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ABSTRACT: Metallic foam is a popular topic due to its diverse Liquid Powder Deposition Electro-chem
industrial applications and unique combination of properties. e Metallurgy Route Deposion
Metallic foam is significantly lighter than nonfoam metal materials
due to its porous structure, which incorporates a substantial
amount of air or voids. This lower density makes metallic foam
advantageous in applications in which weight reduction is critical.
This makes it ideal for the aerospace, automotive, and construction
industries; also, its versatile nature continues to make it an
attractive material for various industrial applications such as impact
absorbers, heat exchangers, and biomedical and marine engineer-
ing. However, the choice between metallic foam and nonfoam
metal also depends on other factors like mechanical properties, cost, and specific application requirements. This review describes
various fabrication methods of metallic foam that include the liquid metallurgy route which uses liquid or semiliquid metal, the
powder metallurgy route uses metal in powder form, metal ion, and the metal vapor route which uses electrolytic deposition method
to produce metallic foam. These methods include direct gas injection, adding blowing agents in solid or liquid metals, investment
casting, the addition of a space holder in the precursor, metallic ion, vapor deposition on a polymer sponge, and many more. The
morphology of metallic foam depends upon the method that is chosen for fabrication, and up to 98% porosity can be achieved by
these methods. Additive manufacturing for metallic foam fabrication is an emerging field based on selective laser melting and
electron beam melting principles. It has exceptional possibilities for generating complicated 3D shapes and customizing the material
characteristics. The main purpose of this review article is to give significant insights into the various production procedures for
metallic foams to researchers, engineers, and industry experts, assisting in the selection of acceptable methods depending on
individual application needs. This review investigates the manufacturing conditions for metallic foams and finally discusses their
advantages, drawbacks, and obstacles in mass production. The findings add to current efforts to expand metallic foam technology
and encourage its wider application across diverse sectors, opening the path for future research and development.
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1. INTRODUCTION for specific applications. Metallic foam is used in industries like
automotive, aerospace, and health due to its unique properties.
Nonfoam metals are used when the properties of the base
material need to be retained, and the application does not
require the specific properties of foam. The cost of producing
metallic foam is mainly associated with processing, while
nonfoam metals may be more cost-effective in certain
applications. Metallic foam’s high surface area can be a
concern for corrosion, which can damage the foam quickly.
Nonfoam metals do not have this issue, as their corrosion
resistance depends on the base material. So, the choice
between metallic foam and nonfoam metals mainly depends on
the specific requirements of the application, such as lightweight

To meet global requirements, multiple materials, such as metal,
polymer, ceramics, and glass, have been utilized in a wide range
of applications. The progression of science and technology
developments has necessitated the development of engineering
materials that are significantly more effective and efficient,
which led to the development of metallic foam, which is a
niche category of solid cellular metals that are manufactured by
intentionally injecting pores during the manufacturing phase.
Metallic foam and nonfoam metals are two materials with
distinct properties and characteristics. Metallic foam is
ultralight and strong due to its cellular structure, while
nonfoam metals retain the physical properties of the base

material. Metallic foams have characteristics that polymers,

metals, ceramics, or polymer and ceramic foams do not Received: October 31, 2023
possess; these include mechanical strength, stiffness, energy Revised: ~ December 19, 2023
and acoustic absorption, thermal and electrical conductivity, Accepted:  January S, 2024

lightweight structure, thermal control, and stability under Published: February S, 2024

extreme conditions. Nonfoam metals, on the other hand, retain
the properties of the base material, which may not be suitable
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design, enerﬁy absorption, thermal management, and cost-
effectiveness.’ > Metallic foam fabrication methods are crucial,
as they determine the properties and foaming behavior of the
resulting material. Common fabrication techniques include gas
injection, blowing agents into molten metal, and the space
holder technique using liquid and powder metallurgy routes.
The choice of the fabrication method affects the mechanical
properties, physical properties, porosity, and cost of the foam.
The compressive strength of foams can be influenced by
reinforcements and a well-defined porous structure.” However,
high fabrication costs can hinder large-scale production,
making it essential to improve technologies for cost-effective
and consistent quality metal foam production. Overall, the
fabrication method is a critical factor in the production of
metallic foams. Metallic foam production costs vary based on
materials, production process, and desired properties, but some
aspects such as cheap raw materials, foaming agent, supply, and
demand also contribute to its lower cost compared to other
materials. For example, aluminum foam is produced using the
melt gas injection method, and using aluminum scrap is cost-
effective.”® Similarly, in the blowing agent technique, metallic
foam formed from carbonate blowing agents is less expensive,
safer, and easier to get than hydride-blowing agents.” The
increasing demand for metallic foams in various industries can
potentially reduce production costs through economies of
scale.

According to a patent, the first metallic foam fabrication
dates to the early 1920s and involves the use of a material
precursor to make a foam.® Since then, metallic foams have
been manufactured using a variety of metals, such as
aluminum, nickel, titanium, copper, magnesium, zinc, gold,
tantalum, lead and lead—tin alloys, iron-based alloys, and
brass.” Figure 1 shows the distinctive applications of metallic
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Figure 1. Distinctive applications of metallic foams.

foam that distinguish them from other materials to meet the
demands of multiple industries like automotive, aviation,
defense, shipbuilding, energy and process industrg, biomedical,
mechanical engineering, and civil engineering.l’l 12

Metallic foam is utilized in the automotive industry as a
sandwich structure for weight and stiffness and as an
antivibration material.”> Metallic foams are commonly used
in acoustic absorption and sound damping applications, serving
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as sound insulation screens and silencers for low, mid, and high
frequencies.'*”'® Due to their turbulent flow and high surface
area as compared to dense metal, metallic foam is used as a
heat exchanger in various applications such as radiators, fan-
cooled heat sinks, dry cooling systems, compact high-
performance heat exchangers, and crossflow heat exchang-
rs.'”7*' Metallic foams have potential applications in
bioimplant applications like bone scaffolds and orthopedic
implants, offering improved biocompatibility and elasticity like
bone.”**° Metallic foams offer versatile gas and fluid filtration
applications, including fine filtration, effective filtration, and
use as metal foam substrates.””*"

Cellular metals and porous metals are commonly used terms
for metals with a high porosity volume. These openings or
pores in the metallic foam are known as cells, and generally,
they are classified into two types: open cell (also named as
metal sponge)”” and closed cell (also named as metallic foam) as
shown in Table 1. Fabrication of all these cell structures

Table 1. Classification of Metallic Foam Open Cell vs
Closed Cell

open cell (metal sponge) closed cell (metallic foam)

o Cells are complex and
interconnected, making it difficult
to distinguish between them.

o Cell faces and cell edges are clearly
defined and not interconnected.

