before sintering [68]. Another additive is 

polyacrylamide (PAM), which changes the pore structure from lamellar pores with dendrites to 

columnar ones without dendrites, decreasing the pore size and increasing the material wall 

thickness [69]. 

The liquid part, called the solvent, disperses the solids in suspension and acts as a binder 

between the solid particles during freezing [50]. The most common solvents include water, 

camphor, tert-butyl alcohol (TBA), and the naphthalene-camphor binary system. The type of 

solvent used during freezing is the main factor affecting the pore structure; this is because they 

have different freezing points, viscosity, surface tension, and hydrophilicity. 

Water is a widely used solvent due to its low cost, the convenience of use, environmental 

friendliness, the unique morphology of ice crystals, and compatibility with functional additives 

[70]. The obtained pores after freeze casting have a lamellar channel shape. However, due to 

its anisotropy, the lamellar structure can have undesirable properties for some applications. In 

this case, additives such as camphene and TBA are used. Camphene is used to obtain dendritic-

shaped pores [71]. In contrast to the lamellar structure of frozen water or camphene, frozen 

TBA usually has the shape of long, straight prismatic crystals without branching at the 

crystallization point, which is useful for the production of porous materials with membrane-like 

structures for the separation process [72]. TBA is infinitely soluble in water. The obtained ice 

crystals do not have a uniform shape after the solidification of this suspension. The shape of the 

crystal changes depending on the ratio of TBA to water. Another solvent is a binary compound 

of naphthalene and camphor. This binary compound has low viscosity and is used for 

manufacturing macroporous structures [73]. Table 1 summarises the above-mentioned freezing 

parameters and their effect on freeze-dried materials. 
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Table 1 Influence of freezing direction, freezing front velocity, temperature, solid loading, 

solvents and additives on the microstructure of freeze-dried porous materials. 

Control 

Parameter 
Structural feature Effect Reference 

freezing 

direction: 

anisotropic 

and isotropic 

pore direction 

pore shape 

anisotropic: pores direction co-

directed to the freezing front; pore 

shape: lamellar, dendritic, 

honeycomb. 

isotropic: random orientations, 

irregular porosity; pore shape: 

honeycomb, equiaxed, cellular. 

[50,51,59] 

freezing 

front 

velocity 

structure wavelength higher freezing rate - finer 

microstructure [52,53,59] 

freezing 

temperature  

pore thickness pore size decreases in proportion 

to the freezing temperature; 

[23,56,74] 

solid loading total porosity total porosity, pore size, 

wavelength, pore morphology, 

compressive strength, freezing 

onset temperature 

[23,54,57,75] 

particles size velocity of freezing 

front, nucleation sites 

for ice crystals 

morphology, wavelength [12,58–60] 

additives 

(glycerol, 

PEG, PVA, 

gelatin, 

PAM) 

viscosity of the 

suspension, freezing 

temperature, phase 

diagram of solvents, 

solid/liquid interfacial 

energy 

morphology of pores (reduce 

rejection of particles, reduced 

growth of dendrite tips out into 

the melt), bonding between 

lamellas, mechanical properties, 

shape of pores, wavelength 

[58,61–69] 

solvents 

(water, 

camphor, 

TBA, 

naphthalene-

camphor) 

freezing onset, 

viscosity, surface 

tension, hydrophility 

pore morphology (lamellar 

structure, porous with membrane-

like structures, dendritic-shaped 

pores) 

[70–73] 

2.4.3 Application of freeze-casted ceramic and metal porous materials 

Freeze-drying forms porous materials, which have found applications in various fields such as 

biomedicine, thermal insulation and interface materials, electrically conductive materials and 

piezoresistive sensors, energy storage and conversion, structural materials, water and air filters, 

heavy metal adsorption and smart materials (self-healing, self-monitoring, shape memory, 

shape programming) [59]. Varying the suspension composition, total porosity, pore size, shape 

and direction of pores affects the specific surface area, the strength, the thermal and the 

electrical conductivity of porous materials [12]. All of this makes it possible to cover the above-

mentioned application areas. 
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In structural applications, highly ordered porous structures of freeze-casted materials promote 

very high recoverable compressive deformations compared to random porous systems. These 

materials provide high levels of mechanical energy dissipation (damping) in a weight-

dependent system and achieve high levels of elasticity. Deformation and energy dissipation of 

cellular materials are used to develop shock and vibration protection and acoustic insulation 

systems [59]. 

In energy storage and conversion structures, the electronic, thermal, mass-transport properties 

of energy materials can be optimized by additional pores. Freeze-dried materials are used in the 

development of new electrode structures. Highly ordered porous electrode structures provide 

high active material loading and provide efficient ion transport channels compared to 

conventional densely packed structures [76,77]. Also, the high porosity of materials formed 

after freeze casting reduces deformation caused by volume changes during charge/discharge 

cycles [77,78]. In the field of lithium-ion batteries, vertically aligned LiFe0.7Mn0.3PO4 

nanoplates and graphene hybrid frameworks contributed to 2.5 times higher ion transport and 

better cycling performance compared to electrodes with random structure [76]. 

A series of papers have demonstrated the use of Cu foams with well-aligned porous structures 

as anode current collectors for a lithium-ion battery [23,79–81]. The possibility of replacing the 

copper foil with a frozen Cu foil coated with Si or Sn active material was discussed in [80]. The 

excellent thermal and electrical conductivity of copper makes copper freeze-dried foams ideal 

for applications such as heat exchangers, catalyst supports, and electromagnetic shields [79]. 

The Cu-Ni combination can be used in the field of high-temperature filters with high load-

bearing capability and as electrodes with good corrosion resistance [81]. 

Biomimetic pore structures created by freezing can be used to fabricate microbial fuel cells to 

recycle organic waste partially into hydrogen [82,83]. The high surface area and efficient 

mass/electron transfer of the obtained porous materials are advantages in this application. 

Another widespread application is the use of ceramic and metal porous structures as filters. The 

high surface area of aligned porous materials can be used to clean water [84,85] and air [86]. 

Due to the aligned pore structure, these filters provide efficient transfer of liquids and gases 

compared to random porous materials. Nowadays, there are many research works where such 

filters are used to remove dyes [87], oil and organic solvents [88,89], and heavy metals [90] 

from water and air. 
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2.4.4 Freeze-drying of metals 

Freeze-drying or casting was originally used for the making of ceramic porous materials; 

therefore there is at present a high number of works about the influence of freezing parameters, 

additives, solvents, etc. on their porosity, strength, mechanical and thermal characteristics [12]. 

However, in the last decade, this method has been applied for the manufacture of metallic 

porous materials despite the tendency of metal particles in suspension to rapidly settle and 

oxidize in water. At present, freeze-drying is actively applied to obtain titanium [91,92], Ti-Al 

alloy [93], iron [94–96], copper [23,74,75,79], nickel [81,97,98] foams, and Cu-Ni porous 

materials [81]. 

In the manufacturing of copper foams copper oxide powders are usually used, which are 

converted to pure copper after sintering in an argon atmosphere with hydrogen [23,75]. Copper 

foams with oriented lamellar macropores and micropore walls were obtained for the use in 

electrochemical cells in [23]. The authors varied the processing parameters such as the 

proportion of powder in suspension from 13 vol. % to 19 vol. %, the freezing temperature from 

-10 °C to -30 °C. This resulted in foams with a porosity ranging from 45 % to 73 %. The amount 

of porosity was inversely related to the proportion of powder in the suspension. It was also 

found that with decreasing solid loading and increasing freezing temperature, the width of 

oriented lamellar macropores increased from 15 µm to 64 µm and the width of the Cu material 

lamellae decreased from 63 µm to 19 µm. A linear decrease in porosity from 50 % to 31% with 

an increase in the proportion of CuO powder from 20 vol. % to 40 vol. % was also observed in 

[75]. Copper foams with a high porosity of ~80 % with aligned, elongated pores from 40 nm to 

80 nm were obtained from copper oxide powders with an initial solid particle load of 15 vol. % 

in the processing suspension. The pore diameter was approximately 91 µm. Three types of 

porosity were found in these foams: aligned, elongated pores repeating ice dendrites; 

microporosity in partly sintered copper walls; and cracks in these copper walls formed due to 

shrinkage during sintering. Copper foams with an oriented pore structure were also obtained in 

[74]. Similar to the previously observed work [23], the pore size decreased with decreasing 

freezing temperature and the effect of pore direction and compressive loading relative to each 

other was shown. It was found that the yield strength decreased from 25.4 MPa to 12.6 MPa 

and from 23.7 MPa to 8.6 MPa in directions parallel or normal to the freezing direction, 

respectively. 

It was discussed in Chapter 2.4.2 that different additives affect the freezing process. The effect 

of PVA additive on the morphology and the macro- and microstructure of NiO foams made by 
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reduction and sintering of a directionally frozen water suspension of nanometric NiO powders 

was studied in [98]. It was found that the addition of PVA led to the formation of dendrites and 

the accumulation of NiO powder in the interdendritic space, respectively, creating Ni walls with 

micropores after sintering. As a result, the Ni walls with the additive were characterized by less 

dense walls, more closed pores, and a rougher surface than the foams without PVA addition. 

The addition of PVA reduced the nickel wall size from 75 ± 13 µm to 21 ± 5 µm. In this way, 

the addition of PVA can also be used to vary the surface area. 

Pure copper or nickel is not as corrosion resistant as an alloy based on it. That may prevent the 

application of pure open-cell metal foams in areas requiring high strength and corrosion 

resistance such as anode in a fuel cell [98,99]. Cu-Ni freeze-dried foams with vertically aligned 

lamellar macro-pores were manufactured to solve this problem in [81]. The foams were 

prepared from mixed powders of NiO (<20 nm) and CuO (40–80 nm) with 100, 90, 70, 50, 30, 

10, and 0 wt. % Cu. The Cu–Ni alloy was formed after oxide powder reduction/sintering 

processing at 800 °C to 1000 °C in Ar with 5 vol. % H2. The results of corrosion resistance in 

sulphuric corrosive environment showed that the weight loss rate of Cu7Ni3 alloy foam was six 

times and five times slower than that of pure Ni and pure Cu foam, respectively. 

It was previously shown in Chapter 2.4.2 that, when a suspension is frozen, there is a pore-size-

width gradient along the freezing direction. This results from the fact that there is a decrease in 

the rate of solidification with distance from the cooling source at a constant substrate freezing 

temperature. As a result, there are the smallest pores from the side closer to the substrate-cooler, 

which gradually grow further away from the cooler. Depending on the foam applications, this 

pore gradient may be undesirable. In order to avoid it and to obtain a more homogeneous porous 

structure, it was proposed the use of double-sided cooling instead of a one-sided cooling, 

leading to a more homogeneously distributed cooling rate to minimize the pore width gradient 

in [94]. It helped to control the temperature gradient in the suspension and to obtain more 

uniform width of pores and pore walls. 

For controlling the velocity of the freezing front, a continuous directional freeze casting 

technique based on liquid metal cooling (LMC) has been developed, which is called “LMC-

like freeze-casting” [100]. This method is based on immersing a mould with a slurry in a low-

temperature bath at a constant rate. The solidification rate and the immersion rate of the mould 

were equal, due to a special freezing mould made of quartz. 
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Pore size and direction, wall thickness, total porosity, and sintering parameters of green bodies 

as mentioned above influence the mechanical properties of the final-sintered foams. Iron foams 

with lamellar aligned channels made from a Fe2O3 suspension sintered at different temperatures 

were investigated in [96]. Increasing the sintering temperature from 900 °C to 1100 °C resulted 

in a reduction of the foam porosity from ~ 70 % to ~ 60 % and a reduction of the lamellar pore 

thickness from ~ 46 µm to ~ 40 µm at a constant Fe2O3 loading of the slurry of 18.5 vol. %. It 

was found that the maximum strength of the foams changed from 8 MPa to 20 MPa with 

increasing the sintering temperature and a corresponding decrease in porosity. 

2.5 Manufacturing of open-cell foams via sponge replication technique and 

freeze-drying 

Open-cell porous metal and ceramic foams are actively used in the fields of heat exchangers, 

heat pumps, filters, catalyst substrates, where high air and liquid permeability combined with 

high specific surface area play an important role [4,5,101]. Metal or ceramics foams can be 

coated for these applications with active materials such as zeolites or MOFs [4,5,102]. 

Therefore, the high specific surface area of the foams allows the amount of coated active 

material to be increased, thereby increasing the efficiency of the composite in related 

applications [103,104]. The formation of additional porosity in the foam struts can increase the 

specific surface area of the foam. A possible method of manufacturing additional strut porosity 

can be a combination of sponge replication and freeze-drying methods. This manufacturing way 

was first applied in 2010 in [105] for aqueous SiO2 suspension. PU foams were coated with the 

suspension, the excess slurry was removed as a preparation step from the sponge replication 

technique, then the foams were frozen to obtain aqueous crystals in the struts as a preparation 

step from the freeze-drying technique. After that, the samples were sublimated and sintered. As 

a result, this technique allowed to obtain open-celled ceramic foams with additional porosity in 

foam struts. The combination of replication and freezing techniques was successfully applied 

for a tert-butyl alcohol-Ca10(PO4)6(OH)2 slurry [106]. 

A more detailed study of the effect of freezing temperature, additives, and solid loading on total 

porosity, pore morphology and size, specific surface area, and compressive strength was 

presented in [10,11]. These works were focused on obtaining highly porous alumina ceramics. 

Sample preparation also proceeded by slurry coating onto the PU foam, freezing, sublimation, 

and sintering. 
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In [10], PU foams were coated with aqueous suspensions with different solid loadings from 20 

vol. % to 40 vol. % with guar gum as a thickener and afterward, the samples were frozen at 

temperatures between -196 °C in liquid nitrogen and -20 °C in a laboratory freezer. After 

sublimation and sintering of the foams, it was found that the size and morphology of the pores 

inside the struts strongly depend on the solid loading of the alumina suspension and the freezing 

temperature. When the freezing temperature decreased from -20 °C to -80 °C, the pores had a 

lamellar structure, typical for aqueous suspensions. The direction of the lamellar pores was not 

homogeneous across the sample due to nondirectional freezing. When foams were frozen in 

liquid nitrogen, the formation of a high number of small round-shaped pores without lamellar 

pores was observed due to the high freezing rate. Changing the freezing temperature from -20 

°C to -80 °C with the solid load of 20 vol. % had no significant effect on the material lamellae 

thickness, which varied from 28.6 µm to 29 µm but there was a thickness increase from 28.6 

µm to 40 µm at the solid load of 40 vol. %. The growth of the solid loading from 20 vol. % to 

40 vol. % at -20 °C reduced the thickness of the lamellar pore from 62 μm to 18 μm. Additional 

pores obtained by this production method increased the total strut porosity (closed and open 

pores), as an example from 25.8 % to 54.8 % for foams with a slurry loading of 30 vol. % at -

20 °C. Due to additional lamellar pores in the struts, the specific surface area of the foams 

increased from 70 cm2 g-1 to 113–259 cm2 g-1. 

The results of the compressive strength study have shown that with the increase of the solid 

loading the compressive strength increased too, due to a decreased porosity and resulting 

densification of the struts [10]. Despite a high total porosity, the compressive strength of the 

foams after freezing ranged from 0.2 MPa to 1 MPa. It was found that the pore morphology had 

a significant effect on the compressive strength. Samples frozen in liquid nitrogen had a higher 

strength compared to samples prepared by the sponge replication technique without and with 

freezing steps. It was suggested that the reason for the increased compressive strength in liquid 

nitrogen might be due to the formation of the small spherical shape pores. The presence of 

lamellar pores at -20 °C or -80 °C conversely decreased the compressive strength. A possible 

failure mechanism described in the article was the breaking of interconnections between the 

individual material lamellae due to weak bonding of the material lamellae, which may have 

caused the material lamellae to slip off from each other, as well as the accumulation of stress at 

the ends of the lamellar pores, which led to failure in the foam material. 

In a further study, different thickeners (guar gum, wallpaper paste, methylcellulose, potato 

starch) were added to a 30 vol. % and a 40 vol. % aluminum oxide slurry and was suspended 
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to a freezing temperature of -20 °C to produce foams [11]. Formation of lamellar pores was 

observed regardless of the type of thickener. However, the microstructure of the foams was 

characterized by the formation of numerous round voids when the loading was increased to 40 

vol. %, this was especially obvious for guar gum. However, after drying at room temperature 

and sintering without freeze processing, the foam struts had a homogeneous structure when 

guar gum was added [10]. The formation of these voids may be caused by a higher viscosity 

compared to foams from slurries with 30 vol. % alumina solid loading. Accordingly, this might 

have prevented gas bubbles to escape from the slurries after coating the PU foams. Increasing 

the solid loading reduced the open strut porosity and the lamellar pore thickness, but increased 

the material lamellae thickness. That behavior was also observed in [10]. Varying the thickeners 

did not lead to significant changes in lamellar pores size and material lamellae size. 

It was found that the compressive strength increased with higher slurry loading. The highest 

compressive strength values were obtained for samples with methyl cellulose. It was 1.3 MPa 

at 40 vol. % solid alumina loading with a total porosity of ~91 %. This dispersion had the 

highest viscosity, which contributed to a homogeneous and almost defect-free coating of the 

PU foam, which consequently had a positive effect on the compressive strength. The formed 

bubble voids reduced the compressive strength, especially in the samples with guar gum. 

The performed works in [10,11] showed the successful application of the combination of the 

sponge replication and freezing techniques to obtain ceramic foams with additional porosity in 

their struts. The results demonstrated that foams obtained by this novel method have the 

potential for the use as carriers for active materials due to the possibility to increase the specific 

surface area, which may allow achieving high loading of active materials, respectively increase 

the ratio of active material mass to support mass. This manufacturing technique may be 

attractive for metal foams, which may be used in heat pumps, as carriers in catalysts, as heat 

exchangers and filters, or in general, where a large specific surface area and highly porous struts 

are required. 

Up to now, the combination of sponge replication and freeze processing as described in [10,11] 

was not applied yet for the manufacturing of open porous replica metal foams, and the 

systematics of the aforementioned parameter studies for alumina foams was adapted for the 

manufacturing of aluminum and copper foams within this work. 
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2.6 Micro-macroporous composite materials based on open-cell foams 

More than 70 different composite materials based on macroporous foam (ceramic, metal and 

polymer substrates) and microporous material (pore size less than 2 nm [107]) applied to 

support struts are currently represented [6]. Micro-macro-porous composite materials cover the 

fields of materials science (cellular materials) and chemistry (microporous compounds). Micro-

porous compounds have a high internal specific surface area and can adsorb molecules in their 

micropores. Well-known and well-understood microporous crystalline compounds include 

zeolites (ZSM-5, Zeolite A, Silicalite-1, SAPO-5, SAPO-34, etc.) and MOFs such as HKUST-

1, MOF-5, CAU-10, MIL-101. 

Zeolites are crystalline framework materials consisting of tetrahedral primary building units 

[TO4] with common angles, where T = Si, Al, P, Ti,...[6]. There are also compounds where 

some of the T atoms in the tetrahedral are substituted, e.g. as [(Si/Al)O4] [108]. These 

tetrahedral primary [TO4] blocks are connected in larger structures (rings, cells) resulting in a 

three-dimensional porous structure (Figure 14). As a result, zeolites are characterized by a well-

defined three-dimensional pore network with interconnected spherical cavities or channels. The 

zeolite´s pore size can range from 0.41 nm (zeolite A) to 0.74 nm (zeolite X/Y). 

 

Figure 14 Zeolite framework structure for zeolite A, formed by joining sodalite cages (yellow) through 

four-membered and six-membered rings. The diameter of the pore opening (orange) is 0.41 

nm (the cations in the pores are not specified in the frame structure) [6]. 

MOFs are nanoporous materials consisting of metal ions and polyatomic organic bridging 

ligands. Their basic structure consists of bound inorganic nodes (metal ions or metal-oxide 

cluster ions) with linking to organic molecules such as polydentate carboxylic acids, to form a 

porous structure. For MOFs, there is no clear unambiguous structure like for zeolite frameworks 

due to the fact that there is a great number of possibilities for variations in the nodes and bonding 
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links. Figure 15 shows an example of one of the MOFs (HKUST-1). The pore size of them can 

vary from microporous to mesoporous. For example, HKUST-1 copper trimesate has a pore 

diameter of 1.0 nm [109], while MIL-101(Cr) has larger pores of 2.7 nm and 3.2 nm [110]. Due 

to the larger pore size, MOFs have a higher inner specific surface area compared to zeolites. 

However, the presence of organic building blocks affects their thermal stability, which in most 

cases does not exceed 300 °C [6]. 

 

Figure 15 A MOF example HKUST-1: the porous structure consists of [Cu⋯Cu]4+ dumbbells that are 

connected by trimesate anions (pore diameter 1.0 nm, yellow spheres) [6]. 

MOFs and zeolites are used or suggested to be in adsorption-driven heat pumps, sorptive 

extraction of organic sulphides, hydrogen and methane storage, gas separation, CO2 capture, 

microreactor device, or in methanol to olefin conversion [6]. The combination of open-porous 

ceramic or metal foams with active materials can increase the efficiency of those applications 

in their systems also due to the irregular pore geometry of the open-porous foam cells, which 

allows efficient transport of gases or liquids to the microporous adsorbent layer due to a high 

degree of turbulent flow and radial mixing [111,112]. Thanks to the heat-conductive foam 

substrate, the sorption heat can be transferred away. 

