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This paper aims at presenting the main processing routes that are used to produce foams 
in their general definition and the typical structure that can be obtained according to the 
process. We first describe the main classification of the foam according to the level of 
porosity (open cells, closed cells, partially open cells and mixed cells). We present briefly 
the main processes to obtain such structures (non-removable space holder stacking and 
impregnation, removable space holder, foaming from gas or from precursor and shortly 
additive manufacturing) with a specific focus on the metal foam processing. We finally 
indicate the main structure that can be obtained with these types of processes and the 
main characteristics that are necessary to quantify at the various scale of the structure.

© 2014 Published by Elsevier Masson SAS on behalf of Académie des sciences.

r é s u m é

L’objectif de cet article est de présenter les principales voies de synthèse des mousses 
dans leur définition générale et la structure typique qui peut être obtenue en fonction de 
chacune d’entre elles. Nous décrivons d’abord la classification principale de la mousse selon 
son niveau de porosité (cellules ouvertes, fermées, partiellement ouvertes et mixtes). Nous 
présentons brièvement les principaux procédés permettant d’obtenir de telles structures 
(imprégnation ou empilement de particules poreuses, élimination de particules, bullage 
par injection de gaz ou à partir d’un précurseur et fabrication additive), en mettant 
plus spécifiquement l’accent sur la réalisation de mousses métalliques. Nous indiquons 
finalement la structure principale qui peut être obtenue par ces types de procédés et les 
caractéristiques principales qu’il est nécessaire de quantifier aux différentes échelles de la 
structure.
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Fig. 1. The different kinds of cellular solids: from closed cells to open cells.

1. Introduction

According to Gibson and Ashby [1], a cellular solid is “one made up of an interconnected network of solid struts or 
plates which form edges and faces of cells”. There are two types of cellular solids: (i) 2D cellular solids like “honeycombs”, 
with a geometry that is defined in 2D, (ii) 3D cellular solids, which we will for simplicity call foams, present generally 
highly porous 3D structures that are divided into distinct cells, a cell being an empty space delimited by solid boundaries. 
Ideally, the individual cells are all separated from each other by material, but often this restriction is relaxed. In the latter 
category, one can distinguish between two subgroups: if the material is distributed in the faces and the struts of the cells, 
the cellular solid is often called closed-cell foams (syntactic foams can be classified in this category). If it is in the struts 
only (so that the cells connect through open faces), it is called open-cell foams. Intermediate configurations do exist (for 
example, cell faces are partly solid, or some faces are solid and others are open: in this case, we can use the term “partially 
open-cell foams”. The last configuration is when the material presents at the same time open porosity and closed porosity 
like hollow-sphere stacking: we will call them mixed-cell foams. Fig. 1 presents the structure of all these foams. These 
definitions are valid whatever the constitutive material of the cellular structure: polymer, ceramic or metallic. Note that 
the term foam should be restricted to cellular materials that are produced by a foaming technique, which is often not the 
case for open-cell foams, partially open-cell foams and mixed-cell foams, as we will see. However, this term presents the 
advantage of simplicity and we will keep it to describe 3D cellular structures. The aim of the processing section is to give 
the general trends, highlighting some specificity according to the constitutive material, rather than presenting an exhaustive 
review of the processing of all the foams. The structure and the main parameters to characterize cellular solids are quite 
common to all cellular materials and thus the structural parameters will be presented in reference to foam characteristics 
(open, closed, partially open and mixed).

2. Processing

Fig. 2 presents the main processing routes that are used to process polymer, ceramic or metal porous materials. This 
section will be devoted to processes that allow obtaining highly porous materials, i.e. with a relative density larger than 60%. 
We will briefly present these processes and highlight some features according to the constitutive material: we will consider 
non-removable space holder stacking, non-removable space holder impregnation, removable space holder, foaming from gas 
or from precursor and finally additive manufacturing. We will not present in this paper sintered entangled materials.

