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The history of metallic foams and the key innovations that have led to the variety
of processing methods known today are reviewed. It is evident that the idea of
foaming metals is very old and that most of the techniques used today have been
proposed already in the 1950s. The most important milestones in the
development of foaming technologies and the some of the attempts to
commercialise metal foams are reviewed.

1. Introduction

Historically, the idea to create artificial cellular materials must have been motivated by
natural materials such as pumice stone, wood or bone that have all been in use for a long time
due to their unique properties. Since the 20" century, cellular materials are engineered from
dense basic materials, their properties are investigated systematically and it is determined in
which situations they are superior to their dense counterparts.? The matrix material of
cellular materials — or, more specific, foams — can be a polymer or another organic material, a
glass, a ceramic or even a metal™.

Use of language in this area of research is often sloppy. Any kind of non-dense metallic
material tends to be called ‘metallic foam’. In this paper, a foam is defined as a mixture of a
gas and a solid phase in which, (i) the gas bubbles are isolated from each other while the solid
matrix is contingent and, (ii) which originates from a liquid precursor in which gas bubbles
can arrange freely without help of a template. Other types of cellular, porous or spongeous
materials shall not be considered. Those are governed by different rules and have been
described elsewhere.**

The following outline of the most important innovations in metal foam processing technology
will not be strictly chronological since such a presentation would be confusing due to the
many side steps that have been taken. In fact, we shall group the known foaming techniques
into various ‘lines’ as shown in Figure 1. Each method is named after a prototype of a process
within a ‘“line’.

‘Direct foaming’ methods convert a liquid metal or alloy into foam without an interruption
(1% line). For foaming, a gas source is needed and depending on the gas source we define
different ‘lines’: gas can be injected into the melt (“Alcan line’), a chemical blowing agent can
be added to the melt where it decomposes and liberates gas (‘Alporas line”) or gas can be first
dissolved in the melt and then released during foaming (‘Gasar line’).

‘Precursor foaming’ (a.k.a. ‘indirect foaming’, 2" line) involves melting of a solid material in
which a gas source has been embedded that upon melting releases gas and drives the foaming
process. Such precursors can be made both by powder pressing (‘powder line’) or by melt
processing (‘Formgrip line’). Mostly, the gas source is a blowing agent powder, but
precursors are also made by entrapping gas in a powder mixture during densification and



expanding the compact by a subsequent thermal treatment.[ Such methods have not yet
matured sufficiently and are only briefly mentioned in Sec. 7.2.

In Figure 1, the different methods are also distinguished according to the way of bubble
formation (“internal” from local sources or ‘external’ at the gas injection points) and to the
state the base metal is in during processing (melt or powder).

This review covers different kinds of metal foaming technologies. The reference list contains
about half of the journal papers and patents currently published. Papers found to be redundant
or irrelevant have been omitted and, of course, there might be one or the other relevant paper
that was simply overlooked. The “Web of Science’ lists 5600 publications when applying the
search expression ‘(aluminum OR aluminium OR metal OR metallic) foam’ in the search
field “topic’. This list contains many papers on cellular metals that are not foams and even
more papers that describe properties (mostly mechanical) of cellular materials only.

2. Foaming metallic melts using gas-releasing blowing agents (‘Alporas’ line)

2.1. The early days in France

In many papers we read today, metallic foams are called ‘novel materials’ that have been
invented ‘recently’. More careful authors cite patents from the 1970s or even the 1960s in
which many of today’s concepts are already described, but it comes as a surprise that the
principles of foaming metals have been developed much earlier. The earliest mention of metal
foaming known to the author is by M.A. De Meller in 1925.5 The process described in that
patent comprises either, (i) the injection of inert gas into a molten metal, or, ii) the addition of
a blowing agent such as a carbonate to a molten metal, during which the melt is stirred. In
both cases foaming is initiated and a foamed body obtained. The author makes suggestions
how to produce integral foams consisting of an inner foam core and a dense outer cover layer
by either partially remelting the surface of a metal foam, by immersing a foam into a bath of
molten metal or by centrifugal or pressing techniques that remove some liquid from a foam
and form the outer cover layer. The inventor claims that complex parts such as the one drawn
in Figure 2a can be made, but no real part is shown. The possibility to reinforce foams with
wires or meshes is mentioned. Patents often contain pure ideas that have never been verified,
but De Meller’s knowledge of the feasibility of foaming aluminium with carbonates (later
verified, e.g. by Ref.l®, see also Sec. 2.7) suggests that he talks about something that he has
really worked on. On the other hand, De Meller does not describe a crucial step necessary to
obtain stable bubbles, namely melt conditioning (also called ‘melt thickening’ or ‘melt
stabilisation’), which ensures that the bubbles created in a melt remain stable during
processing and do not rupture or coalesce. Moreover, it is known that bubbling inert gas
through an Al melt does not produce stable foam™ and therefore the first variant proposed
(inert gas injection) cannot work in such a simple way. De Meller mentions application of
foams in building industry and in airplanes (wing elements, fuselage) but nothing is known
about real attempts to industrialise the process and no other publications describing further
technical details are found.

2.2. Restart in the USA — The Bjorksten Research Laboratories

The next steps in the development of metal foam are taken in the USA 20 years later.
Benjamin Sosnick’s process that involves melting aluminium/mercury mixtures to above the
boiling point of mercury[m appears rather poisonous but shows that the idea of making metal
foams is still alive. In 1951, John C. Elliott of the Bjorksten Research Laboratories (BRL)™Y
files a patent describing an improved version of De Meller’s process.*X! He proposes to use
TiH, or ZrH; as a blowing agent (BaH,, LiH, LiAIH,, CaCO3 and other compounds are also
claimed to work). The blowing agent (0.5 — 10 wt.% if using hydride) is added to a range of
Al-Mg alloys either directly or after having been encapsulated in a low melting eutectic Mg-
Zn alloy to avoid excessive oxidation or even burning. The blowing agent may be admixed to
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the liquid alloy at a lower temperature, after which the temperature is elevated for foaming.
Mixing is assisted by mechanical action (‘grinding’), e.g. by a pestle, to ensure wetting.
Foaming is reported to be fast, taking 30 s for a batch of pure Al, and pore sizes range from
6 mm to 9 mm. Liquid metal foam is reported to have an elevated apparent viscosity and to
behave like whipped cream that can be poured into moulds and cast into shapes, although it is
in general preferred to keep the expanding foam in the original vessel. Shaping of foam to
sheets by moving belts or rollers is proposed. As De Meller, Elliott does not mention
measures to stabilise the melt. The remark that oxidation has to be prevented by flushing with
inert gas™™ indicates that the role of oxides in the melt has not been recognised at this stage.
The reported necessity to cool foams quickly or even ‘quench’ them to prevent “dissipation’,
i.e. decay, indicates poor stabilisation of those early foams. Moreover, the use of up to 10
Wt.% or more blowing agent in the examples given™" indicates non-optimal conditions.

In a later patent, further processing options are substantiated such as admixing the blowing
agent under high pressure to delay its decomposition and triggering expansion by releasing
the ambient pressure, or by expelling the metal/blowing agent mixture through an orifice into
a low pressure environment where the alloy can foam.™ The latter arrangement is claimed to
be suitable for the continuous production of strips or boards.

Beside Elliott, William Stuart Fiedler, Stuart O. Fiedler (W.S.” father) and Johan Bjorksten
are further inventors, first at BRL, later for the Lor Corporation to where the metal foam
business is shifted for upscaling and commercial development around 1960.14 These
inventors publish more than 15 patents in the USA. Some of those describe the design of a
continuous foaming processi*®, where granulated base metal and blowing agent are
continuously heated and foamed. How exactly this works is naturally not disclosed in the
patents, but the picture in Figure 2d proves that an irregularly shaped strip of metal foam can
be produced already in 1957, probably in an early version of the process. The technology of
continuous foam production is carried on in later patents. There, worm screws and propeller
blades ensur continuous distribution of blowing agents in a melt reservoir and a conveyor belt
removes slabs of foam continuously,™ see Figure 2c, or beater rods and blades are used to
continuously disperse the blowing agent in the melt that is also continuously fed into the
foaming vessel.!¥! In the 1961 versions of Ref.”® and in Ref.l™®, the French patent from
1926"! is mentioned for the first time. Possibly, it had been overlooked before.

As it is emphasised that metal foams have to be cooled quickly after foaming,™** foam
stability evidently is a problem, possibly leading to non-uniform pore sizes and a limitation of
production to small foam components. The high fraction of blowing agent used inflates the
pores but at the same time, ruptures the walls between bubbles and gives rise to very big pores
as discussed by John Ridgway of the Standard Oil Company. He proposes a solution based on
dispersing a finely divided, wetted inert powder in the molten metal which remains solid
there.2? For example, for foaming the magnesium alloy AZ92, addition of 12 wt.% of —325
mesh (< 44 um) boron powder or 7% Si powder is suggested that is ball-milled together with
some Mg powder before use. The added powders are speculated to cause a loss in liquid
mobility when too many particles are constrained in a film of the thickness of the particles
and an according ‘stiffening’ of the liquid film. Selection of size, type and volume fraction is
empirical. It is recommended to use particles with a size ranging from 20% to 50% of the
metal film thickness.

The necessity for foam stabilisation is addressed in another patent. It is first observed that the
accidental entrainment of oxygen into the liquid metal during addition of the blowing agent,
which is usually accompanied by stirring, is a prerequisite for foaming.28 The entrained
oxygen converts the blowing agent particles TiH, to TiO particles while hydrogen is being
liberated. These oxide particles then stabilise the foam. This finding explains why foams are
stable, although insufficiently, in earlier experiments although no stabilisation measures have
been taken: The ‘rapid rotative movements’ during addition of the blowing agent® simply
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lead to the formation of some stabilising particles. As a consequence, if the absence of oxygen
is ensured, substantially no foaming is obtained.[*®) Guided by this observation it is proposed
to add MnO, to the aluminium alloy melt. MnO, reacts with Al and leads to the formation of
alumina particles that are dispersed in the melt. The largely increased density of particles
allows one to reduce the amount of blowing agent needed to 1/8 the amount needed for
unstabilised melts and also provides more nucleation sites for bubbles. This leads to a more
uniform distribution of more and smaller bubbles compared to the unstabilised foam.™®

2.3. Ethyl Corporation

Metal foam development starts at the Ethyl Corporation in Baton Rouge in the late 1960s. As
an alternative to the stabilisation measures discussed in the previous section'*”*®! Currie B.
Berry proposes thickening the metallic melts to be foamed by sparging oxygen, air or CO,
through them!. The procedure described in the patent is exemplified by a liquid AIMg7
alloy that is treated by bubbling oxygen through the melt while running an agitator. Oxide
particles are formed in the melt in-situ due to this treatment. After thickening to the level of
‘heavy soap lather’™® the melt is left for settling during which it becomes thinner again.
After reaching the desired consistency, the melt is foamed by adding 0.6-1.2 wt.% ZrH; or
other hydrides at a temperature of 620-650 °C. After solidification, the foam has not only
gained stabilisation (reflected by smaller pores) but also strength by the oxide particles
embedded in the base material. It is stated that the thickened mixture can be solidified to a
foamable alloy and reheated later for foaming, i.e. an interruption is permitted between the
thickening and foaming steps. Although the patent claims that pure Al can be foamed there is
good reason to believe that the presence of Mg is beneficial for the formation of a sufficient
density of particles (probably spinel and/or MgO). In pure aluminium, sufficient stabilisation
is hard to achieve by in-situ oxidation'®” and perhaps intense oxidation by pure oxygen is
necessary to produce the pure Al foams mentioned in Refs.[??