2.6.1 SAPO-34: Hydrothermal synthesis, properties, and application 

SAPO-34 is an effective catalyst for the conversion of methanol to light olefins and a promising 

material for adsorption heat pumps, due to its low regeneration temperature (Treg < 100 °C), 

suitable S-shaped adsorption isotherm, and sufficient hydrothermal stability [104,113–115]. 
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The crystallization of SAPO-34 on different porous support materials was demonstrated in a 

great number of studies. 

SAPO-34 crystallization on ceramic and metal foams. Zeolite/silicone foams with high 

adsorption capacity without hindering the porous structure of the pure zeolite were obtained in 

[104], in which 96 % of zeolite in the foam was active for water adsorption. The addition of 

zeolite had a positive effect on the mechanical properties of the composite. 

SAPO-34 was successfully crystallized on SiC open-cell foams with linear cell densities of 10 

ppi and 30 ppi by direct hydrothermal crystallization at different crystallization times, 30 h and 

45 h [116], which did not affect the thickness of the zeolite coating and the amount of loaded 

material. The pore size of the ceramic foam did not influence the quality of the crystallized 

zeolite. At the same time, the amount of deposited zeolite grew with the number of pores due 

to an increase in the surface area of the foam. Measurements of N2 sorption showed that the 

coatings had a Brunauer-Emmett-Teller (BET) surface area equal to pure zeolite powder. 

SAPO-34 was also coated on graphite cell structures used in heat exchangers [117]. This 

composite was obtained by hydrothermal synthesis on pre-oxidized graphite foams to increase 

the chemical affinity to the zeolite. Zeolite crystallization did not affect the thermal conductivity 

of the graphite composites. It was also found that the weight fraction of zeolite mainly depended 

on the volume of the support macropores. The adsorption behavior of the composite was similar 

to pure SAPO-34. 

In [118], SAPO zeolite was crystallized on an aluminum foam using two methods: 

hydrothermal and microwave heating. The synthesis of the coating by microwave heating 

significantly reduced the crystallization time from 72 h to 6 h. There were no significant 

differences in terms of purity and amount of deposited SAPO-34 coatings. However, the SAPO-

34 crystallites during microwave heating were characterized by a smaller crystal size. In both 

cases, the foam weight increased by 15 % and the coatings were homogeneous. The adsorption 

results showed that there was no difference between the hydrothermal and microwave generated 

zeolites, despite the different morphology of the coatings. The measured water absorption 

values were comparable to pure SAPO-34. 

Hydrothermal synthesis of SAPO-34. There are different methods for the synthesis of SAPO-

34 which include rapid high-temperature synthesis, dry gel conversion, microwave, 

sonochemical and hydrothermal synthesizes [119]. One of the easy-to-carry-out and widespread 
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methods is the hydrothermal synthesis, which was used in this work. Such parameters as 

temperature and crystallization time, Si source in the reaction mixture, type and concentration 

of the molecular template are used to control the synthesis kinetics, the morphology and the 

size of the SAPO-34 crystals [119]. 

The hydrothermal method is based on the solubility of minerals in water at a temperature above 

100 °C and a pressure higher than 1 bar [120]. To create these conditions, the aqueous system 

for the SAPO-34 synthesis is placed in a stainless steel autoclave with Teflon linings. The 

mechanism of crystallization is complex, and it is possible to control composition and charge 

within internal regions in a crystal. This is, however, rather complex and is described elsewhere 

[121]. 

From studies of the effect of crystallization time [120,122–124] on crystal synthesis, it follows 

that there is mainly an increase in crystal size with the crystallization time. This is attributed to 

the Ostwald ripening phenomenon, in which small crystals dissolve and precipitate onto larger 

particles. It is seen also from reviewed studies that at short crystallization time, an amorphous 

phase is formed, which disappears with increasing time. For example, Askari et al. showed in 

[122] that with a crystallization time of 3 hours at 200 °C an amorphous phase was predominant. 

Further increase of the crystallization time from 6 h to 24 h produced pure SAPO-34, improved 

crystallinity and increased crystal size. In the synthesis of SAPO-34, the aggregation of particles 

occurred rapidly after nucleation, so the crystallization time is the most important parameter in 

adjusting the size of the crystals. At the same time, a longer crystallization time increased the 

crystallinity and the surface area in [122,123]. It was also shown in [124] that the surface area 

and the crystallinity increased with the crystallization temperature. 

2.6.2 HKUST-1: Properties, crystallization on open-cell foams, and 

applications 

HKUST-1 was first reported in [109]. It consists of 1,3,5 benzenetricarboxylate (BTC) ligands 

coordinating copper ions in a cubic lattice with a pore size of 1 nm and has a sky-blue color 

(Figure 15). Advantages of HKUST-1 include its relatively low crystallization temperature and 

a high surface area with a theoretical value of 2153 m2g-1, and a water adsorption capacity of 

0.55 g⸱gMOF
-1 at 90 % relative humidity [125,126]. The adsorption of nitrogen in HKUST-1 is 

a two-step process in which first of all small pores with a higher affinity for nitrogen are filled 

followed by the foiling of larger pores [127]. During water adsorption, larger and more 

hydrophilic pores are filled first [126]. HKUST-1 can be used for hydrogen [128] and methane 
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storage [129,130]. The combination of open-cell foams with HKUST-1 can be used as heat 

pumps for sorption cooling, due to adsorption and desorption of water [131], and for gas 

separation [132]. 

HKUST-1 crystallization on ceramic and metal foams. HKUST-1 was directly crystallized 

in a polytetrafluoroethylene (PTFE) or Teflon container at 80 °C for 96 h on oxide bond (ob) 

SiC foams and alumina foams with different cell sizes, varied from 20 ppi to 35 ppi [133]. The 

influence of an alumina coating, which provides OH groups on the surface, or a silanization 

process on the foam´s surface and the influence on the growth of MOFs was also studied. 

Differences in the amount of crystallized HKUST-1 depending on the initial substrate were 

observed. The weight fraction of HKUST-1 in ob-SiC was almost twice that of HKUST-

1@alumina coated foam due to a more pronounced surface roughness, which increased the 

specific surface area of foams for coating and improved the mechanical anchoring of the MOF 

crystals. An effect of the surface roughness on the crystallization was described in [134]. The 

alumina coating formed before the silanization also increased the mass fraction of HKUST-1 

compared to foams without such coating and decreased the crystal size of HKUST-1, thus for 

HKUST-1@SiC composite the crystallite size changed from 50 mm to 15 mm. It was discussed 

that smaller crystals are advantageous for applications based on sorption processes in MOF 

materials because the diffusion pathways are shorter [132]. 

An increase of the linear cell pore number of the porous support increased the HKUST-1 

loading, consequently the water adsorption, by increasing the specific surface area of the MOF 

[133]. The alumina sol treatment resulted in increased HKUST-1 loading but led to the 

formation of non-porous byproducts, which reduced the water uptake capacity of the MOF 

layer. Composites without alumina sol coating showed water uptake of 0.53 g⸱gMOF
-1 on 

average, which was in good agreement with the water uptake of pure HKUST-1. The HKUST-

1 coating had no significant effect on the thermal conductivity of the composite when compared 

with the original foams. 

HKUST-1 was crystallized on a copper open-cell foam with pore sizes of 20, 40, 60 and 80 ppi, 

by electrochemical deposition in [132]. The MOF loading varied from 8.7 wt. % for the foam 

with 20 ppi to 17.6 wt. % for the foam with 60 ppi. With a further increase in the pore number 

up to 80 ppi, a decrease in the MOF loading was observed, due to the limitation of the reagent 

transport in the fine porous structure that in [134] led to the formation of Cu(Hbtc)(H2O)3 

needles. The use of copper foam as a support template increased the effective thermal 
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conductivity by a factor of 1.59 to 27.52, compared to HKUST-1 synthesized by microwave-

assisted hydrothermal synthesis and shaped into spheres with a size of 2-3 mm. The time of 

total water desorption (above 373.15 K) for the composite was shorter as for the MOF powder 

and the temperature homogeneity within the foam/MOF composite was higher than in the pure 

HKUST-1 crystalline material. And also the selectivity in gas separation/selective adsorption 

of CO2/N2 and CH4/N2 at 60 ppi and 80 ppi composites, respectively, was higher for 

HKUST@copper composite.
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3 Materials 

In this chapter starting materials are described. The sponge replication process based on foam-

like polymer templates is shown more in detail, which is the basic manufacturing route within 

this work. The sponge replication process was combined with freeze processing steps in order 

to increase the replica foam´s strut porosity and, consequently, its specific surface area. To 

demonstrate a proof of principle for a potential application, the zeolite SAPO-34 and the MOF 

material HKUST-1 were direct-crystallized on the metal foam surface. 

3.1 Specimen preparation of metal foams 

The preparation of metal foams consists of two main manufacturing routes: sponge replication 

and a combination of sponge replication and freezing techniques. Each of them is divided into 

several production steps: preparation of a suspension, coating of the PU template foam with a 

metal suspension, drying, binder and PU burn-out, and thermal processing. Depending on the 

starting material (aluminum or copper) and the manufacturing route, such parameters as the 

suspension composition and thermal processing parameters (temperature, atmosphere, time) 

were varied. PU templates with different cell sizes (ppi) were used to vary the cell size of the 

resulting metal foams. The description of the characteristics of the original PU foams is 

presented in detail in [135]. 

3.1.1 Starting aluminum and copper powders 

As a starting material for the preparation of aluminum foams, two types of aluminum powders 

were used. The first powder was obtained from Aldrich Aluminum 11010-250G-R (Aldrich 

Chemie GmbH, Steinheim/Germany), which had the median diameter of the particle size 

distribution d50 = 16.6 ± 0.8 μm with 10 vol. % of the particles < 5.0 μm and 90 vol. % < 51.8 

μm. The second powder was an air-atomized aluminum powder supplied by Ecka Granules 

(MEP103 RE903, Ecke Granules, Ranshofen, Austria) with a 99.5 % purity with Ti <0.25 wt. 

%. The Ecka powder was characterized by a particle amount: 10 vol. % < 2.7 μm, d50 = 6.2 ± 

0.3 μm, and 90 vol. % < 13.4 μm. For manufacturing of the copper foams a powder supplied 

by Ecka Granules (ECKA Kupfer CH UF 10, Ranshofen, Austria) with 99.81 % purity was 

used. The powder particle distribution was d50 = 10.5 ± 0.5 µm with 10 vol. % < 3.7 µm and 10 

vol. % > 64.6 µm. Detailed characterisation of the as-received powders are performed in 

Chapters 5.1.1 and 5.3.1. 
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3.1.2  Specimen preparation of aluminum and copper foams by the sponge 

replication technique 

A schematic preparation illustration of the sponge replication technique is shown in Figure 16. 

For the preparation of replication processed foams (RP foams) metal powders and a 10.7 wt. % 

solution of a PVA binder (1.2 wt. %, Optapix PA 4G, Zschimmer and Schwarz Chemie GmbH, 

Lahnstein, Germany) were suspended in distilled water. The solid content of the metal powder 

in the slurries is shown in Table 2. The metal-containing slurries were mixed in a planetary 

centrifugal mixer (THINKY Mixer ARE-250, THINKY Corp. Tokyo, Japan) at 2000 rpm for 

6 min and cooled to room temperature. After slurry preparation the PU template foams were 

dipped into the metal slurries. The excess slurry was removed manually. The metal slurry coated 

PU template foams were dried for 24 hours in air. 

 

Figure 16 Schematic illustration of RP foams preparation. 

Table 2 Slurry content and thermal processing conditions of RP foams. 

Sample Metal powder, 

wt. % 

Thermal processing Atmosphere 

T, °C Time, h 

Aluminum 

Aldrich 

57.0 750 

3 

Vacuum 

Aluminum Ecka 70.6 600–900 Air, vacuum, Ar 

Copper 83.0 500, 900 
6 

Ar/H2 with 2 

vol. % H2 

For the preparation of samples, open-cell PU foams (Koepp Schaum GmbH, Oestrich Winkel, 

Germany) with different linear cell counts (10 ppi, 20 ppi, and 30 ppi) were used. A geometric 

size of PU template foams was 15 mm × 15 mm × 20 mm and 20 mm × 20 mm × 20 mm; the 

corresponding metal foams were characterized with respect to their porosity, cellular 

morphology, and mechanical properties. Metal foams resulting from PU template foams with a 

geometric template size of 20 mm × 50 mm × 50 mm were used for the thermal conductivity 

measurement. 

After drying the green foams in air the binder and the PU template foams were burned-out in 

air at 250 °C for 3 h and at 500 °C for 3 h in a circulating air furnace (KU 40/ 04/A, 
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THERMCONCEPT Dr. Fischer GmbH, Bremen, Germany) with a heating rate of 1 K·min-1. 

The last step was thermal processing of the metal foams in a conventional tube furnace (alumina 

tube, HTRH 70-600/1800, Carbolite-Gero GmbH and Co. KG, Neuhausen, Germany). For the 

aluminum foams, this step was carried out for 3 h in air, vacuum and Ar (purity 99.999 %) 

atmospheres at 600 °C to 900 °C. The thermal processing of copper foams was carried out for 

6 h in Ar/H2 atmosphere (2 vol. % H2) at 500 °C and at 900 °C, respectively (Table 2). The 

heating and cooling rates were set to 3 K·min-1 for both metal-type foams. The flow rate of Ar 

was 25 mL·min-1, in the case of Ar/H2 this value was 80 mL·min-1. 

3.1.3 Specimen preparation of aluminum and copper foams by a 

combination of sponge replication and freezing techniques 

A schematic illustration for the manufacturing of foams by a combination of sponge replication 

and freeze-drying techniques is presented in Figure 17. The combined replication processed 

and freezed/freeze-dried processed foams were prepared by almost the same manufacturing 

route as the RP foams but with an additional freezing step and a freeze-drying step in order to 

generate additional pores in the foam struts. The replication processed and freezed/freeze-dried 

processed foams will be further defined as RP/FP foams. 

 

Figure 17 Schematic illustration of RP/FP foam preparation. 

The slurry for the preparation of copper foams contained ~73 wt. % of copper powder. The 

aluminum slurry contained ~54 wt. % of aluminum powder. The slurry content and thermal 

processing conditions of the RP/FP foams is shown in Table 3.The slurries were prepared in 

the following way. Methyl-cellulose (Tylose 3000 P, methyl hydroxyethylcellulose, Carl Roth 

GmbH þ Co, KG, Karlsruhe, Germany) was used as an additional thickener to adjust the 

viscosity of the slurry to a level suitable to prevent drainage off of the aqueous slurry from the 

PU template foam. 1.5 g of methylcellulose were dissolved in 25 ml distilled water and mixed 
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with metal powders in a planetary centrifugal mixer at 2000 rpm for 6 min. The PU template 

foams were dipped into the metal slurries after cooling to room temperature and squeezed to 

remove the excess slurry. The coated PU template foams with different linear cell count (10, 

20 and 30 ppi) were frozen for 24 h at -20 °C to obtain water ice dendrites. Drying of the RP/FP 

foams was carried out in a freeze dryer (Gefriertrockenschrank BETA 1-16 LMC 2, Martin 

Christ Gefriertrocknungsanlagen GmbH, Osterode, Germany) for 24 h in a vacuum of 0.1 mbar 

at -50 °C to remove residual dendritic water ice crystals from lamellar pores by sublimation. 

Afterwards, the cellulose and PU burn-out was carried out in air at 250 °C for 3 h and at 500 

°C for 3 h (Figure 17). Thermal processing of the foams was in Ar atmosphere for 3 h at 650 

°C and 750 °C for aluminum foams; for copper thermal processing was in Ar/H2 atmosphere (2 

vol. % H2) for 6 h at 900 °C. 

Table 3 Slurry content and thermal processing conditions of RP/FP foams. 

Sample Metal powder, 

wt. % 

Thermal processing Atmosphere 

T, °C Time, h 

Aluminum Ecka 54 650, 750 3 Ar 

Copper 73 900 6 Ar/H2 with 2 vol. % H2 

3.2 Direct crystallization of zeolites and MOFs onto the surface of 

aluminum and copper foams 

In this subsection, direct crystallization of the SAPO-34 zeolite and HKUST-1 MOF on RP and 

RP/FP aluminum and copper foams is described including post-processing. Materials 

characterization and properties analysis will follow in a separate chapter. 

3.2.1 Direct crystallization of SAPO-34 onto the surface of aluminum foams 

RP and RP/FP aluminum foams were used for direct crystallization of SAPO-34 after their 

thermal processing. The in situ crystallization procedure by hydrothermal synthesis was 

adapted from the approach described in [136]. The starting materials used to synthesize SAPO-

34 were catapal B (Sasol) as an alumina source, orthophosphoric acid (85 %), morpholine 

(Sigma-Aldrich, ≥99 %) as an organic template, and fumed silica (Aerosil 200, Evonik 

Industries). The molar composition of the initial reaction mixture is given as Al2O3 : SiO2 : P2O5 

: 2 morpholine : 60 H2O. Phosphoric acid and alumina were mixed with distilled water and 

stirred for 6 h to form a homogeneous gel. A second mixture was prepared by mixing fumed 

silica and morpholine in distilled water while stirring. This mixture was then added dropwise 

to the first mixture while stirring. The resulting gel was aged for 24 h at 27 °C. The aluminum 
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foams were then placed in a PTFE lined stainless steel autoclave with the reaction mixture on 

an additional Teflon distance holder on the bottom of the autoclave so that the remaining 

crystallized material was underneath the sample (Figure 18 a). This was to obtain a more 

uniform distribution of the crystallized SAPO-34 on the metal foam. For comparison, Figure 

18 b,c shows the prepared samples without and with Teflon distance holder. A large amount of 

crystallized SAPO-34 can be seen on the part of the samples that was immersed in the formed 

crystallized zeolite compared to the sample placed on the Teflon substrate. 

The total volume of the autoclave was 60 mL. For the preparation of the synthesis gel per 

autoclave filling 2.41 g Catapal B, 3.93 g phosphoric acid, 1.02 g fumed silica, 2.97 g 

morpholine, and 16.22 g water were taken. Crystallization was performed under autogenic 

pressure at 200 °C for 5, 15, and 24 h. Afterward, the coated foams as well as the solid part 

accumulated at the bottom of the autoclave were washed and dried at 110 °C for 24 h. The 

samples were finally calcined at 550 °C for 2 h to remove the organic template (Figure 18 d). 

 

Figure 18 Schematic illustration of a PTFE-lined stainless steel autoclave with a Teflon distance holder 

after crystallization of SAPO-34 on the surface of aluminum foam (a); RP/FP aluminum foam 

with SAPO-34 after calcination for 15 h without (b) and on (c) Teflon distance holder; RP/FP 

aluminum foam with SAPO-34 and collected SAPO-34 powder after calcination (d). 

3.2.2 Direct crystallization of HKUST-1 onto the surface of copper foams 

The HKUST-1 coating was carried out by direct crystallization by placing conditioned foam 

samples into the HKUST-1 synthesis gel. The crystallization was carried out in a PTFE-lined 
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stainless steel autoclave and/or in a polyvinylfluoride (PVF) container with a total volume of 

60 ml. The synthesis gel per autoclave filling was obtained by mixing 1.957 g (8.1 mmol) Cu 

(NO3)2⸱3H2O dissolved in 15 ml distilled water with a solution of 0.968 g (4.6 mmol) trimesic 

acid and 15 ml ethanol. The crystallization step was at 80 °C for 6, 14, 24, and 96 h in a 

circulating air oven (KU 40/04/A, Thermconcept Dr. Fischer GmbH, Bremen, Germany). After 

cooling to room temperature, the coated samples were washed with demineralized water. Traces 

of trimesic acid in the HKUST-1 framework were removed by an activation procedure in 

ethanol in the autoclave/container at 70 °C for 24 h. After that, samples were placed in a lab 

furnace to dry at 110 °C for 24 h. The weight of the deposited HKUST-1 was calculated as a 

weight difference between the initial thermal processed copper foams before and after 

crystallization and drying.
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4 Characterization 

In this chapter the methods for the materials characterizing the aluminum and copper powders, 

the RP and RP/FP foams without and with crystallized zeolites and MOFs are described. After 

a brief description of the theoretical background of the respective method, the instrumental 

parameters for each method/for the equipment are described. 

4.1 Thermal analysis 

4.1.1 Differential scanning calorimetry and thermogravimetric analysis 

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) are two of the 

most used thermal analysis methods for the characterization of materials. DSC is used to 

determine how much energy a sample absorbs or releases during heating or cooling, which 

indicates exothermic or endothermic reactions; a chemical reaction is related to a mass change, 

while phase transitions show no weight change but are accompanied by release or absorption 

of energy. A mass change is detected by TGA. Thus, with a combination of DSC and TGA 

temperature intervals of chemical reactions, phase transitions or decomposition processes can 

be identified. In this context it is important to select the right atmosphere for the carrier gas; 

this is typically synthetic air, argon or nitrogen. 

In this work, DSC and TG analysis was carried out using a STA 449 F3 Jupiter thermal analyzer 

(Netzsch-Gerätebau GmbH, Selb, Germany) to study the change in weight and the onset of 

oxidation of the metal powders in air. The metal powders were heated from room temperature 

to 600 °C (aluminum powders) and to 1000 °C (copper powder) with a heating rate of 10 K 

min-1 and an airflow rate of 50 ml min-1. 

