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Apparatus and method for the production of particle-stabilized, closed-cell, shaped metal

foam products with a metal foam injector

The subject of the invention is an apparatus for

the production of particle-stabilized, closed-cell, shaped
metal foam products, having a metal foam injector (16)
as a heatable foam generating device, comprising a gas-
tight injector housing (12) and a foam generator (4)
placed into the injector head (10), where the injector head
(10) is connected to a mould (18) through a foaming
opening (7), and the injector housing (12) is surrounded
on the outside by injector heating (6) and is equipped
with a gas inlet opening (28). The subject of the invention
is furthermore a method for the production of particle-
stabilized, closed-cell, shaped metal foam products.
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Description

[0001] The subjectof the invention is an apparatus and
a method for the production of particle-stabilized, closed-
cell, shaped metal foam products with a metal foam in-
jector, which apparatus and method can be used for the
production of shaped metal foam products for applica-
tions where the aim is the highest possible energy ab-
sorption and vibration damping at a low density.

[0002] Metal foams are nowadays used in the largest
volume in the construction industry, to cover the inside
oftunnels, the outside of buildings, as they have excellent
sound absorbing properties and are non-flammable.
They are utilized for their extremely high specific surface
area and good chemical resistance in catalyst manufac-
turing, where accumulator manufacturing plays an im-
portant role. The excellent energy absorption properties
of metal foams are utilized by the automotive industry,
where buffers, bumpers, energy absorbing cabins are
made of them. Industrially applicable metal foams can
have an open or closed cell structure. In open-cell foams
all the pores are permeable, there are only rod-like con-
necting elements in place of the cell walls. These types
are used as filters and catalyst carriers. Closed-cell
foams are characterized by the impermeability or very
low permeability of the cells, the cell walls are continuous,
and the density and strength of these foams is also higher
than those of open-cellfoams. Because of their high static
strength, primarily high compressive strength and rigidity
achievable at a low density, the targeted fields of appli-
cation of shaped metal foam products include the space
industry as well, where the energy absorption properties
can also play an important role. A number of metal foam-
ing technologies have been developed in the past dec-
ades, from which now several methods are available for
the production of shaped metal foam products. In spite
of this, the volume of metal foam production on an indus-
trial scale is still low. The reason for this is probably that
the production of metal foam products having an even,
homogeneous cell structure is still highly costly, and the
structure of metal foams that can be produced in large
quantities is uneven and therefore not exactly reproduc-
ible.

[0003] The firstknown method of production was metal
foaming by introducing a foaming gas into a molten bath.
Foaming by introducing gas into a molten bath became
popular after the 1980s, when ceramic particles were
added to the molten metal, resulting in lower energetic
conditions, and thus the production of so called particle-
stabilized metal foams. The foam stabilizing particles are
added to the metal prior to foaming, during the so called
precursor manufacturing. Primarily oxide ceramic, or per-
haps SiC particles smaller than 100 wm are evenly dis-
persed in the molten metal. On this way a metal matrix-
ceramic composite is produced, which after melting is
suitable for foaming, and stabilizes the structure. The sta-
bilization of the foam structure occurs in the cell walls
and the Plateau borders in such a way that the particles
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accumulate at the molten metal-gas interface, thus re-
ducing the free enthalpy of the system.

[0004] Another well known method is to mix a blowing
agent into a metal powder, compact it, and heat it above
the melting point, as a result of which gas bubbles are
formed inside, that is the metal foam rises like bread.
Such blowing agents are for example the metal hydrides,
which produce the metal foam structure by releasing hy-
drogen.

[0005] Nowadays integrated metal foaming technolo-
gies are also becoming widespread, where the metal
foam is generated inside an outer enclosing metal struc-
tural element or mould, ensuring excellent mechanical
properties for the special novel metal-metal foam com-
posite product, and allowing integration into more com-
plex products.