® Dossesses less density ® Possesses high density

® Possesses high porosity and are
lightweight

o Under mechanical loading, they
exhibit lower strength.

® High energy and crash absorption

o Under mechanical loading, they
exhibit high compressive strength.

® Mostly used as heat exchangers,
filters, and catalyst carriers

® Mostly used in energy/impact
absorption, vibration control, and
mechanical damping.

Figure 2. Images illustrates classification of metallic foam: (a) open

cell (left side)* and (b) closed cell (right side).*

depends on the production method. Figure 2 illustrates images
of open-cell and closed-cell metallic foams for better
understanding.”*°~** Closed-cell metallic foams can be used
as vehicle structures, impact-absorbing material, energy
absorption, and radiation shielding.'”*>*® Open-cell metallic
foam used in bone implants, lightweight structural compo-

nents, heat exchangers, filtration, and energy dissipa-
. 21,37-39
tion.””’

2. CLASSIFICATION OF METALLIC FOAM
PRODUCTION AND PROCESSING TECHNIQUES
In recent years, advancements in metallic foam production

techniques have significantly boosted their widespread
adoption in commercial applications. Despite the existence of

https://doi.org/10.1021/acsomega.3c08613
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metal foam production methods since the early 1950s, their
practical use was hampered by challenging processing factors
and high production costs. However, over the past two
decades, improvements in production techniques have over-
come these hurdles, bringing a fresh wave of innovation and
progress to the foam industry.”****" In the early 1990s,
Shinko Wire, Japan, made significant technological break-
throughs in production techniques, leading to a new era of
foam production mith numerous commercial applications due
to high demand in structural and automotive applications such
as sound absorption structures used under bridges and impact
absorbers in railway rolling stocks."”

Metal foams with good physical and mechanical properties
are being produced with advanced manufacturing techniques
and processing parameters. Depending on the required pore
structure, metal foam manufacturing processes range from
liquid and solid to deposition routes. For open-cell porous
structures, solid or powder metallurgy is preferred, whereas
liquid or melt methods are recommended for closed-cell
porous structures. Metallic foam can be produced in many
ways depending on the state of the metal being processed. The
production process is classified into four categories, which are
(a) liquid state (melt route), (b) solid state (powder
metallurgy route), (c) metal vapor, and (d) metal ion
solution, S0313443=45

2.1. Liquid State (Melt Route). It is among the easiest
methods for producing metallic foam. This method is fitting
for metals and alloys with lower melting points, as the metal
will be in the liquid phase, and it is easier to handle at lower
temperatures. Metallic foams can be created with or without
pressure. Liquid metals can be foamed directly or indirectly.
Direct foaming methods involve adding gas bubbles to a molten
metal, either through a capillary or frit, chemical agent, or gas
dissolved in the metal while indirect foaming methods like
polymer foam or by casting liquid metal around solid space-
holding filler elements. These filler elements reserve space for
the eventual pore structure after subsequent processing.
Another viable approach involves melting powder compacts
that contain a gas-releasing blowing agent. These diverse
techniques offer flexibility in achieving desired metal foam
structures with unique properties.””~*” The subclassification of
this method is shown in Figure 3.

2.1.1. Melt Gas Injection Method. Fabrication of metallic
foam by the liquid metallurgy route was pioneered and

Melt Gas Injection (direct foaming method)

Blowing Agent (direct foaming method)

Dissolved Gasses (Solid Gas Eutectic

Liquid State (Melt Route) | Solidification-Gasar, direct foaming method)

Space Holder (Casting) (Indirect foaming
method)

Foam Replication (Investment Casting)
(Indirect foaming method)

Figure 3. Subclassification of metallic foam production techniques by
the liquid state route.
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patented in the 1960s and 1970s*”**7>" In the late 1980s, a
resurgence of scientific activities unfolded, marked by the
revival of classical methodologies and the introduction of
innovative approaches. Notably, the pioneering and patenting
of the melt gas injection production technique for metallic
foam occurred in the early 1990s, spearheaded by Alcan
International.”> Cymat (Canada) and Hydro Aluminum
(Norway) are currently using this technique for commercial
production of metallic foam.”>™>> Their commercial applica-
tions are defense and military, architectural, lightweight cores,
vibrational dampening, sound attenuation, and marine and
offshore.”*”