4.1.2 Thermal conductivity 

Typically, metal foams have a significantly lower thermal conductivity coefficient than bulk 

materials. Porosity, impurities, and grain size can adversely affect the thermal properties of the 

samples. The well-established Hot Disk Transient Plane Source TPS 2500 S (Hotdisk SE, 

Gothenburg, Sweden) was used for the measurement of the thermal conductivity of metal foams 

[137]. It is a fast, non-destructive and accurate method for measuring the thermal conductivity. 

The calculation of the thermal conductivity coefficient is carried out using a temperature change 

sensor [138]. 
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During the measurements, the sensor with a diameter of 9.868 mm was placed between two 

polished samples made with PU templates with a geometric size of 20 mm × 50 mm × 50 mm, 

Figure 19. The heating power of the sensor was 150–200 mW for 5–10 s per measurement. 

Each combination of the largest sides was measured five times. Then the samples were turned 

to measure all combinations of sides. A total of 20 measurements from four combinations of 

sides were obtained per series of samples for the calculation of the average thermal 

conductivity. 

 

Figure 19 Schematic illustration of the thermal conductivity measurement. 

With the values of the thermal conductivity, it is possible to evaluate the effect of pores in struts, 

impurities, and microstructure on it. A model derived by Ashby [19] was used to estimate the 

influence of porosity in struts on the thermal conductivity, Equation (2): 

𝜆𝑠 =
𝜆𝑓−𝑃𝑐𝑒𝑙𝑙∙𝜆𝑔

1/3∙(1−𝑃𝑐𝑒𝑙𝑙)
, (2) 

where λs is the thermal conductivity of the porous strut material excluded the porosity within 

the strut, λg is the thermal conductivity of the gas phase (air) which is 0.0264 W⸱m-1K-1 [19], 

and Pcell is the cell porosity. A model derived by Eucken was used to compare the thermal 

conductivity of the bulk strut material λb and the bulk material [139]: 

𝜆𝑠 = 𝜆𝑏

1+2𝑃𝑠∙(1−
𝜆𝑔

𝜆𝑏
)/(2

𝜆𝑔

𝜆𝑏
+1)

1−2𝑃𝑠∙(1−
𝜆𝑔

𝜆𝑏
)/(2

𝜆𝑔

𝜆𝑏
+1)

, (3) 

where Ps is the strut porosity excluding the hollow strut cavities and λs is the thermal 

conductivity of the porous strut material as calculated in Equation (2). The difference between 
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the thermal conductivity of the bulk strut material and the bulk material may be used to indicate 

impurity and grain boundary effects on the thermal conductivity of metal foams. 

4.2 Micro- and macrostructure characterization 

4.2.1 X-ray diffraction analysis 

The main purpose of this method of analysis is to identify the different phases in their mixtures 

based on the analysis of the diffraction pattern of the samples studied. A compound in the 

mixture is identified by the set of its interplanar distances and the relative intensities of the 

corresponding lines in the X-ray diffractogram. Coherently scattered X-rays interfere with each 

other, with the crystal lattice as a diffraction lattice for X-rays, because the interplanar distances 

in the crystal are comparable to the wavelength of the radiation [140]. 

For X-ray diffraction analysis (XRD), an X'Pert Pro diffractometer (PANalytical GmbH, 

Kassel, Germany, Co Kα1/2 radiation, 2θ, 10–85°) with a Bragg–Brentano reflection geometry 

was used. The Topas Academic V5 software package was used to determine the phase 

composition with subsequent Rietveld analysis [141]. Prior to the phase analysis, the samples 

were prepared for measurements. The aluminum foams were thermally processed in air and 

vacuum and copper foams after the binder and PU were crushed and milled, the resulting 

powders were loaded into sample holders with reverse loading. Thermally processed aluminum 

foams in argon and copper foams in Ar/H2 atmosphere were compressed to obtain a planar 

surface for measurement in reflection geometry. 

Phase analysis of HKUST-1 and SAPO-34 was carried out from as-collected material from the 

autoclave´s bottom, partially from material scratched off from the metal foam struts. The 

theoretical powder diffractograms were calculated from HKUST-1 and SAPO-34 crystal 

structure data obtained from the Crystallographic Open Database (COD) [142] and the IZA 

Atlas [143] of Zeolite Compounds using the computer program VESTA Ver. 3.5.7. The COD 

identifier is 2300380 for HKUST-1; for SAPO-34 the structural data for the chabazite (CHA) 

framework was used. 

4.2.2 Scanning electron microscopy 

A scanning electron microscope (SEM) is a tool for surface imaging of an object with a high 

spatial resolution of up to 0.4 nanometers. In combination with specific wavelength disperse or 

energy disperse X-ray detector (EDX) compositional analysis can be carried out with a small 

detection area of some ten µm². SEM is based on the principle of the interaction of an electron 
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beam with an object. The principle of operation of the SEM is as follows: the electrons emitted 

by the electron gun aligned in the SEM pillar are accelerated to an energy of 2 keV to 40 keV; 

a set of magnetic lenses and deflecting scan coils form a small diameter electron beam that is 

scanned into a raster on the sample surface. When this surface is irradiated with these electrons, 

three types of radiation are generated: reflected or backscattered electrons, secondary electrons, 

and X-rays. Typically, secondary and/or reflected (backscattered) electrons are used to obtain 

topology information from the surface and near the surface regions of the samples. The contrast 

of secondary electrons depends most of all on the surface topography, while the reflected 

electrons carry information about the electron density distribution in an object (e.g. areas 

enriched with an element with a higher atomic number appear brighter). Consequently, 

backscattered electrons, which are generated simultaneously with secondary electrons, contain 

information about the composition. Irradiation of the sample with an electron beam leads not 

only to the formation of secondary and reflected electrons but also to a characteristic X-ray 

emission. EDX detectors allow the analysis of the elemental composition of a sample, either by 

spot or by line and area scanning. 

A SEM of the type XL30 ESEM-FEG (FEI, Hillsboro, USA) with an integrated EDX analysis 

system (DX-4, EDAXBusinessUnit, AmetekGmbH, Meerbusch, Germany) was used for 

sample analysis and characterization. For the analyses of powders and the single strut 

morphology of foams, polycarbonate/graphite adhesive plates (Plano GmbH) were used to 

mount the samples. For cross-sectional analysis the foams were immersed in an epoxy resin, 

and after hardening of the resin, the surface was ground with grinding paper with increasing 

mesh number (180, 320, 600, 800, 1200, 2500, 4000 mesh; in this sequence), and polished with 

diamond suspension with an average particle size of 3 µm and 1 µm. For the grains structure 

investigation of the copper samples, the foams were chemically etched in a solution of 100 ml 

of distilled water with 10 g of ammonium persulfate (NH4)2S2O8 for 30 s. The ImageJ 1.48s 

software (National Institutes of Health, USA) was used to measure the average grain size. 

A sputter coater (K550 Sputter Coater, Quorum Technologies Ltd, Kent, USA) was used to 

sputter gold on the surface of samples embedded in epoxy. This was necessary to provide 

electric conductivity to the foams in order to avoid charging effects during secondary electron 

bombardment. 
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4.2.3 Microcomputer tomography 

Optical and scanning electron microscopy are useful tools for microstructural analysis. 

However, both methods provide surface or near-surface information of a sample. Since the wall 

strut thickness, the thickness of material lamellae, and the lamellar pore thickness in metal 

foams are not uniformly distributed, a cross-section microscopy analysis is insufficient for a 

three-dimensional characterization of these structural elements. Methods for measuring the total 

porosity, such as the Archimedes method or pycnometer, do not provide sufficient information 

to characterize the size, shape, and location of pores throughout the foams. X-ray 

microcomputed tomography (µ-CT), in contrast to the methods mentioned before, is a reliable 

tool for non-destructive layer-by-layer examination of the internal structure of objects, which 

makes it possible to determine defects, pore size and their distribution in materials, estimate the 

surface area of objects, and obtain a three-dimensional image after reconstruction and stacking 

of layer images. 

X-ray µ-CT became the technique of choice for the reconstruction of an image obtained by 

circular scanning of an object with an X-ray beam. The method is based on the measurement 

and complex computer processing of the difference in the attenuation of X-ray radiation with 

different materials. With the help of a Fourier transform algorithm, 2D side-view projection 

images create a set of horizontal cross-sectional images that are combined to produce a 

complete 3D map of a specimen. 

The structural analysis and determination of geometric values were carried out using a µ-CT 

(Phoenix Nanotom S, GE Sensing&Inspiration, Wunstorf, Germany) with the Fast Scan mode 

and with an exposure time of 1000 ms per projection image. Different values for the current 

and the voltage of the X-ray tube were adjusted for the measurement of copper and aluminum 

foams. Copper foams were measured with a current of 50 μA and a voltage of 100 kV, and 60 

μA and 120 kV were applied for aluminum foams. A 0.1 mm copper sheet was used as a filter 

to avoid beam hardening artifacts for measurements of copper specimens. 

Single struts were analyzed instead of larger foam pieces for the calculation of the wall strut 

thickness (Dws), the thickness of material lamellae (Dml), lamellar pore thickness (Dlp), and the 

ratio of the foams surface area-to-the-volume of the foam material (Obj.S/Obj.V.), see Figure 

20. This resulted in a higher resolution, and an example is shown in Figure 20. The voxel size 

of the measured struts was 3 µm. The strut thickness (Ds) and the cell size were measured and 
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calculated from intact foams thermally processed from 15 mm × 15 mm × 20 mm PU template 

foams. An adjusted voxel size was 7μm. 

  

Figure 20. Example of a 2D image reconstruction after thresholding (a,b) and after filling and despeckle 

(c,d) of a foam manufactured by the sponge replication technique (a,c) and of a foam 

manufactured by the combination of sponge replication and freezing techniques (b,d). 

Schematic illustration of wall strut thickness (Dws), thickness of material lamellae (Dml), 

lamellar pore thickness (Dlp), and strut thickness (Ds) measurements (adapted from [13]). 

The reconstruction of the 3D sample volume from the collected radiographs was carried out 

using the software PhoenixDatos|XV2.0 (GE Sensing & Inspection Technologies GmbH, 

Wunstorf, Germany). The reconstructed data were evaluated either with the software myVGL 

2.1.4 (Version 4.0.0, Volume Graphics GmbH, Heidelberg, Germany), which was mainly used 

to view the reconstruction models and create cross-sections with false-color images depending 

on the gray value histogram or with the software CTAnalyzer 1.16 (CTAn, Skyscan/Bruker 

microCT, Kontich, Belgium). 

The software package CTAnalyzer (CTAn V1.16, Skyscan/Bruker microCT, Kontich, 

Belgium) was applied to perform calculations of the distribution of the cell size, Dws, Ds, Dml, 

and Dlp. A differential thresholding technique described in [144] was used to adjust the 
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CTAnalyzer data import and binarization steps prior to the actual morphological calculations. 

After the binarization was completed, a threshold step was implemented, and a 3D analysis was 

performed using the CTAnalzyer to calculate the geometric parameters of the foams. A 

reconstructed 2D image of foams after thresholding is shown in Figure 20 a,b. 

The foams were filled in the 2D space after thresholding using the closing function called 

morphological operation for the calculation of the cell size, Ds, and Obj.S/Obj.V. The kernel 

type with a radius of ~6–10 was used for copper foams and aluminum foams. Afterwards, the 

remaining cavities, e.g. air bubbles, within the area up to 8000–10000 pixels were removed 

with the despeckle operation. The strut filling and despeckle are illustrated in Figure 20. 

The calculation of the specific surface area per mass was carried out through the measured 

surface-area-to-volume ratio Obj.S/Obj.V divided by the material density. In this work, 

Obj.S/Obj.V values after thresholding (with hollow struts and lamellar pores) and after filling 

and despeckle (without hollow struts and lamellar pores) were used to compare the influence 

of hollow strut and lamellar pores on the specific surface area of the foams, Figure 20. The bulk 

density of pure aluminum and copper and the actual material density after thermal processing 

can have different values. Aluminum and copper tablets were prepared from the metal slurries 

described in Chapter 3.1.2 to determine the material density. These tablets were dried for 24 h. 

The thermal processing after binder burn-out was carried out for 3 h in Ar at 650 °C for 

aluminum tablets and for 6 h in Ar/H2 atmosphere at 900 °C for copper tablets. The material 

density of the thermally processed tablets was ~8.7 g⸱cm-3 for copper and ~1.6 g⸱cm-3 for 

aluminum. 

4.2.4 Determination of the foam porosity 

Pores in a porous material are one of the most important structural characteristics, since they 

largely determine the mechanical, thermal or electrical properties, etc. The porosity is divided 

into open and closed. Open pores are connected to each other and to the external environment. 

Closed pores are sealed/isolated in the foam struts. Various methods are used and combined to 

measure both types of porosity. This part shows methods that have been used to determine the 

porosity of copper foams and aluminum foams. 

Total porosity. The total porosity (Ptotal), consisting of open and closed pores, is based on the 

calculation of the geometric foam density and the skeletal relative density (ρrel) of the strut 
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material and is defined as the ratio of the total pore volume (Vpores) to the total foam volume 

(Vfoam) [145]. The calculation of Ptotal is defined in the equation: 

𝑃𝑡𝑜𝑡𝑎𝑙 = 1 − 𝜌𝑟𝑒𝑙 =
𝑉𝑝𝑜𝑟𝑒𝑠

𝑉𝑓𝑜𝑎𝑚
. (4) 

There is a great number of methods to measure the total porosity of struts, open or closed 

porosity in various size ranges, such as the Archimedes method or ultrasonic methods 

[146,147], gas pycnometry [148,149], and µ-CT [32,33]. The most common non-destructive 

methods for the porosity analysis are the Archimedes method and µ-CT, which were used in 

this work. 

Archimedes method. This method determines the density of foams by measuring the foam 

mass in air and in an infiltrating fluid of known density. This measurement was carried out with 

water as an infiltrating fluid according to DIN EN 623-2:1993-11 standard procedure [152]. 

The Archimedes method is the most economic and fastest procedure for determining porosity 

[150]. In the first step, the sample is weighted in air (mdry). Then the sample is submerged in 

the liquid to get msub. The sample is soaked with the liquid by wetting and infiltration and 

weighted again (mwet). The open porosity of the foam (Popen) is the difference between mwet and 

mdry divided by the difference between mwet and msub: 

𝑃𝑜𝑝𝑒𝑛 =
𝑚𝑤𝑒𝑡−𝑚𝑑𝑟𝑦

𝑚𝑤𝑒𝑡−𝑚𝑠𝑢𝑏
. (5) 

The above-obtained results of the foam weight can be used to calculate the total foam porosity 

(Ptotal) and the closed porosity (Pclosed): 

𝑃𝑡𝑜𝑡𝑎𝑙 = 1 − 𝜌𝑟𝑒𝑙 = 1 −
𝜌𝑏𝑢𝑙𝑘

𝜌𝑡ℎ𝑒𝑜
, where 𝜌𝑏𝑢𝑙𝑘 = 𝜌𝑤𝑎𝑡𝑒𝑟

𝑚𝑑𝑟𝑦

𝑚𝑤𝑒𝑡−𝑚𝑠𝑢𝑏
 

(6) 

𝑃𝑐𝑙𝑜𝑠𝑒𝑑 = 𝑃𝑡𝑜𝑡𝑎𝑙 − 𝑃𝑜𝑝𝑒𝑛, (7) 

where ρtheo is the theoretical density of bulk material and ρbulk is the bulk material density of 

foams. The cell porosity (Pcell) of the foams consists of the cavities after PU template burn-out 

(Vhollow strut pores), open and closed materials pores (Vmaterial pores) surrounded by the volume of 

material without any pores (Vmaterial): 

𝑃𝑐𝑒𝑙𝑙 =
𝑉𝑓𝑜𝑎𝑚 − 𝑉𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 − 𝑉𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑝𝑜𝑟𝑒𝑠

𝑉𝑓𝑜𝑎𝑚
, 

(8) 



4 Characterization 

 

45 

 

𝑉𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 =
𝑚𝑑𝑟𝑦

𝜌𝑡ℎ𝑒𝑜
, 

(9) 

𝑉𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑝𝑜𝑟𝑒𝑠 =
𝑚𝑑𝑟𝑦

𝜌𝑏𝑢𝑙𝑘
−

𝑚𝑑𝑟𝑦

𝜌𝑡ℎ𝑒𝑜
− 𝑉ℎ𝑜𝑙𝑙𝑜𝑤 𝑠𝑡𝑟𝑢𝑡 𝑝𝑜𝑟𝑒𝑠. 

(10) 

The total strut porosity (Ps) is related to the overall strut volume: 

𝑃𝑠 =
𝑉ℎ𝑜𝑙𝑙𝑜𝑤 𝑠𝑡𝑟𝑢𝑡 𝑝𝑜𝑟𝑒𝑠+𝑉𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑝𝑜𝑟𝑒𝑠

𝑉𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙+𝑉𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑝𝑜𝑟𝑒𝑠+𝑉ℎ𝑜𝑙𝑙𝑜𝑤 𝑠𝑡𝑟𝑢𝑡 𝑝𝑜𝑟𝑒𝑠
. (11) 

The cavities volume Vhollow strut pores is based on the volume of the PU template foam calculated 

in [153], which was corrected by the volumetric shrinkage of the manufactured foams after 

thermal processing. 

There are some challenges associated with the method, such as the attachment of air bubbles to 

the foam surface leading to lower density values. In addition, it is not possible, as described in 

DIN EN 623-2: 1993-11, to release adhered water from the partially rough surface of a sample, 

which leads to an overestimated porosity. To solve these problems, the foams were placed in 

an ultrasonic bath to completely fill the foam pores with water. A small amount of surfactant 

was added to the water to reduce the surface tension and to improve the wettability. 

4.3 Mechanical properties 

Figure 21 illustrates a typical stress-strain curve of an aluminum or copper foam in the 

compression mode. The compressive strength of metal foams is characterized by the elastic-

plastic deformation, which can be generally divided into three regions, see Chapter 2.2 [20,21]. 

The compressive yield strength (σ) is equal to σpl* (Figure 2) in foams developed in this work. 
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Figure 21 Compressive stress-strain curves of copper foams manufactured by the sponge replication 

technique, where σ is the compressive yield strength and εD is the densification strain. 

A TIRAtest 2825 testing machine (TIRA GmbH, Schalkau, Germany) was used for the uniaxial 

compressive strength test, in which foams were placed between loading plates with 150 mm in 

diameter. The applied load was 2 mm·min-1. At least ten foams were measured to calculate the 

compressive yield strength [154]. The software package Visual-XSel14.0 (CRGRAPH, 

Starnberg, Germany) was applied to determine the average value of the compressive yield 

strength. For the calculation of the energy absorption capacity of the foams the integrated area 

under the stress-strain curve was used according to Equation (12) [20]: 

𝑊 = ∫ 𝜎(𝜀)𝑑𝜀
𝜀𝐷

0
, 

(12) 

where W is the energy absorption per unit volume and εD is the densification strain, which is 

schematically shown in Figure 21. 

For the comparison of the relative strength of the samples with different cell sizes and different 

preparation techniques (sponge replication technique and its combination with freeze-drying), 

the Gibson and Ashby model, Equation (1), was used in [19,20]. Since in this work σ = σpl
*, the 

Gibson-Ashby equation has the form: 

𝜎

𝜎𝑏
∗ = 𝐶 ∙ (

𝜌∗

𝜌
)

𝑛

, (13) 

where σb
* and ρ were 69 MPa and 8.96 g cm−3 for the copper foams, respectively, and 29.4 MPa 

and 2.73 g cm−3 for the aluminum foams [155]. The empirical values of these constants were 
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taken for the Gibson-Ashby model curve with C = 0.3 and n = 1.5. The n parameter was varied 

for the obtained results of the measured compressive yield strength. 

4.4 Analysis of the microporous-component HKUST-I and SAPO-34 and 

water adsorption capacity 

The crystallized-material loading was determined according to the following equation: 

𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 =  
𝑚𝑓𝑜𝑎𝑚+𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 − 𝑚𝑓𝑜𝑎𝑚

𝑚𝑓𝑜𝑎𝑚+𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
∙ 100%, (14) 

where mfoam+material is the weight of the foam after crystallization and drying at 110 °C for 24 h; 

mfoam is the weight of the initial metal foam after thermal processing. 

Water adsorption measurements were carried out in saturated brine at 75 % RH for 24 h at room 

temperature for aluminum composite foams and for 7 days at the same RH level for the copper 

composite foams. Then the samples were weighted to calculate the absorbed water by the 

microporous component according to the equation: 

𝑊𝑎𝑡𝑒𝑟 𝑢𝑝𝑡𝑎𝑘𝑒 =  
𝑚𝑎𝑓𝑡𝑒𝑟 𝑤𝑎𝑡𝑒𝑟 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 − 𝑚𝑓𝑜𝑎𝑚+𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙

𝑚𝑓𝑜𝑎𝑚+𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
∙ 100%, (15) 

where 𝑚𝑎𝑓𝑡𝑒𝑟 𝑤𝑎𝑡𝑒𝑟 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 was the weight of the foam with crystallized material after water 

adsorption. 

Aluminum foams with crystallized SAPO-34 used for cycle water adsorption/desorption testing 

were dried at 110 °C for 24 h before starting the next water adsorption cycle in saturated brine 

at 75 % RH for 24 h at room temperature. After that, the samples were stored in a desiccator 

over silica gel (0% RH) [156]. 