[0006] US patent No. 6866084 B2 discloses a method
and means for producing moulded bodies of metal foam
by using a rotor impeller for delivering gas or by injecting
gas through a porous ceramic plug. The inventors have
developed a foaming technology where gas led to a rotor
impeller through an internal pipe in its axle forms gas
bubbles in a molten bath, which due to their density rise
through the buoyant force and accumulate in a shaped
mould. The foaming mould is removed from the molten
bath to cool and solidify the foam inside, thus the foam
structure becomes permanent. The scope of the same
patent protection also covers the injection of gas into the
melt through a ceramic plug. Gas bubbles are generated
above the porous plug in the melt, where smaller or larger
bubbles rise from the surface of the plug in an uncontrol-
lable manner. The ceramic plug is fed by a gas distribu-
tion chamber located under it. The disadvantage of this
patent is that a large quantity of molten bath is required
for producing the metal foam, in which the gas bubbles
can freely rise and accumulate. The cell sizes are uncon-
trollable, they can be influenced only by regulating the
pressure and the quantity of the gas.

[0007] US patent application No. 20060150771 dis-
closes a special method for producing metal foam bodies
with a novel technology. A foaming gas is dissolved in
fluid metal, then this special melt is filled into a mould.
Pressure is reduced in the mould, as a result of which
the dissolved gas is released and forms bubbles. A
shaped body can be produced with this method by using
an appropriate moulds. The disadvantage of the method
is that dissolving gas in fluid metal in large quantities is
economically inefficient and requires a complex process.
[0008] According to US patent No. 5112697 ceramic
particles are dispersed in a molten metal. Gas is intro-
duced below the surface of the molten metal, and distrib-
uted evenly. The formed bubbles float to the top surface
of the molten metal, the produced metal foam is drawn
off by a belt. After cooling the final product is a solid foam
slab. The disadvantage of this method is that the pro-
duced metal foam is not shaped, making it difficult to
install.

[0009] US patent No. 6932146 discloses a method for
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casting articles from metal foam. According to the patent
the shaped metal foam article is produced in a closed
system, by introducing a foaming gas into a molten metal
bath through a porous plug. The die itself is also filled
with molten metal, therefore the gas bubbles rising up a
tube produce the metal foam in the die. When the die is
filled with metal foam, it is allowed to cool and the foam
hardens. The disadvantage of the technology is that for
successful foaming a large quantity of molten metal is
required.

[0010] US patent No. 7144636 discloses a process
and a foaming device comprising a plurality of feed pipes
for manufacturing a metal foam having a monomodal,
that is uniform distribution of cell dimensions. According
to this patent the metal foam, that is the closed cells are
generated in a significant quantity of melt, where the
closed cells are formed by gas introduced through the
feed pipes. The size of the individual rows of gas bubbles
is determined by the shape, size of the feed pipes and
the distance between adjacent feed pipes. According to
this patent particle-stabilized shaped metal foam articles
can be produced, where the internal cell sizes and cell
wall thicknesses can be well controlled. However, foam-
ing requires a significant quantity of molten metal.
[0011] US patent No. 0198827 discloses a process of
foaming into a shaped mould cavity by means of nozzles.
During the process foam is generated by introducing gas
into a large quantity of melt through a gas inlet device,
that is nozzles as described above, and the floating foam
cells fill the shaped mould cavity in a controlled manner
under controlled pressure using the phenomenon of float-
ing caused by the density difference. When the mould
cavity is filled, the foam can be either removed from the
mould, or it can be used together with a thin-walled
mould, joined metallically to it. Due to the structure of the
process, foaming and the filling of the mould cavity can
occur only in a vertical position, otherwise the melt flows
away from the nozzles and foaming becomes impossible,
as the mould cavity is filled with gas only.

[0012] The object of the present invention is to elimi-
nate the deficiencies of the prior art methods and to pro-
vide an apparatus for the production of closed-cell,
shaped metal foam products, that allows metal foaming
in a mould cavity in one or several directions, at one or
several points of the mould by means of a metal foam
injector, without the presence of a molten metal bath.
The subject of the invention is furthermore a method for
the production of closed-cell metal foam using the said
apparatus.

