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Chapter 2
Metal Foams and Their Applications 
in Aerospace Components

Cihat Ensarioglu, Altug Bakirci, Huseyin Koluk, and M. Cemal Cakir

2.1  �Introduction

Light weighting is a target that almost all designers are responsible. By reducing the 
weight, energy efficiency increases due to the decreasing energy consumption. In 
addition, vehicle performance increases with increasing acceleration [1]. Material 
substitution is a method to achieve light weighting. For instance, mechanically, a 
material with higher specific strength (strength/density) (such as aluminum foam 
instead of polymer foam) can be used. Besides material substitution, lower weight 
constructions can be obtained by changing the shape (e.g., using a lattice structure) 
or by developing composite structures [2].

As an example, instead of a single steel plate, a composite construction with the 
same stiffness value and an 83% lower weight can be obtained by using two alumi-
num sheets with aluminum foam between them (AFS/aluminum foam sandwich). A 
similar reduction in weight (77%) can be achieved with a CFRP/carbon fiber-
reinforced plastic composite structure. However, the cost of this material is approxi-
mately four times compared to that of AFS [1]. Also, AFS can have similar bending 
stiffness values as an aluminum honeycomb sandwich structure of the same 
weight [3].

There are many porous materials such as bone and wood in nature. Studies have 
been recorded since the mid-twentieth century on making metals porous by imitat-
ing nature. Developed methods can also be used in obtaining functionally graded 
structures because that the density of the products can to some extent be adjusted [4].
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Porous metals attracted attention after being used against high shock-wave pres-
sures in the 1950s, and studies on aluminum foam production for aircraft technology 
began. As a result of the increasing number of studies on porous metals, continuous 
improvements are achieved in production methods and material properties. There is 
a conference originated in Europe (MetFoam), dedicated to developments in this 
field and being held regularly since 1999. In addition to these improvements, the 
ability of porous metals to meet ever-rising and often conflicting expectations 
increases the interest in this material group [5]. As of 2019, when the total use of 
metal foams in different industries is approximately compared, the industries where 
they are used the most are automotive (31%) and aerospace/defense (20%) [6].

Although many other metals can be turned into a metal foam, still the most study 
is on aluminum and its alloys. Aluminum foam materials combine light weighti-
ness, high mechanical energy absorption, good sound absorption, nonflammability, 
low thermal conductivity, and electromagnetic shielding [7].

Metal foams are classified as open cell if their cells are open to each other and 
closed cell if they are closed to each other (Fig. 2.1).

2.2  �Primary Processing

Basically, there are possibilities of making metals porous while they are in four dif-
ferent forms (Table 2.1): Solid (powder, fiber, sphere), liquid (melt), gas (vapor), ion 
[10]. Closed-cell porous structures can only be formed by some liquid metal meth-
ods (Fig. 2.2). In these methods, it is the surface tension (which occurs in liquid 
state) that allows the formation of cells that are almost completely closed [11]. An 
exception to this situation is syntactic metal foams. Fully closed cells in these struc-
tures are generated with hollow, place-holder elements that remain in the structure 
after manufacturing [12]. Another exception is the studies on the production of 
closed/open-cell metal foams with the help of 3D printing technology [13], which 
has been started to be employed for metallic material manufacturing, too.

Although many of the porous metals are commonly referred to as metal foam, 
“metal foam” literally defines materials formed by the dispersion of gas bubbles in 

Fig. 2.1  Metal foams: (a) open cell [8] Reprinted by permission from Elsevier, (b) closed cell [9], 
(Courtesy of AluPam). 
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Table 2.1  Porous metal production methods [10]. Reprinted by permission from Elsevier

POROUS METAL PRODUCTION
Form of Metal

(during porosity generation)
Solid (Powder, Fiber, Sphere) Liquid (Melt) Gas (Vapor) Ion

form of porosity
open cell open cell or closed cell open cell open cell

porosity generation method

sintering

powders or 
fibers foaming 

(literally 
“metal 
foam”)

direct (using 
gas or 
blowing 
agent)

vapor deposition 
(condensation on 
a cold polymer 
precursor)

electro-deposition 
(onto a polymeric 
foam)

powders 
compacted 
with 
space-holders

indirect 
(using 
blowing 
agent)

hollow spheres

gasar (eutectic system of 
liquid metal + H2 gas)

powders 
consolidated in 
rod form
powder 
mixture 
(reaction 
sintering)

gas entrapment (expansion of 
gas in a solid metal powder 
compact)

casting

investment 
casting 
(replicating a 
polymer 
foam)
using 
space-
holders

slurry foaming (expansion of 
a mixture of metal powders, 
blowing agents and reactives)

spray forming 
(collecting spray metal 
on a substrate)

Fig. 2.2  Expansion stages of a metal foam, monitored by X-ray radioscopy [14]. Reprinted by 
permission from AIP Publishing
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liquid metal [10]. Even though aluminum is the most common material that is 
foamed; zinc, magnesium, gold, copper, tin, brass, lead, nickel, and even steel can 
also be made into this form [15].

The idea of producing metal foam materials with macroscopic cells was embod-
ied in a series of patents received in the 1950s. There was a second activity in this 
area in the 1980s; since these dates, many scientific studies have been conducted 
and the results have been published, some companies have commercialized metal 
foam materials by establishing small-scale production lines [16]. It was only pos-
sible in the early 2000s for these materials to become a niche market where produc-
tions are made at 1000 kg/h capacities [10].

In closed-cell metal foam production methods (Table 2.2), where liquid metal is 
foamed, if a bubble formation mechanism (injecting gas or introducing a 

Table 2.2  Elements and steps in direct and indirect metal foaming methods [16]. Reprinted by 
permission from Wiley

METAL FOAM PRODUCTION
Foaming Method

Direct Foaming Indirect Foaming

bubble formation method
gas injection blowing agent decomposition blowing agent decomposition

material preparation

pre-alloyed/elementary bulk metal(s)

pre-alloyed/
elementary powder 
metal(s)

precursor
blowing agent 
addition
mixing
consolidation 
(pre-forming)

melting
particle addition for viscosity and stability
mixing
gas injection blowing agent addition

forming
pulling onto a 
conveyor after 
expansion

collecting/injecting 
into a mold during 
expansion

free expansion 
in a container

expansion in a mold 
or between sheets

free expansion 
in a container

solidification
some companies and (“their products”)

Cymat (Canada) (“SAF”) Applied lightweight materials/alm
(Germany) (“AFS”)Foamtech (Korea) (“Lasom”)

Hütte KleinreichenBach/HKB
(Austria) (“Metcomb”)

Alulight (Austria) (“Alulight”)
Fraunhofer-Institute (Germany) 
(“Foaminal”)

Shinko-Wire (Japan) (“Alporas”) Gleich-IWE (Germany)
AluPam (Turkey) Schunk (Germany)
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gas-releasing agent) is activated when the metal becomes molten, these methods are 
called direct foaming. If the bubbles are formed spontaneously due to the melting of 
a previously prepared structure (precursor), these methods are called indirect foam-
ing [17]. In this second method, pores may start to emerge before the structure is 
completely melted, even if it is not desired [18].