4.5 Determination of the specific surface area by the BET-method of foam 

composites 

Brunauer-Emmett-Teller (BET) surface area analysis is used to measure the surface area of 

solid or porous materials based on the physical adsorption of gas molecules on a solid surface. 

In this method, the specific surface area of samples, which includes surface irregularities and 

pores, is determined on an atomic level by the adsorption of an inert gas. Nitrogen is usually 

used as the gaseous adsorbate; therefore, the standard BET analysis is carried out at the boiling 

point of nitrogen. Argon, carbon dioxide, or water may also be used as an adsorbate. For proper 

interaction of gas and surface, the sample is cooled in liquid nitrogen (-196 °C) and kept 



4 Characterization 

 

48 

 

constant while the partial pressure gas increases stepwise. As the relative pressure increases, 

more and more molecules are adsorbed by the surface of the sample. The result is that the 

surface of the sample is covered by a thin monolayer of gas molecules. The number of gas 

molecules in the monolayer is then recorded by the adsorbed volume, which is used to calculate 

the specific surface area by knowing the cross-sectional area of the adsorbate. In this study, the 

specific surface area of aluminum foams with crystallized SAPO-34 was measured with a 

Micromeritics ASAP 2020 at -196 °C (p/p0 ≥ 0.005). 
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5 Results and discussion 

In this chapter, results will be presented, discussed, and evaluated within the scope of this work. 

The characterization of the starting metal powders (aluminum and copper) for further 

manufacturing of the RP and RP/FP foams are presented. A comparison of the RP and RP/FP 

foams after thermal processing is carried out, and the influence of the processing parameters 

and cell size of the initial PU foam on the porosity, phase content, geometrical, mechanical, and 

thermal properties is discussed. The last subsection is focused on the direct crystallization of 

SAPO-34 and HKUST-1 onto RP and RP/FP aluminum and copper foams. Part of the results 

is taken from [13,36,157–160], which were published in the frame of this work. 

5.1 Aluminum foams manufactured by the sponge replication technique 

and investigation of their properties 

Starting powders and thermal processing parameters such as atmosphere, temperature, and 

processing time have a significant influence on the properties of the resulting foams [29,47]. 

RP aluminum foams were prepared from different aluminum powder and at varying 

temperatures and atmospheres in this part. The structure, powder sintering behavior, porosity, 

phase content, mechanical and thermal properties of the foams were analyzed. The most optimal 

thermal processing parameters were selected for further preparation of RP/FP foams. The 

influence of the cell size of the PU template on the total porosity, specific surface area, 

mechanical and thermal properties of RP foams was also investigated and evaluated. 

5.1.1 As-received aluminum powders 

The SEM images of the Aldrich and Ecka powders and the XRD phase analyses are shown in 

Figure 22. The Aldrich powder was characterized by a flaky and irregular shape of the particles. 

Some cracks were identified on the powder surface. From the SEM image of the Ecka powder, 

it was followed that the particles' surface was smooth and had a spheroidal geometry. The 

results of the XRD phase analyses showed an aluminum phase only for both types of aluminum 

powders. No impurities or oxides were detected, possibly due to their amount was below the 

resolution of the XRD method or the oxides were in an amorphous state. 
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Figure 22 SEM images of the Aldrich (a) and Ecka (b) powders; XRD diffractograms of as-received 

Aldrich powder (red curves) and Ecka powder (green curves) (c) (adapted from [157]). 

The results of the TG and DSC analysis of both powders are shown in Figure 23. The mass loss 

below 400 °C may be caused by desorption of adsorbed gaseous species or water vapor from 

the powders' surface. DSC analyses showed an exothermic peak for both powders, which were 

assigned to the oxidation of aluminum in the presence of air, and an endothermic peak at slightly 

higher temperatures, which were assigned to the melting of the aluminum powders. The flaky-

shaped Aldrich powder´s oxidation peak was located at ~586 °C, and that of the spheroidal-

shaped Ecka powder was at ~580 °C. The melting peaks were at ~660 °C for the Aldrich powder 

and at ~665 °C for the Ecka powder. This difference in melting temperatures of the Ecka powder 

and the melting temperature of plain aluminum (Tm ≈ 660 °C [161]) might be associated with 

some impurities, which were not detected by XRD analyses. According to the supplier's 

information, the Ecka powder contained a small amount of titanium (< 0.25 wt. %). 

An intensive weight gain was observed with the onset of the oxidation reaction until the onset 

of the endothermic reaction of both powders. The Aldrich powder was characterized by higher 

weight gain in comparison with the Ecka powder. For the Aldrich powder, the total weight gain 
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was 18 wt. % at 750 °C, for the Ecka powder this value was 3 wt. %. It follows that the Aldrich 

flaky powder with larger powder particles oxidized more quickly than the Ecka spheroidal 

powder with smaller powder particles. However, active oxidation up to 500 °C, a temperature 

necessary for the binder and PU template burn-out step, was not found for the aluminum 

powders. The oxidation behavior of the starting powders in air has to be taken into account for 

the manufacturing of the metal foams. 

 

Figure 23 TG (green) and DSC (red) curves of as received Aldrich (straight line) and Ecka (dash dot 

line) powders in air; the heating rate was 10 K min-1 (adapted from [157]). 

5.1.2 Aluminum foams prepared from different starting powders 

SEM images of selectively broken struts and cross-sections of the aluminum foams after 

thermal processing at 750 °C for 3 h in vacuum are shown in Figure 24. A PU template foam 

with a cell size of 20 ppi and a geometric size of 20 × 20 × 20 mm was used for the 

manufacturing of foams. It can be seen from Figure 24 that the struts of the foam were hollow 

and were characterized by a non-uniform porous microstructure. The microstructure of the 

foams manufactured from the Ecka powder appeared denser packed than that of the struts of 

the foams made from the Aldrich powder. This incomplete sintering after thermal processing 

of the foams from different aluminum powders may be related to the existence of a thin oxide 

layer on the powder surface [41,162]. 
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Figure 24 SEM images of selectively broken struts and cross sections of the foams made from the 

Aldrich powder (a, b) and from the Ecka powder (c, d) after thermal processing at 750 °C for 

3h in vacuum; PU template foams with a cell size of 20 ppi (adapted from [157]). 

The results of the XRD phase analyses indicated that after thermal processing the aluminum 

foams consisted, besides metallic aluminum, of the α- and the γ-Al2O3 phase (Figure 25). In the 

foams made from the Aldrich powder, these values were ~29.1 wt. % for γ-Al2O3 and ~11.1 wt. 

% of the α-Al2O3 phase. For the foams prepared from the Ecka powder, only γ-Al2O3 (19.1 wt. 

%) was detected besides metallic aluminum. The α-Al2O3 phase was also found but the 

quantification was not possible due to the Rietveld technique´s limitation to measure low phase 

amounts. 
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Figure 25 X-ray diffraction analysis (a) and an example of the compressive strength curve (b,c) of the 

foams prepared from the Aldrich powder and from the Ecka powder after thermal processing 

at 750 °C for 3h in vacuum; PU template foams with a cell size of 20 ppi (adapted from [157]). 

Table 4 shows the values of the compressive yield strength of the foams. The behavior of the 

compressive strength curve of the foam prepared from the Ecka powder is demonstrated in 

Figure 25 b,c, which was characterized by higher compressive yield strength (0.266 ± 0.082 

MPa) in comparison with the foams made from the Aldrich powder (0.011 ± 0.002 MPa). 

Archimedes’ measurements indicated a total porosity ranging from 90 % to 91 % (Table 4). It 

was observed that the foams made from Aldrich powder had a higher total strut porosity (~64.9 

%) than those made from Ecka powder (~52.6 %), see also SEM images in Figure 24. 
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Table 4 Porosity and compressive yield strength of the aluminum foams prepared from Aldrich 

powder and from Ecka powder; PU template foams with a cell size of 20 ppi. 

Sample Total porosity, 

% 

Cell 

porosity, % 

Total strut 

porosity, % 

Compressive yield 

strength, MPa 

Foams prepared from 

the Aldrich powder 

91.1 ± 0.1 77.3 ± 0.1 64.9 ± 0.1 0.011 ± 0.002 

Foams prepared from 

the Ecka powder 

90.3 ± 0.1 82.2 ± 1.6 52.6 ± 3.4 0.266 ± 0.082 

5.1.3 Chapter summary 

Open-cell aluminum foams were manufactured with a cell size of a PU template of 20 ppi by 

the sponge replication technique from two different aluminum powders supplied by Ecka und 

Aldrich. The aluminum foams were thermally processed at 750 °C, which is higher than the 

melting point of aluminum. Despite this, the resulting samples kept their shape. From the 

literature is known that it is a challenge to disrupt or dissolve the oxide layer formed on the 

powder surface; this is one of the key problems of the thermal process of aluminum powders 

[163,164]. Aluminum oxides around powder particles have a melting point of 2072 °C [165], 

therefore they are stable at the thermal processing temperature used in the work. In this way, 

the oxide shell around the aluminum powder acted as an oxide skeleton [29,166], which, on one 

hand, may have constrained the sintering of the particles, and, on the other hand, it may have 

kept the foam structure stable at temperatures above the aluminum melting point. This became 

evident from the SEM results in Figure 24. As a result, the thermal processing of the aluminum 

foams may be described as follows: aluminum oxide has a coefficient of thermal expansion of 

~7.4·10-6 K-1, which is lower than that of pure aluminum (~24.4·10-6 K-1) [167]. During heating, 

the oxide shells around the aluminum particles were ruptured due to the stress created by the 

difference in the coefficient of thermal expansion [29]. Molten aluminum flowed out, which 

led to a joining of the particles and their oxide shells, their fusion during melting, formation of 

agglomerates of joined aluminum (Figure 24). It is also possible that residual oxygen in the 

furnace led to a partial oxidation of molten aluminum resulting in partial healing of the cracks 

formed in the oxide shells, thereby increasing the resistance of the foams against complete 

melting. 

It follows from these results that the particle size and shape of the starting materials have a great 

influence on the microstructure, the phase content, the porosity, and the mechanical properties. 

It was found that foams made from the spheroidal shaped Ecka powder is characterized by 
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higher mechanical strength compared to the foams made from the irregularly shaped flaked 

Aldrich powder. Liu et al [168] discussed that stress concentrations generated on the surface of 

the powders cause the oxide shell to rupture. Also in a study by Patnaik [165], a higher rate of 

rupture of the oxide shell of a more irregularly shaped powder was observed. Thus, a powder 

with a less regular shape may have a higher rate of oxide shell rupture during heating and 

consequently can react more actively with residual oxygen in the furnace during thermal 

processing. This behavior is in good agreement with the TGA and XRD results (Figure 23 and 

Figure 25) which show that the irregularly shaped Aldrich flake powder oxidized significantly 

faster than the spheroidal-shaped Ecka powder when it reached the oxidation onset temperature. 

Thus, the oxide shell grows much faster for Aldrich particles compared to the oxide shell on 

the surface of the Ecka powder. Consequently, the oxide shell of the Ecka powder is thinner 

than that of the Aldrich powder. This may have led to the effect that molten aluminum more 

easily broke the oxide shell of the Ecka powder when it reached its melting point. Therefore, 

the molten aluminum joined the particles faster. As a result, the powder particles in the foam 

made from the Ecka powder have a higher structural connectivity, a higher stability, and a 

higher strength than that of the irregularly shaped Aldrich powder. This, in turn, reduced the 

porosity of the struts and increased the strength of the aluminum foams. 

It followed from the above that the microstructure of the foams, the phase content, the porosity, 

and the mechanical properties depended on the particle size and shape of the original aluminum 

powders. The Ecka powder with a spheroidal shape is thus more attractive as a starting material 

for further manufacturing of open-cell aluminum foams than the Aldrich flake powder with an 

irregular shape. 

5.1.4 Aluminum foams thermally processed in different atmospheres 

Figure 26 shows an example of RP foams after thermal processing in air, vacuum, and Ar 

atmosphere at 750 °C for 3 h. A PU template foam with a cell size of 20 ppi and a geometric 

size of 20 × 20 × 20 mm was used for the manufacturing of foams. Small aluminum beads on 

the surface of the struts after thermal processing in air were found. Foams thermally processed 

in Ar were characterized by a shrinkage in all directions and some larger, formerly molten 

aluminum beads located in their interior of the strut´s surface. The morphology of the strut 

surface after thermal processing is presented more detail in the Appendix, Figure A 1. 
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Figure 26 Aluminum foams after thermal processing for 3h at 750 °C in air, vacuum and Ar atmosphere; 

PU template foams with a cell size of 20 ppi (adapted from [158]). 

SEM cross-section images of Al foams thermally processed at 750 °C in air, vacuum, and Ar 

atmosphere are shown in Figure 27. As expected from the manufacturing process, the struts 

were hollow. The cavity in the struts formed after PU template burn-out. However, the foams 

were characterized by the presence of molten aluminum beads inside and outside the strut, and 

cracks were identified along the walls of struts of foams thermally processed in air and vacuum. 

The microstructure is described by the presence of microporosity in the walls of the struts. The 

struts did not result from a homogeneous melt. A high number of voids remained in the foams 

after thermal processing. A decrease in microporosity was observed when the thermal 

processing atmosphere was changed from air to Ar. After heat treatment in Ar atmosphere, the 

powder particles were closer and more connected to each other forming conglomerations of 

formerly molten powders particles. These foams possess a denser structure than foams 

processed in air or in vacuum. 

 

Figure 27 SEM images of aluminum RP foams thermally processed for 3h at 750 °C in air (a,d), in 

vacuum (b,e), and in Ar (c,f); PU template foams with a cell size of 20 ppi. 
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For the XRD phase analyses, the foams, thermally processed in air and vacuum, were milled 

and the resulting powders were analyzed. The foams processed in Ar were compressed to obtain 

a planar surface prior to analysis for proper measurement. From the XRD phase analyses 

(Figure 28), it was found that aluminum oxides (α-, γ-Al2O3) were formed after thermal 

processing of the foams in different atmospheres. The foams thermally processed in air were 

characterized by the highest amount of aluminum oxide, it was ~20.2 wt. % of the α-Al2O3 

phase and ~2.4 wt. % of the γ-Al2O3 phase. Further thermal processing in vacuum and Ar 

showed that the aluminum oxide concentration decreased from ~19.1 wt. % of the γ-Al2O3 

phase in vacuum to ~4.6 wt. % of the γ-Al2O3 phase in Ar. Although trace formation of the α-

Al2O3 phase was observed in these samples, its quantification by the Rietveld method was 

impossible due to its low concentration (>>1 wt. %). The total oxide concentration is given in 

Table 5. 

 
Figure 28 X-ray diffraction patterns of as received aluminum powder and RP aluminum foams after 

thermal processing in air, vacuum and Ar at 750 °C for 3 h. 
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Table 5 Oxide concertation, volumetric shrinkage, porosity, compressive yield strength and 

thermal conductivity of RP aluminum foams thermally processed in air, vacuum and 

Ar atmospheres at 750 °C for 3 h; PU template foams with a cell size of 20 ppi. 

Sample Air Vacuum Ar 

Aluminum oxides, wt. % 22.6 19.1 4.6 

Volumetric shrinkage (Sv), % 0 0 49.7 ± 2.3 

Total porosity (Ptotal), % 90.4 ± 0.3 90.3 ± 0.1 90.7 ± 0.6 

Cell porosity (Pcell), %
 78.6 ± 0.8 82.2 ± 1.6 86.9 ± 0.8 

Strut porosity (Ps), % 58.4 ± 1.0 52.6 ± 3.4 40.8 ± 2.1 

Compressive (yield) strength, MPa 0.13 ± 0.02 0.27 ± 0.08 0.34 ± 0.08 

Therm. Cond. of foam λf, W⸱m-1K-1 0.45 ± 0.05 1.79 ± 0.11 2.32 ± 0.14 

Therm. Cond. of porous strut material 

λs, W⸱m-1K-1 

7.8 36.3 63.2 

Therm. Cond. of bulk material λb, 

W⸱m-1K-1 

21.1 82.4 114.9 

All foams were prepared with a similarly high total porosity ranging from 90 % to 91 % to 

compare the compressive yield strength and the thermal properties (Table 5). The results of 

measurements of geometric parameters and the porosity by the Archimedes method are 

presented in Table 5, from which it follows that the foams thermally processed in Ar atmosphere 

are characterized by volumetric shrinkage of ~49.7 %, see also Figure 26. The high shrinkage 

of aluminum foams processed in Ar correlates to the amount of alumina; this is significantly 

less compared to foams processed in air and in vacuum. Thus, the “fusion rate” of molten Al is 

higher because of a lower constraint caused by the alumina´s lower concentration (Figure 27). 

This resulted in a decrease in the strut porosity from 58.4 % to 40.8 %. 

The thermal conductivity coefficient of the foams λf  ranged from 0.45 ± 0.05 W·m−1K−1 to 2.32 

± 0.14 W·m−1K−1 (Table 5). It can be seen that λf increased with a decreasing oxide content and 

a decreasing strut porosity of the foams. Equations (2) and (3) were used to evaluate the effect 

of porosity and purity on the measured λf of the foams, see Chapter 4.1.2. From the calculated 

values of the thermal conductivity of the porous strut material λs, it was found that with 

increasing Ps the value of λs decreased from 63.2 W·m−1K−1 (Ar atmosphere) to 7.8 W·m−1K−1 

(air). The sample thermally treated in air had the lowest bulk thermal conductivity λb ≈ 21.1 

W·m−1K−1. Reduction of oxygen in the processing atmosphere significantly increased this value 

to λb ≈ 114.9 W·m−1K−1 (Ar atmosphere). These calculated λb values were much lower than that 

for λb of pure bulk aluminum ~205 W·m−1K−1 [169]. This discrepancy between the thermal 
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conductivity of pure bulk aluminum and the calculated λb can be explained by the presence of 

impurities, such as oxide shells (alumina) around the powder particles formed during the 

thermal processing of aluminum powders [153,170,171], which have a low thermal 

conductivity of 24–39 W·m−1K−1 [172]. These low values of the calculated λb might also be due 

to a change in the number of grain boundaries in the heat flow path with decreasing grain size 

compared to pure bulk aluminum. This is due to the fact that the mean free path of phonons 

decreases due to an increase in intra-grain phonon scattering with a smaller grain size [173]. 

Figure 29 shows the visual appearance of the foams after measuring the compressive strength 

and the behavior of the curves. The foams thermally processed in air and vacuum collapsed into 

small pieces after the test. The stress-strain curves of these aluminum foams indicated brittle 

behavior with shear fracture typical for ceramic foams. The compressive strength of the foams 

thermally processed in air reached 0.13 ± 0.02 MPa; this value was 0.27 ± 0.08 MPa for the 

foams processed in vacuum. After thermal processing in Ar, the foams were characterized by a 

more ductile behavior of the stress-strain curve, which is typical for metal foams, with a 

compressive yield strength of 0.34 ± 0.08 MPa. The highest value of the compressive yield 

strength of foams in Ar may be reached by a higher structural interconnection of the powder 

particles through the formation of molten aluminum agglomerations, which consequently 

reduced the porosity of the strut. 

 
Figure 29 RP aluminum foams after compressive strength test (top) and stress-strain curves (bottom) 

typical for foams thermally processed in air, vacuum, and Ar at 750 °C for 3 h; PU template 

foams with a cell size of 20 ppi (adapted from [158]). 
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It was concluded from these results that the thermal processing atmosphere significantly 

influenced the microstructure formation of the samples, the oxide phase content, the thermal 

conductivity, and the mechanical properties. Reducing the amount of oxygen in the thermal 

processing atmosphere significantly reduced the strut's microporosity and improved the thermal 

processing of aluminum powder particles, which, in turn, increased the thermal conductivity 

and the compressive yield strength of the foams. Therefore, further work was carried out in Ar 

atmosphere. 

5.1.5 Aluminum foams manufactured by the sponge replication technique 

at different temperatures in Ar atmosphere 

Figure 30 shows the RP foams before PU burn-out and after thermal processing at 600 °C, 650 

°C, and 750 °C for PU template foams with a cell size of 20 ppi and a geometric size of 15 × 

15 × 20 mm (for RP foams thermally processed at 750 °C to 900 °C for PU template foams 

with a geometric size of 20 × 20 × 20 mm please see also the Appendix, Figure A 2). A slight 

volumetric shrinkage of ~8.8 % was found after processing at 600 °C. A further increase in the 

thermal processing temperature resulted in an increase in volumetric shrinkage in all directions 

of 45.3 % at 650 °C and 51.2 % at 750 °C, see also Table 6. Most of the foams showed small 

aluminum beads after processing at 650 °C (Figure 30), the bead size and number increased 

with increasing processing temperature. The surface morphology of the struts after thermal 

processing is presented more detailed in the Appendix, Figure A 3. 

 
Figure 30 Aluminum foams before PU burn-out and after thermal processing for 3 h in Ar at 600 °C to 

750 °C; PU template foams with a cell size of 20 ppi. 
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Table 6 Volumetric shrinkage, porosity, compressive yield strength, and thermal conductivity 

of Al foams thermally processed for 3 h in Ar at 600 °C, 650 °C, and 750 °C; PU 

template foams with a cell size of 20 ppi. 