2.1. Non-removable space holder stacking

The principle is to stack and join hollow particles in order to produce a 3D material. In order to get a structure than can 
hold, contacts have to be created permanently between the hollow objects. One example of this technique is the hollow 
metallic sphere stacking process that has been extensively studied over the last ten years [2]. The metallic hollow spheres 
can be produced from a polystyrene sphere on which metallic particles are deposited using suspension. So far, various 
materials such as iron, stainless steel, titanium and molybdenum have been used. A de-binding step is required to get rid 
of polystyrene, followed by a sintering stage to obtain a porous or dense shell. The metallic spheres are stacked (randomly 
or periodically) and sintered or glued together in order to get a 3D structure. The particularity of this structure is that it 
is possible to obtain a fully closed cell structure (with a tetrakaidecahedron unit cell) as well as a mixed cell structure 
with closed porosity (inside the sphere) and open porosity (between the spheres). The size of the spheres is typically a few 
millimeters, the shell thickness between 50 and 200 μm, and the typical relative density reached is between 0.1 and 0.3. 
The most developed material with this type of arrangement is stainless steel, but other types of metal can be used [2–4]. 
Aluminum foam granules [5] that are bonded together can also be used to produce a mixed-cell structure. This process 
develops under the trade mark APM uses aluminum foam granules of few millimeters in diameter with a relative density 
between 0.2 and 0.3, which are bonded and mixed, leading to a final product with a relative density as low as 0.1. Recently 
these granules have been used in polymer matrices as space holders in order to produce aluminum hybrid foam sandwiches 
as innovative materials for battery housings of electrical vehicles [6].
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Fig. 2. (Color online.) The various processing routes of foams or porous structures.

2.2. Non-removable space holder infiltration

This technique is based on the use of micro-balloons or hollow sphere that are infiltrated or mixed with a metal, polymer 
or ceramic suspension. This is often called syntactic foams. The specificity of syntactic foams is to use a hollow sphere 
usually made of glass [7], but other types of hollow sphere exist, such as polymer, ceramic or even metallic ones [8–10]. 
These glass hollow spheres have been widely used in polymer matrices [11]. The diameter of these glass spheres is between 
15 and 60 μm and the shell thickness is between 0.5 to 2 μm and their typical density between 0.1 and 0.6 g/cm3. The 
crushing pressure is of course mainly influenced by the density and can vary between a few MPa and 200 MPa [8]. The use 
of the syntactic spheres requires care during processing in order not to crush the spheres and therefore a specific design 
of the screw for injection molding of syntactic polymer foams [7]. Ceramic hollow spheres have been used for example 
in aluminum metal matrices. A preform of the hollow sphere is infiltrated with aluminum using a low gas pressure and 
dedicated devices [12,13].

2.3. Removable space holder

This method has been extensively used for metallic foams. There are two main ways to produce foams with this tech-
nique: a powder metallurgy route and a casting route. In the powder metallurgy route the removable space holder, usually 
polymer or carbon particles or fibers, are added to metallic particles: a further sintering process is applied to the material 
in order to remove the space holder material and sinter the particles. This type of technique has been largely investigated 
with titanium particles and various morphologies of carbamide as space holder materials [14–17]. The titanium particles 
are mixed with the carbamide particles, pressed and subjected to cold isostatic pressing. The space holder is removed with 
hot water and the remaining green skeleton is sintered at 1200 ◦C under Ar atmosphere. The typical relative densities are 
between 0.25 and 0.6, with pore sizes ranging from 150 μm to a few millimeters. Other metals have been used such as 
stainless steels, superalloys, and even aluminum alloys [18,19].

Concerning the casting route the older way for producing metal foams, for example, was to use infiltration of salt preform 
by aluminum alloy: the first patent dates to 1962 [20]. The principle is to first obtain a preform of salt (either by sintering 
or compaction of the salt) and infiltrate this preform at low pressure by pure aluminum or an aluminum alloy [21]. The 
composite salt/aluminum is then machined to the desired shape and the salt is dissolved in water. The size of the salt 
particles can be sieved in order to produce foams with regular cell sizes ranging from few 20 μm up to 1 mm. The relative 
densities of such foams lie between 0.1 and 0.4. The angular shape of the salt can be changed into spherical, leading to 
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spherical-cell aluminum foams [22,23]. The salt dissolution can be quite long for very fine salt particles. A more recent 
development of this technique involves the use of a mixture of NaCl, flour and water to produce a large and complex shape 
for the space holder, which can be infiltrated in the same way as traditional salt preform. The dissolution is much faster 
and it allows producing aluminum foams with large pore sizes, marketed under the commercial name Corevo [24].

Another way to produce metal foam using a casting technology is to create a preform with compacted sand and a 
binder. After that, a conventional sand casting technique can be used to infiltrate the preform [25]. The preform is removed 
in order to produce various kinds of products, including foam parts and dense parts. Various constitutive materials can be 
used (aluminum alloys, copper alloys, cast iron. . . ) and this is licensed under the name castFoam and designed by Alveotec 
[26]. It allows producing open-cell foams with cell sizes ranging from 10 mm up to several centimeters, and with a large 
volume structure.