Although naming indirect foaming method of metals as “PM/powder metallurgi-
cal foaming method” is common, this can be evaluated as a mumpsimus. The reason 
is that the similarity of two methods ends at the end of the consolidation stage. The 
next stage in indirect metal foaming is melting and no sintering stage is included.

Pore structure is predetermined in some porous metallic materials. For instance, 
in investment casting method, a metal replica of an open-cell polymer structure is 
produced. On the other hand, in metal foams, the pore structure is formed almost 
freely, even some control mechanisms have been developed. In addition, the pores 
are subject to deteriorations such as drainage (liquid flowing over the foam bound-
aries and accumulating at the bottom) and coalescence (loss of the foam boundaries).

There are some requirements for the foam structure to form and keep its form 
(Table 2.3). According to this, there is a need for a source to generate gas bubbles, a 
force to keep the bubbles in the structure, and a mechanism that stabilizes the 
bubbles.

The source which generates gas bubbles in molten metal is a mechanism that 
injects gas from a rotating propeller or a vibrating nozzle in the gas injection method. 
In this way, usually air, alternatively nitrogen or argon gas, is sent into the mixture 
in a fine and homogeneous manner. Another source of gas formation is the so-called 
blowing agents, which cause gas emergence when decomposed at high tempera-
tures [19]. For a matrix of Al or its alloys, TiH2 and CaCO3 compounds are the most 
popular blowing agents. This type of gas formation can be used in both direct and 
indirect methods. In direct methods, it is ensured that the blowing agent is dispersed 
into the molten metal. In indirect methods, the blowing agent is added to the precur-
sor material in a homogeneous manner before melting [20].

The gas bubbles formed tend to leave the molten metal rapidly due to the buoyant 
force. In order to prevent this in direct foaming methods, the viscosity of the liquid 
is increased. For this purpose, ceramic particles such as SiC, Al2O3, TiB2 are added 
to the molten metal [22]. Another method is to add elements that will form a ceramic 
compound (in situ ceramic particle formation). For this, the addition of elements 
such as Ca or Al in an oxygen-containing medium has yielded good results [11]. It 
has been observed that viscosity can be increased up to five times with the help of 
Ca addition [19].

These particles, which increase the viscosity, are also effective in stabilizing the 
bubbles. There is a correlation between viscosity and foam stability. However, vis-
cosity is not a reason for foam stability; it is only considered to be an indication of 
the presence of hard particles. Many studies have shown that melts without hard 
particles do not form metal foam. It was also found that there is a proportionality 
between the oxide content and the total value of the inner surface areas of the cells. 
When the ratio of these particles remains too low, the surface tensions increase and 
the foam structure deteriorates. SiC has come to the fore with its ability to delay 
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bubble coalescence for a long time, to cover foam films (boundaries that will 
become walls when solidified) without getting stuck in the bubbles, and to allow the 
formation of very thin foam films [16].

In some cases, the addition of blowing agent can both generate bubbles and lead 
to their stabilization. An example for this is the use of CaCO3 as a blowing agent for 
direct foaming of aluminum and its alloys. As a result of the reaction of Al (or Al 
alloy) and CaCO3, (besides the CO2 gas that provides foaming) hard particles such 
as CaO and Al2O3 are formed and act as stabilizers. Such a mechanism does not 
occur in the use of TiH2 blowing agent [23].

The indirect foaming method involves the compression of mixed powder materi-
als (“pre-alloyed powder + blowing agent” or “alloying elements + blowing agent”). 
The purpose of this stage is to increase the density of the powder mixture (min. 94% 
of the theoretical density [24]) so that it is ensured that the blowing agent is embed-
ded in the metal matrix and that it is made difficult for the bubbles to escape from 
the structure by reducing the porosity as much as possible [10]. Another function of 
the compression stage is to break down the oxide layers on the metal powders. As a 
result, the broken oxide particles increase the stability of the metal foam (when the 
metal becomes liquid); also, the breaking of the oxide shells on the powder metals 
improves the combining of powder particles [25]. Even the oxide content on as-
received powders could be sufficient to obtain a successful expansion [26].

Although metal foam production methods do not involve very complex process 
steps, when the process parameters and the material content (alloying elements, 
hard particles, blowing agent, etc.) are not precisely controlled, the quality of the 
product obtained changes significantly [27]. As mentioned previously, the impact of 
the compression process on foaming in indirect foaming methods can be given as an 
example.

Another example is the need to ensure that gas bubbles or blowing agent parti-
cles sent into the liquid metal are dispersed homogeneously in direct foaming meth-
ods. One method developed to enable homogeneous distribution of the blowing 
agent is two-stage foaming. In one version of this method, the matrix metal is 
brought to a temperature above its solidus temperature but below the decomposition 
temperature of the blowing agent and mixing is performed. Afterward, foaming 
occurs when the intermediate product (can be called precursor material), obtained 
by cooling and shaping in molds, is brought to about melting temperature [10]. In 
another version (FORMGRIP), an Al-based matrix is brought to a temperature 
above its melting temperature and TiH2 (blowing agent) is mixed in pretreated (oxi-
dized) condition, ensuring limited decomposition. Casting and cooling take place 
thereafter, yielding a precursor material. The second stage is similar to that of the 
former version [28]. In fact, these two two-stage foaming versions, which are modi-
fications of direct foaming, turn into indirect foaming methods since the metal foam 
is produced by baking a precursor. In another method developed for homogeneous 
distribution, a eutectic metal alloy with a low melting temperature is liquidized and 
the blowing agent is added into this liquid and mixing is performed. After solidifica-
tion, a structure is formed in which the blowing agent is embedded. This structure is 
added homogeneously into a suitable liquid metal (with a higher melting 

2  Metal Foams and Their Applications in Aerospace Components



34

temperature) and foaming occurs, achieving the desired alloy foam. As a result, a 
more homogeneous foam structure is attained [10].

On the other hand, it is an advantage that the mixture can be prepared at room 
temperature before melting in the indirect method; but the decomposition of the 
blowing agent before the metal matrix melts is a problematic situation that needs 
improvement. For this reason, the melting temperature of the metal matrix and the 
decomposition temperature of the blowing agent are tried to be brought as close as 
possible [29]. Addition of alloying elements (lowering the melting temperature) and 
pretreatment of the blowing agent (providing oxidation by means of annealing, thus, 
increasing the decomposition temperature) are two examples for this purpose [30].