Berry’s further work draws additional attention to the key issue of foam stabilisation. He
suggests to add to a melt prior to foaming 2—-6 wt.% (or more) dross collected from surfaces
of molten alloys. This stabilises the foam generated via the oxides contained in the dross and
also reduces the cost of the process?®. The action of dross addition is described as “viscosity-
increasing’ but it is admitted that the mechanism is not known.

The foaming process is further elaborated in a later patent by Niebylski et al.”? Details worth
mentioning include: (i) The viscosity-increasing treatment reduces the amount of blowing
agent required to 60% of the amount needed to foam an untreated melt (in analogy to Ref.!*8}).
(i) The treatment should be rapid (15 s to 3 min) and its effect is temporary only. The higher
the temperature, the faster the stabilisation effect levels off again. (iii) Moulds can be
completely filled with foam. (iv) Preannealing in inert gas at up to 400 °C of the hydrides
used for blowing reduces the amount of gas liberated and slows down kinetics. (v) The
blowing agent (typ. 0.5 to 0.6 wt.%) can be wrapped into Al foil before being added to the
melt. (vi) It may be useful to carry out thickening at a higher temperature than foaming.

What is questionable is the claim that thickening can be carried out with nitrogen and argon. It
is not clear how this could stabilise a foam unless the gases contained some oxygen. Still,
Ref.[?Y contains many interesting observations related to the foaming process.

A lot is done to convert the bare foam into a product: casting of foams into moulds is
investigated®! as well as shaping or laminating solidified foams by compressive loading.[?
Foams are anodised to gain improved strength and to reduce surface porosity®”. Age
hardening aims at higher bulk (matrix) strength./® Fibre-reinforced foams are investigated!®!
and metals other than aluminium alloys foamed, namely pure zinc (foamed with TiH,)?% and
lead-zinc alloys with 1.5 to 5% Zn (thickened with CO, gas, foamed with TiH,).EY At least
12 patents in addition to the ones cited in this paper can be found. Work on metal foams at the
Ethyl Corp. ends in the mid 1970s. Three scientific publications are known to deal with
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properties of foams made by the Ethyl Corp.[?2?2% The latter paper discusses application of
Al foam for energy absorbing bumpers in cars. The samples shown in Figure 3 create an
impression of the quality of the material.

2.4. ‘Alporas’ foams

The Shinko Wire Co. Ltd., Osaka, Japan, a subsidiary of Kobe Steel, invents a process that is
closely related to the one developed at the Ethyl Corporation more than a decade earlier and
files a patent in 1985 in Japan and later in Europe and the USA.B2% Here, metallic calcium
(0.2 to 8% according to the patent,®? 1.5% according to publications!*! is added to molten
aluminium alloy at 680 °CF* (or 720 °CP®?), after which the melt is stirred for several
minutes (e.g. 6 min®*) at ambient atmosphere. During stirring the viscosity increases.***!
After a predefined level has been reached, the thickened melt is poured into the foaming
vessel and TiH, (1 to 3% according to the patent, 1.6% according to Ref.***?)) is admixed
while stirring continues at 680 °C for some time. After this, the melt is left for foaming for
~15 minB¥. As soon as the foam has filled the foaming vessel the gas vents of the vessel are
closed. The associated pressure increase is described as crucial for obtaining a uniform bubble
size distribution especially near the foam surface.®**¥ Cooling the foam is done by air
blowing. A typical foam made by the ‘Alporas’ technique is shown in Figure 4. Cell sizes of
‘Alporas’ vary from 2-10 mm with a mean of ~5 mm.?*!

The patent and subsequent publications do not emphasise that thickening is caused by the
contact of the melt with air but it should be understood that oxidation causes the formation of
particles that are crucial for foam stability (as pointed out in the previous section). This can be
shown explicitly by comparing melts with and without Ca addition and thickening with and
without stirring.”! Ca allows one to obtain a sufficient number density of stabilising particles
in the melt in a very short time and the ‘Alporas’ route seems to be more efficient than the
methods described in Secs. 2.2 and 2.3. Other researchers report that pure Al can be foamed
without Ca addition when using very fine TiH, powder (< 8 pm) as a blowing agent.*® In this
case, drainage is strong and cell size large and partial stabilisation might have come from the
blowing agent particles.

Originally, there is not much literature on the foams Shinko Wire produced which are called
‘Alporas’ foams. Some mechanical properties and very little information on manufacture are
communicated before 1993244 a bit more in the years after.****! Some work goes into
processing ‘Alporas’ into practical shapes by foaming inside complex moulds.[*>*®! For this,
the melt is poured into the mould after the addition of TiH; just before the expansion process
sets in. However, ‘Alporas’ foam is mostly known as a product obtained by slicing large slabs
of foam (typical batch size = 2050x650x450 mm?®, mass = 160 kg) into thin sheets.*” Such
sheets are primarily seen as good sound absorbers and electromagnetic wave shieldings.234
Attempts to make such panels in a continuous casting and foaming operation have been
reported.!*®!

2.5. Studies of the ‘Alporas’ foaming process and its parameters

The first scientific studies of the ‘Alporas’ foaming process are published by a group in
Nanjing, China. The viscosity during thickening of the melt with different levels of Ca is
measured in-situ with a stirring paddle and related to the structure of the foam after
manufacture. Melt viscosity is found to influence the foaming process but no microscopic
explanation for the effects observed is given.***”] The expansion kinetics of ‘Alporas’ foam is
measured in-situ using a mechanical expandometer and related to processing conditions.®!
Further analysis of the foam expansion process allows the authors to discuss the various
forces governing foam expansion and to describe them by a model.*®! Melt properties are
measured under defined conditions in a surface tensiometer and viscosimeter by researchers
in Korea for both aluminium™-°% and magnesium alloys.’>*® Studies of the phases formed
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during melt treatment and still present in the solidified foam allow for assessing the
mechanism of thickening and foam stabilisation!®3"**%® (such phases have also been
analysed because of their suspected impact on foam fracture!®°%). The interpretation of the
phases found varies in the literature, some claiming that intermetallic phases are important,
others holding oxides responsible for foam stability. The effect of process parameters such as
foaming temperature,®**¥ stirring mode and velocity,® stirring timel® and holding
time!*®* on the properties of the final product is studied by various researchers. The effect of
Ca content! ™ and cooling rate*® are also discussed.

The possibility of using magnesium instead of calcium to promote thickening is
investigated™3®®! with the background that the formation of stabilising particles might also be
fostered by the presence of Mg during stirring. However, coarser and less uniform foams are
obtained and a similar negative effect is observed for additions of lithium. Magnesium is
found to lead to large gradients of cell size when used in addition to calcium.®”

The effect of a pre-treatment of the blowing agent TiH; either by oxidation or by chemical
filming is studied® (see Sec. 4.4. and Ref.!**! for the background). Unlike for the foams
discussed in Sec. 4.4., no positive effect is found, just a slower expansion and a stronger
coarsening of foams blown with pre-treated TiH, powder. The effect of the particle size of the
blowing agent powder TiH, is investigated. Coarser TiH, particles lead to slower foaming,
larger cells and increased drainage.

As the original ‘Alporas’ foams based on pure Al are not very strong, alloying with further
elements is carried out. The problem encountered is that additional elements that strengthen
the metallic matrix also influence foaming conditions due to their influence on surface tension
and melting temperature.'®® Alzn5Mg1 alloy is found to lead to stronger foams than pure Al
without compromising the foaming process (same for AlZn7Mg0.5"*! and AlZn10Mg0.3?)
and so does Al-Sc.[*®]

2.6. Alternate ways to stabilise melts

Melt treatment with Ca as it is done in the ‘Alporas’ process is only one option. Further
research is carried out to find alternate particles that can stabilise a foam. It is realised that
solid particles in a metallic melt stabilise metallic films because they are situated at the
gas/liquid interfaces. The viscosity enhancement that gives rise to the expression ‘thickening’
for the melt treatment is not the only effect..” The particles also seem to influence the
capillary pressure conditions in and the surface rheology of the films, although the exact
mechanisms of stabilisation are not yet known.[? Type, shape and properties of the particles
play an important role.”® Much of the work revolves around replacing expensive starting
materials by cheap ones and improving foam stability to obtain more uniform foams with a
more predictable structure.

A group in Hefei, China, thickens their melts with MnO,,!**" thus following the suggestion
by Graper.[m A group in Taiwan uses recycled Al with a high oxide content that is melted
and stirred into the melt to be foamed in open air to disperse the oxide films. Then, the melt is
foamed by adding TiH, without adding additional thickening agents.[’Y! This is similar to what
Berry suggests.[>"2 Later, in a related investigation, Al-Si-Mg casting alloy is melted and 5%
Al powder added, after which the mixture is stirred until viscosity has increased to 1.7 times
the original value. Then, TiH, is added for foaming.[”*™! A similar approach is reported in
Ref.l”™) where 3% Al powder are used for stabilisation and CaCOs for blowing a Al foam.
Other researchers foam an aluminium A356 (AIMg7Mg) melt containing 20% SiC particles
(inspired by the melts used for the gas blowing process, see Sec. 3) by adding TiH;
particles® """ and, optionally, Al powder”. The resulting foams are brittle, which is one of
the disadvantages of using such materials. Something very similar is done using CaCOg as a
blowing agent.l’®"! A direct comparison between stabilisation via the ‘Alporas’ route (with
Ca) and by SiC reveals a slightly more stable foam for the latter.!"!



7-um thick Cu-coated carbon fibres are found to stabilise pure Al and Al-Mg foams.®® An
Al-Mg-Si alloy containing 5% AIN particles dispersed in the alloy matrix can be foamed with
TiH, to a stable foam.®®™ Here, the AIN particles act both as stabilisers and as reinforcement
of the matrix. Fine fly ash particles (5 wt.%) are used to stabilise and foam a commercial 2014
(AICu4Mg) alloy, for which 0.5 wt% CaH, is used as a blowing agent.®® Finally, use of scrap
swarf chips is demonstrated to give rise to uniform foams due to the oxide particles present in
such melts.’®® An addition of Mg is found to be beneficial here.

It is hoped that finer particles of a higher particle density can give rise to even more stable
foams than the ones created by the ‘Alporas’ process. One strategy is to disperse
nanoparticles, e.g. SiC, by the help of ultrasound.®®* With such nanoparticles, a small volume
fraction would lead to a high number density of particles and lower the threshold for
stabilisation to lower values. This would reduce both costs and brittleness of the matrix.
Another possibility is to create nanoparticles in a melt by an in-situ reaction instead of adding
them. Such reactions are also used to make grain refiners in a melt and it is shown that such
melts can indeed be foamed.!®®¢! Another route is based on an in-situ reaction that produces
sub-pm spinel particles in a AIMg5 melt to which SiO, has been added.®®"#8 3.4 vol.% of
such spinel particles are found to be sufficient for efficient foam stabilisation.

The attempt to stabilise a pure Al melt that contains neither calcium nor other oxidation
promoters just by stirring in the presence of air is not successful.”® The resulting foam is very
instable and does not expand very much, thus showing the necessity to promote oxidation by
adding suitable reaction partners.