2.4. Positive replication

In two-step replication techniques, the resulting foam is not the “negative replicate” of the preform, but its “positive 
replicate”: an open-cell polymer sponge is used as the starting material, and a method of investment casting allows the 
production of metal foam with the same mesostructure. This proceeds as follows [27]: a polyurethane sponge is filled with a 
slurry of a sufficiently heat-resistant material. This material is dried and the polymer foam is removed by thermal treatment. 
This enables the mold to rigidify. A ceramic mold of the polymer foam is therefore obtained and is infiltrated with molten 
metal, possibly under vacuum and/or pressure. After cooling, the mold is removed, by shaking or using pressurized water. 
Metallic open-cell foam is therefore obtained, which reproduces the initial polymer foam’s geometry. This kind of sponge 
has been manufactured and commercialized by ERG Materials and Corporation (Oakland, CA, USA) under the trade name 
DuocelTM for many years and display a very regular architecture [28]. Their average cell size ranges from 5 to 100 pores 
per inch, namely 0.2 μm to 4 mm. Due to their “beam-network-like” shape, they display very low relative density, ranging 
from 0.03 to 0.12. In theory, a wide range of metals can be used to produce sponges using this technique (e.g., magnesium 
was used in [29]); however, foams of Al alloys 6101 and A356 are generally produced.

Other techniques allow producing positive replication of polymer foams, but unlike the previous one, the foam will 
present hollow struts. These techniques are electrodeposition, CVD and CVI. The electrolytic deposition process involves the 
dissolution of one electrode (the metal) and the deposition of the metal on a second electrode (the polymer template). 
Because polymer sponges are nonconductive, they must firstly be made electrically conductive by either sputtering or ionic 
deposition of a thin layer of conductive material. The metal foam is then created by the subsequent electrolytic deposition of 
the metallic element [30]. Ni and NiCr foams produced by this method are currently manufactured under the trade names 
Celmet (Sumimoto Electric, Osaka, Japan). The company NiTech® (which has now ceased trading) also produced nickel 
foams using this route. In this process, a final step of annealing in a reducing atmosphere was performed after removal of 
the polymer template, in order to lower the amount of oxides that appeared during polymer pyrolysis, which improved the 
ductility of the resulting foam. These processes are limited to a few metallic elements (alloys are difficult): Ni, NiCr, silver, 
copper and tin. Relative densities are typically less than 0.1 with average cell sizes from 400 μm up to a few millimeters 
[31,32].

Pure nickel foams are produced using CVD by Inco limited (Toronto, Ontario, Canada), under the trade name Incofoam®: 
an open polymer foam is placed in a CVD reactor where nickel tetracarbonyl NiCO4 is introduced. This gas decomposes into 
Ni and CO at a temperature of about 100 ◦C and coats all the exposed heated surfaces within the reactor. The polymer is 
then burnt out in air, and the remaining cellular structure is sintered to densify the ligaments. Chemical Vapor Infiltration 
(CVI) is also used by Ultramet Advanced Materials and Recemat International to produce refractory metal foams (carbon 
vitreous, SiC, Ti, Ni, Cu, Al2O3) under the trade names Ultrametal and Recemat. Incofoams are produced and traded on a 
very large scale, probably the largest one as metal foams are concerned. Very low relative density are obtained (between 
0.02 and 0.05), and cell sizes between 100 and 300 μm [33–35].

2.5. Foaming from a gas or a precursor

The processing of fully closed cell foams is mainly based, whatever the constitutive material, on gas release in a liquid, 
a semi-solid or a suspension. Polymer foams are certainly the oldest foams synthesized: their production started with 
polystyrene foams in the early 1930s and continued with PU foams during and after the World War II. The main processing 
way is to use a blowing agent at a temperature above the glass temperature of the foam. The use of blowing agents that 
contribute to ozone layer depletion led to the development of new compounds of this kind. In the gas-blowing technique, 
the polymer is saturated with a gas or supercritical fluid (usually CO2 or N2) at constant temperature and pressure. Then, 
the system is brought to the supersaturated state either by reducing pressure (pressure induced phase separation) or by 
increasing temperature (temperature-induced phase separation), resulting in the nucleation and growth of pores [36–39]. 
The main current polymer foams are PE, PU, PVC, PP and EPS foams, with cell sizes ranging from a few tens of microns up 
to few millimeters and with relative density ranging from 0.01 up to 0.2 for most of them. Usually there are three main 
foam categories: flexible foams, rigid foams, and structural foams. And the polymer foams can be open- or closed-cell foams. 
Among the polymer foams, EPS foams are produced in a different way, using small beads as the starting material. These 
small beads contain a small percentage of the naturally occurring gas pentane. This gas is impregnated throughout the body 
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of each small bead. The pre-expansion phase of manufacturing is simply the swelling of the small bead to almost 50 times 
its original size through heating and rapid release of the gas from the bead during its glass-transition phase.