The properties such as type, size, and ratio of oxides that will provide stability 
should also be carefully selected. While the ratio is too low, it decreases the stability 
of the structure; while being too high makes the material difficult to expand by 
increasing the viscosity too much. In addition, using a very high oxide ratio increases 
the brittleness of the product obtained. While too small particle sizes make mixing 
difficult, too big sizes make it difficult to cover the bubbles and cause the stability 
to decrease [11].

After the maximum expansion is achieved, the foam structure deteriorates within 
seconds. For this reason, the foaming time is also an important parameter that needs 
to be carefully adjusted. The final density and foam structure, arising from the pro-
duction parameters (foaming time, foaming temperature, mixing time, etc.), deter-
mine the mechanical, thermal, acoustic performances of the product.

Direct foaming methods are the most suitable ones for mass production. The 
materials produced in the form of sheets, slabs, or blocks are used as they are or 
after they are processed into the desired shape by secondary operations [10]. 
Alternatively, the desired shape can be obtained by guiding the material into a mold 
in the foaming stage (either by the action of the buoyant force [16] or by using a 
customized injection machine [31]). Indirect foaming method (foaming powder 
compact precursors) could also be used in mass production effectively by employ-
ing continuous furnaces, which would involve conveyors to transfer precursors from 
foaming to cooling stages [10].

Sandwich structures (e.g., AFS) can be produced by placing metal foam materi-
als (in the form of slabs or sheets, produced by direct or indirect methods) between 
two metal sheets (aluminum or steel). One way to construct sandwich products is 
using adhesives [32]. In an alternative way, two metal sheets are rolled by placing a 
precursor material between them, subsequently, they are shaped by deep drawing if 
necessary, and finally, the precursor is foamed as a result of heating. This method 
forms a metallurgical bond between the sheets and the metal foam core [10].

An application applied in the indirect foaming method is to foam the precursor 
inside a hollow structure, which also results in a metallurgical bond [33]. Using 
precursor materials with a shape adapting the shape of the hollow structure ensures 
more successful filling of the cavities while foaming [10].

As stated previously, although open-cell metallic structures are not metal foams 
in the literal sense of the word, they are often considered in the metal foam material 
group. In addition to their functional properties, when compared to their 
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alternatives, high strength, high melting point, and nonflammability properties 
make these materials preferred. Open-cell metal foams find applications in energy 
storage (e.g., battery electrodes, fuel cell membranes), thermal management (e.g., 
heat exchangers, radiative cooling systems), electromagnetic shielding, filtering, 
and so on [34].

Since the 1920s, a wide range of production processes has been developed for 
open-cell metal foams [35]. The intended application dictates the structure and the 
form of open-cell metal foam. Generally, to be produced in the desired form, open-
cell metal foams need a pattern. Reticulated structures (sponges), space holders, and 
additive manufactured geometries are the most common patterns, which are made 
of mostly polymers. Additive manufacturing can even be used to produce directly 
open-cell metal foams themselves [9]. Some of the open-cell metal foam production 
methods will be described subsequently.

One of the common liquid state methods is investment casting, which generates 
a metallic copy of a polymer sponge. Wax could be used to increase the wall thick-
nesses of the sponge. The process is suitable for most of the metals [36]. It starts by 
trapping the polymer foam in a slurry, which will become the metal casting mold 
after dried. The material of this mold has to be heat resistant and should be selected 
such that the mold can easily be dissolved or dispersed at the end of the process. 
Then the composite structure, containing the polymer foam and the slurry, is dried 
and heated to remove the polymer foam by evaporation or melting, resulting in a 
structure with cavities. It serves as a mold in the metal casting stage. The mold may 
need to be fired to endure the casting temperature and pressure. In some evolved 
processes, these three operations can occur concurrently [37]. By the act of gravity, 
or in some cases by applying pressure, the target metal is filled into the mold cavi-
ties. Then the mold is dissolved with some chemicals or just water. Final product 
appears almost the same as the polymer sponge. The phases of the process are 
shown in Fig. 2.3. It is possible to obtain an open-cell metal foam with 80–97% 
porosity using this method [10].

Polymer foam in the method above may be replaced with lattice structure. Porous 
metals with such a regular lattice structure are also called periodic cellular metal. 
Polymer fragments may be glued together to form a lattice. The lattice can also be 
constructed on 3D printers with PLA, ABS, or other filaments. Since the structure 
of a lattice block is not stochastic like that of a polymer foam, it may be possible to 

Fig. 2.3  Producing open-cell metal foams by investment casting [21]. Reprinted by permission 
from The Royal Society of Chemistry
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manufacture metal foams with more consistent and repeatable mechanical proper-
ties. As a result of the regular pattern, it is quite easy to predict their behavior [38].

Producing open-cell metal foams with the method called supergravity infiltration 
is also a viable casting option (Fig. 2.4). The term “supergravity” represents the 
accelerations, which are much greater than gravitational acceleration (a >>>  g), 
applied to the particles. In such a condition, mass and heat transfer, and reaction 
rates increase [39]. In supergravity infiltration method, supergravity fields are where 
the detrimental effect of surface tension in molten metal during infiltration can be 
minimized or even removed, yielding complete formation of the intended open-cell 
foam. The supergravity fields are generated by centrifuge effect. A mold made of 
plaster can be used. Increasing the gravity coefficient improves the product quality 
by allowing molten metal to penetrate into cavities more easily [40].

However, in this and similar methods, the metal foam can get deformed when 
releasing it from the mold. Using a dissolvable preform material such as NaCl is 
more practical. By leaching with water, the final foam can be obtained without dam-
aging it [41].

One of the most cost-effective ways of open-cell metal foam production in liquid 
state is employing space holders. In this method, infiltration casting technique is 
used (Fig. 2.5). An essential step in this method is dissolving of the space holders in 
a solvent, which is water in most cases. Pearl grain sugar, saccharose [42], coarse 
grain salt, ultra-coarse granule sodium bicarbonate, tapioca starch [43], carbamide 
[44], potassium chloride [45, 46], potassium sorbate, potassium bromide [47], 
coarse ground calcium carbonate, magnesium sulfate can be used as space holders 
[9, 48–50]. To enable the molten metal to leak through the gaps; pressure, load, or 
vacuum may be used. The form and the volume of the porosity are generated by 

Fig. 2.4  Producing open-cell metal foams by supergravity infiltration [39, 40]. Reprinted by per-
mission from Elsevier

C. Ensarioglu et al.



37

space holders. The contact points of the space holders provide the interconnections 
between the cells, which also make the removal of the space holders possible. A 
porosity of 65–80% can be achieved [51]. Space holders can cause corrosion, so it 
is critical to consider their compatibility with the metal foam material.