2.7. Blowing agents other than TiH,

Carbonates are suggested as a replacement of TiH, for reasons of safety and cost. The idea is
not new — already DeMeller suggests to blow light metal foams with carbonates®™ — but the
implementation of the technique is not straightforward. Of the carbonates, CaCO3 appears
especially suitable. In one study, the possibility of using CaCO3 in the standard ‘Alporas’
process is demonstrated for the alloy AISi7Mg. Reasonable results are obtained for CaCO3;
powders containing a chemical CaF; conversion layer on the surfaces of the powder particles
which improves wetting by the melt.!®! Further alloys are foamed, includin? Al and Al-Mg-
Zn-Cu (alloy 7075). Foams blown by CaCOs; and TiH, are compared.’®**? CaCO; leads to
pores that are merely half the average size of the pores in TiH,-blown foams. CaCOjs is also
used by other groups to foam pure Al and the alloys ZnAI22% and AlSiomMg.[™®

Dolomite MgCa(COs), is used to foam pure Al without any additional stabilizer.*? Here, the
residues of the blowing agent (MgO and CaO) provide sufficient stabilisation. The foams
obtained are less uniform than the original ‘Alporas’ foam. Within the family of hydrides,
CaH; is used for foaming Al-Cu-Mg alloys® as well as ZrH, for foaming pure AL.P®

The ‘Alporas’ process is further developed by The Aluminum Company of America
(Alcoa).P"%8 Here, 2 — 8% CaCO; are used as a blowing agent. CaCOj3 not only liberates the
blowing gas CO, and leaves behind CaO, but CO, also reacts with the Al-Mg-Si alloy and
forms stabilising alumina, magnesia, carbide and other particles. As a result, the molten alloy
can be turned into a foamable suspension by intense mixing and stirring. In this way,
thickening and blowing can be combined in a clever way into an integrated process and
AlSi7Mg2 alloys with very fine pores are created, see Figure 5. The process can be extended
to a continuous casting process for sheets unlike most other Alporas-type foaming routes that
convert a fixed batch of liquid into a block of foam.

Finally, it can be shown that melts can also be foamed without adding any blowing agent
powder. The idea is to melt under normal ambient pressure pieces of scrap left over from Mg
die casting and, after melting, to evacuate the recipient containing the melt.**1%% As the scrap
contains plenty of oxides, hydroxides and other impurities, stabilisation is guaranteed, while
the gases adsorbed to the scrap or bound as hydroxides blow the foam as they are expanded



by the pressure drop. In a certain sense, these impurities in the melt are both the stabilisers
and the blowing agent with the difference that they are contained in the starting melt already
and do not have to be added.

2.8. Metals other than aluminium

Beside aluminium, magnesium alloys are in the focus of attention already in early work
The vacuum foaming method described in the previous paragraph shows that such foams can
be made from melts. The ‘Alporas’ process can be directly generalised to make pure Mg,
alloy AZ91 or AZ31 (Mg-Al-Zn) foams.[*921%] Ca metal is again used for melt treatment (2%
wt.%,2%? 6 wt.9%!%), but TiH, is replaced by CaCO; as the blowing agent. The resulting
foams have porosities up to 72% and pore sizes around 2 mm." % Their pore uniformities and
properties are found to be superior to those of Al foams.'® TiH, is not a suitable blowing
agent for Mg alloys as shown in Ref."*!, where neither an AZ91 nor AM60 alloy stabilised
with Ca or SiC addition exhibit satisfactory foaming.

Zinc-based ZnAl22 foams stabilised with SiC are blown with TiH,%1%! and CaCc0O4*l.
Foamability is reported even without the need for melt conditioning.®*'%! The foams blown
with CaCOj3 have small pores (of the order of 2 mm) and porosities up to 92%. It is very
likely that the blowing agent particles act as foam stabiliser in non-conditioned melts, i.e. they
have a dual function, blowing and stabilising. By adding a preform consisting of a compacted
blend of milled ZnAl22, SiC and CaCOj3; powders to a ZnAl22 melt, stirring the mixture and
foaming, reinforced Zn-base foams are manufactured in a slightly modified way.[**"

Foaming hi%h-melting metals such as steel occupies three inventors from the US Steel
Corporation.®® They modify the stabilisation method proposed by Ridgway™" and claim
that iron can be foamed to more that 50% porosity by adding to a melt high-melting ‘foam
promoters’ (i.e. stabilisers) such as tungsten powder and to foam the melt with TiH; or ZrH,.
However, no results are shown. An attempt to foam a Fe-Cr alloy by adding the blowing
agent chromium nitride serving as a nitrogen source yields porous castings but no useful
foams. %]

[17]

2.9. Fast melt processing

Stabilisation is necessary for retarding degradation processes such as coalescence during
foaming until the foam solidifies. The faster foaming can be carried out the less pronounced
such degradation processes and the less difficult stabilisation will be. Alreade/ early
researchers realised this.l*Y) Both the University of Erlangen, Germany, on one side” and
the manufacturers of MgH,, Goldschmidt GmbH in Essen, Germany, and of die casting
machines, Bihler Druckguss GmbH, Uzwil, Switzerland, on the other'™'!J suggest to inject a
melt into the mould of a die casting machine and to add a blowing agent powder shortly
before the melt reaches the die. The parameters are set in a way that the melt that is intimately
mixed with the blowing agent powder can expand and form a foam component in the mould.
Goldschmidt and Buhler call their product that has a dense outer skin and a porous core
‘Combal’, see Figure 6. The University of Erlangen presents Al and Mg foams: Thixomolding
or cold chamber die casting machines are used to foam Mg alloys,™#*! die casting machines
to foam Al alloys.™* The blowing agent is MgH, in both cases. The resulting foams have a
dense skin due to the solidification conditions in the die. One such sample is shown in Figure
7 and demonstrates that integral (or structural) foams with a closed skin can be produced.
More details of the high pressure integral foam moulding technique are discussed in
Refs."'518] Recently, it has been possible to manufacture integral foams with pore sizes well
below 1 mm.*% No stabilizing particles are added unlike in the slow foaming processes
discussed previously. The very short processing times and some self-stabilisation of the melt
in the semisolid range (‘endogeneous stabilisation’™***")) can be assumed to be the reason for
temporary stability.



2.10. Overview of processes of the ‘Alporas’ line

Many variants of foam processing following the principles of the ‘Alporas’ line — i.e.
admixture of blowing agents to a melt — are now known. Beside by the general processing
setup, the various methods differ by the kind of melt conditioning (a.k.a. thickening or
stabilisation) used and by the blowing agent admixed. Some of the combinations found in the
literature are summarised in Table 1.

3. Foaming metals by gas injection (“‘Alcan line’)

Instead of using a gas-releasing blowing agent to blow metals to foams, gas can be injected
from an external source through a nozzle into a metallic melt. This is suggested by A. De
Meller® and later by W.S. Fiedler.2®! The former proposes inert gas, the latter oxygen or
steam as blowing gas but it is doubtful whether metal foam has ever been produced in this
way since no measures for stabilising the foam are addressed. The gas blowing approach
promises to replace potentially expensive blowing agents by cheap gases but is not easy to
implement. The same melt that can be foamed by adding a blowing agent powder (internal
gas source) might not be easy to be foamed upon injection of gas from outside the melt.l81!
The difference between the two approaches is that a multitude of gas bubbles are created
locally in the former case, whereas in the latter, the gas bubbles are created at one — or few —
points only and have to float through the melt from the injection point to their final position
after detachment. Depending on the structure of the melt this might not happen and therefore
no foam formed.

3.1. Bubble blowing in Canada and Norway

In the %/ear 1989, patents are filed by researchers of the Aluminum Company of Canada
(Alcan)*®! and of the Norwegian Norsk Hydro Company™®! almost simultaneously. Both
describe essentially the same novel foaming method. For the Canadian side an accidental
discovery during processing liquid aluminium matrix composites (MMC) is reported during
which it is observed that gas bubbles are remarkably stable in such melts. It is realised that
foam can be produced by injecting gas into MMC melts instead of adding gas-releasing
blowing agents as described in the previous chapter. The basic layout of the process is given
in Figure 8a. Gas is injected to below the surface of a melt and bubbles are formed that float
to the top, accumulate there and form a metal foam layer. The particles dispersed in the liquid
MMLC act as stabilisers. They adhere to the gas/metal interfaces of the rising bubbles. Without
them, the bubbles burst as soon as they reach the surface or merge with other bubbles. There
is a minimum content of particles required for stability that depends on particle size
(schematically visualised in Figure 8b) and also on the distance between the injection point
and the surface:*?'?®1 The larger the particles are, the higher the particle volume fraction
required. The larger the immersion depth of the injector is, the lower the necessary volume
fraction. The foam layer forming on the melt surface can be drawn off continuously to form
long slabs of foam. A further patent describes ideas how slabs of foam can be extracted from
the surface of the melt.[*?*!

Gas injection is done by a rotatable air injection shaft connected to a number of outlet nozzles
through which the gas (mostly air) escapes into the liquid. The cell size of the foam is said to
be controlled by the gas flow rate and other parameters."?” Beside the gas injection shaft
shown in Figure 8a, use of a rotating shaft equipped with various blades is suggested. It
creates a strong vortex through which gas is dragged into the liquid to form additional bubbles
there.['® It is claimed that the foam formed in this way has very fine pores and can be cast
and shaped, even after an intermediary solidification step.!*®!

The aspect of casting foam into shapes is substantiated in Ref.'?"! Here, freshly produced
liquid foam or remelted solidified foam is ‘gently pressed”’ into moulds without compressing
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or collapsing the foam. To which extend such pressing is actually successful cannot be
specified.

The development at Norsk Hydro is very similar.?**! Al-based MMC alloys are foamed by
injecting air or CO; into melts, after which the resulting foam layer formed on top of the melt
is removed. Gas injection is through a rotor.

The foams produced in the 1990s by both companies have rather large pores and are not
uniform!*?®, see also Figure 9. A gradient of pores size, shape and density from the bottom to
the top of the slabs is mostly evident and mechanical properties are below the expectations
(see next section). The processing opportunities claimed in the patent literature[*2:124124-127.129]
do not appear to have been all verified.

3.2. Studies of processing parameters and physics of foaming

In the patents concerned, the details of the foaming process are not described. Questions of
interest are related to the particle type (usually SiC is used), particle size (commonly 15 um),
composition of blowing gas (normally air), suitable alloys (often A356=AISi7Mg alloy), melt
temperature (typically, first 710 °C then decreasing to 650 °C), the distance between the gas
injection point and the surface (varying from 50 mm™ to 300 mm™3%).

The physics of foaming is first studied by Ip et al.*?? They find criteria for the stability of
metal foams. Leitlmeier et al.?**! and Babcsan et al.’”! later continue these investigations.
Some recent work is found in Ref.**Y. Empirical studies are undertaken to relate particle
type,*3? sizel*3? and concentration™*>3 to properties of the foamed materials such as cell
size and cell wall thickness.

Micro and macrostructures of Alcan-type foams are analysed*****! and density gradients and
non-uniformities determined.™?® In view of the appearance of those foams it is plausible that
their structure and properties are not well predictable. For the foams produced by gas injection
in the 1990s, the mechanical properties, e.g. modulus or strength, are usually inferior to those
of ‘Alporas’ foam of the same density and also below the theoretical predictions,'® which is
why many researchers prefer to used ‘Alporas’ foams for their studies of structure/property
relationships.