Concerning the ceramic foams, the gas release is carried out in a ceramic suspension, the following step being a sin-
tering process in order to consolidate the structure [40]. The tricky point is the stabilization of the foam to avoid bubble 
coalescence, which can be controlled by using a specific surfactant or even particles [41]. The ceramic particles can also be 
mixed into organic solutions containing the precursors of a polyurethane foam or in molten sucrose [42]. Other techniques 
using pre-ceramic silicon-based polymers and polyurethane precursors allow obtaining fully closed cell ceramic foams with 
dense struts. Cell size ranges from 10 μm to 1 mm (lower sizes are obtained when particles are used to stabilize the foam) 
and porosity up to 95% can be obtained using these techniques [41].

Concerning the metallic foams, two main methods are used: foaming from a gas and foaming from a precursor. As 
explained in details [43], the oldest mention of metal foams concerns foaming from a gas, and it dates to 1925 [44]. It was 
then followed by three patents: one on the use of a blowing agent [45], one on foaming from a precursor [46], and one on 
external gas blowing [47]. Despite these early patents, the major research activity on these materials started in the 1990s. 
In both cases, the foams had to be stabilized, because the high surface tension and low viscosity of molten metals caused 
rapid drainage of the liquid towards the bottom of the container and rapid collapse of cell walls, especially at low densities. 
Stabilization was generally achieved by means of solid additions to the melt, generally in the form of ceramic particles, and 
also by means of certain alloying elements to the melt.

The melt foaming process was developed simultaneously and independently by Alcan [48] and Norsk Hydro [49] in the 
late 1980s. Both patents are now exploited by the Cymat Aluminum Corporation, Canada [50]. Stabilizing particles, usually 
SiC or Al2O3, are added to the molten aluminum alloy. Gas bubbles are dispersed in the melt using nozzles integrated into 
a rotor impeller. The bubbles accumulate on the surface of the melt to constitute a foam that is transferred onto a conveyor 
belt, where it solidifies and cools down. These materials are somewhat anisotropic for two reasons: (i) the foam is passed 
through the belts, which causes the cells to be oriented; (ii) some gravity drainage occurs during solidification, which leads 
to a density gradient through the height of the sheet. This process is also used for the manufacture of 3D cast elements: 
molten aluminum is injected at low pressure: this pressure is sufficient to fill the mold precisely, but it is not so high that 
it would collapse the cell structure. The cell size is generally between 2.5 to 30 mm with relative densities between 0.02 
and 0.2 and restricted to aluminum alloys mainly.

Blowing agent in a liquid. Using a blowing agent in a liquid is an alternative way of creating gas bubbles in a molten 
metal to cause their nucleation and growth directly within the melt using a gas-producing chemical reaction. One method 
is to create the bubbles by using a foaming agent that releases gas when heated. This kind of process was developed 
by the Shinko Wire Company (Amagasaki, Japan), which patented the process in 1987 [51]. The resulting foams were 
commercialized for industrial applications under the trade name Alporas®. In a first step, 1.5% of Ca is added to the melt 
in order to increase its viscosity (fine particles of CaO and CaAl2O4 form due to high affinity of calcium with oxygen). The 
thickened aluminum is then poured into a casting mold and vigorously stirred with 1.6% TiH2. As soon as H2 bubbles are 
formed and dispersed, the stirring system is withdrawn. The molten material expands and fills the mold. Solidification is 
obtained by air cooling in the mold. Resulting foam blocks of about 160 kg, with dimensions of 45 × 202 × 65 cm3) were 
produced. The cell size is generally between 0.5 and 5 mm, with relative densities between 0.07 and 0.2, and is mainly 
used with aluminum or magnesium alloys. Other blowing agents like CaCO3 have been investigated by Alcoa [52], which 
produces such foams.

Blowing agent in solid precursor released in liquid state. The powder mixtures are densified in the solid state using standard 
techniques: uniaxial or isostatic compression, rod extrusion or powder rolling. Aluminum and its alloys, tin, zinc, brass, lead, 
gold and some other metals and alloys can be foamed by choosing appropriate blowing agents (TiH2, CaCO3, ZrH2 . . . ) and 
process parameters. This technique also allows the production of sandwich panels consisting of a metal core and two metal 
face sheets [53]. These can be made by roll-cladding sheets of metal (aluminum, steel, or titanium) onto a sheet of foamable 
precursor. Under heat treatment, the core expands, whereas the sheets remain dense. It has been extensively used with pure 
aluminum and various kind of aluminum alloys [43]. The cell size is generally between 2–10 mm, with a relative density of 
0.3 to 0.7.