Sample 600 °C 650 °C 750 °C 

Volumetric shrinkage (Sv), % 8.8 ± 3.5 45.3 ± 4.1 51.2 ± 1.9 

Total porosity (Ptotal), % 94.3 ± 0.4 90.5 ± 0.7 90.4 ± 0.4 

Cell porosity (Pcell), %
 85.5 ± 3.3 85.7 ± 1.3 85.1 ± 1.7 

Strut porosity (Ps), % 65.9 ± 4.8 43.1 ± 3.3 44.3 ± 5.8 

Compressive (yield) strength, MPa 0.09 ± 0.05 0.29 ± 0.05 0.27 ± 0.03 

Absorbed energy per volume, MJ m-3 - 0.093 0.095 

Therm. Cond. of foam λf, W⸱m-1K-1 - 2.26 ± 0.14 2.32 ± 0.14 

Therm. Cond. of porous strut material 

λs, W⸱m-1K-1 

- 65.1 63.2 

Therm. Cond. of bulk material λb, 

W⸱m-1K-1 

- 115.6 114.9 

SEM images of cross-sections of aluminum RP foams thermally processed in Ar at 600 °C to 

850 °C are shown in Figure 31. Despite the thermal processing temperature (above the melting 

point of bulk aluminum ~660 °C  [161]), the struts of all foams were still hollow up to the 

highest applied processing temperature of 850 °C. At temperatures up to 750 °C, some formerly 

molten aluminum and aluminum beads were observed, which were located not only outside but 

also inside the foam struts (Figure 31 e–k). In addition, a visible deformation of the foams was 

found after processing at 850 °C. The microstructure of the foam struts generally was not 

homogeneous and incomplete joining of aluminum powder particles was observed, despite the 

high thermal processing temperatures. The struts possessed a high number of pores in their 

microstructure, which may have been formed due to a thin layer of alumina on the powder 

surface [41,162]. However, in general, the foams thermal processed at temperatures at 650 °C 

and above (Figure 31 c,d) were characterized by fewer voids, more aluminum particles joined 

together, and a denser packed microstructure compared to the foams thermal processed at 600 

°C (Figure 31 a,b). 
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Figure 31 SEM images of aluminum RP foams thermally processed for 3 h in Ar at 600 °C (a,b), 650 

°C in (c,d), 750 °C (e,f), 800 °C (g,h), and 850 °C (j,k); PU template foams with a cell size of 

20 ppi (adapted from [158]). 
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XRD patterns of the phase analyses of as-received aluminum powder and the aluminum foams 

after thermal processing for 3 h in Ar at 600 °C to 900 °C are shown in Figure 32. Aluminum 

oxides (α-, γ-Al2O3) were found after thermal processing. Phase analyses were obtained from a 

planar surface after compression of the thermally processed aluminum foams. The phase 

compositions were calculated from X-ray measurements using the Rietveld analysis. The 

results are shown in Table 7. A slight increase of the aluminum oxide amount with temperature 

is evident. The highest amount of aluminum oxide after thermal processing in Ar at 900 °C was 

28.8 wt. % for the α-Al2O3 phase and ~7.4 wt. % for the γ-Al2O3 phase. The foam processed at 

900 °C collapsed during thermal processing, see in the Appendix, Figure A 2, and was excluded 

from further discussion. 

 
Figure 32 X-ray diffraction patterns of as received aluminum powder and RP aluminum foams after 

thermal processing for 3 h in Ar at 600 °C to 900 °C (adapted from [158]). 

Table 7 Phase composition of the as-received powder and the aluminum foams thermally 

processed for 3 h in Ar at 600–900 °C. 

Sample α-Al2O3, wt. % γ-Al2O3, wt. % 

Al powder - - 

Ar 600 °C - 2.6 

Ar 650 °C - 2.5 

Ar 750 °C - 4.6 

Ar 800 °C - 3.8 

Ar 850 °C 1.5 4.3 

Ar 900 °C 28.8 7.4 
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Table A 1 in the Appendix shows the volume shrinkage, the porosity, the compressive yield 

strength, and the thermal conductivity of Al foams thermally processed for 3 h in Ar at 750–

900 °C. These results were obtained for the foams prepared from PU template foams with a 

geometric size of 20 mm × 20 mm × 20 mm. A comparison of the samples prepared at 750 °C 

from PU template foams with a geometric size of 15 mm × 15 mm × 20 mm in Table 6 and the 

foams in Table A 1 made from larger PU template foams shows that the geometric size of the 

initial PU foam slightly affected the shrinkage of the samples, the porosity, and the mechanical 

properties of the foams. 

From the results of porosity measurements by the Archimedes method (Table 6) it follows that 

the total porosity of aluminum foams was 94.3 % after thermal processing at 600 °C and within 

90 % to 91 % after treatment at 650 °C to 750 °C. A significant decrease in the strut porosity 

from 65.9 % to 43.1 % was observed with the increase in temperature because of the higher 

joining degree of the aluminum powder particles. Due to the deformation of the samples at 

thermal processing temperatures above 750 °C, further work was mainly focused on the samples 

made at 650 °C and 750 °C. 

From the compressive (yield) strength results shown in Table 6 and Figure 33, it follows that 

the temperature of thermal processing had a significant influence on the compressive strength 

behavior. The stress-strain curves of aluminum foams at 600 °C were characterized by a brittle 

behavior with shear fracture (Figure 33 a), which is more typical for ceramic foams (the same 

stress-strain curve behavior was observed after thermal processing in air and in vacuum, see 

Figure 29). Foams processed at 650 °C and higher temperatures had a more ductile stress-strain 

curve behavior typical for aluminum and metals in general (Figure 33 b,c). The curves can be 

characterized by three distinct regions [20,21]: an elastic region up to the compressive yield 

point σ, a large plateau region with plastic cell failure. The mode of deformation in the second 

region was the result of a repetitive failure of the pore layers, so the stress-strain curve had a 

very uneven character [174]. These long plateaus were the result of the open-cell construction 

of the foams. In the third region, the flow stress increased rapidly as the cell pores in the 

deformation zone were flattened. 
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Figure 33 Compressive stress-strain curves of the RP aluminum foams after processing at 600 °C (a), 

650 °C (b), and 750 °C (c) for 3 h in Ar for PU template foams with a cell size of 20 ppi. 

The average compressive (yield) strength and absorbed energy after thermal processing at 650 

°C and 750 °C increased compared to foams processed at 600 °C from 0.09 ± 0.05 MPa to 0.29 

± 0.05 MPa due to better structural interconnectivity of the former powder particles at higher 

thermal processing temperatures (Table 6). There was no major difference in the mechanical 

properties for the foams thermally processed at 650 °C and 750 °C and the values were within 

the measurement error. Increasing the thermal processing temperature slightly increased the 

absorbed energy per volume from 0.093 MJ m-3 at 650 °C to 0.095 MJ m-3 at 750 °C. This value 

was calculated from Equation (12). Since the samples at 600 °C were brittle, this made it 

difficult to correctly calculate the absorbed energy per volume. From the results presented in 

the Appendix, Table A 1, it can be seen that a further increase in temperature above 750 °C led 

to lower compressive yield strength values, which might be the result of the formation of more 

molten aluminum beads outside the struts and the subsequent reduction in the size of the strut 

walls and their ability to withstand mechanical loads. 
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The results of the thermal conductivity showed that an increase in the thermal processing 

temperature led to a slight increase in λf. This value ranged from 2.26 ± 0.14 W m-1 K-1 after 

650 °C to 2.32 ± 0.14 W m-1 K-1 after 750 °C (Table 6). Since Pcell and Ps had almost the same 

values for foams processed at 650 °C and 750 °C, the calculated λS and λb, see Chapter 4.3, were 

not significantly different. At 650 °C and 750 °C λS ranged from ~65.1 W m-1 K-1 to ~63.2 W 

m-1 K-1, respectively. The value of λb value was ~115.6 W m-1 K-1 at 650 °C and ~114.9 W m-1 

K-1 at 750 °C. Despite the difference in the thermal processing temperature, λb did not 

significantly change at 650 °C and 750 °C. Therefore, it can be concluded that for these samples, 

the thermal processing with increasing temperature did not significantly generate impurities or 

grain boundary effects within the struts of the foams that affect the value of thermal conductivity 

λb. The discrepancy between the thermal conductivity of pure bulk aluminum and the calculated 

λb was discussed in detail in Chapter 5.1.4. The thermal conductivity of foams thermally 

processed at 600 °C was not investigated due to the destruction of the foam during the 

measurement under load, which was applied to increase the contact area between the samples 

and the Hot Disk detector. 

5.1.6 Aluminum foams manufactured by the sponge replication technique 

with different total porosity 

The specific surface area, the mechanical and the thermal properties of the resulting foams 

depend on their total porosity [175,176]. In this part, RP aluminum foams with different total 

porosity, which were thermally processed at 650 °C for 3 hours in Ar, made with PU template 

foams with a cell size of 20 ppi and with a geometric size of 15 mm × 15 mm × 20 mm, were 

manufactured and characterized. 

Table 8 shows the porosity, the geometric characteristics, the mechanical and the thermal 

properties of RP aluminum foams thermally processed for 3 h at 650 °C in Ar with different 

Ptotal (90.5 % and 86.6 %). There was an increase in volumetric shrinkage from 41.9 % to 45.3 

% and Pcell from 80.9 % to 87.5 % with total porosity increasing. It might be due to less material 

suspension loaded into the initial PU template foams to reduce Ptotal. As a result, the strut 

porosity Ps was also higher (43.1 % for Ptotal of 90.5 % and 37.6 % for Ptotal of 86.6 %), due to 

the hollow struts had a higher contribution to Ps at the fixed thermal processing parameters. 
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Table 8 Porosity, geometrical characteristics, mechanical and thermal properties of RP 

aluminum foams thermally processed for 3 h at 650 °C in Ar with total porosity 90.5 

% and 86.6 % for PU template foams with a cell size of 20 ppi. 

Cell size of PU template foams 20 ppi 20 ppi 

Volumetric shrinkage (Sv), % 45.3 ± 4.1 41.9 ± 2.5 

Total porosity (Ptotal), % 90.5 ± 0.7 86.6 ± 0.7 

Cell porosity (Pcell), %
 85.7 ± 1.3 80.9 ± 1.5 

Strut porosity (Ps),
 % 43.1 ± 3.3 37.6 ± 2.7 

Mean diameter of wall strut wall (Dws), µm 130 ± 55 136 ± 45 

Mean diameter of struts (Ds), mm 0.50 ± 0.32 0.52 ± 0.24 

Mean cell size, mm 1.97 ± 0.16 1.96 ± 0.28 

Specific surface area by μ-CT, cm2 g-1 126 114 

Compressive yield strength, MPa 0.29 ± 0.05 0.34 ± 0.07 

Absorbed energy per volume, MJ m-3 0.093 0.095 

Therm. Cond. of foam λf, W m-1 K-1 2.26 ± 0.14 3.21 ± 0.18 

The µ-CT 3D reconstruction image of the RP aluminum foams indicates the foam to be open 

porous, Figure 34 a. The distribution of the strut thickness, strut wall thickness, and cell size is 

shown in Figure 34 b and c. Their mean values determined by applying a Gaussian 

approximation to the distance histogram, obtained from CTAnalyser calculations of CT data 

(Chapter 4.2.3), are presented in Table 8. The mean cell size of the RP aluminum foam with 

Ptotal of 90.5 % was 1.97 ± 0.16 mm, the diameter of the struts Ds was 0.50 ± 0.32 mm, and the 

diameter of the strut wall thickness Dws was 130 ± 55 µm. For the RP aluminum foams with a 

lower Ptotal of ~86.6 %, the cell size was 1.96 ± 0.28 mm, Ds = 0.52 ± 0.24 mm, and Dws = 136 

± 45 µm. The slight difference of these mean calculated values and their distribution in Figure 

34 a and c are associated with a higher slurry load on the initial PU foam to prepare foams with 

Ptotal of 86.6 %. 

The specific surface area calculated from the µ-CT reconstruction data, as shown in Figure 34 

d (green), increases from 114 cm2 g-1 to 126 cm2 g-1 with increasing porosity. The specific 

surface area was calculated also after filling and despeckle of the hollow struts, see Chapter 

4.2.3, to evaluate the effect of the hollow strut surface formed after PU burn-out on the specific 

surface areas, Figure 34 d, gray. It was found that the hollow struts formed after PU burn-out 

further increased the specific surface area of the foam by about factor two. 
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Figure 34 μ‐CT reconstruction image of the RP aluminum foams with Ptotal ≈ 90.5 % (a); distributions 

of the wall strut thickness and the strut thickness (b) and the cell size (c) of the RP aluminum 

foams with Ptotal ≈ 90.5 % (red) and Ptotal ≈ 86.6 % (green), both thermally processed at 650 

°C for 3h; specific surface area after thresholding (green) and after filling and despeckle (gray) 

(d); PU template foams with a cell size of 20 ppi. 

It follows from the measurements of mechanical properties (Table 8) that there was a slight 

decrease in the compressive yield strength from 0.34 ± 0.07 MPa to 0.29 ± 0.05 MPa as well as 

the absorbed energy per volume from 0.095 MJ⸱m-3 to 0.093 MJ⸱m-3 with an increase in Ptotal 

of RP aluminum foams. Moreover, a slight reduction in porosity significantly increased λf of 

RP aluminum foams from 2.26 ± 0.14 W·m−1K−1 to 3.21 ± 0.18 W·m−1K−1 (Table 8). 

It follows from the above results that a slight change in the total porosity from 90.5 % to 86.6 

% of the RP aluminum foams improved the mechanical properties and thermal conductivity, 

affected by reducing the strut porosity, the cell porosity, and increasing the strut thickness. 

5.1.7 Chapter summary 

Open-cell aluminum foams were manufactured by the sponge replication technique in the 

temperature range from 600 °C to 900 °C in air, vacuum, and argon. The thermal processing 
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conditions significantly influenced the microstructure, the phase content, the porosity, the 

thermal conductivity, and the mechanical properties of the as-received aluminum foams. 

Open-cell aluminum foams thermally processed in Ar had a denser microstructure, a lower 

porosity, a higher thermal conductivity, and a higher compressive strength compared to samples 

processed in vacuum or in air (Figure 27 and Table 5). This was assigned to the lower amount 

of aluminum oxide formed during thermal processing. As a result, the oxide shell of the 

aluminum powder was thinner and was broken more easily during thermal processing in Ar. 

The effect of residual oxygen and the destruction of the oxide shells during heating was 

discussed more detailed in Chapter 5.1.3. Consequently, the aluminum particles in Ar had a 

higher joining degree when the processing temperature was above the melting point of 

aluminum, which, in turn, decreased the strut porosity and increased the compressive yield 

strength and the thermal conductivity of the foams (Table 5). 

During thermal processing of the RP aluminum foams at 600 °C in Ar atmosphere, the foams 

were characterized by a brittle and porous structure. With an increasing thermal processing 

temperature, there was a decrease in strut porosity; mechanical properties and thermal 

conductivity of foams were enhanced. This may be due to a more intense process of oxide shell 

rupture and a more intense joining of the powder particles with increasing temperature [5]. 

Despite this, aluminum foams did not melt even at 850 °C, which was related to the oxide shells 

surrounding the aluminum particles acting as a support for the foam structure in the sense of a 

skeleton in this system [29,166]. 

From the obtained results, it was concluded that the most optimal thermal processing parameters 

for the manufacture of RP foams were at 650 °C and 750 °C for 3 h in Ar atmosphere. Under 

these conditions, the RP foams with a total porosity in the order of 90 % to 91 % retained their 

shape and were characterized by relatively high mechanical stability and a high thermal 

conductivity in comparison to foams processed with parameters deviating from the above. 

5.2 Aluminum foams manufactured by a combination of sponge replication 

and freezing techniques 

This chapter presents the manufacturing of RP/FP aluminum foams based on the results from 

Chapter 5.1. Ar atmosphere and thermal processing temperatures of 650 °C and 750 °C were 

applied for thermal processing. The samples were made with a PU template foam with cell pore 

sizes of 10 ppi, 20 ppi, and 30 ppi, and a geometric size of 15 × 15 × 20 mm. The influence of 

the additional freezing/freeze-drying processing steps on the strut porosity, the microstructure, 
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the thickness of material lamellae and lamellar pores, the specific surface area, the mechanical 

and thermal properties was investigated in this chapter. 

5.2.1 Aluminum foams manufactured by a combination of sponge 

replication and freezing techniques at different temperatures and 

solid loading 

The RP/FP aluminum foams are shown in Figure 35 before binder and PU template burn-out 

and after thermal processing at 650 °C and 750 °C in Ar. The foams kept their shape after 

thermal processing but they significantly shrunk (~55 % at 650 °C and ~63 % at 750 °C). Larger 

aluminum beads were found on the surface of the struts after thermal processing at 750 °C. The 

deformation of the struts is a result of the formation of these molten aluminum beads. Since it 

is known from alumina foams that the size of the lamellar pores depends on the water content 

in the coating slurry [10,11], aluminum foams with 70 vol. % and 80 vol. % water were 

prepared. Their appearance after thermal processing for 3 h in Ar at 650 °C is shown in Figure 

36. The RP/FP foams are characterized by higher shrinkage in all directions than the RP foams. 

Increasing the water content to 80 vol. % resulted in shrinkage of the aluminum foam and 

destruction of their struts. The foams collapsed under a low load. 

 

Figure 35 RP/FP aluminum foams before binder and PU burn-out and after thermal processing for 3 h 

in Ar at 650 °C and 750 °C; PU template foams with a cell size of 20 ppi. 
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Figure 36 RP foam and RP/FP foam with 70 vol. % of water and RP/FP foam with 80 vol. % of water 

after thermal processing for 3 h in Ar at 650 °C; PU template foams with a cell size of 20 ppi. 

X-ray diffraction analysis detected the presence of γ-Al2O3. The amount of aluminum oxide 

after thermal processing in Ar at 650 °C was ~3.0 wt.% and at 750 °C it was ~4.2 wt. %. This 

increase can be associated with a decrease in the amount of pure aluminum as a result of the 

formation of molten aluminum beads and a corresponding increase in wt. % of the γ-Al2O3 

phase. A similar behavior was observed in Table 7, Chapter 5.1.5. Consequently, this thermal 

processing condition at 750 °C was appropriate for the manufacturing of the RP foams, but not 

for the RP/FP foams. Therefore, RP/FP foams prepared from a coating slurry with 70 vol. % of 

water were carried out at 650 °C. 

5.2.2 Aluminum foams manufactured by a combination of sponge 

replication and freezing techniques with different cell size 

Figure 37 shows SEM images of the strut surface and cross-sections of RP/FP aluminum foams 

after thermal processing at 650 °C. The images demonstrate the formation of lamellar pores and 

material lamellae, typical for aqueous slurries, generated by freezing and subsequent freeze-

drying. These lamellar pores are characterized by a random direction and orientation due to 

non-directional freezing and random orientation of the foam struts (Figure 37 b,c). A similar 

lamellar pore orientation after manufacturing RP/FP ceramic foams after non-directional 

freezing and freeze-drying was found in [10,11]. The microstructure of the material lamellae in 

the aluminum foams is not uniform after thermal processing (Figure 37 d). There are areas with 

a high degree of particle joining having a higher material density, and those where the pores 

dominated. 
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Figure 37 SEM images of the surface of RP/FP aluminum foams (a) and their cross sections after thermal 

processing for 3h in Ar at 650 °C (b–d). 

In Table 9 most relevant properties of RP/FP aluminum foams after thermal processing at 650 

°C are listed. They possess a high volumetric shrinkage of 56.1 % to 57.6 %. The total porosity 

was between 86.4 % and 86.6 %. The cell porosity increased from 68.6 % to 76.8 % with 

increasing cell size of the PU template foams. The aluminum foams were characterized by high 

strut porosity ranging from 47.3 % (10 ppi) to 59.8 % (30 ppi) because of the additional 

formation of lamellar pores in the RP/FP foams. 
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Table 9 Geometrical, mechanical and thermal properties of RP/FP aluminum foams thermally 

processed for 3 h at 650 °C in Ar for PU template foams with a cell size of 10 ppi, 20 

ppi, and 30 ppi. 

Cell size of PU template foams 10 ppi 20 ppi 30 ppi 

Volumetric shrinkage (Sv), % 57.6 ± 2.8 56.1 ± 3.7 56.4 ± 1.4 

Total porosity (Ptotal), % 86.4 ± 0.9 86.6 ± 1.1 86.5 ± 0.6 

Cell porosity (Pcell), % 76.8 ± 2.1 73.5 ± 2.5 68.6 ± 4.1 

Strut porosity (Ps), % 47.3 ± 2.7 53.8 ± 3.4 59.8 ± 4.5 

Mean diameter of struts, mm 0.80 ± 0.53 0.52 ± 0.23 0.24 ± 0.11 

Mean cell size, mm 2.54 ± 0.84 1.91 ± 0.22 0.99 ± 0.13 

Material lamellae thickness, µm 80 ± 39 81 ± 35 78 ± 35 

Lamellar pore thickness, µm 39 ± 15 24 ± 6 30 ± 10 

Specific surface area by μ-CT, 

cm2⸱g-1 

231 219 238 

Compressive yield strength, MPa 0.44 ± 0.18 0.49 ± 0.13 0.72 ± 0.19 

Absorbed energy per volume, 

MJ⸱m-3 

0.13 0.15 0.29 

Therm. Cond. of foam λf, W⸱m-

1K-1 

2.18 ± 0.05 2.32 ± 0.05 2.97 ± 0.18 

Therm. Cond. of porous strut 

material λs, W⸱m-1K-1 

34.6 32.1 34.8 

Bulk therm. Cond. of bulk 

material λb, W⸱m-1K-1 

70.6 80.3 102.7 

Figure 38 shows μ-CT 3D reconstruction images of RP/FP aluminum foams with a cell size of 

the PU template foam of 10 ppi, 20ppi, and 30 ppi after thermal processing at 650 °C in Ar for 

3 h. No directionally aligned lamellar pores were observed along with the foams. The RP/FP 

aluminum foams are characterized by open cells and windows. 
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Figure 38 μ‐CT reconstruction images of the RP/FP aluminum foams after thermal processing at 650 °C 

in Ar for 3 h as a function of the PU template foam cell size: 10 ppi (a–c), 20 ppi (d–f), and 

30 ppi (g–j). 