Various authors study the structure of cell walls in order to discuss the stabilisation
mechanism. 4557381341331 £qr axample, high-resolution synchrotron X-ray tomography that
provides enough phase contrast to distinguish between the SiC particles and the Al matrix
allows one to visualise the distribution of SiC particles in the cell walls in 3D and to verify
that most of the particles are located at the gas/metal interfaces and are not connected to the
opposite side of a film.[**®!

The role of oxygen in the blowing process is investigated."**"*3 Blowing with pure argon
leads to markedly increased bubble coalescence and drainage. Oxidation of the inner surfaces
of the bubbles during blowing is essential for foam stability. Therefore, stabilisation of these
foams is caused by at least two mechanisms, by the segregation of particles to the gas/metal
interfaces and by the oxide films that cover the interfaces.

3.3. Important discoveries in Austria

As mentioned above, dispersing bubbles by means of vibrating or rotating impellers is
initially believed to be a prerequisite for good foam. Improved designs are suggested such as
using porous frits to disperse gas more uniformly, to use mechanical choppers or stirrers to
assist in detaching the gas bubbles from the injector or to create diverging ?as jets.*% In
practice, operating such impellers is not easy and sealing can be a challenge.!**

Research carried out at the Light Metals Competence Centre (LKR) in Ranshofen (Austria)
shows that the ideas behind the impeller concepts are misleading. In order to obtain a uniform
foam it is more favourable to carefully create and maintain individual equally sized bubbles
instead of producing a statistical mixture by the techniques mentioned above. It is proposed to
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use specially designed stationary injectors made of a ceramic material that have a defined
conical geometry instead of applying vibrating or oscillating nozzles or vortices.**” The new
nozzle design provides stable bubble separation criteria and allows one to make foam with a
plurality of bubbles with approximately the same volume. The key point is that the
detachment of a bubble from a nozzle after it has been filled with gas often takes place at
different filling stages for each bubble because the detachment conditions are irreproducible,
i.e. different for each bubble, when mechanical agitation is applied to the melt. Bubble
formation in a melt is studied experimentally by X-ray radiography and the detachment
conditions discussed in terms of wetting conditions!*****? and also by simulations.***!

In a further patent it is proposed to blow bubbles from an array of the specially designed novel
injectors mentioned above to increase the bubble formation rate™™*. The result of the
combined effort is a clearly improved pore uniformity compared to foams made by
‘traditional’ gas injection techniques. Figure 10a shows such optimised foams. The foam not
only looks more regular than previous ones but also has a narrower bubble size distribution,
see Figure 10b.

The finding that stirring or agitation is detrimental to foam uniformity is reported by another
inventor almost at the same time who suggests to foam Al-based MMC melt by a quiescent
stream of argon gas through thin tubes immersed into a melt and obtains a ‘surprisingly
uniform cell structure’,'** thus confirming the effectiveness of the abovementioned
techniques.

3.4. Further developments

The technologies described so far are mainly designed for making flat products. Manufacture
of foam components with a complex 3D shape is also desirable. Pressing a liquid foam into a
mould is the easiest way of shaping,'**”! but damage of the fragile films in the liquid state is
probably hard to avoid even if a more refined technique is used.*®! This problem can be
avoided by allowing a metal foam to be generated directly inside a mould, e.g. by using an
open mould that is immersed into the melt to be foamed and then bubbling gas into the melt
and let the bubbles fill the mould without the need for any shaping.**”! One version of this
mould-filling process comprises pressing molten metal into a die through an opening in the
bottom die wall by applying a low external gas pressure and then filling the mould with foam
by bubbling air through the melt during which the melt is drained off by controlling the gas
pressure.[**]

In general, the outer surface of such shaped metal foam parts will have the thickness of an
individual film within the foam, i.e. be very (too) thin. A procedure to overcome this
limitation is disclosed in a further patent.**! Here, the opening of a mould pointing
downwards is first brought into contact with the meniscus of the melt to be foamed. By
pushing the melt first up into the mould and then down again under the control of an external
gas pressure, a dense outer skin is created in the mould because its inner walls are kept cold
enough to solidify a thin skin of metal. After this and without an interruption, gas is sparged
through the melt and bubbles are allowed to slide into the mould in a gentle way without
exerting mechanical forces and bonding to the previously formed skin. The resulting parts, see
Figure 10c, have a very uniform thick skin and a regular pore structure. Such parts are used as
cores for Iow-Pressure die casting, during which the foamed core is completed embedded in a
dense casting.['?’]

Another activity is directed towards overcoming the need for using expensive and brittle
materials such as MMCs for foaming, while still using the gas injection principle. One
approach is to combine the material used for the *Alporas’ process (e.g. Al melts thickened by
adding Ca and stirring in the presence of oxygen) and the gas injection principle of this
section. Babcsan™® blow air through a variety of different melts including an ‘Alporas’-type
melt containing 3% Ca and find that foaming is inferior to the foaming of MMC melts. In
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other words, *Alporas-type’ melts are not as easy to foam by gas injection through an injector
as by addition of TiH, powder. However, by carefully tuning the thickening conditions it
might be possible to make such foams and one embodiment of a process has been disclosed in
a patent.®¥ Thickening is carried out in one heated vessel here, after which the thickened
melt is transferred to a foaming vessel where gas is injected and the foam floating up to the
surface is continuously removed.

4. Metal powder based foaming processes (‘powder line’)

Another way to make metal foam is by first preparing a solid metallic precursor that can in a
second step be expanded to a foam by thermal treatment (foaming step, foam ‘baking’). Such
precursors can be made by processing blends of metal and blowing agent powders. This
approach is sometimes also called the *‘powder metallurgical’, the *powder compact foaming’
or just the ‘powder’ route.

4.1. Early trials in the 1950s

John F. Pashak of the Dow Chemical Corporation — at that time the chief producer of
magnesium metal — proposes to mix Mg-base or Al-base metal powder with either MgCQOj3 or
other carbonates that can act as a blowing agent, extruding these mixtures and then heat
treating the extrusions at temperatures below the melting temperature of the respective alloy.
During this treatment, the blowing agent releases gas and the material expands in the solid
state to form a “foam’ with densities down to 0.57 g/cm?® for a Mg alloy. The cell structure of
such cellular materials appears irregular.”** It is not known why no attempt was taken to melt
the extruded material and to achieve larger expansions and rounder pores. Still, this is an early
mention of the possibility to expand solid precursors made by consolidating powder mixtures
and even the possibility to fill closed moulds with the cellular material is referred to.

Benjamin C. Allen et al. of the United Aircraft Corporation further elaborates the powder
method.*®? They propose mixing metal powder (e.g. aluminium) and a blowing agent (TiH,,
ZrH, or CaCQOs;), extruding the mixture (Al powder at 482°C) after an optional cold pre-
compaction step and then foaming the extruded precursor by controlled heating to at least the
melting point of the metal or alloy. The latter step is the main difference to the work of
Pashak who expands the precursor in the solid state. Allen at al. note that during extrusion the
oxide films around each powder particle are broken and thus good consolidation is achieved.
Axial hot pressing of the powders is said to be insufficient, i.e. extrusion is essential. For
foaming, two arrangements are suggested: Zone foaming by induction heating to fill the inner
section of a tube continuously and discontinuous foaming inside a shaped mould. The authors
note that the latter variant has the disadvantage that the cooling rate in the centre of such a
part is lower than at the surface and that larger pores may develop there.

Unlike many patents in which inventors claim exotic parameter combinations or process
variants that might never work, the descriptions in the patent herel*>? appear realistic and are
in accordance with later experience. For example, the fact that increasing the amount of TiH,
used for blowing pure Al foam does not lead to higher porosities above a threshold of 0.4
Wt.%, is later exactly verified.[**® The observation that during cooling cell walls tend to break
and create a partially open structure (connected pores) is also confirmed. The choice of all
other parameters seems to have been guided by real experiments.

4.2. Rediscovery

The breakthrough for the method developed by Allen et al. does not come before 1990.
Joachim Baumeister of the Fraunhofer-Institute in Bremen, Germany, redevelops the powder
process, initially without having knowledge of the previous developments.'*" His process
differs in small details from the previous one, namely that the compaction temperature of the
powder is higher.****%1 As a result, hot pressing yields a good enough compaction to ensure
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very good foaming, in contrast to the statement by Allen et al.'®2. Initially, compaction is
carried out uniaxially, either in a small die using a 10 to press, or in a 300 to press to disks of
15 cm diameter and 15 mm thickness. Later extrusion is used to make foamable material more
efficiently. Extrusion is carried out either with or without precompacting the powders. In the
former case, mixtures of Al powder, alloying elements and the blowing agent TiH, are filled
into thin-walled aluminium cylinders. These are preheated to 400°C and inserted into the
horizontal extrusion die with a lifting tool, after which they are extruded, mostly to flat plates
or rods. The process is found to be insufficiently stable in the sense that the foamable material
obtained varies in foamability over the length of the extrusion. Therefore, the powder
mixtures are first precompacted to billets by cold isostatic pressing and then extruded which
leads to a higher process stability and product quality.
Production of foamable precursor by continuous extrusion — sometimes called ‘Conform
extrusion” — is also developed, aiming at making large quantities of precursor material of
small cross section. For this, powder is continuously fed into a channel leading to a rotating
wheel (typ. 300 to 600 mm diameter) that conveys the powder to a die opening by frictional
transport. During flowing to and through the die opening, the powder is heated up by friction,
densified and shaped, e.g. to a wire of typically 9.5 mm diameter at a rate of 20 m/min.[**8%
Another way to produce foamable alloy is by powder rolling.**®! Powders are filled into flat
containers and are then hot rolled and therefore densified in various passes. The container
material remains as a dense outer skin. Foamable material of acceptable quality is obtained,
but no upscaling effort is known to have been successful up to now.
Although initial work concentrates on pure aluminium, it is quickl%/ realised that aluminium
aIIo s could offer advantages over pure metals. Al-Cu,*®™ Al-Sj 162163 Al-Mmg, 1283 Al-Si-
1641 Al-Mg-Gi 11631651681 ' Al-Mg-Znl*®82€8] and AI-Sni**°17 are studied, just 0 give some
examples. It is found that it is neither necessary nor desirable to use prealloyed powders, but
that one can mix elemental powders in the appropriate fractions. In this case the soft Al
powder even facilitates compaction and the process of alloy formation takes place during
melting and foaming.

4.3. Foaming other metals

Foaming of aluminium alloys is in the focus of most studies, but metals other than Al are also
considered. The transfer of aluminium foaming technology to brass, bronze!® and
zinc, 13174172 o superplastic Zn-AI*"! merely requires minor adjustments of the hydride
content and the pressing and foaming temperatures. Gold can be foamed with TiH, as a
blowing agent, but only after adding some 2% silicon to lower the melting temperature.*™!
Pure magnesium initially turns out to be difficult to foam, probably due to problems with
compaction or the properties of the oxide layers on the powder particles™". Only after adding
33 wt.% Al good foams are obtained.!*"®! Attempts to use pure Mg precursors containing TiH,
to produce a foam by solid-state expansion lead to poor pore structures.'’” Only recently, the
conditions under which Mg foams can be made have been elucidated.!*’”® Lead and lead-tin
foam can be produced by using lead carbonate as a blowing agent.*>3*®! Using a salt of the
metal to be foamed — e.g. PbCO; for foaming Pb — is an advantage whenever the absence of
metallic impurities in the foam is an issue.™™! A lot of effort is put into the manufacture of
iron and steel foam.[*®18% Dye to the much higher melting range of steel, different blowing
agents are required, e.g. carbonates with a high decomposition temperature. Manufacture of
titanium foams using a gas releasing blowing agent is even more difficult due to the strong

reactivity of Ti with all gases and success has been very limited, 88!