Solid-state processes for open-cell metal foam production include methods that 
combine powder metallurgy and the use of space holders (Fig. 2.6). First step is 
mixing the powders and space holders. The compression for the packaging process 
is then performed at a pressure that does not cause the space holders to break but 
slightly deforms them. If the space holders are polymers like cellulose, polyure-
thane, polyvinyl, or polystyrene [53], the compact is preheated to remove them from 
the structure before the sintering process, since evaporation of them at sintering 

Fig. 2.5  A process for producing open-cell metal foams by using space holders [52]. Reprinted by 
permission from Elsevier

Fig. 2.6  A process for producing open-cell metal foams by using sintering and space holders 
[55]. Reprinted by permission from Elsevier
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temperature can cause structural damage [52]. If dissolvable space holders are pre-
ferred, materials mentioned in infiltration casting method could be used. The total 
porosity in this process is between 60 and 80% [10].

Another powder-based process is the slurry method. The powder is transformed 
into a viscous slurry and coated on polymer reticulated sponge walls. The slurry is 
dried after being coated upon the sponge. At a proper temperature, the polymer is 
extracted and sintering is then performed to obtain a metal foam [54]. Since the 
structure is fragile, the operations should be carried out with caution. This process 
produces relatively poor metal foams, both in terms of strength and microstructure 
(Fig. 2.7).

In vapor deposition method, a solid pattern structure is required to define the 
geometry of the metal foam. As polymer patterns, reticulated polyurethane foams 
or lattice blocks may be used. The basic principle is that metal particles in vapor 
phase condense on cold surfaces of a pattern structure in a vacuum chamber. 
There are several techniques to evaporate metals. Physical evaporation (resis-
tance, inductive, arc, electron beam, laser techniques) or chemical evaporation 
can be utilized [9, 56]. The density and the application time of the metal vapor can 
be used to predict the thickness of the film. It is possible to produce nickel foams 
effectively by applying a coating at low temperatures (above 120 °C) using nickel 
tetracarbonyl gas, which decomposes at these temperatures and generates nickel 
(the coating material) and carbon monoxide [57]. After the coating process, the 
substrate is carefully removed (thermally or chemically). Performed concurrently 
or subsequently, a high-temperature sintering treatment is a common practice, 
aiming densification of the connections [58]. It is possible to obtain metal foams 
with a very high purity and cells with diameters of 0.4–6 mm. They have a mac-
roscopic shape (Fig.  2.8) that is somewhat similar to that of electrodeposition 
foams, described subsequently. Incofoam is a commercially available nickel foam 
made in this manner [10].

Fig. 2.7  A process to produce open-cell ASS/Austenitic Stainless Steel foams by slurry method 
[54]. Reprinted by permission from Elsevier
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Metal ions in an electrolyte solution are deposited on an open-cell polymeric 
foam in electrodeposition technique. The metal structure deposited replaces the 
polymer foam in the process. Metallic deposition methods do not work well with 
aluminum [9]. On the other hand, the electrodeposition method can be employed to 
coat an aluminum foam with copper [59]. The surface to be coated has to be conduc-
tive in order to achieve electrodeposition. Polymer pattern foams are covered in a 
graphite slurry or carbon black to obtain a thin conductive layer. Spraying the slurry 
onto the polymer pattern is another way to attain conductivity. The pattern foam acts 
as the cathode for the electrolyzed metal. In the electrolysis process, the metal is 
deposited on this cathode. As a final step, the polymer is removed from the finished 
product (Fig. 2.9). Generally, nickel or nickel–chromium alloys but also copper is 
preferred to be deposited in this way [60]. Retimet (Dunlop, UK), Celmet (Sumitomo 
Electric, Japan), and Recemat (SEAC, the Netherlands) are commercial foams pro-
duced by electrodeposition process [10].

Technological advances have resulted in significant improvements in additive 
manufacturing. Metal powders which are used in layered printing technology allow 
for direct printing of metal foams. Laser sintering or direct energy deposition with 
a powder bed may be used to produce metal foams. However, these processes are 
not effective in obtaining aluminum foams [62]. High reflectivity and thermal con-
ductivity of aluminum make the operation complicated [9]. Studies have been con-
ducted in which aluminum foams produced using laser powder bed fusion technique 
were compared to those produced by common methods [63]. Besides, patterns used 
in abovementioned open-cell foam production methods can be generated using 
additive manufacturing techniques. PLA, ABS, photosensitive resin, or another 3D 
printing material can be used. 

For aluminum foams, Table 2.4 summarizes some representative properties.

Fig. 2.8  A sample metal 
foam produced by vapor 
deposition [57]. Reprinted 
by permission from Wiley

2  Metal Foams and Their Applications in Aerospace Components
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Fig. 2.9  A process for producing open-cell metal foams by electrodeposition. (This example does 
not include the common final step, namely, pattern removal) [61]. Under the Creative 
Commons license

Table 2.4  Some representative properties of Al foams [64–67]. Modified from [65] by permission 
from Wiley

Property Range of Values
Density (g/cm3) Relative density (%) 0.07–1 2–35

Young’s modulus (modulus of elasticity) (MPa) 20–12,000

Compressive strength (MPa) 0.04–14
Tensile yield strength (MPa) 0.04–20
Tensile strength (MPa) 0.05–30
Densification strain (−) (for 0.4–0.5 g/cm3) 0.65–0.70
Volumetric energy absorption (MJ/m3)
(at 50% strain) (for 0.4–0.5 g/cm3)

2.5–3.75

Specific heat capacity (J/kg.K) 830–950
Thermal conductivity (mW/m.K) 300–35,000
Sound absorption coefficient (−) open-cell up to 0.99

closed-cell up to 0.85

C. Ensarioglu et al.
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2.3  �Secondary Processing

Secondary operations of metal foams are of high significance since they help these 
materials to be applicable [68]. Thus, these processes, which turn metal foams into 
useful products, will be reviewed and the purpose of their use will be cited briefly.

Secondary operations of metal foams can be listed in five main groups:

•	 Cutting
•	 Forming
•	 Joining
•	 Finishing
•	 Coating.

In cutting processes, it is desired that the metal foam maintains the form of its 
cells after the operation. The methods generally used in cutting metal foams can be 
given as band sawing, circular sawing, wire sawing, diamond sawing, chemical 
milling, EDM (electrical discharge machining), laser cutting, and water-jet cutting 
[67, 69–72]. While each method has some advantages, there are also some weak-
nesses and various difficulties. For instance, in EDM processes, it is possible to 
ensure that the cells do not deteriorate, but the cost and the speed of the operation 
should also be evaluated. As another example, if an open-cell metal foam press-
fitted in a heat exchanger is considered, the wire-sawing method is more effective in 
reducing the macroscopic surface roughness (quality of the walls/struts regarding 
their distance to the cutting plane) compared to circular sawing, band sawing, and 
EDM (Fig. 2.10) [69].