The primary idea of this technique is to produce foam by
injecting gas bubbles into the liquid as illustrated in Figure
4.°% The first step is to prepare molten metal, and in the case
of alloys, all raw materials are heated to their melting points.
The second step is to inject gas into the molten metal using
nozzles or specially engineered propeller stirrers (mixing
heads). A controlled and consistent flow of gases plays an
essential role in the cell structure and the production of high-
quality metal foam. The purpose of the propeller stirrer or
nozzles is to uniformly disperse tiny gas bubbles throughout
the melt. To produce foam, CO,, O,, or inert gases such as air,
nitrogen, argon, as well as steam can also be injected into
molten metal to produce foam.””*” The viscous mixture of
bubbles and the metal melt floats to the surface and cools to
form a solidified foam. Tiny bubbles produced through a
propeller stirrer differ in size, and similarly, morphology and
gas pressure will also differ for each cell in the foam. This
method produces a pure, additive-free metallic foam using
inert gases only. To ensure low viscosity, foam production
should occur at temperatures near the melting point by
bubbling gas through a continuously cooled melt in a casting
process. The metallic foam produced by this method has a
closed-cell structure. Foam stability plays a vital role in the
production of high-quality foam it depends upon, viscosity,
wetting angle, and addition of solid stabilizing particles rangin
from 10 to 20% in volume fraction and 5—20 ym in size.">""°
Thickening agents that improve melt viscosity are Ca, SiC,
Si;N,, AlLOs;, TiB, and fly ash.***'~** Foams have two
coarsening mechanisms: disproportionation and coalescence.
Disproportionation occurs due to gas pressure in different cells,
leading to diffusion through the relatively thin cell walls. This
leads to the elimination of some cells, resulting in a gradual
increase in the average cell size. This process is identical to
grain growth in metals, while coalescence leads to an increase
in the mean bubble size, which converts two bubbles into one.
If the coalescence rate is high, it can lead to the collapse of the
foam.”

2.1.2. Blowing Agent Method (Casting). An alternative
methodology for metallic foam production entails the direct
foaming of metal melts employing a blowing agent as opposed
to the conventional practice of introducing gas into the melts.
This innovative approach involves controlled decomposition of
the blowing agent upon heating, thereby releasing gas to
instigate foaming of the molten metal. This method holds
promise for further exploration and potential applications in
the realm of advanced materials engineering. This is a two-
stage procedure that requires heating the metal to its melting
temperature and then adding blowing agents into molten metal
and mixing them with a propeller stirrer to make uniform
metallic foam. Choosing the appropriate blowing agent is a
significant factor in this process’s effectiveness. To produce a
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Figure 4. Diagram of metal gas injection techniques (CYMAT & HYDRO processes).

high-quality metal foam, the blowing agent must have the
ability to produce enough gas bubbles during decomposition.
The metallic foam produced by this method has a closed-cell
structure.*”®> The particle surface contacts, matrix alloy
composition, and thermal processing conditions of blowing
agent particles upon disintegration into gas are the key factors
affecting the foam quality. As discussed in the preceding
section, the composition, volume fraction, and size of foam
stabilizing particles all have an important influence on the
quality of metal foams,*?¥*%*#761% Gince the 1950s,
hydrides, particularly TiH,, have been the most efficient
blowing agents to produce metallic foams. However, due to its
exorbitant cost, efforts are being made to replace or improve it.
Researchers have suggested that carbonates can be replaced
with hydrides and are less expensive.”** The list of blowing
agents used in recent years is provided in Table 2.

Table 2. List of Commonly Used Blowing Agents®>®’

blowing agent

types chemical formulas
hydrides TiH,, ZrH,, MgH,, CaH,, StH,, and HfH,
carbonates CaCO;, MgCO;, BaCO;, SrCO;, and SiO,-coated

CaCO,

Equations 1 and 2 represent the general decomposition
chemical reaction equations of hydrides and carbonates
respectively:

XHZ g X(s) + HZ[g] (1)

(hydrogen 8 used as blowing gas in metallic foam
3

fabrication).

)(CO3 - XO(S) + COz[g] (2)

(CO, gas used as blowing gas in metallic foam fabrica-
tion).*%%?

ALPORAS is aluminum foam produced using the blowing
agent technique in the batch casting process; it is an official
trademark registered under the name of Shinko Wire, Japan
since 1986."> The effective distribution of the blowing agent,
the effect of the thickening agent, the melting temperature, the
stirring speed, and the cooling rate all play essential roles in the
production of high-quality foam.*”*”" Figure § illustrates the
schematic of the manufacturing process of ALPORAS.

2.1.3. Dissolved Gases (Solid Gas Eutectic Solidification-
GASAR, Direct Foaming Method). In the metal processing
domain, eutectic transformations sculpt a refined two-phase
microstructure, aligning the growth characteristics of the
phases under specific composition and temperature conditions.
Shifting focus, the GASAR method stands out as a
sophisticated technique, utilizing dissolved gases through
solid gas eutectic solidification. This method offers a pathway
to craft porous metals by identifying systems where gases
exhibit superior solubility in liquid metals compared with their
solid state. Through this strategic approach, we leverage
heightened gas solubility in liquid metals, paving the way for
intentionally designing porous structures with distinctive
properties for varied applications. This technique originated
in Ukraine in the early 1990s by Shapovalov.”” The Russian
abbreviation for this technique is GASAR, which stands for
gas-reinforced porous material.**”* The technique involves
creating a eutectic system between hydrogen gas and liquid
metals like copper, aluminum, nickel, magnesium, iron,
chromium, and A1203—Mg0.9’33’46’75 This involves melting
metals under high pressure (up to SO atm) in hydrogen
atmospheres, resulting in a homogeneous melt charge with
hydrogen. Lowering temperature causes the melt to undergo
the eutectic transition to a heterogeneous two-phase system of

1.5 wt% Ca, Pure Al 1.6 wt% TiH,

Wl | |

680°C 680°C
Thickening Foaming

Figure 5. Diagram of the Manufacturing Process of ALPORAS.”
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Figure 6. Schematic diagram of the apparatus used for GASAR production (adapted from ref 76; Copyright 2021 Elsevier).

“solid metal” and “gas,” resulting in gas entrapment in metal
and hence directional cellular morphologies achieved.*”*>#¢7
Figure 6 illustrates a schematic of the manufacturing process of
GASAR.