4.4. Selecting and tailoring the blowing agent

Many gas-releasing blowing agents are screened for their suitability to foam different metals,
including the hydrides of Ti, Zr, Hf, Ca, Sr, Ba, Mg, La and Li, the carbonates of Mg, Ca, Sr,
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Ba, Li, Pb, Zn and Co and the nitrides of Mn and Cr."® For foaming aluminium alloys,
titanium hydride is still the most used and probably best suited blowing agent. Still, the
mismatch between the melting range of most Al alloys and the decomposition range of TiH,
causes problems because a gas pressure is built up in the precursor during heating before
melting sets in. This can give rise to non-spherical and irregularly shaped pores as verified for
example by X-ray tomography.****%! One possible remedy is to use alloys with a lower
melting range that comes closer to the decomposition range of the blowing agent.[*¢>16"]
Another possibility is to shift the range of hydrogen release to higher temperatures. One way
to do this is to oxidise the TiH, powders. This is first suggested by Sidney Speed™®**! and
others followed™*?** (Niebylski mentions pre-annealing of the blowing agent too, but
without referring to oxidation[24]). The mechanism of hydrogen retardation is quite complex
and linked to the phase transformations in the hydride during decomposition.’?®%! Other
ways to retard hydrogen evolution from TiH, than by oxidation include: by chemical
filming,'?® by coating the TiH. particles with a thin nickel layer?*®! or by using a low melting
alloying element such as Sn that encapsulates the TiH; particles during early melting of the
precursor and leads to a more adapted release of hydrogen.[**® The effect of pretreatment of
TiH, on foaming of powder compacts is studied by various authors.**>?% The notable effect
of the particle size of the blowing agent powder on hydrogen release and foaming behaviour
is also reported.!?*!!

Besides TiH,, other hydrides are explored. ZrH, is an obvious choice,’?? but does not seem
to have an advantage over TiH,, at least for Al alloys.”™® In a recent study, the compounds
MBH, and MAIH, , where M=(Li, Na, K), are shown to be possible potent blowing agents
for Al foams.[*4

In addition to metal hydrides, carbonates are frequently proposed as blowing agents, initially
motivated by the much lower costs. Carbonates release CO, upon heating and after
decomposition leave behind an oxide, unlike hydrides where a metal atom remains that will
form an alloy with the matrix. In addition to this, reactions between the gas released (CO and
CO,) with the liquid aluminium alloy™®?*¥! give rise to pronounced differences in the foaming
characteristics between carbonate and hydride driven foaming.

Arnold et al. find that 1 wt.% of CaCOs in addition to 0.5 wt% TiH, leads to much higher
expansions and very small cells and explain this by the drastically reduced melt mobility, i.e.
increased viscosity of the melt, however, without specifying a mechanism.?*®! Cambronero et
al. use marble powder and CaCOj3 to foam aluminium alloys.”*"! Comparing the foaming of
6061 alloy by these two blowing agents to foaming with TiH,, they find smaller pores for the
former than for the latter blowing agents and densities down to 0.53 g/cm?.**® This difference
between TiH, and CaCOjs is confirmed by other researchers.®! Haesche et al. use CaCOj
when they produce foamable precursor from two aluminium alloys by semisolid casting.!*"!
Kevorkijan et al. foam pure Al with CaCOs and achieve a reasonable foam.??*??!! Finally,
Koizumi at al. compare different blowing a?ents from the group of carbonates, hydroxides
and hydrides and foam an Al-Si-Cu alloy.’””? A mixture of dolomite and MgCOs is found to
minimise shrinkage effects that may occur during foaming when just CaCOj is used.?*! The
efficiency of dolomite can be improved by mechanochemical activation, i.e. milling in the
presence of Si0,.1?4

A recent development is foaming of metals without any of the usual chemical blowing agents.
The starting point is the observation that metal powders release gas when they are heated due
to the decomposition of reaction products on the powder surfaces, e.g. hydroxides.
Compacted aluminium powder not containing any blowing a?ent is found to expand by as
much as 15% when melted due to the liberation of such gases.*>®! This is far below the level
required for a foam at normal pressure. It is found that AI50Mg50 powder has a much larger
potential to store and release gas than pure Al. Such powder is used to foam Al-Mg-base
alloys made from a mixture of pure Al powder, AI50Mg50 powder and optionally other
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elemental powders.?*??®! \very uniform and well expanded foams can be produced such as
the one shown in Figure 11.

4.5. Continuous foaming and foam moulding

The first foaming experiments are carried out without using a mould (so-called ‘free
foaming’) or in a mould, into which a piece of precursor is inserted, after which the mould is
heated to a temperature high enough to let the foam expand and fill the mould. Such batch
foaming processes are rather slow and uneconomical and improvements are sought. One
concept includes a continuous foaming furnace in which many moulds filled with foamable
precursor can be conveyed through various heating and cooling zones at the same time.[?2":?l
The aluminium foam spheres produced for the composite described in Sec. 4.6 (Figure 14) are
produced using the furnace introduced in Ref.!??®! For this, small pieces of precursor material
are conveyed through the furnace on a belt during which they freely foam to small spheres.
Another concept is to foam a long wire of precursor material continuously by pushing it
through the coil of an induction heating and to squeeze the foam generated into a
mould.??*2% The feasibility of this process to produce metal foam structures remains to be
shown. An alternate idea is to inject expanding metal foam from a reservoir into a mould
instead of carrying out the entire foaming process inside the mould.”?2 Sych a strategy
allows one to produce parts in a shorter time since the slow heating up of the precursor
material can be separated from the foaming process inside a mould. Various moulds, for
example a number of sand moulds, could be prepared and subsequently filled with expanding
foam in a short time. On such foamed part is shown in Figure 12.

4.6. Composites based on aluminium foam

Use of bare metal foam alone is often not the optimal engineering solution as foams cannot
bear tensile loads very well and are prone to damage or corrosion when exposed to the
environment. It may therefore be desirable to manufacture composites of foam and metal
sheets, tubes or other dense metal parts.

Aluminium or steel sections can be filled by foamin? a foamable precursor inside the section.
Various arrangements of the precursor are proposed**! and foam filling studied.”*%" |f the
sections are made of aluminium alloy, their melting temperature must be higher than the
foaming temperature of the foam core alloy to prevent the section from melting, because the
section and precursor have to be heated jointly to the foaming temperature. Interdiffusion of
alloying elements during foaming can accelerate melting of the sections!**®! and therefore a
precise temperature control is mandatory.”* With steel or other higher melting metals,
melting is not an issue, but the high temperatures needed to foam aluminium might still
deteriorate the mechanical properties of the section or lead to oxidation. The foam injection
techniques discussed in Sec. 4.5. could improve the situation since in this case the section to
be filled does not have to be at such high temperatures. To help keeping the hollow section to
be filled at a low temperature, an induction heating technique could be applied in which the
section exhibits a long slit perpendicular to the induction coil. This slit ensures that most of
the heat is generated in the foamable precursor placed inside the section and little in the outer
section, thus limiting the temperature increase there.**! Instead of filling hollow sections
with foamable precursor and expanding the precursor is it proposed to coat pieces of foamable
aluminium alloy — e.g. a tube — by thermal spraying and to foam the composite after. The
foam will then fill the dense sprayed coating and yield a composite part.’*!

Sandwich parts consisting of a foamed core and dense face sheets can be made by roll-
cladding metal sheets to a sheet of foamable precursor and then foaming the composite.?*?
Aluminium,?*! steel® or titanium face sheets can be used. B}/ shaping the roll-clad three-
layer precursor before foaming, 3D shapes are obtained.”?****! Aluminium foam sandwich
(AFS) with aluminium face sheets can be obtained in complex geometries such as that of the
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rear bulkhead of a car.[?****! The development of AFS technology has been documented in a
series of publications,[239:243246-248]

Precursor manufacture is a crucial step in the manufacture of foams and especially of large
AFS sheets. Small defects in the precursor can evolve into large ones such as cavities, cracks
etc. in the final foam. This can be demonstrated by deliberately inducing such defects and
following foam evolution in-situ with X-ray radiography.”*®! It is also found that the
compaction conditions such as the atmospheric pressure influence subsequent foaming.[>!
Building on such studies, the industrial fabrication of precursor material has been revised. By
carefully degassing the powders and avoiding contaminations the quality of aluminium foam
sandwich parts is notably improved.”?*® The AFS sample shown in Figure 13a demonstrates
foam uniformity over a large area.

Instead of roll-cladding previously densified foamable precursor material to face sheets, direct
powder compaction between two face sheets could be an alternative to reduce the number of
processing steps.['8%%12%21 A similar strategy is described in Refs.[?>?%%] Making large panels
in this way will be technologically difficult and feasibility remains to be demonstrated.
Another concept to reinforce metal foams is to integrate wires or meshes into them.?®
Stainless steel woven fabrics, perforated steel or expanded steel meshes are placed in the
foaming mould and are subsequently incorporated into the expanding metal foam. Such
reinforcing meshes are much lighter than sheets and strong enough to improve the tensile
properties of the foam significantly. Especially the bending behaviour of sheets can be
improved, see Figure 13b. The type of reinforcement to be used has to be adapted to the mode
of loading.!®"!

Another kind of composite is obtained by bonding together small spheres of aluminium foam
to either ordered or disordered 3D stackings,'?**** for the former see Figure 14. The spheres
can be produced continuously at low costs. The composite can have complex shapes ore fill
hollow sections.

4.7. Improving foam stability

Foams made from metal powders are stabilised by the natural oxide layers on the powder
surfaces.”) The idea to tailor the oxide content of the metal powders in order to obtain
maximum stability is near at hand. It is indeed found that the oxide content influences
stability of both AI"262253] and Pp™ foams, For less than 0.3% oxide in Al precursors poor
stability was noted. More than 0.6% oxide content compromises foam expansion indirectly by
its negative impact on powder compaction."2%3%4! |n general, it is difficult to separate the
influence of the oxide layer on foam stability, i.e. stabilisation of liquid films, from other
effects such as the quality of powder compaction.

Additional particles can be added in order to further promote foam stability. Particles used
include SiC,221%5270 A,Q, 2652682711 Tig, [272] 001,21 or metallic TiAIEVA.?™®! Some of
these additions are reported to lead to an increased expansion, less drainage and thinner cell
walls. However, the cost efficiency of such additions remains to be shown.

Foam stability may also depend on the presence of alloying elements. This is not well
investigated, mainly because alloying elements influence foaming in various ways, namely by
shifting the processing temperature, their impact on powder compaction or by changing the
rheological properties of the melt. Magnesium is usually ascribed a positive influence on Al
alloy foam stability.[**>27+274]

4.8. Alternate routes for precursor or foam production

As pristine metal powder is expensive it is suggested to use recycled metal instead, e.g. foils,
machining chips or swarf. Clearly, these are cheaper sources of metal, but their composition is
not constant and also difficult to control and the morphology of such material is different from
that of powders. Al-Mg-Si machining chips are used in a series of experiments in which the
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mode of compaction and the influence of additional ceramic stabilizer powders are
investigated.>?" An organic adhesive is used to improve mixing of the fine TiH, blowing
agent powder with the coarse chips. It is found that additional compaction effort and
stabilising additions are necessary for good foam expansion. Analogous experiments for the
magnesium alloy AZ91 produced much less regular and expanded foams,”! which can be
related to the general difficulty of foaming Mg alloys.