In a study where the laser cutting method was applied on 9 mm thick closed-cell 
aluminum foams, some problems due to overheating were encountered. However, it 
was concluded that laser cutting provided burr-free and parallel-sided cutting opera-
tions without damaging the cells [71].

As to forming, foaming of powder metal precursors in a mold or press-forming 
during foaming of precursors was carried out [73, 74]. Metal foam sheets can also 
be formed after foaming, in regard to ease of application and cost. To give the 

Fig. 2.10  Comparison of 
four cutting methods 
according to macroscopic 
surface roughness: Circular 
sawing (CS), wire sawing 
(WS), electrical discharge 
machining (EDM), band 
sawing (BS) [69]. 
Reprinted by permission 
from Elsevier
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desired shape, various operations such as V-bending, roll forming, stamping, forg-
ing, and laser forming can be applied [32, 75–77]. Some forming process results for 
AFSs are given in Fig. 2.11.

Although bending, forging, and stamping processes are thought to deteriorate the 
foam structure substantially, foam core could maintain its cellular structure, if the 
process is applied carefully [32]. There are some potential defects that affect and 
limit the forming processes of foam sandwich panels. Core fracture/crack, delami-
nation/debonding (at the core–face sheet interface), and face tearing can be listed as 
the most encountered ones (Fig. 2.12) [78, 79]. Joining techniques have an impor-
tant role in the forming ability of metal foam sandwiches [80].

Fig. 2.11  (a) AFS materials: Forged [32] (Reprinted by permission from Wiley Online Library) 
and (b) Laser-formed [75]. Reprinted by permission from Elsevier

Fig. 2.12  Some AFS forming defects during: (a) V-bending [79], (b) Clamped beam bending [78]. 
Reprinted by permission from Elsevier
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Various difficulties could be encountered when joining individual metal foams or 
metal foam sandwich panels. Generally, these difficulties arise from the deforma-
tion sensitivity of the foam and the limited surface area available for joining. 
Figure 2.13 shows the joint surface conditions for two sample joining operations.

For sandwich panels, three scenarios exist on joining: Joining two sandwich pan-
els, joining a sandwich panel to another material, joining the face sheets with the 
foam core (adhesive or metallurgical joining). Joining the face sheets metallurgi-
cally with the foam core (e.g., by soldering) results in higher strengths against peel-
ing, when compared to adhesive joining (Fig. 2.14). Some of the joining techniques 
(exemplified in Fig. 2.15) for metal foam structures in the literature are soldering, 
brazing, diffusion welding, friction stir welding, laser welding, bonding, and fasten-
ing (threaded, riveted, pinned) [78, 81–91].

There are also innovative solutions such as joining two aluminum foam sheets by 
using a foamable filler (aluminum-silicon alloy), which was melted and foamed by 
applying concentrated solar energy [93]. Another example is a fluxless soldering 
method for closed-cell aluminum foams using surface self-abrasion (back and forth 
motion of the foams in the presence of a solder alloy between them) [92]. To choose 
an appropriate joining method, the load condition (axial tension/compression, bend-
ing, shear, peel, cleavage, or combined) and the material in use should be known. 
Results of tensile shear tests under oscillating and static loads for various joining 
methods applied to Al foam + metal sheet structures are given in Fig. 2.16.

Although welding or similar methods seem like ideal joining techniques for 
sandwich structures, they involve a heat input. Heat-applying methods can cause 
material structure to alter. Besides, these methods and also adhesive methods neces-
sitate rigorous preparation steps. Other processes, such as inlays, require advanced 
manufacturing. These drawbacks could be eliminated by mechanical joining meth-
ods described in [89, 90]. In a study [90], the best mechanical joining solutions for 
sandwich structures have been proposed (Fig. 2.17).

Some aluminum foam manufacturers claim that secondary operations are facili-
tated by manipulating the properties of the material. ALUHAB has been shown to 
be ideal for processes like slicing, milling, turning, and cogging since it does not 

Fig. 2.13  Some joint surface conditions after: (a) Friction stir welding of two AFSs (to obtain a 
butt weld) (by inserting an extruded aluminum profile) [85] and (b) surface self-abrasion fluxless 
soldering of two closed-cell aluminum foams [92]. Reprinted by permission from Elsevier
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Fig. 2.14  Comparison of: (a) adhesive and (b) metallurgical joining [83]. Under the Creative 
Commons license

Fig. 2.15  Some methods 
for joining metal foam 
structures [67]. Reprinted 
by permission from 
Elsevier
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disintegrate during the process. This type of metal foam is easy to drill, holds the 
screw steadily, and the wood screw can be driven into it without threading [94].

Burrs and other surface defects may occur as a result of the processes. These 
problems are a bit more complicated in metal foams. Because, when processed, 
negative burr formation (smearing) can be observed in metal foam structures. 
Surfaces with defects could cause the succeeding processes such as joining or coat-
ing to be unsuccessful. Edge quality is also an important property for product func-
tionality, safety, price, and appearance. Increased or changed friction, increased 
wear on moving or stressed parts, interferences in assemblies, turbulent flow, and 
reduced formability are just a few of the issues which can be caused by poorly fin-
ished edges.

Generated burrs could get embedded into the cells of metal foam products, which 
would make it difficult to remove them. Therefore, achieving a surface with mini-
mum burr formation is of high significance when machining metal foams. In this 
context, ultrasonic milling has been proposed to be an alternative to conventional 
milling, in a study [95] where ALUHAB specimens (a closed-cell aluminum foam, 
mentioned previously) were machined (Fig. 2.18).

Corrosion occurrence on metal foams may induce functionality losses. In some 
cases, electrical isolation or even aesthetic improvements may also be requested. 
For such reasons, metal foams may need to be coated with various materials and 

Fig. 2.16  Failure loads/stresses of Al foam + metal sheet structures for some joining methods 
[88]. Reprinted by permission from Wiley
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methods. The effect of coating on mechanical properties of metal foams was also 
investigated. For this purpose, closed-cell aluminum foam sheets were coated with 
various porcelain enamel coating systems and 4-point bending tests, also indenta-
tion tests were performed. The results indicated that the enamel coating strongly 
affected the Young’s modulus of elasticity of the foam sheets and enhance the stiff-
ness of them. Bending tests showed that the cracks on the samples initiated at the 
points where the coating was thinner (Fig. 2.19) [96].

Besides vitreous enamel coating mentioned previously, which provides resis-
tance to both corrosive and thermal effects, an acrylic cataphoretic deposited paint, 
which has the ability to achieve a protective and homogeneous paint layer even with 
complex geometries, is also a viable option for metal foams. In a study, both these 
coatings prevented deterioration after an exposure of 850 h in accelerated corrosion 
tests. As to the uncoated samples, corrosion products were encountered after about 

Fig. 2.17  The configurations proposed as the best ways for mechanical joining of sandwiches 
[90]. Reprinted by permission from SAGE
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360 h. In the light of the findings, it is possible to conclude that both of the examined 
layers are ideal for protecting the aluminum foam [97].