The morphology of these metallic foams is remarkably
interesting; it represents a close-type cell structure, but these
closed cells are unique. It is a novel structure featuring
elongated unidirectional cylindrical pores. This type of cell
structure is also known as a lotus-type cell structure as shown in
Figure 7.°%°»*7777% Hydrogen partial pressure, cooling

Figure 7. Lotus type cells structure: (a) cross sections perpendicular
to the solidification direction, (b) cross sections parallel to the
solidification direction.*

direction, and solidification front speed control the structure,
determining pore orientation and microstructural scale.”
Typically, the solidification front advances through the liquid
at velocities ranging from 0.05 to S mm/s. Similarly, during
solidification, pore diameters range from 10 ym to 10 mm,
pore lengths from 100 ym to 300 mm, and porosities from 5%
to 75%."%

2.1.4. Space Holder (Infiltration Method). This is an
intriguing method, in which metallic foam is created by
introducing temporary space holders into a metal matrix,
which are later removed by leaching or thermal treatment,
resulting in lightweight porous metals with structural gaps
known as “syntactic foam”. This method is used for
manufacturing homogeneous interconnected porous structure
foams. Because of its remarkable mechanical, thermal, acoustic,
electrical, and chemical qualities, open-cell metallic foam has
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growing potential for use in a wide range of structural and
functional products. The primary concept of this process is
that molten metal is poured completely into a space-holder
structure formed of space-holding material, such as woven wire
mesh, salt beads, hollow spheres, ceramics, and polymers and
then after solidification, the space-holding material is removed
by acid etching”'>***'~** some of the commonly used space
holder material provided in Table 3.

Figure 8 illustrates the schematic of the space holder method
for fabrication of metallic foam. When the liquid metallurgical
approach is used, the infiltration method is most used in the
space holder technique. This method starts with the
preparation of a space holder particle bed, and then liquid
molten metal is injected into it. The liquid metal then
infiltrates and settles around the space-holder particles. In the
last step after the removal of the space holder particle, an
interconnected metallic foam structure is formed. The
manufacturing technique for cellular metals comprises mostly
five steps:”®

. Preform molding: space holder particle shape into the
mold.

. Pre-preform sintering: space holder particle mold placed
into the furnace for sintering.

. Metal melting: metal is melted to get the liquid phase.

. Metal infiltration: liquid metal is poured to fill all gaps
around space holder particles.

. Preform leaching: space holder particle is leached out by
solvent.

In some space holder materials like woven wire, there is no
need for premolding and presintering stages; only an entangled
3D-mesh structure has been made, and then molten metal is
poured into it to get a porous structure. It is a difficult
operation that requires extreme caution to fill a woven wire
mesh with molten metal. Metallic foam produced by a 3D-
mesh structure is used in orthopedic applications.'>”>"’

2.1.5. Foam Replication (Investment Casting). This
method is an interesting way to make an open-cell metallic
foam. It uses investment casting, where foams function as
templates for creating metallic foam structures with precision.
By the following traditional precision casting methods, this
technique allows for the systematic production of detailed and
well-defined open-cell metallic foam structures. The initial step
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Table 3. List of Commonly Used Space Holder Material

melting
space holder temperatures space holder removal
type material (°C) method
Salt beads NaC1* 801 By dissolution in water
KCI* 770 By thermal decomposition
Carbamide 133—135 By leaching in distilled water
granules
Glycine Powder®® 233 By dissolution in water or by
thermal decomposition
(NH,) HCO;¥*® 419 By thermal decomposition
CaCL”! 772 By dissolution in water
Woven Wire  Titanium®> 1668 By leaching in HF acid
Mesh
Spheres Steel” 1371—1540  Electrochemical dissolution
+ Wire
+ Mesh
Ceramics Furan-bonded 1400, 1710 ~ With the help of a water bath
sand and and mechanical vibration
gypsum”*
Polymers PMMA”>¢ 160 By thermal decomposition
Carbonate K,C0O,” 891 By thermal decomposition

recommended application
For the preparation of aluminum foam for Varlous industrial applications like
mechanical, thermal, sound, and vibration®®
For the preparation of ZrB,-SiC foam for structural application®

For the preparation of steel foam for automotive and lightweight structures®”

For the preparation of steel foam for biomedical implants®®

For the preSParatlon of NiTi shape memory alloy foam for biomedical
implants®
91

For the preparation of high porosity Al foam

For the preparation of magnesium foam for orthopedic applications”

For the preparation of titanium foam for industrial applications”

For the preparation of Al foam, which has various industrial applications such as
uniform gas distribution, flow stabilization, filtration, and condensation.’

For the preparation of Al and Mg foams for energy absorption and compressive
applications”>%°

For the preparation of metallic foams with high melting temperatures such as
Cu, Fe, Ti, and Ni’’

Porous Mg

T —T———

HF solution

Removal of Ti wire

Infiltration of Mg melts

Figure 8. Diagram of the titanium wire space holder method for the
fabrication of metallic foam.”

of this method is the formation of near-net polymeric sponge
or foam using reticulation treatment; polyurethane is the most
common material used for this purpose. This polymeric foam
is also known as a negative form for the fabrication of the final
metallic foam.'”*>'%" Then in the second step, this polymeric
foam is filled with a slurry of heat-resistant material such as a
mixture of mullite, phenolic resin, and calcium carbonate'®" or
a simple gypsum-based slurry.102 The following step involves
drying and curing the slurry and removing polymeric foam
using heat treatment, which creates a new mold for fabricating
open porous metallic foam. In the fourth stage, molten metal is
cast into the mold, replicating the original polymer foam
structure, and then, finally, it solidifies. Upon solidification of
molten metal, mold is removed by solvent, heat treatment,”*
pressurized water, 3 shakmg, or water scrubbmg,38 and then
finally we get the desired metallic foam. The drawback of this
method is the complete filing of mold, solidification, and
removal of mold without damagmg the fine structure due to
the high percentage of porosities.”'*>'* Figure 9 illustrates
the schematic of foam production using the investment casting
process.