Semisolid processing is proposed as an alternate way to compact metal powder/blowing agent
mixtures.?* Accordingly, the same powder mixtures as used for the route based on pressing
or extrusion are used. The powders are first consolidated by cold isostatic pressing, then
heated to a temperature at which the material is semisolid (e.g. 595 °C for alloy AlSi6Cu4),
after which the billets are transferred into the sleeve of a horizontal cold-chamber die casting
machine and are then pressed into a die. Foaming of the resulting precursor material leads to
good expansion to foams exhibiting round bubbles with a uniform size distribution.?”®
Application to a variety of alloys is reported, including a series of alloys containing various
trace elements,'*”! alloys based on recycled material and alloys foamed by using carbonates
as a blowing agent.”**?®% For example, AlIMg4.5Mn sawing chips or AISi9Cu3 cutting chips
are mixed with the blowing agent CaCOj3 and stabilising CaO powder. The mixture is first
briquetted, heated to the semi-solid state and then cast. The resulting precursor show a
reasonable foaming behaviour.!*!

Making a precursor by powder compaction is an additional processing step and it is proposed
to eliminate this step by processing powders directly. Simply heating powder mixtures does
not lead to any foam as the blowing gas can escape. Therefore, mixtures of powder and
blowing agent are fed into the extrusion cylinder of a die casting machine where they are
heated and plastified by a rotating screw. In a final step, the liquefying or already liquid
mixture is injected into a mould by a coordinated axial movement. The mould is opened
sufficiently to create a pressure drop and to allow the now expanding foam to fill it.*®"! (see
also Ref.[®®) Note that in later patents and publications a variant of this method is described:
the blowing agent is not mixed with metal powder any more but admixed to liquid metal at
the entrance of the die, a process that has been presented in Sec. 2.6.

A special technique is invented to create foams with a matrix that consists of an intermetallic
compound. It exploits the exothermal reaction between many metals during formation of an
intermetallic. The heat liberated can create foam during a self-propagating combustion
reaction. In a first example, Al-Ni foam is made by mixing Al and Ni powders with the
reaction enhancer B,C, compacting the mixture and igniting the compact. AlsNi foam with
more than 75% porosity is obtained.””! The gas source for foam expansion is the gas
adsorbed to the aluminium powder surfaces. In subsequent work, porous Ti composites are
made in a similar way,?®*?*! leading, e.g., to AlsTi composites with more than 60% porosity
and a reasonably regular structure.?®® The technique is linked to the traditional manufacture
of Al foam by mixing (Al — TiH;) blends with a (Ti + B4C) mixture. After igniting the
compacted mixture, the latter mixture reacts and produces the heat needed to foam the former
constituents.[?3"]

The phenomenon that aluminium powder surfaces contain adsorbed gases or hydroxides
which can act as a gas source upon heating is exploited by a technique called pressure-
induced foaming.[?%8%%1 Aluminium powders are compacted and then melted under pressures
up to 40 bar. After reaching the liquid state, the pressure is released to 1 bar within a few
seconds. This pressure drop triggers expansion of gases contained in the precursor and
expands the material so that it eventually grows to a foam.

4.9. Partially powder-based processes

Accumulative Roll-Bonding (ARB) is used to produce foamable precursors.?*® Two sheets of
aluminium alloy are stacked with some TiH, powder in between. The stack is first rolled,
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during which its height is reduced to 50%, the two sheets are bonded to each other and the
TiH, powder is encapsulated between the sheets. The rolled sheet is then cut into halves that
are stacked and rolled again. The procedure can be repeated various times. The resulting
precursor then contains a multitude of TiH, particles encapsulated in an aluminium alloy
matrix and can be foamed by melting. A variant of the process is called ‘Accumulated
Diffusion Bonding’ and was used for aluminium®Y and magnesium!®®? alloys. Here, the
sheets are surface treated, stacked with some blowing agent in between, diffusion bonded, cut,
and the procedure is repeated.

A related way to produce foamable precursor also starts from two aluminium alloy sheets that
are stacked with some TiH, powder in between.!”*® The stack is then intensely plastified by
friction stir processing using a friction stir welding machine, yielding a dense material with
TiH, particles distributed within. This material can be foamed in a second step. Foams are not
well expanded in this basic configuration, but improvements are claimed to be possible by
tuning process parameters or by adding stabilising Al,O3 powder in addition to the blowing
agent.”®¥ It is worth mentioning — although it leads us to beyond powder processing — that
castings can be used instead of wrought plates. Such castings contain so much dissolved and
entrapped gas that they can be foamed without the need to add any blowing agent powder
after thorough plastification by FSP.[2%!

4.10. Tailoring and understanding the foam expansion process

The volume expansion process of aluminium precursors during foaming is governed by the
temperature profile applied and is highly nonlinear as a function of time. VVolume expansion
occurs in distinct stages related to properties of the melt and the blowing agent.*>3165202
Unexpected effects can be discovered such as a transient expansion stage during solidification
of aluminium alloy foams.? It is found that during this expansion stage the occurrence of
defects is more likely which is why this stage is practically relevant.®) The temperature
profile during heating of the precursor to the foaming temperature is also important. Even a
short overheating at the transition between linear heating and isothermal holding can lead to
largely decreased foam stability.>®!

The atmosphere surrounding a foaming precursor influences foaming. Oxygen in the
atmosphere is found to retard foaming for both pure AI®*! and AI-Si-Mg.*® The
surrounding gas pressure also has a pronounced effect.?%3%%3%U ynderpressure (<0.1 bar)
during foaming causes instability, whereas overpressure makes bubbles more stable, smaller
and more uniform in size. This could be one way to manufacture microcellular metal
foams.* Pressure changes during foaming lead to large expansions or compressions of the
liquid foams.2*!

5. Foaming using precursors made by liquid metallurgy (‘Formgrip line’)

In the foaming processes described in Sec. 2 and 3 — ‘Alporas’ and “‘Alcan’ lines, — a liquid
foam is created in a foaming vessel in one step. The liquid foam is usually solidified to a
block unless it is cast into a mould (which is a challenging step). Therefore, net-shaping of
foams to complex components or thin sheets is difficult. The precursor-based processes
described in Sec. 4 avoid this problem since foam can be generated in moulds or between face
sheets of a sandwich panel by expanding a precursor. However, the necessity to use metal
powders makes the process more expensive. In order to combine the advantages of the melt-
based routes of Secs. 2 and 3 and the precursor-based routes of Sec. 4, a combination was
sought. The basic idea is to start processing along the line described in Sec. 2, i.e. by adding a
blowing agent to a melt, but then to interrupt the incipient foaming process by swift cooling,
e.g. by casting the liquid mixture into a cold crucible. The precursor obtained in this way will
then be foamable upon reheating and can be further processed in analogy to the powder
compacts described in Sec.4. This is exactly what William J. Ptashnik of the General Motors
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Corporation proposes.*%! He admixes a blowing agent to an alloy melt held in the semi-solid
state at a temperature at which the blowing agent does not decompose. The melt is solidified
to a precursor in a second step. Foaming is done at a higher temperature than mixing, so that
the blowing agent releases gas and creates bubbles. An example given is a ZnAl22 alloy to
which 0.5 wt.% TiH, powder is admixed at 457 °C. Mixing and solidifying takes about 3 min
and no visible foaming is reported. After solidification, the precursor is foamed at 471 °C —
in the semisolid range — which takes about 15 min. Use of 20 um carbonyl iron powder to
thicken the melt is proposed. Such additional ‘thickening’ and the solid phase present in the
semisolid range provide additional foam stabilisation, the latter mechanism being called
‘endogeneous stabilisation”.*"!

Another way to make a foamable precursor is developed at the University of Cambridge, UK
in 1998.191%71 The starting point is a liquid Al alloy containing SiC particles, i.e. a liquid
aluminium matrix composite. Such melts are also the starting point for the processes
described in Sec. 3. TiH; is first added to the melt accompanied by vigorous stirring. The
TiH, powder is preoxidised before admixture to prevent it from releasing too much gas during
mixing. Moreover, to prevent burning of the hydride, the TiH, powder is mixed with some Al
powder and pressed to pellets that are added to the melt. After stir-homogenising, the melt is
cast into a cold crucible and heat is removed as fast as possible. The resulting solid composite
material contains some porosity but is predominantly dense. This precursor is converted to
foam in the subsequent foaming (‘baking’) step in analogy to the technique described in Sec.
4. Very uniform foams can be produced and all the advantages of the precursor route can be
exploited. The acronym ‘Formgrip’ has been coined, standing for ‘foaming of reinforced
metals by gas release in precursors’. An analogous process based on the use of CaCOs as a
blowing agent is known, called ‘foaming of aluminium MMC by the chalk-aluminium
reaction in precursors’ (‘Foamcarp’).?*®! It is found that the reactions between the metal and
the carbonate contribute notably to foam stabilisation.

Another procedure was developed by Armin Melzer of the Fraunhofer-Institute in Bremen,
also in 1998.B% Aluminium alloy is injected into the die of a cold-chamber die casting
machine. At the entrance of the die, a small reservoir contains TiH, powder and some
aluminium powder. During melt injection, the powders and the melt are intensely mixed. In
the die, the metal solidifies quick enough to avoid notable decomposition of the blowing agent
and therefore a largely dense precursor with embedded blowing agent particles is obtained
that can be foamed by reheating. As the oxide content in the cast material is low, the resulting
foam is not very stable if too little aluminium powder is added. The process resembles the one
described in Sec. 2.9, with the only difference that there the die is underfilled and the injected
melt is allowed to foam in the die, whereas here, the die is completely filled and foaming is
carried out in a separate step outside the die.

Babcsan, Kadoi et al.™**%! propose a modification of the ‘Alporas line’ techniques described
in Sec. 2.4 (stabilising an Al melt by adding Ca and foaming by adding a blowing agent).
They suggest to interrupt the foaming process immediately after adding the blowing agent and
to obtain a solid precursor which can be foamed upon reheating. Shang et al. describe this as
‘two-step foaming’.%2%") They melt an AICu4 alloy, add Ca while stirring and then add
untreated TiH,, after which the foaming process is interrupted. The resulting precursors have
considerable porosities but can be foamed to large volumes by reheating to a temperature
about 100 K higher than applied during manufacture of the precursor. This technique appears
like an ‘interrupted Alporas’ process. Kevorkijan et al. report a variation. They melt
aluminium powder, admix stabilising SiC particles and CaCO3 as a blowing a%ent, stir to
homogenise the mixture and solidify to a precursor that is foamed in a second step.??
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6. Foaming by gas precipitation from melts (‘Gasar line’)

Another potential gas source that could blow metal foams is gas dissolved in a melt. The
solubility of most gases in metals is highly temperature dependent and shows abrupt changes
at temperatures where phase transformations occur, e.g. at the melting point. Moreover, the
solubility is pressure dependent according to Sievert’s law. Therefore, if one charges a
metallic melt with gas and solidifies it, possibly accompanied by a pressure drop, gas will
precipitate, which can be utilised for foam formation.