Blowing agent in solid precursor released in the semi-solid state. In this method, two steps are required to prepare the pre-
cursor: (1) the powder blend is predensified in the solid state by cold isostatic pressing, (2) the resulting material is heated 
to a temperature at which the alloy is semi-solid and can be cast. The final precursor is foamed as described before. One 
advantage of this process is that the precursor can have a complex shape, and is more isotropic than in the first method. 
This leads to more homogeneous foams [54]. Note that the advantage in processes using powder compacts and thixocast 
precursors is that the stabilization is ensured by the presence of oxide skins, so that stabilizing particles are not needed. 
The cell size is generally between 1 and 5 mm with relative densities of 0.1–0.5. A slightly different method has been also 
developed: instead of preparing the precursor using metal powders, blowing agent powders (TiH2) and SiC particles are 
mixed directly with melts, after which the melt is solidified. This process is known as FORMGRIP, which is an acronym of 
Foaming of Reinforced Metals by Gas Release in Precursors [55]. The particularity of this method is that TiH2 particles are 
firstly heated in the air. This creates an oxide layer TiO2 on their surface, which avoids premature hydrogen evolution during 
mixing. This precursor is then reheated in mold in order to produce a foam with very good homogeneity. Note that in this 
case the constitutive material of the resulting foams is a metal matrix composite. The cell size is generally between 1 and 
5 mm, with a relative density of 0.1–0.5.
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Blowing agent in powder and resin: it combines foaming and powder metallurgy and proceeds in four steps:

• powder mixing: the constitutive material (e.g., Ni powders), a foaming agent (TSH) and a bonding resin are homoge-
neously mixed;

• foaming at 150 ◦C; the heating causes: (i) the resin to melt, (ii) the foaming agent to release gas; this creates bubbles, 
which are composed of molten resin mixed with Ni solid particles, (iii) the resin is cross-linked. At this step, the 
resulting foam is made of resin and Ni particles, and it is partially open (some cells communicate);

• thermal decomposition of the resin: small voids are created at the surface of the large bubbles, which leads to a totally 
open porosity. At this stage, the particles are only bonded by a thin oxide layer of NiO;

• sintering under reducing atmosphere: walls consolidate and the oxide layer disappears. The resulting foam presents 
large cells containing small cells at their surface and presents a double porosity: (i) a micrometric porosity within the 
cell walls (<10 μm), (ii) a mesometric porosity (about 1 mm) between the cell walls. This double porosity leads to very 
large specific surfaces (the powder size being around 10 μm), which is an advantage for some properties, such as the 
permeability. Lastly, materials such as Ti or steel are good candidates for that process. The typical relative densities are 
between 0.1 and 0.4 [56].

A full list of companies producing metal foams can be obtained on the website dedicated to metal foams [57]; a complete 
review can be obtained in [58] and in [27,43].

2.6. Additive manufacturing

Additive manufacturing processes have been used for almost 25 years, e.g., Stereo Lithography (SL), Fused Deposition 
Modeling (FDM), 3D printing, and Laminated Object Manufacturing (LOM). These processes were mainly used for Rapid Pro-
totyping (RP), the prototypes being made from polymer, wood or paper. Important developments have been made recently 
in the framework of additive manufacturing: new processing routes have emerged, especially the powder bed techniques 
(e.g., Electron Beam Melting—EBM, Laser Beam Melting—LBM, Selective Laser Sintering—SLS)) and Direct Deposition tech-
nologies (e.g., Electron Beam Fabrication FreeForm—EBF3, Direct Laser Fabrication—DLF, Direct Metal Deposition—DMD, Wire 
Arc Additive Manufacturing—WAAM) [59–62]. It is now possible to directly manufacture parts that fulfill the engineering 
specifications in terms of geometry, microstructure, and mechanical behavior. The so-called Rapid Prototyping is now turn-
ing into Rapid Manufacturing. These processes definitely open new ways for manufacturing foams or cellular structures with 
well-controlled geometry and porosity [63–68]. In the following sections, we will give a brief overview of the main additive 
manufacturing processes and we will highlight their respective advantages and disadvantages. The readers are encouraged 
to look at [59–61,69,37] among other for more details about the different additive manufacturing processes.