2.4  �Aircraft Applications

The use of aluminum foam material in the aircraft industry can bring along more 
efficient exploitation of material and energy resources, as well as the economic 
benefits of light weighting. Traditional parts such as stamped steel can be replaced 
with alternative parts generated using aluminum foam. These changes will serve the 
goal of lower fuel consumption, which is the priority of the aircraft [98]. For 

Fig. 2.18  Macroscopic 
comparison of 
conventional and ultrasonic 
milling in terms of 
smearing [95]. Reprinted 
by permission from 
Elsevier

Fig. 2.19  Crack initiations on enamel coated closed-cell aluminum foams [96]. Reprinted by 
permission from Taylor & Francis
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instance, every 1 kg of weight reduction in the fuselage provides a reduction of 
approximately one million Euros in 25 years in terms of fuel costs. This gain will 
increase as fossil fuel prices rise [50]. The use of aluminum, which was 81% by 
weight in the Boeing 747, decreased to 20% in the Boeing 787. The proportion of 
composites, on the other hand, has reached 50% [99].

In this context, sandwich composite structures, which can be shaped in three 
dimensions and contain metal foam core, can also fulfill the requirements of light 
weighting and safety [100]. Nowadays, besides aluminum honeycomb sandwich 
structures and aluminum + FRP/fiber-reinforced plastic structures in laminated 
form, AFS structures have also started to be used as flooring elements or interior 
fixture elements in aircrafts [1]. In addition, sandwich structures containing tita-
nium foam and sandwich structures containing aluminum foam have been used by 
Boeing in the tail booms of aircrafts and helicopters [6].

Duocel foams, open-cell metal foams produced by ERG Aerospace Corporation, 
have some commercial implementations in aircraft industry. “Breather plugs” (used 
in Lockheed Martin C-130 Hercules military transport aircraft) for equalization of 
pressure during rapid changes in altitude and “air/oil separators” (used in Rolls 
Royce Trent 1000 turbofan engine of Boeing 787) for utilization in engine gear-
boxes are two examples (Fig. 2.20) [101].

Multifunctional materials are economically advantageous. This advantage can 
reach the highest values in the aerospace applications [50]. In this context, sandwich 
structures, which contain metal foam and stand out with their low densities, not only 
meet mechanical requirements such as specific strength and energy absorption, but 
also have functions such as absorbing the vibration/sound and insulating heat, which 
are generated by the turbines. Their life-cycle costs are low; also recycling is pos-
sible for these materials [102]. It can be said that the long and costly validation of 
new materials and the current popularity of fiber-reinforced composites have slowed 
the spread of metal foam-containing materials in this industry [50].

Fig. 2.20  Some commercial applications of Duocel (an open-cell metal foam) in aircraft industry: 
(a) In breather plugs and (b) in air/oil separators [101]. Reprinted by permission from ERG 
Aerospace Corporation
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The performance of AFS materials in mechanical energy absorption is remark-
able due to the characteristic behavior of the aluminum foam material used in the 
core. While the aluminum foam material performing mechanical absorption, it 
operates at an almost constant stress value (plateau stress) during the large deforma-
tion experienced until it reaches its densification point. This feature makes it an 
effective material against crash and blast [102].

Where AFS materials can be used in the aerospace industry can be listed as fol-
lows: Luggage containers, premixed combustion chambers (as sound absorbers), 
heat sinks of electronic devices, aircraft elevators bringing aircrafts from the hangar 
to the takeoff area in aircraft carriers (as a structural element) [103], floor and drop 
ceilings, cargo pallets, passenger seat pallets [104]. In AFS panels, the face sheets 
and the core can be joined using adhesives or metallurgical bonding. For AFSs, 
using adhesives may be disadvantageous due to the maximum temperature resis-
tance of approx. 220 °C, thermal expansion, moisture absorption, and low elasticity 
modulus [7].

In military aviation applications, aluminum foams (especially closed cell) can 
provide considerable improvements in the performance of some equipment. 
Examples are aircraft carrier deck, bulletproof composite armor, airborne buffer 
table, and lightweight missile manhole cover. When an AFS structure is employed 
as flight deck in an aircraft carrier (Fig. 2.21a), the rebound effect which occurs in 
aircraft landing is reduced by more than 50%. This secures a smooth glide and 
makes it possible that the tailhook of the aircraft engages the cable of the arresting 
gear system (located on the aircraft carrier) and the aircraft is arrested. It would also 
enhance the blast resistance and antimissile combat capability. AFSs can also be 
employed together with aluminum foam–filled columns, as shown in Fig. 2.21b. In 
heavy equipment airdrop missions, the equipment attached to a parachute is 
expected to land safely. Russian airborne equipment of 20 tons can be dropped in a 
smooth and safe manner by using a parachute and a buffer table involving aluminum 
foam–filled columns of 500 mm height [105].

Studies have been carried out on metal foam materials to absorb vibration and 
sound in aircraft. An active vibration control system has been introduced for an 
aerobatic aircraft wing using closed-cell aluminum foam structures in a study. They 
carried out both numerical and experimental tests building a scaled model (Fig. 2.22). 

Fig. 2.21  Military applications: (a) Flight deck of an aircraft carrier and (b) buffer table for air-
borne equipment [105]. Under the Creative Commons license
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The total wing was modeled virtually, including a velocity feedback control system. 
Two different materials were employed (glass fiber-reinforced epoxy and aluminum 
foam) as wing spars and compared with respect to the effectiveness of the control-
ler. The use of aluminum foam for the wing’s spars decreased the wing’s settling 
time by 83% [106].

The sound transmission loss characteristics of sandwich aircraft panels were 
examined in another research. They compared the performances of commonly used 
aerospace cores such as honeycomb, triangular, closed-cell aluminum foam, and 
Rohacell foam (a commercial PMI/PolyMethacrylimide based closed-cell foam) 
with various (aluminum, titanium, and epoxy carbon laminate) face sheets. It was 
stated that a desirable sound transmission loss level can be achieved by varying the 
density of foam and the type of face sheets [107].

Acoustic absorptive materials, withstanding high temperatures, were aimed to be 
developed in a study in order to reduce internal noise caused by turbo engines. As a 
result, two types of metallic materials were suggested: Open-cell metal foams and 
metallic fiber materials. It was determined that for open-cell foam, high porosity 
results in more space for sound waves to pass through the material, therefore, induc-
ing less reflection and more absorption [108].