At ambient pressure (1 bar) the solubility of hydrogen in aluminium drops by more than one
order of magnitude at the solidification temperature (660 °C). This is more than for other
elements such as Cu, Mg, Fe etc., but the absolute value of solubility is low. In order to blow
foams with high porosity (e.g. >75%), the volume of the available gas has to be augmented by
producing a pressure drop. This is demonstrated for Al, AIMg5 and AlSi9Mg5 alloys:%83%!
Melt charged with hydrogen is cast into a crucible in which during solidification the gas
pressure is reduced from 1 bar to a few mbar. Even for pure Al a foam with 80% porosity can
be obtained without adding stabilising particles. Additional stabilisation of the melt, e.g. by
adding 5% SiO; particles, further improves stability and yields a more uniform distribution of
smaller cells.

A different class of materials can be obtained by releasing gas from a gas-charged melt during
solidification in a controlled way. Instead of allowing a free mixture of bubbles to be
generated as described in the previous paragraph, bubble growth is controlled by directional
solidification. If the solidification front is planar and advances along a temperature gradient,
an initial pattern of bubbles that have nucleated heterogeneously at the bottom of the
container will grow into an array of tubular voids as new gas preferentially nucleates at
existing pores. This principle is first discovered by Vladimir Shapovalov in Dnepropetrovsk,
Ukrainel%*™ and is later further developed by Hideo Nakajima in Osaka, Japan. The former
scientist calls the material ‘Gasar’, whereas the latter choses the name ‘Lotus Metal’. The
variety of metals, alloys and ceramics that can be processed is large. Not only hydrogen, but
also nitrogen and oxygen can be used as blowing gases.**? Among the first successful
gasar/lotus materials is Cu.B**3%! Later, Fe, Ni, Ag and brass are processed. In order to
increase the available volume of gas that drives pore formation, a process variant is designed
that uses additional gas liberated from TiH, powder that is added to a melt.**®! In this way,
the density range can be extended to lower values. Gasars/Lotus structures are foams in the
sense of the definition given in the introduction (free bubble arrangement in a melt without
using a template). It is just the pore morphology that makes them look like a different class of
material.

A related approach has been evaluated for aluminium alloys containing the alloying element
lithium or for magnesium alloys. Pieces of casting alloy are heat-treated in a hydrogen
atmosphere, during which hydrogen diffuses into the casting and forms a hydride compound
there. The alloys charged in this way are heated to above their melting temperature in a
second step, during which hydrogen is liberated and gives rise to the formation of porosity.
The materials obtained in first tests are not usable yet and the potential of the method cannot
be assessed.*!"]

7. Further developments
A few still exotic methods shall be presented here to give an outlook on possible future

developments.

7.1. Amorphous (metallic glass) foams
Amorphous metals (metallic glasses) shows exceptionally high strength levels compared to
normal crystalline metals. Use of such metallic glasses as matrix material for metallic foams
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promises extremely strong foams. Since metallic melts have to be cooled quickly to prevent
crystallisation, an integration info a foam-making process is not straight forward. Schroers et
al. successfully prepare a porous casting with a relative density of 24% from a
Pd43Ni10Cu27P20 alloy that is one of the best glass formers. Hydrated B,O3 is used for
fluxing and creating gas bubbles in the melt which are then expanded by lowering the ambient
pressure.?®3% A very similar alloy is successfully foamed by precipitating hydrogen

dissolved in a melt.B?°! Further details and variants can be found in Ref.[??4

7.2. Sputtering and deposition processes

Sputter deposition is used to manufacture a metallic material in which a multitude of gas
atoms are entrapped. If this material is then heated to a temperature above the melting
temperature of the metal and held there for a while, the gas will nucleate to small bubbles and
form a porous body.*%

Spray forming involves atomising a melt and depositing the metallic spray on a substrate,
usually forming a dense material. If one adds a blowing agent to the spray, a foam can be
obtained.***!

8. Historical background of foam development

After the presentation of the basic innovations in metal foam technology some historical
background especially of the industrial development shall be given. Nothing is known about
the circumstances under which the early French pioneer M.A. de Meller carries out his
research®®. Some information is available about the Bjorksten Laboratories (BRL) where
foaming of aluminium is developed in the 1950s. BRL received funding from the Wright Air
Development Center to develop materials for light-weight sandwich constructions and
publishes a report.** Moreover, BRL looks back on its own history™™: ‘In a program
sponsored by the U.S. navy, the Bjorksten staff developed a process for foaming aluminum.
The process was subsequently expanded to include other metals such as lead and zinc. A
20,000 square foot pilot plant for manufacturing experimental 4° x 8’ x 1’ (1.2 m x 2.4 m X
2.5 cm) thick foamed aluminum building panels was constructed on the Bjorksten campus [in
Fitchburg, a suburb of Madison, Wisconsin]’. Mike Maloney of BRL adds:1**! ‘BRL entered
into an agreement with the Lor Corp. to develop commercial uses for aluminium foam, e.g.
crash bumpers for cars. In the late 1960s the entire operation was sold to the Ethyl. Corp and
the pilot plant moved to Baton Rouge, Louisiana. BRL continued to study methods for
foaming other metals (Pb, Zn etc.) and to produce fibre-reinforced foams for a few years until
the chief metallurgist Edward Rock died’ (see Refs.®253%! for the fibre-reinforced foams).
Various sources report that other companies get licences to produce foam with BRL
technology. Foamalum Corp. located near BRLE? is reported ‘to be going to business now’
in 19585 with products costing between 1 and 2.25 USD ¥, Dynamic Metals in Houston,
Texas, are also said to start metal foam production under a licence of BRL in 1958/5913%0332
with quite optimistic predictions both for the price of the product and the production
quantities. It is difficult to verify today how far these activities have advanced, but nothing is
found any more in the literature after 1962.

Most of the information on metal foam development in those years is disclosed in patents and
press releases which are not always reliable sources. No scientific work is known with only
one exception: A study conducted by Seliger and Deuther is published in 1965.°% These
researchers worked for a state-owned East-German company in Bitterfeld and carried out
experiments to verify the disclosures of the patents and also to assess the commercial
potential of metal foams. There publication seems to be the first scientific publication on
metal foam manufacture. They are able to reproduce Al-Mg foam manufacture following the
published recipes, but the samples shown are very inhomogeneous. They find mechanical
properties inferior to the ones communicated before. They assess the properties of aluminium
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foams and their potential to be used and conclude that aluminium foam is not strong enough
to replace honeycomb structures in airplanes, too conductive for heat insulation applications
and too expensive for architectural panels. They recommend to discontinue the development
of such materials in their company.

Ethyl Corp. start working on metal foams in the late 1960s. The first to work in the project is
Leonard M. Niebylski, while Currie B. Berry joins one year after. The project is one of many
programs underway to replace Ethyl Corp.’s tetraethyl lead business that is jeopardised by
the introduction of unleaded petrol in the USA. Ethyl has bought out the Bjorksten interests,
primarily for their patents and builds on their technology. Ethyl produces slabs of foamed
aluminium, about 1.2x1.2 m? large and 15 cm thick. While there is progress in the
development of foaming technology, Ethyl never finds an application for foamed aluminium
WhiCh[3V3\£(])UId justify commercial scale production and therefore stops the product after a few
years.

Back to the 1950s and the development of the process described in Sec. 4: In the late 1950s,
The Hamilton Standard Division of United Aircraft Corporation engages the Battelle
Memorial Institute in Columbus, Ohio to explore methods to manufacture Al foam with a fine
and regular morphology. The project engineer is Benjamin Allen, the supervisor Morris Mote
and the expert for extrusion Alvin Sabroff. The latter provides the information presented
here.?*! Inserts for lightweight piston-engine propellers and helicopter rotors are seen as
possible applications for metal foam. First trials are based on the same principles exploited by
the Bjorksten laboratories, namely the addition of gas forming additions to a melt, all with
limited success, because coalescence of gas bubbles to large voids cannot be eliminated.
Soon, the idea to extrude mixtures of metal powders and blowing agents comes up. The first
foams produced in this way have an insufficient structure too, but an improvement is achieved
by using the zone foaming process disclosed in the patent.!*®” The fast heating and cooling
largely prevents coalescence. After Battelle has delivered a report to United Aircraft, research
continues there for some time, but is eventually discontinued, probably due to the lack of
applications.

Shinko Wire develops ‘Alporas’ foams in the 1980s about 10 years after Ethyl. Corp. has
stopped their research. Use of calcium as a thickener improves the quality of foams and
makes it a product that can be sold. For a long time, “‘Alporas’ foams are the most uniform
foams available and for many academic studies ‘Alporas’ is chosen because the scatter of its
properties is lower than of other foams. ‘Alporas’ enters into an agreement with the company
Gleich GmbH in Germany that becomes an active distributor in Europe. Still, in 2011 Shinko
Wire stops the production of ‘Alporas’ foam due to poor business. At this time, the plant has
been producing aluminium foam for 20 years but the operation has not become profitable.
Alcan and Norsk Hydro develop and patent the foaming of metal matrix composites almost
simultaneously, which is the origin of a patent dispute that is finally solved by an agreement
many years later. The foams produced by both companies are very brittle due to the presence
of 15% SiC particles in the cells and the pore structure is rather inhomogeneous. None of the
two companies successfully develops a market for aluminium foams that is big enough to
meet the expectations of such large companies. Around the year 1997, the technology is
transferred to Cymat Corp. in Mississauga, Canada®*® where up to present foams are being
produced.B*) One product is ‘Alusion’ an architectural panel with a variety of surface
designs. Other products include metal foam parts that are manufactured in a low-pressure
mould filling process.

Work on metal foam made by melting compacted mixtures of metal and blowing agent
powders continues in 1990 at the Fraunhofer-Institute in Bremen, Germany. The physicist
Joachim Baumeister has heard a talk about the manufacture of metal foam under microgravity
and want to prove that such foam can be made on Earth t00.*>" It takes him just a few weeks
to develop a process that, as he later realises, is very similar to the one invented in 1959 for
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the United Aircraft Corp.!**? but has fewer restrictions. For example, powders compacted by
hot pressing can easily be foamed. The author of this paper joins the Fraunhofer-Institute in
1991 and works there for 10 years, most of the time in a team of three to five scientists and
two technicians. The response to initial press releases communicating the discovery of the
aluminium foam that Fraunhofer calles ‘Foaminal’ is overwhelming. Hundreds of companies
contact Fraunhofer to learn more about the material and many prototypes are developed with
public and private funding. In 1996, a branch of Fraunhofer is opened in Newark, Delaware,
to handle requests of companies in the USA.

Some of the companies that contact Fraunhofer are interested in becoming producers of
aluminium foams. The Austria Metall AG (AMAG) in Ranshofen, Austria, is the first. In
1992, Helmut Worz of the metal powder company Mepura, at that time jointly owned by
AMAG and Ecka Granules in Furth, Germany, decides to start an R&D program on
aluminium foam, code name ‘Hiporal’. Research is carried out under the supervision of Hans
Peter Degischer in AMAG’s R&D laboratory in Ranshofen. In 1994 the laboratory becomes
an independent research centre called the Light Metals Competence Centre (LKR)!™*®! after
AMAG has gone through a major financial crisis. After licensing negotiotions with
Fraunhofer fail, the Austrian research centre starts a parallel development and it shall take
more than 10 years to resolve disputes on intellectual property. In the meantime, Ranshofen is
the birthplace of both the material “‘Alulight’ (identical to Fraunhofer’s ‘Foaminal’) and the
company Alulight.®*? Production lines for aluminium foam panels and some automotive
parts are set up, the former in Bratislava.l**"! Alulight has now been on the market for more
than 15 years, first under the name ‘Mepura’ then as ‘Alulight International’. Aluminium
foam production never becomes profitable and since the world financial crisis in 2008
Alulight is going through a major restructuring process including changes of the ownership.
Back to 1998: The LKR also enters into a collaboration with the small Austrian company
Huitte Kleinreichenbach (HKB) and develops an improved technology for making foams by
gas injection into aluminium-based MMC melts (Alcan/Hydro process?, see Sec. 3.3. First
results are presented at the 2" MetFoam conference in Bremen in 2001.12® The prototype of
an engine bracket for the car maker BMW causes a lot of attention, but the production
capacity for large numbers of metal foam components is lacking at that time.