ERG Aerospace Corporation, Oakland, CA, (USA) is also
using this method to fabricate metallic foam, and their product
name is registered under the trade name “Duocel.” They
produce different varieties of metallic foams such as copper,
aluminum, brass, inconel, nickel, steel, tin, and zinc.'™
Densities range from 3 to 12%, with varying grades in pores
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Figure 9. Diagram of foam production using an investment casting
107
process.

per inch. Homogeneous pore sizes range from 1/2 mm to §
mm, and porosities range from 80%—97%. #3964 Mayser
GmbH (Dresden, Germany) utilizes an identical method, but
with an extra wax coating on the polymeric foam to increase
stiffness.'*® Then, drying at 350 °C removes wax and polymer,
producm% large, regular pores in metallic sponges with 10 mm
diameter.

2.2. Solid State (Powder Metallurgy Route). In contrast
to the liquid melt route, another method is also used to
fabricate the metallic foam. This method was patented in the
late 1950s.”> The method involves processing the metal in
solid form to produce metallic foam. The primary raw material
employed in this process is a metallic powder, which maintains
its solid state throughout the entirety of the procedure.
Utilizing sintering and solid-state operations, metallic foam
with an open cell morphology is achieved. The size and shape
of the initial powder are vital for the resulting structure. When
the system is in a liquid state, surface tension tends to create
closed pores. In contrast, sintered porous products have an
open structure, forming isolated spherical particles connected
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by sintered necks. This methodology is particularly well-suited
for reactive metals characterized by high melting points.
Additionally, the initial size and shape of the powder play a
crucial role in influencing the ultimate morphology of the
resulting product.***>*° The subclassification of this method is
shown in Figure 10.

Blowing Agent Technique

Space Holder Technique

Gas Entrapment Technique

Solid State (Powder Metallurgy
Route) 1

Foaming of Slurries

Loose Powder Sintering

3D Printing Process/ Additive
Manufacturing

Figure 10. Subclassification of metallic foam production techniques
by the liquid state route.

2.2.1. Blowing Agent Technique. The metallic foam
fabrication technique was invented and patented*® in the late
1950s, which involves adding of blowing agent directly into
molten metal, but in the 1990s German scientists devised and
patented'**~"'? a new method to fabricate metallic foam using
a solid-state route. Similar to the introduction of gas-releasing
agents into liquids, there are processes for creating foams by
first producing a nearly dense precursor. This precursor can be
heated later to induce foaming. During this treatment, the
blowing agent undergoes decomposition, generating gas that
facilitates the foam fabrication process. The primary techno-
logical challenge is ensuring the even distribution of the gas
release agent within the preform without premature decom-
position, specifically avoiding elevated temperatures before the
foaming stage.

This process is also named the Fraunhofer process as it was
invented at the Fraunhofer Institute in Bremen, Germany. The
production process begins with the blending of raw metal
powders with the appropriate foaming agents. After homoge-
neous mixing of these powders, they are subjected to
compaction to get a dense semifinished product called the
“precursor.” The most common compaction methods are
uniaxial compression, rod extrusion, and powder rolling. To
produce a high-quality foam, the blowing agent must be

carefully inserted into the metal matrix without any significant
residual porosity.’”*"'"" The final step involves heat treat-
ment, where the metal matrix precursor is heated to a
temperature lower than its melting point but higher than the
melting temperature of the blowing agent, which causes the
blowing agent to decompose, resulting in the release of a large
amount of gas, which causes expansion in the precursor and
produces a close cell morphology structure diameter ranging
from 1 mm to 5 mm.'>****'"> Expansion of the metal matrix
takes a few seconds to several minutes, which mainly deFends
on the size of the precursor and furnace temperature.”' "'
Hydrides like TiH, are commonly used as blowing agents due
to low melting points. Researchers have also suggested that
carbonates can be replaced with hydrides and are less
expensive.”*® The list of blowing agents used in recent years
is provided in Table 2 as mentioned in section 2.1.2. Figure 11
illustrates the schematic of foam production using the blowing
agent method (the powder metallurgy route). Equations 1 and
2 represent the general decomposition chemical reaction
equations of hydrides and carbonates respectively:

XHZ d X(S) + HZ[g] (1)

(hydrogen gas used as blowing gas in metallic foam
fabrication).®®

XCO3 d XO(S) + COZ[g] (2)

(CO, gas used as blowing gas in metallic foam fabrica-
tion).%>%”

Researchers have classified hydrides into three categories
because of the nature of hydrogen bonds provided in Table
47" Many German and Austrian companies like Schunk

Table 4. Classification of Hydrides®”""

hydride
type hydrogen bond nature common example
Covalent or  Nonpolar electron sharing type, low Aluminum, tin, boron,
volatile melting point, absence of strong and germanium
intermolecular forces hydrides
Ionic or Presence of strong electrostatic forces, MgH,, CaH,, and
Saline highly polar, high melting point SrH,
Metallic High thermal conductivity and electrical Titanium, thorium,

and zirconium

hydrides

resistivity, portable sources of hydrogen

(Giefen), Karmann (Osnabriick), Applied Light-weight
Materials ALM (Saarbriicken), Honsel (Meschede), Alulight
(Ranshofen), and Neuman Alufoam (Marktl) are now using
this method to produce metallic foam at small scale
commercial facilities.”*°

Mix powders
Gas release
Al powder
agent ooog . 00 Extrude compact
[¢)

Ceramic
particles

Place in mould

Foam
component

Heat to expand

Figure 11. Schematic of foam production using the blowing agent method by the powder metallurgy route.”
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Figure 12. Illustrates the schematic of the space holder method for fabrication of metallic foam by the powder metallurgy route.”