The use of open-cell foam materials as a means of reducing turbulent boundary-
layer trailing edge noise has been suggested too (Fig. 2.23). The researchers studied 
the aeroacoustics of a porous trailing edge made of Ni–Cr–Al open-cell metal foam. 
A NACA 0018 airfoil was examined numerically with three different configurations 

Fig. 2.22  (a) Wing elements and (b) Al foam as substitute material for spars [106]. Under the 
Creative Commons license

Fig. 2.23  Porous trailing edge (TE) concept [109]. Reprinted by permission from Cambridge 
University Press
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of trailing edges: A baseline solid trailing edge, a completely porous trailing edge, 
and a blocked-porous version. They discovered two noise reduction mechanisms on 
a trailing edge of open-cell metal foam, allowing to improve the noise reduction 
capability even further [109]. Open-cell metal foams have also been used to control 
the flow and related aerodynamic noise in various other applications. They greatly 
decreased the aerodynamic noise produced by airfoils, tubes, aeroengines, and 
axial/centrifugal fans in experimental studies [110].

In aircrafts, metal foams can also be used against the effects of collisions with 
foreign objects. There is always a risk of a soft body impact (such as rubber) or a 
hard body impact (such as runway debris) in consequence of these collisions. Since 
the materials used on the exterior surfaces of aircrafts can vary depending on the 
area of use, different materials from metal to glass are studied in the researches 
about collisions with foreign objects [111]. In this context, especially for bird 
strikes, the aerospace industry has exploited cellular materials like metallic/organic 
foams and hollow sphere assemblies [112].

Due to their potential for severe damage and accidents, collisions between birds 
and an aircraft pose a significant threat to aviation, both in safety and cost issues. 
Average bird strike rates in civil aviation are given in Table 2.5. Large front compo-
nents like the radome and nose, the leading edges, and the engines are being the 
target of the majority of bird strikes. Since 1960, 23 of the 30 accidents involving 
hull losses and casualties have occurred as a result of one or more engines struck by 
birds. An average of 101 h aircraft downtime per strike has been reported in the 
United States. Table 2.6 shows the reported repair and indirect costs arising from 
bird strikes in the United States from 1990 to 2018 [113].

Between 1990 and April 2021, the US Air Force recorded 244,341 bird/wildlife 
strikes on aircraft around the world, with a total cost of $779,892,099 for civilian 
and military aircraft [114]. The majority of bird strikes occurred while the aircrafts 
are takingoff or landing. To develop structures resisting these impacts, studies where 
the leading edges and leading edge flaps of the wings have been strengthened with 
closed-cell aluminum foam have been conducted (Fig.  2.24) [115]. In general, 
although the proportion of fiber-reinforced composites in aircraft fuselage construc-
tion has increased nowadays, metallic materials are still used in areas exposed to 
strikes by foreign objects [116].

Table 2.5  Average rate of bird strikes per 10,000 aircraft movements for some countries [113]. 
Under the Creative Commons license

Country Bird Strike Rate Period

Australia 7.76 2008–2017
Canada 3.51 2008–2018
France 3.95 2004–2013
Germany 4.42 2010–2018
UK 7.76 (all) 4.62 (confirmed) 2012–2016
USA 2.83 2009–2018
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An aircraft damaged from its radome shield is shown in Fig. 2.25. Although the 
radome shield was made of a honeycomb structure, it did not provide sufficient 
protection. In a study using AFS panels, experimental (by using real birds) and 
numerical investigations have been performed in order to determine the behavior of 
AFS panels against bird strike. The motivation of the study was that this type of a 
structure could be used to protect the radome bulkhead section from bird penetra-
tion into the cockpit. They tried various core (AlSi7Mg0.5 foam) thicknesses, core 
densities, and impact velocities (140–190 m/s) in order to compare the amount of 
penetration (Fig. 2.26) [111]. In another study, a gas gun was used to generate the 
impact of a bird strike [118].

Table 2.6  Bird/wildlife strike induced costs in the United States (1990–2018) [113]. Under the 
Creative Commons license

Cost Type Total/Average Reported Cost (US $)

Repair costs total
average

4.6 M
158,573

Indirect costs total
average

726,044
25,036

Total costs total
average

5.3 M
183,609

Fig. 2.24  (a) Leading edge and (b) an Al-foam-filled leading edge [117]. Reprinted by permission 
from Elsevier

Fig. 2.25  Wildlife strike to an aircraft, damaging its radome and leading edges [119, 120]. 
Courtesy of The Aviation Herald
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Besides bird strikes, weather conditions can pose a threat to the safety of an air-
craft. For instance, even a short transition from a hail zone can cause deteriorations 
such as depression, cracks, and holes. Therefore, important elements such as lead-
ing edge, radome, and engine can be damaged. In a numerical study, the mechanical 
performances of eight different sandwich structures were analyzed in a way that 
they were exposed to hail effect at different velocities. The core parts of sandwich 
structures consisted of different designs such as corrugated metal sheet, pyramidal 
lattice, and metal foam. As a result, the best design in terms of energy absorption 
has been the aluminum foam reinforced tetrahedral core [121].

A composite material comprising a stainless steel open-cell metal foam (S-S 
CMF) infused with a hydrophobic epoxy resin (Fig. 2.27) was introduced in a study. 
A vacuum-assisted thermal infusion process was employed. S-S CMF was pro-
duced using a powder metallurgy technique and infused thereafter. The final product 
was used as the leading edge of aircraft wings. The aim was to protect the edges 
from three-dimensional disturbances due to insect adhesion, ice accretion, and 

Fig. 2.26  Deformed states of sandwich panels after bird strike simulations (both experimental and 
numerical) for: (a) 0.15 g/cm3, (b) 0.3 g/cm3 core densities [111]. Reprinted by permission from 
Elsevier

Fig. 2.27  An image of an epoxy-infused S-S CMF composite developed [122]. Reprinted by 
permission from Elsevier
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particle wear. This, in turn, would improve performance, safety, and fuel efficiency, 
with an overall product density similar to that of aluminum [122].

Another composite material involving a nonaluminum metal foam, but this time 
in sandwich form, was designed and produced to be used in aircrafts by a research 
group. It was obtained by a 17-4 PH/Precipitation-Hardened stainless steel open-
cell foam (having high strength and high toughness) and two face sheets of the same 
material in dense form (Fig. 2.28). This composite structure was employed as an 
engine fan blade and compared to a solid titanium blade, with respect to vibration 
characteristics and design requirements. In the study, skin thickness and core vol-
ume were varied. The vibration analysis revealed that substantial weight/cost sav-
ings can be achieved without having unacceptable resonant frequencies. This 
innovative design exhibited a competitive performance while having a significantly 
lower cost and lightweight [123].