In 1993, Frantisek Simancik becomes the academic research partner of Alulight. After 1995,
he works at (and today leads) the Institute of Materials and Machine Mechanics in Bratislava,
Slovak Republic. He carries out the development of prototypes and new materials and operats
a production line for foam panels. In particular, the foam injection process described in Sec.
4.5 is developed. The small Austrian company Neuman Alufoam builds a production line
based on this technology that can produce 100,000 door sill reinforcement parts annually for
the German car company Audi, but shortly before introducing the new car models in 2001,
Audi decides not to use aluminium foam, after which Neuman Alufoam gives up their metal
foam business.

After the unification of the two German states in 1990 a lot of public funding goes into the
East to foster the ailing local industry. In cooperation with Fraunhofer, Walzwerk Hettstedt
starts investigating the Alcan process and carries out experiments with a pilot plant in 1992,
The small company Innovativer Werkstoffeinsatz (IWE) produces parts using Fraunhofer’s
technology after 1998.

Another company active for a few years is Schunk Sintermetalltechnik, Germany.*Y! They
initiate a joint R&D project with Fraunhofer in 1995. Later, Honsel AG in Meschede,
Germany,* joins the consortium. Schunk is the powder specialist, Honsel has the expertise
in extrusion and a small-scale production of Al foam parts is set up. Unfortunately, the market
developes much too slowly so that the project is eventually stopped.

A further activity that evolves from a Fraunhofer cooperation is initially linked to the car
manufacturer Karmann, Osnabriick, Germany. Jointly, the two institutions further develop the
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aluminium foam sandwich (AFS) technology patented by Fraunhofer.**? By 1998, large 3D
shaped sandwich parts can be foamed such as a rear bulkhead or a front firewall.?**! In 2002,
the metal foam activities are concentrated in the start-up company Applied Lightweight
Materials (alm), first in Osnabriick, then in Saarbriicken, both Germany. After some
restructuring, this company is now known as Pohltec Metalfoam GmbH in Cologne,
Germany™*! where aluminium foam sandwiches (AFS) panels of all kinds are produced.
Alcoa also goes into metal foam business for a short time. After the development of the
continuous foaming process based on CaCOj as a blowing agent®” a pilot plant is built at the
Alcoa Research Centre in Pittsburgh that can produce 30 kg of foam panel per minute. Alcoa
wants to commercialise the technology in cooperation with the Aluminair Co. in Florida, but
the plans to go into mass production of foam, mainly for building industry, do not materialise
after this industrial sector faces problems in the 2008/2009 economic crisis.

Research on aluminium foams develops in China in 1994 or even earlier* and a bit later in
Korea. Various companies start producing Al foams following the ‘Alporas’ route. Examples
include Korea Metalfoam, Anyfoam, Foamtech and Dreametal, all of Korea. In China
companies under varying names exist for a limited time.

9. Development of the academic world: conferences, books, reviews

No literature describing details of the manufacture of metal foams except Ref.**! and very
little on metal foam properties is available before 1990. Early papers include one by
Niebylski®? and two by Thornton and Magee.”™*® The reason for this is clearly the
commercial and military interest of the companies, funding agencies and research institutes
involved and the decision not to disclose any technology. A change comes in the mid 1990s
when a Multidisciplinary University Research Initiative is created in the USA (MIT, Harvard
and Virginia Universities) and the UK (Cambridge University) which leads to a lot of
systematic research on metallic foams, however, with an emphasis on their properties.?**! The
principle researchers publish their results in a book.®! In the frame of this initiative,
specialised workshops take place that help to further disseminate the results of research.
Together with the 1997 metal foam symposium ‘Metallschaume’ in Bremen, Germany,*®
(continued as ‘Metallschaume 2000°*)) the 1997 Fraunhofer workshop ‘Metal Foams’ in
Stanton, Delaware,*®! and the 1998 MRS meeting in San Francisco, California,**® the
foundation for a series of International Conferences is laid: The MetFoam series of biennial
conferences starting in the year 1999 in Bremen (Germany),®* 2001 in Bremen again,*!
2003 in Berlin (Germany),®*? 2005 in Kyoto (Japan%,[353 2007 in Montréal (Canada),®*
2009 in Bratislava (Slovakia) , 2011 in Busan (Korea),”** and scheduled for 2013 in Raleigh
(USA). Moreover, the Cellmet (later Cellmat) series starts in the year 2005 (then 2008, 2010,
2012, all in Dresden, Germany).[%63%"]

In Germany, a so-called priority program of the German Science Foundation (DFG) is
initiated in 1998 by Robert F. Singer with funding for 6 years and support for more than 20
individual [pro]jects. The final report is published in conjunction with a conference
proceeding.l**®

Currently two books treat the field of metal foams in a broader sense®®**°! and a number of
review articles have been written, e.g.l**%2% More such literature is available in different
languages and is likely to appear in the future.

10. Summary

The development of metal foams has a long history. Figure 16 reviews the historical
development of metal foaming techniques and their logical evolution. Nowadays, a number of
techniques is available that allow us to manufacture at variety of metallic foams that meet
most expectations. The main reason that up to now metal foams have found niche market
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applications only is their price. Whether there is a future mass market for metal foam depends
on whether costs can be cut down in the future. Therefore the challenge of future process
development is not only to improve foam properties but also to further reduce costs.
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Figure 1. Principal methods for foaming metals. Numbers refer to the section in which the

particular method is described.

Figure 2. (a) Figure reproduced from French patent from 1926 showing metal foam core (A)
with dense skin (B).l®! (b) Bjorksten demonstration of both lightness and stiffness of Al foam
(unknown date, probably 1960s ). (c) depiction of continuous foam productiont*! and, (d)

photo of continuously cast metal foam slab made at Bjorksten.*®!
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Figure 3. Aluminium foam blocks produced in the 1970s by the Ethyl Corp.[?%

Figure 5. Aluminium foam panel made by Alcoa using CaCOg3 as a blowing agent. (a) panel
suspended by eggs.(b) The cell morphology exhibits a sub-mm sized units with cell wall
perforations (source: Dan Bryant).
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Figure 6. Aluminium foam part made by the ‘Combal’ process.**®!

y 8

S

PARTICLE VOLUME FRACTION %

0

0
PARTICLE SIZE, mm
PARTICLE SIZE AND VOLUME FRACTION RANGES FOR FOAM

(b)

Figure 8. (a) Schematic of foam production taken from the patent of Alcan, %b) relationship
between particle fraction and size required for good foaming, both from Ref.[*?"

Figure 9. Foam samples made by Hydro Aluminium by blowing gas into SiC containing Al
MMCs (Source: Fraunhofer).
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(@) (b) (©)

Figure 10. Foams made at the LKR from aluminium alloy in which SiC particles are
dispersed. A novel gas injection principle was applied. (a) X-ray tomogram of a 34-mm long
foam cube, (b) pore size distribution in that sample, (c) moulded part of Al foam with dense
outer skin (courtesy of Dietmar Leitlmeier).

(a)

Figure 11. AIMg15Cul0 foam manufactured without using a blowing agent. (a) X-ray
radiography of expanded Ii%uid foam, (b) X-ray tomography of solid foam, (c) micrograph of
section through solid foam.[**!

Figure 12. Aluminium foam parts produced by foam injection into complex sand moulds.!?"!
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Figure 13. (a) Aluminium Foam Sandwich (AFS) panel made by Pohltec Aluminium sliced in
the central plane.**¥! (b) Aluminium foam panel reinforced on the surface with stainless steel:
(i) net, (i) expanded metal sheet, (iii) woven steel wire, (iv) perforated sheet.!?*®!

Figure 14. ‘Advanced Pore Morphology’ composite consisting of ordered arrays of
aluminium foam spheres (Fraunhofer-Institute).
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Figure 15. Foams made by the (a) ‘Formgrip’ process,’® (b) ‘Foamcarp’ process.’*! In
both cases the porosity is about 80%. (c) foam made by two-step (interrupted ‘Alporas’)
foaming.*"]

N _ Kbmerl“ﬂll,” Bryant®”: Continuous foaming
N'tf?demiaﬂd I of Al alloy with CaCO, Dobersberger140;:
- _feamingina engineered Scharghuberi233);
2000+ C;‘:;%i'[?;?é die casting machine bubble creation foam injection
from MMC melts Baumeisteri242):
AFS process
1990+ Baumeister!'sl:
Jinl*20, Ruchlt*21; powder line
Akiyamal: foaming blowing of A+SIC melts
thickened AlCa with TiH,
19801
Ptashniki*: Berryl'): in-situ generation
il precursors f stabilisi rticl
1970 Srom mals of stabilising particles
Ridgway!'": addition of - -
stabilising particles Fiedler'. external
gas blowing
1960 Allen['52]: design
Of powder line
Elliotti""l: Foaming
1950 melt with TiH,
powder line
1940+
19%0T melt lin
¢ es De Melleris: Original
process, blowing metal melts

Figure 16. Overview of some of the important milestones in metal foaming technology until
the year 2005 visualised as a tree. Vertical axis is time.
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Table 1. Combinations of stabilization and blowing agent used for making foams by direct
foaming of melts (“Alporas’-type processes) by addition of blowing agents.

blowing agent

TIHz ZrH, MgHz CaCOs Mgca(CO3)2
AT ALMg AISIOCUB T AT ARMg. AT
AI'Mg'Li,[SS] Mg’[llZ] Azgl[llS] Zn’[91,92]
AlSi7Mg, Y AlSi7Mg2, %8
AISiQCL[JQCf,g[Zl]IS'MG] Al- ZnAI225
Mg-Zn,*™
ZnAI221)
Al 438470091920 AL p] 196] Al 00921
Mg, AISi7TMg, Y AlSi7TMg, 201
Al-Mg- Al-Mg-Zn®*2
Zn,[43'46'63’89’91’92] M [101,104]
AlCuPY  Al-Mg- AZ91,072
8 culsl  Alsc Az311021091
=3 AZ91,53 AM60™!
=Sl dross, scrap | unspec. alloy,™ unspec. alloy,["
7] Al AL-Mg, 23 AlMg72
ol Oxygen AlMg7i CaH,
=4
28 MnO, Al,AlMg10,1%57
& AISi13," Al-Mg!*?!
= (unspec. hydride)
7 SiC AlMg7Mg,™ Al-Cu-Mgt*® AISiOMg,"™
= AlSi7Mg, "™ AlSi7Mg™
o AZ91,5%1 AM60,5
- S ZnAI221%!
metal AlSi7Mg 374 Al
powder
Cu-coated Al B
fibres
AIN AlSi4Mg 1
fly ash AlCu4Mgl®

* merely some mechanical action takes part which might contribute to foam stabilisation
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