Stereo lithography. In this method, a controlled laser is used to cure a photopolymer resin to shape the component from 
a 3D CAD model. First, a movable build table (in the Z direction) is set right under the surface of a vat filled with a 
photosensitive resin of the required material. The property of such a resin is that it gets hard from liquid to solid under 
exposure to a given wavelength. Usually, stereo lithography process requires ultraviolet rays, but visible light can also be 
used with some materials. The laser beam then scans and hardens the material through the cross-section of the component 
by moving in the X–Y plane. Once the layer is cured, the table lowers at a distance of the defined layer thickness and the 
process is repeated until the final part is built. Highly detailed components and fast delivery are some benefits from the 
stereo lithography process. The possibility of processing large parts is another notable advantage of this method. On the 
contrary, manipulating liquid materials (polymers in solution) is messy and this was clearly considered as a disadvantage. 
In addition, the parts normally require a post-processing treatment in order to make sure that curing is complete. Finally, 
in many cases, the products do not necessarily show the physical, thermal or mechanical properties typically required from 
end-user material. The stereo lithography process uses a wide range of photo-sensitive resins that consist of material such 
as ABS-like materials, polycarbonate, polyethylene, polypropylene.

3D Printing. The 3D printing process uses a cylinder as a material support and a cylinder as a building chamber. For each 
layer, a roller will spread and compress a measured amount of material powder over the building table. Instead of the laser 
in the SLS technique, a multichannel jetting head will deposit a liquid adhesive so as to bond the particles of powder and 
shape the 2D cross section of the component for that layer. Once a layer is completed, the building chamber goes down by 
an increment of the defined layer thickness, getting ready for the subsequent layer to be printed. After completion of the 
whole process, the final object will be removed and the excess of powder brushed away. In this method, the use of supports 
is not necessary, as the powder bed can hold the overhangs. The advantages of 3D are its building rate and low material 
cost, as well as its relative ease to manufacture color parts. On the other side, its limitation is the resolution, the available 
materials and the brittleness of the parts produced.

Powder-bed technologies. Most of the additive manufacturing processes rely on a layer-by-layer fabrication that consists 
of a stack of 2D sections to build the volume, typically the layer thickness is about 20–150 μm. Once building is achieved, 
the powders that were not bound are removed so as to be recycled and used again in a following building, the part 
being extracted from the powder bed. Usually, the process can be divided into three steps: (1) the first layer is formed by 
raking the powders; (2) the powder bed is locally and selectively consolidated in order to manufacture a section of the 
part—bonding between particles can be achieved using a binder brought by a nozzle or by partial or total melting of the 
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powders—; (3) once the layer n is built, then the part is lowered by an increment of thickness and the process is repeated 
to achieve the layer n + 1 and further until achieving the desired part. The famous processes of Selective Laser Sintering 
(SLS), Laser Beam Melting (LBM) and Electron Beam Melting (EBM) are based on this principle [70–73,63–67]. The main 
advantages of the powder-based technologies can be summarized as follows:

(i) these processes do not require a long preparation time before starting the fabrication;
(ii) the raw materials that were not used in building can be recycled and used again in the following fabrication;

(iii) there is a relatively good dimensional accuracy;
(iv) these processes enable to manufacture overhung surfaces;
(v) these processes enable to produce parts that were previously impossible.

The current main drawbacks of these processes are:

(i) only relatively low build rates are achievable;
(ii) only relatively small parts can be built;

(iii) the components have to be built on a flat base.

One has also to keep in mind, for the powder based techniques, that the powders have to meet specific criteria like 
the sphericity of the particles and their size distribution. These two criteria can be generally achieved by specific powder 
production processes such gas atomization or plasma atomization. In the case of metallic materials, various alloys have 
been produced by additive manufacturing. The most used and studied are Ti-alloys (mainly Ti6Al4V), Co–Cr superalloys, 
titanium aluminides and Ni-based superalloys (Inconel 625 and 718), steels (H13 tool steel), stainless steels (17-4 PH, 316L), 
and aluminum casting alloys (Al12Si). Other materials are under development or have been investigated at the scale of the 
laboratory: copper (GRCop-84), niobium, or amorphous metals.

Deposition technologies. The second process that can be used in additive manufacturing is direct deposition (DD). The 
FDM process is the most famous example of such processes, because it is under democratization in everyday life, probably 
due to the availability of low-cost machines. This technique uses a heat source (laser, electron beam, or another resistive 
heating system) in order to melt and deposit the raw material supplied as powder, wire or pellets [74,75]. The advantages 
of the direct deposition methods over the powder bed technologies are:

(i) a high-rate deposition capability;
(ii) its usability for repairing parts;

(iii) a relatively wide process window;
(iv) a greater ease of manufacturing functionally graded structures or multimaterials. The main limitation is the difficulty 

to process overhung surfaces.