As a different sort of exploitation, open-cell metal foams have been employed to 
generate electricity (micro-energy harvesting) from the surroundings of an aircraft. 
Based upon this idea, harvesting of thermal fluctuations in the fuselage during a 
flight and their transformation into electricity (by using thermoelectric effect) was 
modeled and simulated numerically, and reported by a researcher. The model 
involved a thermoelectric generator (TEG) and (as a heat reservoir) a phase change 
material (PCM) combined with each other, aiming to boost electricity generation. It 
was concluded that open-cell metallic foam inside the PCM enhanced the effective 
conductivity, allowed larger volumes of heat storage units, and increased the heat 
transfer between the TEG and PCM; thus, increased the electric power generation 
[124, 125].

2.5  �Spacecraft Applications

Besides their multi-functionality, also the high temperatures and stresses in aero-
space applications make metal foams feasible materials in spacecraft industry. 
Existing utilizations of the cylindrical shells involving metal foams in missile/
spacecraft hulls, storage tanks, and nuclear reactor shells indicate the potential of 

Fig. 2.28  (a) A metal foam sandwich panel (17-4 PH stainless steel foam core + 17-4 PH face 
sheets). (b) The engine fan model where the sandwich panel was used and numerically analyzed 
[123]. Reprinted by permission from SAGE
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these materials. There are many researches on buckling and vibration of these shell 
structures [4]. Metal foams are suitable to be used for mechanical energy absorbing 
in space vehicle landing pads and for reinforcement of load-bearing structures in 
satellites [10]. Moreover, metal foams could be employed in high-temperature 
applications such as transpiration-cooled rocket nozzles, heat shielding for exhaust 
[108], heat sinks, filtration, and PEM/proton-exchange membrane fuel cells [126]. 
Metal foams could play a greater role in the design of spacecrafts in the future [3].

For spacecrafts and satellites, there is always a collision risk with hypervelocity 
space debris and meteoroids. Critical components have to be protected against these 
impacts by using appropriate structures, without causing substantial increase in 
weight. In this context, hypervelocity impact tests of open-cell Al foams were per-
formed in various studies, being supported by NASA and ESA [127].

When compared to metallic honeycombs, metal foams are competitive in 
mechanical performance and advantageous by not having channeling cells (which 
are impairing MMOD/micro-meteoroids and orbital debris shielding) [128]. The 
gas trapped in the porosities of a closed-cell foam could expand and burst the cell 
walls due to the changing ambient pressure in high amounts, during the spacecraft 
launch. These deformations could bring about unexpected results. Therefore, open-
cell foams are better suited to the spacecraft components [127].

A modified version for the representative shielding element (against MMOD) of 
the ISS/International Space Station was developed employing an open-cell foam 
instead of honeycomb structure in a study. Total weight was kept equal with the 
original structure. The ballistic limit equation, which was derived by using the data 
from the hypervelocity impact tests conducted by the researchers, resulted that for 
3 km/s, the critical projectile diameter increased by 15%. The performance gain was 
predicted to be higher with the increase in impact obliquity [129].

NASA published an article evaluating the shielding performance of sandwich 
panel configurations having open-cell aluminum foam core(s), comparing them 
with alternative sandwich panel configurations (aluminum honeycomb core, 
Trussgrid 3D aluminum honeycomb core, nonmetallic honeycomb core) (Fig. 2.29). 
The effects of foam parameters, core thickness, and face sheet thickness were exam-
ined, too. Also, a ballistic limit equation was developed for the foam core sandwich 
panels. According to this equation, at both normal and oblique strikes, the foam core 
panel resulted in a superior performance with respect to the honeycomb core 
panel [128].

The effect of elevated temperatures on the penetration behavior of AFSs was 
evaluated in a numerical study. The developed model was validated with experi-
ments and could be employed in aerospace structural designs. Numerical results 
showed that when increasing the temperature from room temperature to 300 °C, the 
decreases in energy absorption and peak force were 29.9% and 31.8%, respectively. 
Another result was that the decreases in these characteristics were linear when the 
numerical tests were carried out in various temperatures by increasing the tempera-
ture 100 °C each time [126].

Utilizing metal foam core sandwich panels, Pohltec Metalfoam manufactured a 
prototype of a conical adapter for the Ariane rocket. This prototype, having a 
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diameter bigger than 4 m and including welded and curved AFS panels, exhibited 
an exceptional performance because of the good vibration damping property of AFS 
panels [130].

Ensuring an efficient heat dissipation in spacecrafts and space-based equipments 
(e.g., lunar probes) is a challenging issue. Heat sinks such as space radiators and 
water sublimators are employed for this task. Open-cell aluminum foam is an ideal 
solution for this type of applications [131].

An open-cell Al foam (Duocel) heat exchanger produced by ERG Aerospace 
Corporation has been used both for heat exchanging and air filtration in a space 
shuttle and ISS. Filtration was achieved by granulated chemicals supported by the 
Al foam so as to absorb and remove CO2 and moisture. The system rotates periodi-
cally to emit the CO2 and the moisture into space, therefore, functions without stop-
ping servicing a long time. Duocel have also been utilized to provide heating and 
cooling uniformly in satellite cryogenic tanks, as well as isothermalization and baf-
fling in solid cryogenic coolers of space-based infrared optical devices [50].

Radiation heat transfer is dominant in cooling of the systems located in space-
crafts. Passive cryogenic radiators having extended heat transfer surfaces are suit-
able for this condition. High porosity open-cell metal foam, possessing a low density 
and high surface area density, could be an alternative material (Fig. 2.30) to be used 
as a passive cryogenic radiator [132]. Interactive surface area for radiation is higher 
in open-cell metal foams, due to their high porosity. Heat transfer performances of 
a copper and an aluminum open-cell foam, each having a pore density of 20 PPI/

Fig. 2.29  The deformed states of three sandwich panel configurations, having a 2.0″ total thick-
ness, after an impact of a 3.6 mm diameter projectile at ~6.8 km/s with 0°: With an open-cell Al 
foam core (40 pores per inches), with an Al honeycomb core, with a nonmetallic honeycomb core, 
respectively from left to right. (The upper images show the rear face sheet deformation) [128]. 
Courtesy of NASA
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Pores per Inch (with corresponding porosities of 94.9% and 90.3%, respectively) 
and intended to be used as passive cryogenic radiators, have been evaluated in a 
study. As a common practice, performance characteristic was taken as surface area/
cooling capacity. According to the experimental and theoretical results, the alumi-
num foam was found to be more successful than the copper foam in cooling [133]. 
In a theoretical study, radiative cooling performance of aluminum foam fins (with a 
20 PPI pore density and a 90% porosity) was concluded to be ten times higher, when 
compared to that of solid aluminum fins [134].

Gamma-ray shielding in spacecrafts and satellites could be another application 
for metal foams. Open-cell metal foams have been proposed to be used instead of 
perforated beam screens, employed in high synchrotron radiation particle accelera-
tors of the CERN Large Hydrogen Collider [135].
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