2.2.2. Space Holder Technique. As articulated in section
2.1.4, the methodology for creating a porous metallic sponge
encompasses the infusion of liquid metal into a mold featuring
space-holding materials such as wire mesh, salt beads, hollow
spheres, ceramics, and polymers. Noteworthy within the realm
of patented techniques is a method dating back to 1962,
wherein the metal powder is employed with space holders to
yield metallic foam. This research underscores the evolution
and application of innovative strategies in the fabrication of
metallic structures with tailored porosity.'® The manufactur-
ing technique for cellular metals begins with the mixing of a
metal powder, space holder particles, and binders in one
container. In the following step, these mixed particles are
subjected to compaction, which is either axial or isostatic to
form a dense two-phase precursor.”*" %117 118 The next step
involves removing the space holder material, which is based on
the space holder material selection in the previous step; there
are two different processes: either the space holder is removed
by thermal degradation or by dissolution. In the thermal
degradation method, space holders have low melting points;
e.g, PMMA, carbamide, or Mg grains are commonly used, and
they degrade below the sintering temperature of the metal
matrix after degradation of the space holder, and the metal
matrix precursor is finally subjected to a sintering step to
achieve densified metallic foam. while in the dissolution
method the space holder usually has a higher melting point
(e.g, NaCl or NaAlO,) than the metal matrix, and here the
first metal matrix precursor is subjected to a sintering step, and
then the space holder is removed by washing or dissolution to
get metallic foam.”**""*~"*! A list of commonly used space
holder materials is provided in Table 3 in section 2.1.4. Figure
12 illustrates the schematic of the space holder method for
fabrication of metallic foam by the powder metallurgy route.

Space holder size, shape, volume fraction, and process
parameters, such as compaction pressure and sintering
temperature, affect the foam structure. Morphology is
controlled by metal/space holder volume fraction, typically
ranging from 50% to 85%. Above 85%, a continuous structure
is difficult, and below 50%, removal of the space holder is
difficult.”®**'**

2.2.3. Gas Entrapment Technique. As highlighted in the
previous section, metallic foam is conventionally crafted
through either melting or the introduction of a blowing
agent. However, the method under scrutiny in this study
diverges from these standard techniques. It is particularly well-
suited for metals with heightened reactivity and elevated
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melting points. Originating from a patented process devised by
Kearns in the late 1980s, this method unfolds in a sequence
involving powder filling, inert gas backfills, hot isostatic
pressing, gas entrapment, and carefully orchestrated heat
treatment. This sophisticated approach represents a distinctive
and intricate pathway in the realm of metallic foam production,
underscoring its potential for diverse applications across both
research and industrial domains.***'** Figure 13 illustrates a
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Figure 13. Dia§ram of the gas entrapment technique for producing
metallic foam.*

schematic of foam production using the gas entrapment
method. Later, in the aviation industry, Boeing (USA) also
employed this technology commercially to create titanium
foam for aircraft panels, which Martin patented in the late
1990s."** Tt begins with filling the designed shell with metal
powder, and then in the next stage air is removed from the
shell followed by the backfill of compatible inert gas. Inert
gases are used due to their poor solubility in metals,'**
typically argon gas at 3—5 atm pressure.'*” After that, the shell
is sealed and subjected to hot isostatic pressing at elevated
temperatures and pressures, resulting in uniformity, and
increased internal pressure of 10—16 MPa due to argon gas
entrapment, which occupies only <2% of the total
volume.®”''"'** The final step involves heat treatment,
where the shell is annealed for 6—24 h at a temperature
greater than 0.6 times the metal's melting point.*'**'*°
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Annealing softens the material and causes entrapped argon gas
to expand, lowering internal pressure until equilibrium pressure
and strength are obtained.>>*>*%125126 wiith this method,
Boeing was able to achieve a porous structure with 20—40%
unconnected porosity and pore diameters ranging from 10 to
100 um. Research also claims that with this technique
achieving more than 50% porosity is incredibly challeng-
ing #5641

2.2.4. Foaming of Slurries. A slurry is a thin mixture of
insoluble particles in liquid. Slurry processing, a well-
established technique in ceramics, faces unique challenges
when applied to metal powders due to their larger size and
higher density. Formulating stable metal powder slurries
involves aqueous systems with added suspending agents and
dispersants and adjustments for surface tension, pH, or
gelation facilitation. Metallic foams can be produced through
slurry, consisting of metal powder, solvent, and binder.'** The
technique is further subdivided into three groups, which are
listed below:**

(i) Foaming by a blowing agent
(i) Foaming by a sponge replication method
(iii) Foaming by mechanical whisking

2.2.4.1. Foaming by Blowing Agent. Metallic foams can be
synthesized via the formulation of a slurry consisting of metal
powders, blowing agents, and reactive additives. The process
involves the meticulous blending of a fine metal powder with
additives and blowing agents to achieve a homogeneous
metallic slurry. Subsequently, this well-mixed slurry is
introduced into a mold and subjected to elevated temper-
atures. The application of elevated temperatures induces a state
of viscosity in the slurry, leading to expansion facilitated by gas
generated during the decomposition of the blowing agent. This
methodology aligns with established research principles to
produce metallic foams, displaying its efficacy in controlled
foam formation through a precisely orchestrated sequence of
mixing and thermal treatment. Orthophosphoric acid with
aluminum hydroxide or hydrochloric acid is used as a blowing
agent. The metal-acid reaction produces hydrogen gas, which
causes expansion in the slurry.”*'*” To get high-quality
metallic foam, adequate stabilizing measurements should be
taken during the drying of slurries, and then, in the following
stage, this dried slurry is subjected a sintering process to
strengthen interconnected metallic foam. With this method,
porosity up to 60% can be achieved. """