The distribution and the mean value of the cell size, the strut thickness, the material lamellae 

thickness, and the lamellar pore thickness are shown in Figure 39 and listed in Table 9. The 

distribution curve of the cell size shifted to the left with a decrease in the cell size of the PU 

templates (Figure 39 a). The mean cell size of the RP/FP aluminum foams was 2.54 ± 0.84 mm 

for the10 ppi templated foam, 1.91 ± 0.22 mm for the 20 ppi templated foam, and 0.99 ± 0.13 

mm for the 30 ppi templated foam. The strut thickness of the RP/FP foams increased with 

increasing cell size of the PU template from 0.24 ± 0.11 mm (30 ppi) to 0.80 ± 0.53 mm (10 

ppi), see Figure 39 b and Table 9. The thickness of the material lamellae for all samples was 

approximately the same laying between 78 μm and 81 μm, see Figure 39 c and Table 9. The 

same direction of change was observed for the lamellar pores, they were in the range from 24 

μm to 39 μm, Figure 39 d and Table 9. Since slurries with the same metal powder load were 

used and the same freezing temperature was applied for the manufacturing of RP/FP aluminum 
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foams, no significant difference in the results was obtained. The thickness and type of lamellar 

pores might be changeable by varying the solvent amount, the freezing temperature and/or the 

binder amount and type [10,11]. 

 

 

Figure 39 Distributions of the cell size (a), strut thickness (b), material lamellae thickness (c), and 

lamellar pore thickness (d) of the RP/FP aluminum foams thermally processed at 650 °C for 

3h in Ar; the PU template foam cell size was 10 ppi, 20 ppi, and 30 ppi (adapted from [159]). 

Table 9 and Figure 40 show the specific surface area calculated from µ-CT reconstruction data. 

It can be seen comparing the samples after thresholding and after filling and despeckle steps 

that the additional lamellar pores and hollow struts significantly increased the specific surface 

areas for all samples. The highest difference was observed for the 10 ppi templated foam, in 

which the specific surface area increased from 33 cm2⸱g-1 to 231 cm2⸱g-1, see a more detailed 

description of the thresholding, filling, and despeckle steps in Chapter 4.2.3 and Figure 20. 
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Figure 40 Specific surface area of the RP/FP aluminum foams thermally processed at 650 °C for 3h in 

Ar depending on the cell size of the PU template foam (10 ppi, 20 ppi, and 30 ppi); measured 

using µ-CT (adapted from [159]). 

Compressive strength testing showed that the average values of the compressive yield strength 

increased with decreasing foam cell size of the RP/FP foams (Table 9); the 10 ppi templated 

aluminum foam had 0.44 ± 0.18 MPa, and the 30 ppi templated foam possessed a compressive 

yield strength of 0.72 ± 0.19 MPa. The typical compressive strength behavior of RP/FP foams 

is shown in Figure 41. The shape of the compressive curves demonstrated that the stress-strain 

behavior in the initial compression stage had an elastic deformation region, a long plateau where 

plastic cell failure occurred and a further increase in compressive strength caused by 

densification [20,21]. The calculated absorbed energy, Equation (12), also grew with the 

increase of the ppi value of the initial PU template foams: from 0.13 MJ m-3 for the 10 ppi 

templated foam to 0.29 MJ m-3 for the 30 ppi templated foam (Table 9). 
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Figure 41 Compressive stress-strain curves of RP/FP aluminum foams after thermal processing at 650 

°C for 3 h in Ar; PU template foams cell sizes were 10 ppi, 20 ppi, and 30 ppi. 

The results of the measured and calculated thermal conductivity are shown in Table 9. The 

thermal conductivity of foam λf was 2.18 ± 0.05 W·m−1K−1 for the 10 ppi, 2.32 ± 0.05 W·m−1K−1 

for the 20 ppi, and 2.97 ± 0.18 W·m−1K−1 for the 30 ppi templated foams. The calculated thermal 

conductivity of porous strut material λs using a model from Ashby [19], Equation (2), did not 

change significantly and ranged from 32.1 W·m−1K−1 (20 ppi) to 34.8 W·m−1K−1 (30 ppi). 

A model derived by Eucken [139], Equation (3), was used to estimate the thermal conductivity 

of the bulk strut material λb. The obtained values of λb varied from 76.0 W·m−1K−1 (10 ppi) to 

102.7 W·m−1K−1 (30 ppi). These low values of λb for the aluminum foams compared to the 

thermal conductivity of pure bulk aluminum (~205 W·m−1K−1 [169]) might be related to an 

increase in the number of grain boundaries in the heat flow path or the residual aluminum oxide 

that was also observed in Chapters 5.1.4 and 5.1.5. 

5.2.3 Aluminum foams: sponge replication vs. combination of sponge 

replication and freezing techniques 

In this section, 20 ppi templated RP and RP/FP aluminum foams thermally processed at 650 °C 

for 3 hours in Ar are compared with respect to their most relevant properties, Table 10. The 

aluminum foams had a total porosity of 86.6 %. The RP/FP aluminum foams were characterized 

by higher volumetric shrinkage of 56.1 % and a lower cell porosity of 73.5 % in comparison 

with the RP aluminum foams with Sv of 41.9 % and Pcell of 80.9 %. An additional formation of 

lamellar pores within the struts of the aluminum foams raised the strut porosity by ~1.4 times. 
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The results of µ-CT measurements of cell size and strut thickness are also shown in Table 10 

and in Figure 42. The calculated mean cell size and strut thicknesses demonstrated no 

significant differences between the RP and RP/FP foams, Table 10. The additional lamellar 

pores significantly increased the specific surface area from 114 cm2⸱g-1 to 219 cm2⸱g-1, Figure 

42 c and Table 10. However, the specific surface area for both samples, whereby hollow struts 

and lamellar pores after filling and despeckle were not taken into account, was in the range 

between 58 cm2⸱g-1 for the RP foams and 62 cm2⸱g-1 for the RP/FP foams. Consequently, the 

combination of the sponge replication and freezing techniques increased the specific surface 

area by 3.5 times compared to foams without hollow struts and lamellar pores (after filling and 

despeckle). 

Table 10 Geometrical, mechanical and thermal properties of RP and RP/FP aluminum foams 

thermally processed for 3 h at 650 °C in Ar, templated with PU foams with a cell size 

of 20 ppi. 

Sample RP/FP RP 

Volumetric shrinkage (Sv), % 56.1 ± 3.7 41.9 ± 2.5 

Total porosity (Ptotal), % 86.6 ± 1.1 86.6 ± 0.7 

Cell porosity (Pcell), %
 73.5 ± 2.5 80.9 ± 1.5 

Strut porosity (Ps), % 53.8 ± 3.4 37.6 ± 2.7 

Mean diameter of struts, mm 0.52 ± 0.23 0.48 ± 0.25 

Mean cell size, mm 1.91 ± 0.22 1.96 ± 0.28 

Specific surface area by μ-CT, cm2⸱g-1 219 114 

Compressive yield strength, MPa 0.49 ± 0.13 0.34 ± 0.07 

Absorbed energy per volume, MJ⸱m-3 0.15 0.10 

Therm. Cond. of foam λf ,W m-1⸱K-1 2.32 ± 0.05 3.21 ± 0.18 

Therm. Cond. of porous strut material λs, W m-1⸱K-1 32.1 61.7 
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Figure 42 Distributions of the cell size (a) and the strut thickness (b) of the RP (red) and RP/FP (green) 

aluminum foams; specific surface area of the RP and RP/FP aluminum foams after 

thresholding (green) and filling and despeckle (gray) (c) measured using µ-CT; PU template 

foams with a cell size of 20 ppi (adapted from [159]). 

From Table 10 it can be seen that, despite approximately the same total porosity Ptotal, the 

compressive yield strength and the absorption energy were higher for the RP/FP foams than for 

the RP foams. Figure 42 indicates a distribution of the strut thickness and the cell size for both 

foams to be similar. However, Pcell and Ps had a more noticeable difference. On the one hand, 

the RP/FP foams had a lower cell porosity than the RP foams. This might be a reason for the 

increased compressive strength up to 0.49 ± 0.13 MPa, Table 10. On the other hand, these foams 

were characterized with higher strut porosity that usually has a negative effect on the 

mechanical properties. However, the RP/FP foams are characterized by lamellar pores along 

with the foams. It was found in [177] that the direction and thickness of the lamellar pores 

significantly influenced the compressive strength, which depended on the orientation of the 

material lamellae relative to the direction of load: compressive strength increased in parallel 

direction of load of the lamellar pores and decreased with perpendicular orientation. However, 

in this case, the lamellar pores had an anisotropic orientation, Figure 38, that might enhance the 
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compressive yield strength and the absorbed energy despite the high strut porosity (Ps ≈ 54.4 

%) via a load sharing mechanism [174,178]. 

Figure 43 shows the relative compressive strength σpl
*/σb

* of the different sample series for the 

RP and RP/FP foams depending on the relative density ρ*/ρs, Equation (13). For all foams, the 

plastic collapse strength σpl
* was equal to the compressive yield strength σ. It has been 

mentioned in Chapter 4.3 that the proportionality constant C demonstrated the pore geometry 

effect and the density exponent n showed the deformation mechanisms; these values are usually 

near 0.3 and 1.5, respectively [20,23,24,179]. However, they depend on the pore geometry, on 

the material, etc. and they may vary [178,180,181]. The Gibson-Ashby model was plotted for 

fixed C = 0.3 and n = 1.5 values (dash line). The Gibson-Ashby model was plotted with fixed 

C = 0.3 and varying n values for the manufactured foams. For the Gibson-Ashby plot of the RP 

and RP/FP foams, n was ~1.54; this is in good agreement with the model. There was no 

difference between fitted curves for both types of foams. The discrepancy between the 

experimental n value and empirically defined value may be caused by the original open-cell 

metal foams having no pores in their struts [20]. In the case of aluminum foams with hollow 

struts, lamellar pores, and material pores, a variation of the n value is expectable. Several 

authors observed a significant influence of the pore size on the mechanical behavior of metal 

foams [25,182]. It was discussed in [174,178] that small pores can impact the mechanical 

strength via a load sharing mechanism. All above can change the foams´ deformation modes 

such as yielding, bending, and buckling, which results in a variation of the n value [20,183]. A 

further systematic study is required to investigate the compression behavior of these foams 

under load to identify the deformation mechanisms more detailed. 
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Figure 43 Relationship between the relative compressive strength and the relative density of RP (red 

dots) and RP/FP (green dots) aluminum foams thermally processed at 650 °C for 3 h in an Ar 

atmosphere; the Gibson-Ashby models were obtained by fitting experimental results with C 

and n variables (red line for RP foams and green line for RP/FP foams); and Gibson-Ashby 

model with C = 0.3, n = 1.5 (black dash line); PU template foams with a cell size of 20 ppi 

(adapted from [159]). 

The thermal conductivity of foams λf ranged from 2.32 ± 0.05 W·m−1K−1 for the RP/FP foams 

to 3.21 ± 0.18 W·m−1K−1 or the RP foams, Table 10. To estimate the effect of additional lamellar 

pores on λf , the thermal conductivity of the porous strut material λs was calculated, Equation 

(2). As a result of the increase in the strut porosity from 37.6 % to 53.8 % due to lamellar pores, 

λs decreased from 61.7 W·m−1K−1 to 32.1 W·m−1K−1. 

5.2.4 Chapter summary 

Aluminum foams were manufactured by a combination of sponge replication and freezing 

techniques. The foams were thermally processed at 650 °C in argon atmosphere for 3 h. The 

foam cell pores were varied by using PU template foams with a cell size of 10 ppi to 30 ppi. 

The RP/FP foams possessed lamellar pores in their struts along with the entire samples having 

a random orientation of lamellar pores with a pore thickness of 24 µm to 39 µm and material 

lamellae with a thickness of 78 µm to 81 µm. When comparing the RP/FP and the RP foams 

with approximately the same total porosity of 86.6 % for the 20 ppi templated foams, it was 
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found that the formation of lamellar pores increased the strut porosity by a factor of 1.4 and the 

specific surface area by a factor of 1.9 in comparison with the RP foams. The variation of the 

pore size of the initial PU foams led to a slight change of the specific surface area of the RP/FP 

foams from 219 cm2⸱g-1 to 238 cm2⸱g-1. 

Despite the increased strut porosity after the formation of additional strut pores, the RP/FP 

foams showed a higher energy absorption capability and a higher compressive yield strength 

compared to the RP foams, both with PU template foam cell size of 20 ppi. This effect may be 

related to the arrangement of the lamellar pores, which built the strut, because the compressive 

strength depends directly on the direction of the applied load in those materials [177]. The 

lamellar pores in the RP/FP samples did not have an orientation as a result of non-directional 

freezing. This might be an advantage for the mechanical properties of specimens with additional 

strut pores [21,22]. The increase in mechanical properties may be explained by the load sharing 

mechanism resulting from the formation of non-directional pores [174,178]. It was also found 

that a decrease in cell size of the RP/FP foams led also to an increase in the energy absorption 

capability and in the compressive yield strength, despite an increase in Ps from 47.9 % to 60.6 

%; this indicates an influence of the number of struts and its architecture in a given volume 

element. 

The relative compressive strength σpl
*/σb

* of the different sample series for the RP and RP/FP 

foams depending on the relative density ρ*/ρs was in a good agreement with the Gibson-Ashby 

model. A slight variation of the value n may be associated with changes in the deformation 

modes (yielding, bending, and buckling) in the aluminum foams due to a different strut porosity 

(lamellar pores, hollow strut pores, and material pores) [20,183]. 

Finally, an increase of the strut porosity after the formation of lamellar pores led to a decrease 

in the thermal conductivity of the foams. Samples with finer cell pores possessed a higher 

thermal conductivity at the same total porosity. 

5.3 Copper foams manufactured by the sponge replication technique and a 

combination of sponge replication and freezing techniques 

This chapter presents the manufacturing of RP and RP/FP copper foams processed at 500 °C 

and 900 °C for 6 h in Ar/H2 atmosphere. A PU template foam with cell pore sizes of 10 ppi, 20 

ppi, and 30 ppi, and a geometric size of 15 × 15 × 20 mm was used. The influence of the thermal 

processing temperature and the additional freezing/freeze-drying processing steps on the strut 
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porosity, the microstructure, the thickness of material lamellae and lamellar pores, the specific 

surface area, the mechanical and thermal properties were investigated in this chapter. 

5.3.1 As-received copper powder 

The X-ray diffraction patterns, TG and DSC, and the powder morphology characterization 

results are shown in Figure 44. As-received copper powder contained copper as the only phase; 

no impurities or copper oxides were observed; which may be detectable by XRD analysis. The 

copper powder particles were characterized by a nonspheroidal geometry and a flaky shape. 

The TG and DSC indicated a continuous weight gain with a temperature increase above ~183 

°C. The powder had two oxidation peaks, Figure 44. The first peak appeared at ~193 °C and 

the second peak was found at ~474 °C, which could be associated with the formation of Cu2O 

and CuO according to the following chemical reactions [185]: 

2Cu + 
1

2
O2 → Cu2O,      (16) 

Cu2O + 
1

2
O2 → 2CuO,     (17) 

Cu + 
1

2
O2 → CuO.      (18) 

The weight gain steadily increased until the onset of the second oxidation peak. The total weight 

gain of the copper powder was ~24 wt. %. This value is in good agreement with the quantitative 

oxidation of Cu to CuO having a theoretical weight increase of ~25.2 wt. %. 
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Figure 44 As-received copper powder: XRD phase analyse (a), TG and DSC curves in air (b) and 

SEM image of the powder (c); the heating rate was 10 K min-1 (adapted from [13]). 

5.3.2 Copper foams manufactured by the sponge replication technique at 

different temperatures 

After binder and PU burn-out, X-ray diffraction analysis of the RP copper foams showed that 

the foams oxidized to ~50 wt. % of CuO and ~50 wt. % of Cu2O, Figure 45 a. A colour change 

of the copper foam to black was due to the removal of the PU template foam in air at 500 °C, 

Figure 45 b, resulting in a set of complex oxidation reactions, see Chapter 5.3.1. However, after 

further thermal processing in Ar/H2 atmosphere, copper was the only phase detected for the RP 

copper foams thermally processed at 500 °C and 900 °C. A complete reduction of copper oxides 

to copper powders after sintering for 6–8 h in Ar/H2 atmosphere was discussed in [23]. The 

chemical reduction of copper oxides is explained in [186] by the following chemical reaction: 

Cu2O+H2 → 2Cu + H2O,     (19) 

CuO + H2 → Cu + H2O.     (20) 
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Figure 45 X-ray diffraction patterns of the RP copper foams after PU burn-out in air (a); photographs of 

the RP copper foams before and after binder and PU burn-out and after thermal processing at 

900 °C for 6 h in Ar/H2 atmosphere (b); PU template foams with a cell size of 20 ppi (adapted 

from [13]). 

It was found that the copper struts had hollow cavities after PU burn-out and thermal processing 

from SEM cross-sectional images of the RP foams in Figure 46 a–d. The microstructure of the 

struts before binder and PU burn-out was more porous in comparison with the foams afterward 

due to the oxidation of the copper powder particles in air during PU burn-out in Figure 46 e,f. 

After the thermal processing in Ar/H2 atmosphere, the microstructure of the RP foams was 

characterized by a higher joining degree of the powder particles, a grain growth, a decreased 

porosity, pore rounding, and a microstructure, which became more homogeneous with "an 

increase" of the processing temperature from 500 °C to 900 °C, Figure 46 g,h. These 

aforementioned microstructural changes may be related to enhancing atomic diffusion along 

grain boundaries, over the surfaces, and through the crystalline lattice at higher thermal 

processing temperatures [187,188]. 
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Figure 46 SEM images of RP copper foams: before (a,f) and after (b,g) binder and PU burn-out; after 

processing at 500 °C (c,h) and 900 °C (d,i) for 6 h in Ar/H2 (adapted from [13]). 

Table 11 shows values for volumetric shrinkage, porosity, and mechanical properties of the RP 

copper foams after thermal processing at 500 °C and at 900 °C. With increasing temperature, 

the volumetric shrinkage changed from 26.0 % at 500 °C to 42.6 % at 900 °C. From the results 

of the porosity measurements with the Archimedes method, it followed that the total porosity 

of the copper foams was 94.6 % after processing at 500 °C and 93.1 % after processing at 900 

°C. The higher joining degree of the copper powder particles at higher processing temperatures 

that led to a decrease of the strut porosity from ~62.3 % at 500 °C to ~58.7 % at 900 °C, Figure 

46 g,h. 

Table 11 Volumetric shrinkage, porosity and mechanical properties of the RP copper foams 

thermally processed for 6 h at 500 °C and 900 °C in Ar/H2; PU template foams with 

a cell size of 20 ppi. 

Sample RP foams 

Thermal processing temperature, °C 500 900 

Volumetric shrinkage (Sv), % 26.0 ± 4.0 42.6 ± 2.5 

Total porosity (Ptotal), % 94.6 ± 0.4 93.1 ± 0.3 

Cell porosity (Pcell), %
 87.7 ± 5.7 85.6 ± 3.0 

Strut porosity (Ps), % 62.3 ± 7.8 58.7 ± 5.3 

Compressive yield strength, MPa 0.14 ± 0.03 0.28 ± 0.07 

Absorbed energy per volume, MJ·m-3 0.05 0.10 
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Figure 47 shows the stress-strain behavior of the selected RP copper foams. Their shapes 

demonstrate that the stress-strain behavior is characterized by elastic deformation up to the 

compressive yield point σ. With a load increase, the stress-strain curve changed its behavior to 

a long plateau with plastic deformation of the cell walls (plastic cell collapse) with a slow stress 

increase until the densification strain point (εD) [20]. There was an increase in the mean 

compressive yield strength and the absorbed energy with an increase of the thermal processing 

temperature from 0.14 ± 0.03 MPa and 0.05 MJ·m-3 at 500 °C to 0.28 ± 0.07 MPa and 0.10 

MJ·m-3 at 900 °C (Table 11). 

 

Figure 47 Compressive stress-strain curves of the RP copper foams after processing at 500 °C (green) 

and 900 °C (black) for 6 h in Ar/H2 (σ – compressive yield strength, εD – densification strain); 

PU template foams with a cell size of 20 ppi (adapted from [13]). 

The RP copper foams thermally processed at 900 °C were characterized by a higher 

compressive yield strength and a higher energy absorption capability than the foams processed 

at 500 °C due to the more intense joining of the powder particles resulting in a higher powder 

particle connectivity, and as a consequence, a decrease of the material strut porosity. It must be 

noted that a processing temperature of 500 °C was not sufficient for proper microstructure 

formation, and the thermal processing was carried out at 900 °C for ongoing work. 