A variety of metallic alloys have been produced using the DFL or DMD processes, including Ti-alloys, Ni base superalloys, 
stainless and tool steels. Several materials are available for the well-known FDM process, including: nylon, ABS, polyethylene, 
among the most used ones.

3. Structure

Fig. 3 summarizes shortly the various structures that can be obtained with each process in the classification that was 
defined in the introduction. It is interesting to see that only two processes (non-removable space holder stacking) can 
produce mixed cells with open and close porosities, while the other structure can be produced by several processes.

Concerning the structural parameters that are mostly used to characterize these structure, the first important one is the 
relative density:

ρ = ρ∗

ρs

where ρ∗ is the density of the cellular material, and ρs the density of the constitutive material, i.e., the solid from which 
the cell walls and struts are made. As it will be shown in the next papers, it is the first-order important parameter in all the 
mechanical and functional properties. Of course this is not the only one and we will now develop the main parameters that 
are necessary to fully characterize the various foam structures. An important feature is also foam homogeneity, which is well 
controlled in most processes, but can be less controlled in foaming techniques. For example, the early closed cells metal 
foams were subjected to a non-homogeneous distribution and therefore it was necessary to quantify this homogeneity. This 
is of course related to cell size distribution, but often local density measurements were performed either in 2D or 3D from 
data acquired using X-ray tomography [76].

For the sake of simplicity, we will now present the structural parameters for each structure (closed cells, fully open cells, 
partially open cells, and mixed cells) and clarify in some cases the effect of processing. In this paper, we will mainly discuss 
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Fig. 3. (Color online.) The possible structure obtained with the main processing techniques.

the structural parameters of the foams and we will not go into the details of the microstructure of the foams, though it has 
a large impact on some mechanical properties. We will also explain how they can be measured.

3.1. Closed cells

The main important parameters in closed cells are related to the two scales present in these structure, the cells and the 
struts.

Concerning the cells, the structural parameters are cell morphology, cell size distribution and cell orientation. These 
parameters are useful to quantify the homogeneity of the foam and therefore the control of the process. The two non-
removable space holder techniques present clearly the advantage of fully controlling these parameters, which is of course 
less the case for the foaming technique, especially for metal foams: indeed, in this case, there was a huge effort concern-
ing the development of controlled structures of the foams. Concerning the struts, the material repartition at the node and 
along the struts is important as well as the size of the struts. Thanks to X-ray tomography (see the paper dealing with 
characterization), it is possible to obtain a complete description of the structures using 3D image analysis. When the cell 
size is roughly spherical, 3D granulometry allows retrieving cell size distribution [77–79]. In the case where the cells are 
not spherical and one wants to quantify the orientation of the cells, the segmentation of the foam might induce artificial 
contact between the cells and therefore it often requires more advanced 3D image analysis tools in order to get individual 
quantifications of each cell [80,79]: this include the separation of the cells using watershed techniques, labeling and struc-
tural parameters calculation that can be performed using a 3D quantitative analysis toolbox [81–84], In some metal foams, 
cracks are present in the faces and thus connectivity indices of the cells can be defined. The strut material distribution and 
also the ratio of material between the strut and the faces can be obtained from 3D granulometry of the constitutive material 
[77].

3.2. Fully open cells

In the case of fully open cells, the cell size, cell size distribution is of course important and can be obtained using the 
same technique as that used for closed cells after cell separation. Other features are often extracted concerning the cells 
such as the type of polyhedron and the associated parameters (cell volume and strut length distributions, number of faces 
per cell, number of nodes per face and the shape of the most representative cells) and the way they are joined. This has 
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Fig. 4. (a) 3D observation of TA6V structure obtained with EBM; (b) a vertical 1.5-mm-diameter strut. The strut is in its as-built state after manufacturing 
with EBM. Resolution: 5 μm.

been done in detail for example in Ti foams obtained by electrodeposition techniques. It was concluded that this process 
leads to the following: the average number of faces per cell is 13, one-third of the cells are dodecahedra, the average 
number of sides per face is five, 57% of the faces are pentagonal and the most frequent cell in the foam is a dodecahedron 
with two quadrilaterals, two hexagons and eight pentagons [85]. The morphology of the struts is also particularly important, 
since it depends on the methods used (positive replication, CVD or CVI). The struts are hollow or not and the section of the 
struts may be quite different, thus influencing mechanical properties.