2.2.4.2. Foaming by the Sponge Replication Method.
Introducing an innovative approach for the fabrication of
porous metallic foam, distinct from the blowing agent
technique, involves a straightforward amalgamation of a
metal powder and binders with distilled water to form metal
slurries. In this research approach, porous metals are crafted
through a replication method utilizing an open-cell polyur-
ethane (PU) foam or sponge as a template. This innovative
process offers a unique perspective in the realm of metallic
foam synthesis.">' The sponge replication method uses a
polyurethane sponge as a negative replicate to create a metallic
sponge structure.”™**°"** Polyurethane foam is then coated
with metallic slurry by using a spraying or dipping technique,
followed by removing the excess slurry through squeezing.
Repeated immersion and squeezing ensured complete coverage
of PU templates with the metallic slurry. After that, this coated
template is left to dry for 24 h.**"*" In the next stage dried
template is placed in a furnace for thermal degradation and
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removal of polyurethane foam, resulting in a weak metal
structure, and then finally it is subjected to the sintering stage
to obtain metallic foam."”””"** This method produces
ultralight materials with porosity up to 90%—95% but faces
challenges like viscosity, pH, binder, particle size, and
shape.”"**

2.2.4.3. Foaming by Mechanical Whisking. The technique
of producing foams from ceramic slurries, analogous to
whisking cream, has been extended to metal systems. Inspired
by the term “whisking”, signifying the blending of two
ingredients, this method involves the addition of a surfactant
to stabilize air bubbles introduced during whisking in metal
powder slurries. The process begins with the preparation of a
metallic slurry, achieved by blending metal powder, binder, and
surfactant in distilled water. Surfactants reduce the interfacial
tension between metallic slurry and air, so through proper
aeration and then continuous whisking of metallic slurry, a
foam is formed, which is poured into the mold. The slurry
system should be gel by heating, gel by cooling, or
polymerization, which helps to maintain the foam structure.
The next step is drying of the foam structure, and then finally it
is subjected to sintering to get a densified metallic matrix.**

2.2.5. Loose Powder Sintering. This is another intriguing
technique recognized as a loose pack, pressure loss, or gravity
sintering; this method employs metal powder in its loose state,
foregoing prior compaction or precursor forms. Distinguished
by its simplicity, cost-effectiveness, and ease of implementa-
tion, this technique is well-suited for a variety of metals,
particularly those with elevated melting points such as
titanium, superalloys, bronze, and steel. Its versatility renders
it a compelling subject for exploration and application within
diverse research contexts.”'"""313¢ The process begins with
creating a mold, which serves as a negative replica of the
desired structure, and then placing metal powder inside the
mold under vibration to ensure thorough filling.'* In the last
step, this mold is placed in a furnace for sintering under argon
gas to obtain a porous structure. Certain measurements should
be executed during the sintering process to avoid the formation
of an oxidation layer on metal powder, which causes sintering
complications.”” The strength of the porous materials
obtained from this method is significantly lower than that of
metallic foam obtained from other methods. The method
achieves a porosity ranging from 20% to 50%, influenced by
the size and shape of the metal powder as well as vibration
speed. "%

2.2.6. 3D Printing Process/Additive Manufacturing. The
exponential progress in computer technology, artificial
intelligence, and prototyping has wielded substantial influence
across pivotal industries, encompassing aerospace, military,
medical, industrial manufacturing, automotive, and space.
Within this research context, our focus revolves around the
utilization of a specialized technique for the fabrication of
intricate metallic components, catering to the diverse require-
ments of these industries.'”® In the realm of advanced
manufacturing, this methodology harnesses computer-aided
design (CAD) software to model intricate structures.
Subsequently, employing computer-aided manufacturing
(CAM), the technique enables the construction of components
and objects with exceptional accuracy and precision.””” The
product design diagram is uploaded to a system, where a
machine begins manufacturing the part layer by layer. The
process begins with a deposition of a metallic powder layer on
a bed, and then, a highly directional heat source based on
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selective laser melting (SLM) and electron beam melting
(EBM) is introduced to melt the powder according to the
design. The next stage involves depositing a second layer of
metallic powder on the first layer; by employing a substantial
number of iterated layers, a three-dimensional component can
be systematically generated as per CAD. The final stage
involves the removal of any remaining unmelted powder,
which holds the potential for recycling in subsequent
processing. Following the 3D manufacturing process, the
produced product undergoes a drying stage, and then, the
foam metal product is subsequently sintered under vacuum
conditions to achieve the desired structural integrity. This
method demonstrates notable adaptability in the production of
components characterized by intricate geometries, encompass-
ing structures such as regular lattice materials. By employing
this manufacturing technique, we can fabricate components
with a minimum size of 500 yum.”**°"**** Eigure 14 illustrates
the schematic of the additive layer manufacturing process.

Layer of powder Selectively melt

Laser beam or
electric arc

_ SBERRNXER

(

Deposit additional
powder layer

Repeat melting

Rake

Lattice structure

Remove unmelted
powder

Figure 14. Schematic diagram of the additive layer manufacturing
process.”

2.3. Metal Vapor. 2.3.1. Metal Vapor Deposition. This
intriguing technique is employed to produce metallic foam,
commencing with the choice of a robust precursor structure,
commonly polyurethane (PU), to determine the ultimate
shape of the metallic foam.* The process entails the
generation of metal vapor through the heating of metal within
a vacuum chamber, followed by condensation onto a polymeric
substrate. Subsequent heat treatment facilitates the removal of
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the polymer, and the material undergoes sintering in a furnace,
ultimately yielding the desired metallic foam forma-
tion.'>*>°"" ! This process can be achieved through chemical
vacuum deposition (CVD) or physical vapor deposition
(PVD). CVD involves the thermal decomposition of metal
carbonyl into gas which is further condensed on the polymeric
substrate to produce metallic foam,"**™'*’ Inco Limited
(Toronto, Ontario, Canada) used this technique to produce
commercial nickel metallic foam under the trade name of “Inco
foam”. Figure 15 illustrates a schematic of the CVD process to

a) Vapor deposition
of Nickel

Open cell polymer foam
polymer ligaments

"Thermally decomposable

Nickel containing gas Nickel deposit

Ni(CO).

b) Burnout
polymer

Hollow Nickel ligaments
()| Heater

c) Sinter
(Ligament denslification)