5.3.3 Copper foams manufactured by the sponge replication technique with 

different cell size 

Table 12 shows geometrical data, mechanical and thermal properties of RP copper foams 

thermally processed for 6 h at 900 °C in Ar/H2 for PU template foams with a cell size of 10 ppi, 

20 ppi, and 30 ppi. The RP copper foams were prepared almost the same total porosity, ranging 
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between 92 % and 93 %. The RP copper foams were characterized by a high volumetric 

shrinkage varied from 42.5 % (20 ppi) to 60.5 % (10 ppi). It was found an increase of the cell 

porosity from 78.8 % to 89.2 % and a decrease of the strut porosity from 68.2 % to 46.5 % with 

an increase of the cell size of the PU template foams from 30 ppi to 10 ppi. The strut porosity 

was lower due to the fact that the volume fraction of pores after PU burn-out decreased and the 

thickness of the struts increased at the same load of the slurry, as a result, the surface area of 

the PU template foam covered by the suspension was less for the PU template foam with a cell 

size of 10 ppi than with a cell size of 30 ppi. 

Table 12 Geometrical, mechanical and thermal properties of the RP copper foams thermally 

processed for 6 h at 900 °C in Ar/H2 for PU template foams with a cell size of 10 ppi, 

20 ppi, and 30 ppi. 

Cell size of PU template foams 10 ppi 20 ppi 30 ppi 

Volumetric shrinkage (Sv), % 60.5 ± 4.0 42.6 ± 2.5 46.5 ± 5.6 

Total porosity (Ptotal), % 92.8 ± 0.8 93.1 ± 0.3 92.6 ± 0.7 

Cell porosity (Pcell), % 89.2 ± 1.0 85.6 ± 3.0 78.8 ± 5.2 

Strut porosity (Ps), % 46.5 ± 3.9 58.7 ± 5.3 68.2 ± 4.4 

Mean cell size, mm 2.63 ± 0.20 1.89 ± 0.12 1.61 ± 0.15 

Mean diameter of wall struts, µm 124 ± 57 135 ± 66 94 ± 41 

Mean diameter of struts, mm 0.56 ± 0.33 0.44 ± 0.15 0.21 ± 0.09 

Specific surface area by μ-CT, cm2·g-1 24 25 41 

Compressive yield strength, MPa 0.22 ± 0.07 0.28 ± 0.07 0.56 ± 0.14 

Absorbed energy per volume, MJ·m-3 0.09 0.10 0.14 

Therm. Cond. of foam λf, W·m-1 K-1 2.41 ± 0.14 3.15 ± 0.18 3.44 ± 0.20 

Therm. Cond. of porous strut material 

λs, W·m-1 K-1 

108.1 96.7 81.4 

Figure 48 shows μ-CT 3D reconstruction images of the RP copper foams after thermal 

processing for 6 h at 900 °C in Ar/H2 for different cell sizes of the PU template foam (10 ppi, 

20 ppi, and 30 ppi). The RP copper foams possess open cells. The distribution and the average 

value of the cell size, the wall strut thickness, and the strut thickness are shown in Figure 49 

and Table 12. The mean cell size was 2.63 ± 0.20 mm for the 10 ppi, 1.89 ± 0.12 mm for the 

20 ppi, and 1.61 ± 0.15 mm for the 30 ppi templated foams. The strut thickness and the wall 

strut thickness increased with the cell size of PU template foams, Figure 49 b,c and Table 12. 
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Figure 48 3D reconstructed images of the RP copper foams after thermal processing at 900 °C for 6 h 

in Ar/H2 atmosphere for different cell sizes of the PU template foams: 10 ppi (a,d), 20 ppi 

(b,e), and 30 ppi (c,f). 
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Figure 49 Distributions of the cell size (a), wall strut thickness (b), and strut thickness (c) of the RP 

copper foams thermally processed at 900 °C for 6 h in Ar/H2 atmosphere for different PU 

template foam sizes (10 ppi, 20 ppi, and 30 ppi); data obtained from µ-CT measurements. 

The calculation of the specific surface area from the µ-CT reconstruction data is shown in 

Figure 49 d and Table 12. The specific surface area increased with decreasing cell size of the 

PU template foams from 24 cm2·g-1 to 41 cm2·g-1. To estimate the impact of hollow struts on 

the specific surface area, µ-CT reconstructions of the RP copper foams were filled and 

despeckled after thresholding, see Chapter 4.2.3. The hollow struts contributed significantly to 

the specific surface area, Figure 49 d. In the 10 ppi templated foam, for example, the specific 

surface area increased from 11 cm2·g-1 to 24 cm2·g-1 due to the hollow struts. The difference in 

the specific surface area before and after filling and despeckle for the finer pored foams was 

smaller because the surface area of the foam in general increases with the number of foam cells. 

This was also observed for the RP/FP aluminum samples in Chapter 5.2.2. 

The compressive strength results in Table 12 show that the average values of compressive yield 

strength and absorbed energy increased with decreasing pore size of the RP/FP copper foams. 

The compressive yield strength varied from 0.22 ± 0.07 MPa for the 10 ppi to 0.56 ± 0.14 MPa 
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for the 30 ppi templated copper foams. The absorbed energy slightly increased from 0.09 MJ·m-

3 (10 ppi) to 0.14 MJ·m-3 (30 ppi). The typical compressive stress-strain curves of the RP copper 

foams had a shape similar to the curves shown in Figure 47. They also contained an elastic 

deformation region, a long plateau, and a densification region. 

A Gibson-Ashby plot was carried out to compare the relative compressive strength σpl*/σb* of 

different series of the RP foams as a function of the relative density ρ*/ρs with C = 0.3 and n = 

1.5, both, C and n were fixed (dashed line), and with fixed C = 0.3 and varying n for the copper 

foams in Figure 50. It can be seen that the RP foams had a high scattering of the parameter n 

for the plotted curves, related to the foam cell size (10 ppi: n ≈ 1.69, 20 ppi: n ≈ 1.54, 30 ppi: n 

≈ 1.38). The discrepancy between the fitted functions and between the experimental values of 

n and the empirical value of n may be due to several factors: 1) the Gibson-Ashby model used 

in this work was originally applied to metal foams with open-cell pores without strut porosity 

[20], this was also stated for aluminum foams and their deviating n; 2) due to the high density 

of copper (ρCu = 8.96 g cm−3) homogeneous coating of the PU template foam with the copper 

powder containing suspension was challenging/less reproducible as for aluminum foams; and 

3) during the thermal processing, a very high shrinkage of the foams with low relative density 

was observed, especially for foams with a cell size of 10 ppi, in several cases their shape 

underwent a deformation. These factors may affect the mechanical strength of the foams and 

may change their deformation mechanism during loading such as yielding, bending, and 

buckling, leading to a change in the value of n [20,183]. Therefore, for these foams, the fitted 

curves had this scattering between each other and the Gibson-Ashby model. 
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Figure 50 Relationship between the relative compressive strength and the relative density of the RP 

copper foams thermally processed at 900 °C for 6 h in Ar/H2 atmosphere for different cell 

sizes of the PU template foams (10 ppi, 20 ppi, and 30 ppi); Gibson-Ashby models obtained 

by fitting experimental results with C = 0.3 and variable n; and Gibson-Ashby model with C 

= 0.3, n = 1.5 (black dash line). 

The measurement of the thermal conductivity λf of the RP copper foams ranged from 2.41 ± 

0.14 W·m−1K−1 to 3.44 ± 0.20 W·m−1K−1 with decreasing cell size of the PU template foams 

from 10 ppi to 30 ppi, Table 12. The results show that λf is significantly lower than that of bulk 

copper, which is ~413 W·m−1K−1, influenced by several levels of foam porosity. The thermal 

conductivity calculations of the porous strut material λs were performed according to a model 

from Ashby [19], Equation (2). The thermal conductivity of the porous strut material decreased 

from 108.1 W·m−1K−1 to 81.4 W·m−1K−1 with an increasing Ps from 45.6 % (10 ppi) to 68.2 % 

(30 ppi). 

5.3.4 Copper foams manufactured by a combination of sponge replication 

and freezing techniques with different cell size 

Figure 51 shows SEM images of the cross-sections and surfaces of the RP/FP copper foams 

after thermal processing at 900 °C. The images demonstrate the formation of lamellar pores and 

material lamellae with random orientation as for the RP/FP aluminum foams, Chapter 5.2.2. 
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The microstructure of the material lamellae appeared heterogeneously after thermal processing. 

Some areas with pores in material lamellae were observed, Figure 51 c,e. Grain boundaries 

between thermally processed copper particles can be seen in Figure 51 f. 

 

Figure 51 SEM images of the cross section of RP/FP copper foams for 20 ppi templated foams (a–c) 

and their surfaces (d–f) after thermal processing for 6h in Ar/H2 at 900 °C (adapted from 

[13]). 

For further investigation of the influence of the foam pore size on geometrical, mechanical, and 

thermal properties of the RP/FP copper foams were prepared with almost the same porosity 

ranging between ~86.4 % and 87.4 %. The results are listed in Table 13. The RP/FP foams were 

characterized by high volumetric shrinkage of about 58.3 % to 62.6 %. The cell porosity 

decreased from 72.9 % for the 10 ppi templated foam to 61.0 % for 30 ppi templated foam and 

correlated with the foam cell size. The strut porosity varied from 57.2 % (10 ppi) to 66.7 % (30 

ppi). 
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Table 13 Geometrical, mechanical, and thermal properties of RR/FP copper foams thermally 

processed for 6 h at 900 °C in Ar/H2 atmosphere; templated with different cell sizes 

of the PU foams (10 ppi, 20 ppi, and 30 ppi). 

Cell size of PU template foams 10 ppi 20 ppi 30 ppi 

Volumetric shrinkage (Sv), % 58.3 ± 4.6 59.5 ± 2.3 62.6 ± 1.5 

Total porosity (Ptotal), % 87.2 ± 1.4 87.4 ± 0.8 86.4 ± 0.9 

Cell porosity (Pcell), %
 72.9 ± 4.2 68.0 ± 2.6 61.0 ± 6.2 

Strut porosity (Ps), % 57.2 ± 1.1 64.1 ± 2.5 66.7 ± 3.9 

Mean diameter of struts, mm 0.90 ± 0.47 0.49 ± 0.27 0.30 ± 0.16 

Mean cell size, mm 2.72 ± 1.15 1.61 ± 0.22 1.28 ± 0.60 

Material lamellae thickness, µm 80 ± 38 87 ± 41 72 ± 37 

Lamellar pore thickness, µm 56 ± 49 38 ± 24 40 ± 26 

Specific surface area by μ-CT, cm2·g-1 42 48 53 

Compressive yield strength, MPA 0.95 ± 0.22 1.16 ± 0.29 1.61 ± 0.53 

Absorbed energy per volume, MJ·m-3 0.23 0.30 0.36 

Therm. Cond. of foam λf, W m-1·K-1 5.09 ± 0.27 4.95 ± 0.27 5.94 ± 0.32 

Therm. Cond. of porous strut material 

λs, W m-1·K-1 

68.8 59.1 55.5 

Bulk therm. Cond. of bulk material λb, 

W m-1·K-1 

191.0 192.8 213.6 

Figure 52 shows μ-CT 3D reconstruction images of the foams after thermal processing at 900 

°C for different cell sizes of the PU template foam (10 ppi, 20 ppi, and 30 ppi). A random 

orientation of lamellar pores along with the foams can be recognized. The RP/FP copper foams 

possess open cells. From the distribution of the cell size and the strut thickness in Figure 53 a,b, 

it is evident their increase with decreasing PU template foam cell size. The mean cell size 

decreased from 2.72 ± 1.15 µm for the 10 ppi templated foam to 1.28 ± 0.60 µm for the 30 ppi 

templated foam, Table 13. The RP/FP copper foams possess strut thicknesses varied from Ds ≈ 

0.90 ± 0.47 mm (10 ppi) to Ds ≈ 0.30 ± 0.16 mm (30 ppi), Table 13. Material lamellae thickness 

and lamellar pore thickness are shown in Figure 53 c,d, and their calculated mean values are 

listed in Table 13. The material lamellae varied from 72 μm to 87 μm and the lamellar pores 

were in the range from 38 μm to 56 μm. 
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Figure 52 μ‐CT reconstruction images of the RP/FP copper foams after thermal processing at 900 °C 

for 6 h in Ar/H2 atmosphere; different cell sizes of the PU template foams: 10 ppi (a,d), 20 

ppi (b,e), and 30 ppi (c,f). 
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Figure 53 Distributions of the cell size (a), the strut thickness (b), the material lamellae (c), and lamellar 

pores (d) of the RP/FP copper foams thermally processed at 900 °C for 6 h in Ar/H2 

atmosphere for foams templated with different cell sizes of the PU foams (10 ppi, 20 ppi, and 

30 ppi); measurements were carried out with μ-CT (adapted from [160]). 

The specific surface area calculated from µ-CT reconstruction data after thresholding increased 

with decreasing foam cell size from 42 cm2·g-1 (10 ppi) to 53 cm2·g-1 (30 ppi), Figure 54 and 

Table 13. Comparing these results after the filling and despeckle step with the results after 

thresholding, see Chapter 4.2.3, it can be seen that the additional lamellar pores and hollow 

struts significantly increased these values for all samples by a factor of ~7 for the 10 ppi, a 

factor of ~3.4 for the 20 ppi, and a factor of ~3.5 for the 30 ppi templated foams. 
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Figure 54 Specific surface area of the RP/FP copper foams thermally processed at 900 °C for 6 h in 

Ar/H2 atmosphere for different template cell sizes of the PU foams (10 ppi, 20 ppi, and 30 

ppi); data obtained from µ-CT analysis. 

Compressive strength testing showed an increase of the compressive yield strength and the 

adsorbed energy with a decreasing foam cell size of the RP/FP foams; this was from 0.95 ± 

0.22 MPa and 0.23 MJ·m-3 (10 ppi) to 1.61 ± 0.53 MPa and 0.36 MJ·m-3 (30 ppi), Table 13. 

The Gibson-Ashby model was applied also for the RP/FP copper foams with fixed C = 0.3 and 

n = 1.5 (dashed line) and with fixed C = 0.3 and varying n values for the prepared foams, see 

Figure 55. It can be seen that the RP/FP foams had a small scatter of the values for the parameter 

n for the fitting functions (10 ppi: n ≈ 1.51; 20 ppi: n ≈ 1.46, 30 ppi: n ≈ 1.45). With a decrease 

in the cell size and a corresponding increase in the number of struts, a slight increase in the 

relative compressive strength was observed. The experimental values of n, as well as the fitted 

functions for the experimental data, were in good agreement with the Gibson-Ashby model. 

The discrepancy between the experimental values of n and the empirical value (n = 1.5) can be 

attributed to the presence of open struts and lamellar pores, as the model is initially applied to 

homogeneous foams without pores [20]. In a variety of publications also deviations of 

experimental values from empirical values were observed as a result of changes in the cell size 

and the presence of pores in the struts [25,174,178,182]. All these factors might modify the 

deformation mechanism of the foams such as yielding, bending, and buckling, which results in 

a variation of the n value [20,183]. 
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Figure 55 Relationship between the relative compressive strength and the relative density of the RP/FP 

copper foams thermally processed at 900 °C for 6 h in Ar/H2 atmosphere; foams from different 

cell size of the PU template foams (10 ppi, 20 ppi, and 30 ppi); Gibson-Ashby models obtained 

by fitting experimental results with C = 0.3 and variable n; and Gibson-Ashby model with C 

= 0.3, n = 1.5 (black dash line). 

The thermal conductivity λf of the RP/FP copper foams was 5.09 ± 0.27 W·m−1K−1 for the 10 

ppi, 4.95 ± 0.27 W·m−1K−1 for the 20 ppi, and 5.94 ± 0.32 W·m−1K−1 for the 30 ppi templated 

foams. The calculated thermal conductivity of porous strut material λs using a model from 

Ashby [19], Equation (2), ranged from 55.5 W·m−1K−1 (10 ppi) to 68.8 W·m−1K−1 (30 ppi). A 

model derived by Eucken [139], Equation (3), was used to estimate the thermal conductivity of 

the bulk strut material λb. The calculated values of λb varied from 191.0 W·m−1K−1 (10 ppi) to 

213.6 W·m−1K−1 (30 ppi). These low values of λb for the RP/FP foams compared to the thermal 

conductivity of pure bulk copper (~413 W·m-1 K-1) may be related to an increase in the number 

of grain boundaries in the heat flow path with decreasing grain size compared to bulk copper 

or the residual copper oxide(s) not detected by X-ray diffraction due to a concentration below 

the detection limit. Thus, copper oxides have low thermal conductivity (CuO ≈ 76.5 W·m-1 K-

1 [189], Cu2O ≈ 4.5 W·m-1 K-1 [190]). 

5.3.5 Chapter summary 

Copper foams were manufactured by the sponge replication technique and a combination of 

sponge replication of freezing techniques at 500 °C and 900 °C for 6 h in Ar/H2 atmosphere in 

order to reduce oxidic copper species to form elemental copper. The foams were templated with 
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different foam cell sizes of the PU template foam ranging from 10 ppi to 30 ppi. The final 

temperature for thermal processing was set to 900 °C. That made it possible to manufacture 

foams with a comparatively higher compressive yield strength and a higher energy absorption 

capability than at 500 °C. 

The formed lamellar pores in the RP/FP foams had a random direction along with the foam 

sample. The mean thickness of the lamellar pores was between 38 µm and 56 µm, and the 

material lamellae possessed a thickness of 72–87 µm. The formation of lamellar pores increased 

the specific surface area for all samples, for example, by a factor of ~1.9 for the 20 ppi templated 

foam. 

The increase in compressive yield strength, absorbed energy, and thermal conductivity of the 

RP/FP foams compared to the RP foams may be associated with lower total porosity and smaller 

cell sizes, despite a higher porosity of the struts. It seems possible that the formation of non-

directional lamellar pores improved the mechanical properties of the foams by a load sharing 

mechanism [174,178]. The results of the relative compressive strength σpl
*/σb

* for the RP/FP 

foams as a function of the relative density ρ*/ρs agreed well with the Gibson-Ashby model. 

Variations of n values were observed compared to empirical values, which might be associated 

with changes in the deformation modes (yielding, bending, and buckling) and this model was 

originally used for open-cell porous foams without strut porosity. In general, the compressive 

yield strength and the energy absorption capacity increased with the number of cell pores. 

5.4 Direct crystallization of active coatings onto the surface of aluminum 

and copper foams 

This section presents the results of the coatings on RP and RP/FP aluminum and copper foams 

with SAPO-34 and HKUST-1, respectively. Microporous coatings on macroporous supports 

are under discussion for heat transformation applications such as adsorption heat storage or as 

materials in adsorption heat pumps [6]. The effect of the crystallization time on the morphology 

of the obtained coatings, weight gain of crystallized materials, and their water adsorption are 

investigated. It must be noted that the loading of the microporous component plays a crucial 

role in the adsorption capacity of the resulting composite materials; thus, it is important to know 

the share of both components: the support and the microporous active component. This is, 

however, a challenge, since part of the support may be dissolved in direct crystallization 

processes and transferred into an active component. In a first approximation, it was assumed 

that dissolution of the support does not take place and thus, the weight gain after crystallization 
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and molecular template burn-out (in case of SAPO-34; 550 °C in air) was taken to estimate the 

load of the microporous components, and deviations found after analysis have been assigned to 

support dissolution processes.  

5.4.1 Direct crystallization of SAPO-34 onto the surface of aluminum foams 

In this part, the RP and RP/FP aluminum foams with approximately the same total porosity of 

86.6 % and the same pore size of the initial PU template foam of 20 ppi are discussed. A more 

detailed comparison of the samples is given in Chapter 5.2.3. 

Figure 56 shows SEM images after crystallization of SAPO-34 on the RP/FP aluminum foams 

after different crystallization times 5 h, 15 h, and 24 h. For a crystallization time of 5 h and 15 

h, there were areas where the openings of the lamellar pores are still visible (Figure 56 a,e). 

With increasing crystallization time, the openings of the lamellar pores were completely 

covered with SAPO-34 (Figure 56 i). It can be seen that on the surface of all samples crystals 

were cube-shaped with varying crystal sizes. The average crystal size was ~18 µm after 

crystallization for 5 h, ~16 µm for 15 h, and ~13 µm for 24 h. The SAPO-34 crystals grow on 

top of each other, forming cascades of crystals. A similar morphology and arrangement of the 

crystals were found in [116], in which the same solution was used for the synthesis of SAPO-

34 on the surface of open cellular silicon carbide foams. The X-ray diffraction patterns of the 

crystallized material in Figure 57 were in good agreement with the calculated SAPO-34 pattern, 

see the calculation procedure in Chapter 4.2.1. No amorphous phases were detected even with 

a crystallization time of 5 h. 
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Figure 56 SEM images of the RP/FP aluminum foams after crystallization of SAPO-34 for 5 h (a–d), 

15 h (e–h), and 24 h (i–l). 
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Figure 57 X-ray diffraction patterns of SAPO-34 calculated patterns (black), after crystallization for 5 

h (green), 15 h (red), and 24 h (grey). 