Cellular solids (random or periodic) made by any additive manufacturing technique have to be carefully analyzed. The 
discrepancies between the desired geometry and the produced one should be known. These discrepancies can fluctuate 
depending on the process, the orientation of the struts, the parameters, the initial raw material. . . Particular care must be 
taken in characterizing the geometry, roughness and porosity along the struts. Each of these parameters can affect the ther-
mal, electrical and mechanical properties of the produced cellular structure. For powder-based additive manufacturing, the 
roughness comes mainly from the powder trapped onto the strut. When producing cellular solids that have strut dimensions 
ranging in the same scale that the minimal resolution of the process, the control of the final geometry is crucial. Depending 
on the process, the minimum achievable strut size can range from 100 μm to a few millimeters. Tomographic characteriza-
tion allows us to assess these properties and to take them into consideration for simulation. The 3D quantification of struts 
made by LBM [86,87] showed the geometry roughness of the strut and the pore size distribution. Discrepancies in terms 
of geometry are visible for small strut diameters (∼100 μm), as shown in Fig. 4. When producing small-diameter struts by 
EBM (∼1 mm), the mechanically efficient volume is reduced as the roughness begins to represent the main part of the strut 
[67]. This mechanically efficient volume can be used in numerical simulation to compute the ‘true’ properties of the cellular 
solid. Improvements have to be made for a better control of the geometric accuracy of cellular solids made by additive 
manufacturing and to minimize its residual porosity. The key parameters for this control are the process parameters and 
the strategy. Post-treatment can also be carried out to improve the inner roughness of cellular solids created by additive 
manufacturing (chemical etching or electrochemical polishing).

3.3. Partially open cells

Partially open cells require also the characterization of cell size and distribution using the same techniques as those 
presented below. Another important parameter is the quantification of the opening degree of these foams. For example, 
when negative replication with salt is used, the compaction pressure applied to the salt preform allows one to control the 
neck size between the particles, which results in opening windows between the cells and also the coordination number 
of the cells. To obtain these two parameters, the cells have to be split using 3D watershed techniques. Generally, the 
“window size” is related to the relative density, increasing while relative density decreases [88,89,22,23,90,91]. Concerning 
the cell coordination number, it was shown that it basically followed Artz’s law [92] when compaction is used to densify 
the salt preform: it decreases linearly with relative density with some deviation to the original law related to the shape 
of the particle [93]. Coordination numbers have also been measured in polymeric foam from tomography data [94]. As an 
example, Fig. 5 presents the 3D rendering of various aluminum foams produced with the salt replication technique showing 
the increase of the opening degree as relative density decreases. The physical and mechanical properties of these foams are 
highly related to these two main parameters, as it will be shown in the other papers of this dossier. As an example, the 
permeability of the foam can be directly related to the size of these windows, as shown by [95].

3.4. Mixed cells

Mixed cells present open and close porosities and therefore the main parameters are of course the already mentioned 
parameters for open and close cells. It is obtained for example from hollow sphere stacking or from foams obtained with 
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Fig. 5. 3D rendering of pure aluminum foam obtained using the salt replication technique at EPFL with various relative densities [88].

Fig. 6. 3D rendering of the neck between hollow spheres in a random hollow sphere stacking from PLANSEE with the quantification of the normalized mean 
contact size and the mean coordination number versus relative density: it correlates well with the analytical model of Artz or numerical simulation [99].

the powder technology. Of course one has to quantify the volume fraction of open and close porosity, which is quite easy 
to obtain thanks to X-ray tomography [96,17]. As for the other structure, the cells wall is an important parameter and 
can be obtained using the granulometry technique. Another important parameter in the case of hollow sphere stacking is 
the neck size between the hollow sphere and the coordination number of the cells. This can be obtained after some 3D 
image analysis treatment, and Fig. 6 presents the mean neck size and coordination number from 3D data, which correlate 
well with Artz’s compaction law or DEM calculation [92,97]: this is explained by the fact that the polystyrene spheres are 
compacted to create bonds between spheres in the processing. The neck size has a great importance on the mechanical 
properties of these hollow sphere stackings [98].

4. Conclusion

In this paper, we present the various processes and their main characteristics that allow producing cellular structures 
with various topologies (open cells, closed cells, partially open cells and mixed cell) and for various constitutive materials 
such as polymer, ceramic and metals with a specific focus on metals. We also present the main characteristics that are 
necessary for a complete characterization of these structures and the way to obtain them: the relative density, local density, 
open-cell volume fraction, closed-cell volume fraction, cell-size distribution, cell-wall distribution, material distribution be-
tween cells and struts, roughness of the struts, cell coordination number, contact size between cells. All these characteristics 
are easily accessible thanks to X-ray tomography and 3D quantitative analysis. It is of importance to mention, in addition to 
these parameters, that the defects in the constitutive materials (cracks, intermetallics, small pores. . . ) that may be induced 
by the processing should also be characterized.
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