=50

Vacuum Collapsed (dense) ligamenl
\

| Heater

Vacuum pump

Figure 15. (a—c) Schematic of the CVD process to produce Inco
foam.'*’

produce Inco foam. PVD techniques are like CVD but differ in
that the material being deposited is in solid form; it may be
done through processes like metal spray deposition, thermal
evaporation, reactive sputtering, and arc-vapor deposition to
manufacture metal foams.'**~'*" In 1991, Vapor Technologies,
Inc. patented a method for fabricating metallic foam using the
arc-vapor deposition technique.'*® The thickness of a coated
film on a polymeric sponge significantly depends on the
density of vapors and the exposure time of vapors on the
substrate.*®

2.4. Metal lon Solution. 2.4.1. Electrochemical Deposi-
tion. This technique operates on principles akin to vapor
deposition and investment casting elucidated in sections 2.3.1
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and 2.1.5 respectively. In this process, the initial sponge shape
plays a crucial role in defining the ultimate structure of the
metallic foam. It is noteworthy that, in electrochemical
deposition, the resulting framework is hollow, in contrast to
the solid framework characteristic of investment casting.*®

Figure 16 illustrates the schematic of the electrochemical

add
olymer )
pf ¢ conductive || electroplate remove
oam coating polymer
polymer coating metal

Figure 16. Schematic of electrochemical technique for production of
metallic foam (adapted from ref 45; copyright 2001 Elsevier).

technique for the production of metallic foam. The technique
begins with the polymeric foam selection. The electrochemical
technique involves the dissolution of an anode electrode and
then the deposition of this metal on a cathode electrode. The
parent metal will be used as the anode for fabricating metallic
foam, while the cathode will be a polymeric foam for
depositing it. The electrochemical technique requires both
the anode and cathode to be conductive. To convert
nonconductive polymeric foam into electrically conductive, it
can be dipped into an electroless plating solution or by coating
a thin conductive layer through cathodic sputtering or metal
vaporization.*®"*>'*" In the next step, electroplating is used to

create metallic deposition on the polymeric foam, which is
then removed through heat treatment. The metal foam is then
subjected to sintering to obtain the final porous structure.”’
Retimet (Dunlop), Celmet (Sumitomo Electric), and Recemat
(SEAC, The Netherlands) are commercially available foams.""'
Metallic foam fabricated through this technique is mostly in
nanoporous structures, and in the modern age they have
impacted many industrial sectors like aerospace, biomedical
automotive, and marine engineering due to their electrical
impedance and large surface area property.®*'*"'*

Table S represents different methods for the fabrication of
metallic foams as well as describes the cell structure of metallic
foams. It will be either open, closed, or lotus type depending
on fabrication methods chosen during manufacturing.

Similarly, Table 6 provides a comprehensive analysis of the
advantages, disadvantages, and challenges encountered in mass
production of various metal foam processing technologies.

3. CONCLUSION

This review explores diverse ways to make metallic foams,
benefiting from recent technological advancements that offer a
wide range of production options for various metals and alloys.
These advanced methods make it possible to achieve high
porosities of up to 98%. This study shows that with the liquid
metallurgy route, it is easy to produce metallic foam, and it is
very cost-effective. On the other hand, the powder metallurgy
method is difficult compared to the liquid metallurgy route due
to manufacturing processes. This method is also more
expensive than the liquid metallurgy route because of different
variables like pressure and making of precursor. The powder
metallurgy route gives uniform morphology, while the liquid
metallurgy route is a contrast to that. As technology and
research advance, ongoing innovations in metallic foam
manufacturing are driven by scientists and researchers striving
to enhance the effectiveness and efficiency of fabrication
methods, aiming to reduce the overall cost of metallic foams.

Table 5. Different Methods for Fabrication of Metallic Foam

production route metallic foam fabrication method cell type
Liquid metallurgy Melt gas injection closed
route
Blowing agent closed
Dissolved gases (solid gas eutectic lotus
solidification-GASAR,
Space holder (infiltration method) open

Foam replication (investment casting) open

Powder metallurgy Blowing agent closed
route
Space holder open
Gas entrapment technique Closed/

partially open

Closed/

Foaming of slurries

partially open

Loose powder sintering Open
Additive manufacturing Open
Deposition route Metal vapor Open
Electrochemical Metal ion solution Open

deposition route

6290

porosity
percentage mechanical properties studied reference
75-97 Compressive, energy absorption, morphological 55, 58—60
investigation
68—85 Compressive stress and strain at a dynamic strain 42, 65, 71
rate
8.5—60 Micro Vickers hardness 73, 77—79
54-85 Energy absorption, compressive strength, young 83,91, 99
modulus
80—97 Sound absorption, strain hardening, energy 100, 103,
absorption, yield strength 104
15.1-44.5  Compressive strength, elastic modulus, relative 110, 112
density
40-92 Compressive yield strength and modulus of 116, 120,
elasticity 121
<50 Creep expansion via eddy currents 124, 126,
127
60—-91 Tensile & compression test, thermal conductivity 130, 131,
134
30-37.5 Young Modulus, yield strength 137
49-74 Compressive strength, controllable morphology 139
70—-98 Young modulus, shear modulus, energy 141, 145
absorption, thermal conductivity
92-95 Specific capacitance value, Impedance 4S,
150—153
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Notably, additive manufacturing, an innovative technology,
stands out as the latest method capable of precision
manufacturing intricate shapes. While electrolytic methods
can produce nanoporous metallic foams, their current expense
poses a challenge, underscoring the continuous pursuit of cost-
effective alternatives in the field. Metallic foams have a very
wide range of industrial applications such as aerospace,
automotive, biomedical, acoustic, filtration, heat exchange,
structure, impact absorption, and radiation shielding. Current
developments focus on cost reduction through cheaper
materials, streamlined processing, and reduced production
scrap, aiming to achieve industrial mass-market applications
and expand the use of cellular metallic materials.
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