The cross-section images of the RP and RP/FP aluminum foams in Figure 58 indicate that 

SAPO-34 crystals were not only formed on the outside of the struts but also on the surface 

inside the hollow struts and in the lamellar pores of the foams. After crystallization for 5 hours 

(Figure 58 a,d), a non-homogeneous formation of coated islands was observed. The highlighted 

areas (white rectangles) show images at a higher resolution where the boundary between the 

crystallized SAPO-34 and the strut is visible. The formation of crystals inside the struts might 

be related to edge defects, which are typical for sponge replicated foams. These defects may 

allow hollow strut pores to be accessed by the crystallization solution for the SAPO-34 

formation. SAPO-34 crystals were observed along all material lamellae in the RP/FP foams. 

With increasing crystallization time, a gradual growth of SAPO-34 was seen on the surface of 

the struts, inside the hollow pores, and in the lamellar pores. 
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Figure 58 SEM cross section images of the RP (top) and RP/FP (bottom) aluminum foams after 

crystallization of SAPO-34 for 5 h (a,d), 15 h (b,e), and 24 h (c,f); PU template foams with a 

cell size of 20 ppi. 

Figure 59a shows the SAPO-34 loading as a function of the crystallization time. It can be seen 

that zeolite loading also increased with the crystallization time. However, a scatter of these 

values was observed. With the same crystallization time, some foams had different amounts of 

the crystallized SAPO-34. This may be due to the fact that small fragments of the foams were 

broken during loading the foams into the autoclave, by a subsequent washing procedure; or due 

to a nonuniformity of the SAPO-34 coating on the surface of the foams. The maximum weight 

increase after 24 h was 44.1 wt. % for the RP/FP foams and 38.5 wt. % for the RP foams that 

was measured after calcination for the molecular template burn-out and after drying, see 

Chapters 4.4 and 3.2.1. 
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Figure 59 Dependence of the SAPO-34 loading on crystallization time (a), and water uptake of the 

SAPO-34 aluminum composite foams as a function of SAPO-34 loading (b) for the RP (black) 

and RP/FP foams (green); PU template foams with a cell size of 20 ppi. 

The results of the water uptake of the SAPO-34 aluminum composite foams are shown in Figure 

59 b. To evaluate the adsorption capacity of the foams an expected water uptake based on the 

load of SAPO-34 (dashed lines) was plotted, where 1g of SAPO-34 adsorbs 0.32 g of water at 

20 °C [114]. It can be seen that the water adsorption capacity of the SAPO-34 coated aluminum 

foam composite increased with the SAPO-34 loading. The water uptake was higher for the 

RP/FP aluminum foams than for the RP samples. The maximum water uptake was ~0.15 

g·gfoam+SAPO
–1 for the RP/FP foams at a zeolite loading of ~44.1 wt. % and ~0.13 g·gfoam+SAPO

–

1for the RP foams at a loading of ~37.1 wt. %. The calculations of the SAPO-34 loading and 

the water uptake are presented more detailed in Chapter 4.4. However, these measured values 

for the water uptake were above the expected/calculated values for the water uptake, which is 

explained by a partial dissolution of the aluminum foams during crystallization. It can be seen 

that this discrepancy decreased with increasing SAPO-34 loading. This behavior of the 

regression curves may indicate that a partial dissolution of the foam took place at the beginning 

of the crystallization time when the reagents for nucleation of the SAPO-34 crystals reacted 

with the surface of the foam and may have dissolved it. As the zeolite crystals nucleated on the 

foam surface, the dissolution effect may have been stopped during the continued crystallization 

process. It can also be observed from the fitted lines for the RP and RP/FP foams that the 

divergence of the water uptake for the RP/FP foams was higher than that for the RP foams. This 

effect was related to the RP/FP foams´ higher specific surface area compared to the RP foams, 

thus, more aluminum was dissolved in these samples compared to the RP foams. 

Data derived from the N2-sorption measurement of selected composite foams are listed in Table 

14. The BET surface area (SBET) of the samples increased with increasing crystallization time; 
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the SAPO-34 loading was obtained according to Equation (14). Values of the BET surface area 

of pure SAPO-34 powder can be up to ~645 m2⸱g-1 [191]. Based on these data, the SAPO-34 

loading in the composite foams was calculated by dividing SBET of coated foams by the SBET of 

pure SAPO-34 (Table 14). The results show that the load of SAPO-34 was lower than the 

calculated load, which confirmed the effect of aluminum dissolution in the initial period of the 

crystallization. 

Table 14 Properties of selected RP and RP/FP aluminum foams after crystallization for 5 and 

24 h; PU template foams with a cell size of 20 ppi. 

Sample SBET of coated 

foam, m2⸱g-1 

Measured SAPO-34 

loading, wt. % 

Calculated SAPO-34 

loading, wt. %  

RP foam 5 h 126 14.8 19.5 

RP/FP foam 5 h 188 19.4 29.1 

RP foam 24 h 304 38.5 47.1 

RP/FP foam 24 h 316 39.3 49.0 

A crucial parameter when zeolites are used in heat pump applications is their stability during 

repeated water adsorption/desorption. In a first attempt, three adsorption/desorption cycles were 

carried out, see Chapter 4.4. The duration of one adsorption cycle was 24 h. Figure 60 shows 

the RP/FP samples after crystallization for 5 h with three adsorption/desorption cycles (a) and 

after crystallization for 24 h with one adsorption/desorption cycle (b). These results show that 

the crystallized coatings were stable, no major cracks or crystal breakage were observed. There 

was also no significant decrease in the water-uptake values. As an example, the results of water 

uptake after three adsorption/desorption cycles for the RP/FP aluminum foam with a 

crystallization time of 5 h and a SAPO-34 loading of ~27.3 wt. % are shown in Table 15. Only 

a small variation of the water-uptake values was recognized. This shows the proof of principle 

for the composite materials, and further investigations have to be carried out. 

 
Figure 60 SEM images of aluminum foams with SAPO-34 crystallized for 5 h (a) and for 24 h (b) after 

water adsorption for three cycles (a) and one cycle (b); PU template foams with a cell size of 

20 ppi. The cycle time for the water adsorption was 24 h. 
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Table 15 Water uptake of RP/FP aluminum foam after crystallization for 5 h with a SAPO-34 

loading of ~27.3 wt. % after three water adsorption/desorption cycles; PU template 

foams with a cell size of 20 ppi. 

Foam weight with 

SAPO-34, g 

Foam weight with 

SAPO-34 and water, g 

Water uptake, 

g·gfoam+SAPO
–1 

Cycle 

0.9466 1.0701 0.13047 1 

0.9438 1.0665 0.13001 2 

0.9430 1.0657 0.13012 3 

5.4.2 Direct crystallization of HKUST-1 onto the surface of copper foams 

In this part the crystallization results of the HKUST-1 MOF on the surface of RP and RP/FP 

copper foams with a total porosity of ~ 93 % and ~87 %, respectively, are discussed. The foams 

were templated with a 20 ppi PU foam. 

The HKUST-1 coatings crystallized well in layers with a good adherence on the foam samples. 

Figure 61 shows the RP/FP copper foam samples after crystallization of HKUST-1 for 6 h, 14 

h, 24 h, and 96 h with different magnifications. After a crystallization time of 6 h, openings of 

the lamellar pores were still observed in some parts of the foam, e. g. Figure 61 a. However, 

when the crystallization time was increased, the active material covered the pore openings 

(Figure 61 d, j). The crystal size of HKUST-1 increased from ~3 µm for 6 h of crystallization 

to ~54 µm for a crystallization time of 96 h. The shape of the HKUST-1 crystals is octahedral. 

The increase in crystal size on silicon carbide ceramic foams with increasing crystallization 

time was also observed in [134]; the authors used the same synthesis gel. The thickness of the 

HKUST-1 after crystallization for 24 h was ~250 µm (Figure 61 h), and X-ray diffraction 

patterns of the crystallized material shown in Figure 62 were in good agreement with the 

calculated HKUST-1 pattern, see the calculation procedure in Chapter 4.2.1. No amorphous 

phases were detected. 
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Figure 61 SEM images of the surface of RP/FP copper foams after crystallization of HKUST-1 for 6 h 

(a–c), 14 h (d–f), 24 h (g-h), and 96 h (j–l); HKUST-1 powder after crystallization for 24 h 

(i). 
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Figure 62 X-ray diffraction patterns of HKUST-1: calculated patterns (black); after crystallization for 6 

h (red), 24 h (green), and 96 h (grey). 

It can be seen from the cross-section of the RP/FP copper foam after crystallization for 96 h in 

Figure 63 a,b that HKUST-1 crystal formation occurred outside of the struts but also along the 

material lamellae in the lamellar pores. The crystal growth, however, was not homogeneous. 

The lamellar pores were only partially filled with HKUST-1. Relatively small pores did not 

contain any crystals at all. Mostly a dense layer was formed on the outer side of the foam struts, 

Figure 63 c, covering the lamellar pores from the outer surface of the struts. 

 

Figure 63 SEM cross-section images of RP/FP copper foam after crystallization of HKUST-1 for 96 h. 

The amount of HKUST-1 loading on the RP and RP/FP copper foams increased with increasing 

crystallization time, Figure 64 a. There was some variation of these values due to a non-uniform 

coating of the samples. Some samples were characterized with areas without HKUST-1 layer, 

Figure 64. However, it was obvious that the material loading was higher for the RP foams; the 

maximum weight increase after 96 h was 21.3 wt. % for the RP/FP foams and 33.4 wt. % for 
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the RP foams. This may be due to the formation of areas without crystallized material or with 

a small amount of it on the RP/FP foams, Figure 64 c. The non-uniform crystallization of the 

active material on the surface of the RP/FP foams and in their lamellar pores is explained by a 

part of windows and lamellar pores being very small, see Table 13, Figure 52 and Figure 63, 

which, in turn, hindered an access of the crystallization solution [134]. The influence of pore 

size on the crystallization behavior of HKUST-1 was studied in [134], where Cu(Hbtc)(H2O)3 

needles were found in foams with a cell size of 30 ppi. Those needles, however, were not 

detected in foams with a cell size of 10 ppi. The authors explained this by the fact that the 

concentration of Cu2+ ions and trimesate ions might decrease faster during the crystallization of 

HKUST-1 in foams with smaller cells. This was justified with the mass transfer and the 

concentration balance equilibria in the cell space of the foam and the crystallization solution. 

With decreasing cell size, the number of struts increased resulting in smaller hollow struts, 

which acts as a diffusion barrier for the crystallization solution within the foams with smaller 

cells and thus smaller hollow struts. 

 
Figure 64 Dependence of HKUST-1 loading on crystallization time (a) and the water uptake of the 

HKUST-1 copper composite foams as a function of the HKUST-1 loading (b) for the RP 

(black rectangels) and RP/FP (green rectangels) foams; RP/FP copper foam with HKUST-1 

after crystallization for 14 h (c); PU template foams with a cell size of 20 ppi. 

Figure 64 b shows the relationship between the water uptake and the HKUST-1 loading. It was 

observed that as the weight of the active coating increased, the water uptake also increased with 
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crystallization time and HKUST-1 load, respectively. Similar to SAPO-34 zeolite, the expected 

water uptake function of the composites (dashed line) was plotted to compare the adsorption 

capacity of the resulting foams with the expected water absorption of the HKUST-1 copper 

foam composite, where 1 g HKUST-1 adsorbs 0.55 g of water at room temperature 

[125,126,134]. The water uptake of the real composites was higher than the expected/calculated 

water uptake, which was assigned to a partial dissolution of the copper foams during 

crystallization in the initial phase of the crystallization. As the MOF loading increased, the 

water adsorption of the composite was close to the expected adsorption line. As well as for the 

aluminum foams with crystallized SAPO-34, this behavior of the water uptake curve indicated 

that a partial dissolution of the foam at the beginning of crystallization led to an overestimation 

of the HKUST-1 loading. As the crystals nucleated on the copper foam surface and the HKUST-

1 layer grew, the dissolution process may have stopped. With a load higher than 25 wt. %, the 

water uptake was below the expected/calculated water uptake line. This is believed to be a result 

of the formation of non-porous by-products, which may clog MOF pores when the HKUST-1 

coating thickness increased. The water uptake values after 7 days were 0.09 g·gfoam+HKUST
–1 at 

a HKUST-1 load of 14.6 wt. % for the RP/FP foams and 0.13 g·gfoam+HKUST
–1 for the RP foams 

with a MOF load of ~22.7 wt. % after 24 h of crystallization. Figure 65 shows SEM images of 

a HKUST-1 loaded RP copper foam after water uptake over 7 days and long-term storage. 

HKUST-1 crystals were destroyed. 

 
Figure 65 SEM images of the surface of the RP copper foams after crystallization of HKUST-1 for 96 

h and water adsorption for 7 days and long-term storage. 

5.4.3 Chapter summary 

The direct crystallization of SAPO-34 and HKUST-1 was successful on the surface of the RP 

and RP/FP aluminum and copper foams; the microporous component was crystallized for 
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different times. Cube-shaped SAPO-34 crystals were observed on the surface of the aluminum 

foam struts, in the hollow struts, and along the material lamellae in RP/FP foams. In copper 

foams, octahedral HKUST-1 crystals significantly increased in their size with increasing 

crystallization time; and there was non-uniform crystal growth in lamellar pores and hollow 

struts of the RP/FP foams (Figure 63). The non-uniformity was tentatively assigned to possible 

difficulties in mass transfer and imbalance between the concentration of Cu2 + and trimesate 

ions in these small pores. This seems to hinder the crystallization as also found in [134]. This 

resulted in partially HKUST-1 free lamellar pores. The belonging pore openings were covered 

by a MOF layer. 

With increasing crystallization time for MOF and zeolite coatings, an intensive increase in 

active-material loading was observed at the beginning of the crystallization process, which 

gradually changed with increasing crystallization time. For the RP/FP aluminum foams the 

higher specific surface area (~1.92 times, see Chapter 5.2.3) increased the loading of the SAPO-

34 compared to the RP foams due to a good accessibility of small pores. For the copper foams, 

the RP samples had a higher HKUST-1 loading than the RP/FP foams, which was assigned to 

a shift of the reaction conditions by hindered diffusion of the crystallization solution into small 

pores. 

The water uptake study showed higher values as expected for the initial phase of the 

crystallization process, which might result from a partial dissolution of aluminum and copper, 

respectively, in this phase. As the crystallization time increased and the load of the active 

material increased as well, the water adsorption capacity approximated the expected/calculated 

water uptake. Higher active material loadings of the RP/FP aluminum foams resulted in higher 

water adsorption capacities compared to the RP foams. The zeolite coating showed resistance 

to the water adsorption during repeated adsorption/desorption. For the copper foams, the water 

adsorption of the RP/FP and the RP foams did not differ significantly, which was assigned to a 

non-uniform crystallization of the active material in lamellar pores and partially MOF free strut 

areas in the RP/FP foams. After water adsorption and long-term storage, it was found that the 

HKUST-1 crystals were not stable. 
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6 Summary and outlook 

Aluminum and copper foams were manufactured from metal powders by the sponge replication 

technique and by a combination of the sponge replication technique and two additional freeze 

processing steps: freezing and freeze-drying. The freeze processing steps were added to 

generate an additional porosity within the foam struts. The influence of the initial particle size 

and shape of the starting powders, the thermal treatment parameters, the cell size of the 

polymeric template foams, and the additional strut pores on the macrostructure, the porosity, 

the mechanical properties, the thermal conductivity, and the specific surface area of the as-

processed foams was investigated. 

Those foams are discussed as support materials for microporous active coatings such as metal-

organic frameworks and/or zeolites for heat conversion applications. Advantages of such 

macroporous-microporous composite materials, compared to molded bodies, are a high 

tortuosity in fluid dynamic applications, a fast accessibility of the active components, and a 

high heat conductivity. In the case of foams with additional strut porosity, generated by the 

additional freezing steps, an additional amount of the active component can be accommodated 

within these pores. First direct crystallization experiments for the loading of copper and 

aluminum foams have shown, that microporous materials can be adhered to the outer and the 

inner surface of aluminum and copper foams. 

In the aluminum foam manufacturing process, the shape and the size of the starting powder 

particles influenced the foam properties significantly. Spheroidal-shaped aluminum particles 

led to a higher joining degree of powder particles and a lower content of alumina in contrast 

with irregularly shaped starting powder particles, which resulted in a denser strut structure and 

a higher compressive strength. However, during the manufacturing of aluminum foams by the 

replication process a certain amount of alumina seems necessary to prevent the foam structure 

from collapsing during thermal treatment. Optimized processing conditions – heat treatment for 

three hours under argon atmosphere in a temperature range from 650 °C to 750 °C – led to 

aluminum foams with a total porosity of up to 91 %. Aluminum foams manufactured by the 

sponge replication process and the additional freeze processing steps – RP/FP foams – showed 

a significantly higher strut porosity of up to 54 %. These foams, however, showed a distinct 

deformation behavior when they were processed at temperatures above 650 °C. 
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Copper foams were also demonstrated to be processable via the sponge replication process – 

RP foams – and via the combination of the reticulation process with additional freezing steps. 

In order to obtain copper foams, a chemical reduction in argon/hydrogen atmosphere was 

necessary for the conversion of copper-(I, II) oxides into the metal. Optimized thermal 

processing conditions after template burn-out were found to be 900 °C in a hydrogen-containing 

atmosphere. This resulted in RP copper foams with a total porosity of up to 93 % and a thermal 

conductivity of up to 3.15 W m-1 K-1 for RP foams with varying foam cell sizes. RP/FP copper 

foams showed a smaller total porosity of ~ 87 %, and the thermal conductivity was found to be 

4.95 W m-1 K-1. 

The struts of both types of RP/FP metal foams possess lamellar pores with random orientation; 

the average thickness in aluminum foams was found to be 24 µm to 39 µm, and it was 38 µm 

to 56 µm for copper foams. The average thickness of the strut´s material lamellae was 72 µm 

to 87 µm for both types of RP/FP foams. These additional pores resulted in an increase of the 

specific surface area of the RP/FP foams of a factor ~1.9 for both, Al- and Cu-RP/FP foams 

compared to their RP foams manufactured from a 20 ppi PU template foam. In spite of the 

increase in the strut porosity of the RP/FP foams a higher compressive strength was measured. 

This effect was explained with different pore sizes, pore orientations, and arrangements of the 

pores on different porosity levels but has not been quantified within this work. In general, the 

relative compressive strength σpl
*/σb

* as a function of the relative density ρ*/ρs was found to be 

in good agreement with the Gibson-Ashby model for all types of foams; a slight variation of 

the value of n in this model points to a change in the deformation mechanism under load as a 

function of the share of the different levels of porosity. 

The direct crystallization processes of microporous materials on metal foam supports – SAPO-

34 on aluminum foams and HKUST-1 on copper foams – demonstrated a load with a 

microporous component on the outer strut surface, in the inner strut surface, and in the 

interlamellar space of the strut pores generated by the additional freezing steps. Even if these 

processes are not optimized yet, they point out a higher load of the microporous components 

on/in the RP/FP metal foams; this was already achieved for SAPO-34 on aluminum foams with 

a SAPO-34 load of 38.5 % for RP and 44.1 % for the RP/FP foams. 

 

From the findings above two major directions have been addressed for future work: a) The 

mechanical behaviour of the foams under compressive stress indicated a deviation from the 
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Gibson-Ashby model. This deviation should be studied more in detail under variation of the 

share of the different levels and characteristics of the porosity. A topological optimization of 

the RP/FP foam structures may lead to foams with a high porosity and a high compression 

strength, which, in turn, may result in mechanically highly stable foams with a high loading of 

the microporous component. 

b) In order to achieve homogeneous microporous coatings on the metal foam supports, the 

different porosity levels should be optimized by the variation of the additional strut pore size 

and the foam cell size. For a better control of the crystallization processes a surface modification 

of the metal foams, specifically of the copper foams, may result in dense layers of the 

microporous component with a uniform layer thickness. 
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A Appendix 

 

Figure A 1 SEM images of the strut surface of RP aluminum foams thermally processed for 3 h at 750 

°C in air (a), vacuum (b), and Ar (c) (adapted from [158]). 

 

Figure A 2 Aluminum foams after thermal processing for 3 h in Ar at 750–900 °C [158]. 

 

Figure A 3 SEM images of RP aluminum foams strut surface thermally processed for 3h in Ar at 650 

°C (a), 750 °C (b), 800 °C (c), and 850 °C (d) (adapted from [158]). 
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Table A 1 Oxide concertation, volumetric shrinkage, porosity, compressive yield strength, and 

thermal conductivity of Al foams thermally processed for 3 h in Ar at 750–850 °C; 

PU template foams with a cell size of 20 ppi and a geometric size of 20 mm × 20 

mm × 20 mm. 

Sample 750 °C 800 °C 850 °C 

Volumetric shrinkage (Sv), % 49.7 ± 2.3 50.8 ± 2.9 54.3 ± 3.9 

Total porosity (Ptotal), % 90.7 ± 0.6 90.2 ± 0.6 90.9 ± 1.0 

Cell porosity (Pcell), %
 86.9 ± 0.8 86.1 ± 1.0 86.2 ± 0.4 

Strut porosity (Ps), % 40.8 ± 2.1 35.6 ± 2.0 40.1 ± 5.8 

Compressive yield strength, MPa 0.34 ± 0.08 0.304 ± 0.051 0.224 ± 0.030 

Therm. Cond. of foam λf, W⸱m-1K-1 2.32 ± 0.14 2.98 ± 0.17 - 

Therm. Cond. of porous strut material 

λs, W⸱m-1K-1 

63.2 76.3 - 

Therm. Cond. of bulk material λb, 

W⸱m-1K-1 

114.9 122.4 - 
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