[0013] The apparatus according to the invention for
the production of shaped metal foam consists of two dis-
tinct parts, a metal foam injector and a mould. The metal
foam injector contains a foam generator prepared in ad-
vance. The housing of the metal foam injector is hollow,
it has a gas inlet opening, an injector head, and injector
heating. A pipe and a gas inlet valve are connected to
the gas inlet opening. Injector heating is installed on the
outside of the injector housing, heating the injector head
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as well. The injector head is at the end of the metal foam
injector, and there is a foaming opening on it correspond-
ing to the desired shape for producing the shaped metal
foam product, connecting the metal foam injector to the
mould. The foam generator can be placed into and forms
a part of the injector head. The connection between the
mould and the metal foam injector is such that after the
generation of the foam, when it is still in a molten state,
the mould can be separated from the injector head by
shearing. The housing of the metal foam injector is
sealed. The injector head connected to the injector hous-
ing on the top, the mould side, has double sealing, the
foam generator is sealed into the metal foam injector on
the one hand by a metal sealing directly next to the foam-
ing opening, and on the other by a thread sealing at the
connection surface. The foam generator placed into the
metal foam injector consists of a porous ceramic having
open porosity or a porous surface-treated ceramic, and
a precursor infiltrated into the pores. The precursor is a
metal matrix composite including ceramic particles.

[0014] With the apparatus the metal foam is shaped
and thus the closed-cell shaped metal foam product is
produced in the mould. During the operation of the ap-
paratus the closed-cell, particle-stabilized metal foam is
generated in the metal foam injector by means of the
foam generator. First the foam generator is placed into
the metal foam injector of the apparatus in a cold state.
The foam generatoris prepared in advance from a porous
ceramic or a porous surface-treated ceramic and a pre-
cursor by the hot pressing technique, that is by means
of infiltration. The porous ceramic is used either without
surface treatment, or surface treatment is applied prior
to infiltration. The surface treatment is a salt bath, or met-
allo-chemical coating, or graphitization. During the sur-
face treatment the skeleton of the porous ceramic, that
is the surface of the open pores is coated with salt, or
metal or carbide, or carbon. The prepared foam gener-
ator is placed into the metal foam injector. The foam gen-
erator can be placed into the metal foam injector upon
removing the head part thereof. With the installation of
the thread sealing and the metal sealing, as well as the
sealing of the injector housing, the metal foam injector
becomes gas-tight even at high temperatures. Then the
foam generator is heated with the injector heating above
the melting point of the precursor. A foaming gas is in-
troduced through the gas inlet opening into the injector
housing of the apparatus, to the foam generator. A mould
comprising one or more elements is connected to the
foaming opening of the metal foam injector with a releas-
able joint, allowing integral foaming or the filling of the
shaped mould with metal foam. The metal foam injector
is heated and pressurized gas is introduced to generate
metal foam from the foam generator by melting the pre-
cursor infiltrated into the porous ceramic and blowing it
out with the gas. No molten bath is formed during the
foam blowing, thus the apparatus can be operated in any
angular position. During the foaming the mould connect-
ed to the metal foam injector is filled with metal foam. In
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the mould cavity the metal foam keeps the shape of the
mould even in the molten state. After the mould is filled
with foam, it is separated from the metal foam injector
and cooled. The cooled mould is opened and the shaped
metal foam product is removed. The produced metal
foam product is in a form suitable for use. With the ap-
paratus metal foam can also be produced in a mould that
cannot be disassembled. Then the mould itself forms the
outer shell of the metal foam product, and the metal foam
forms the inside part.

[0015] The apparatus according to the invention for
the production of shaped metal foam products will be
described in detail below with reference to the following
figures, in which

Figure 1 shows a longitudinal section of the appara-
tus for the production of closed-cell metal foam prod-
ucts,

Figure 2 shows the apparatus for the production of
closed-cell metal foam products in a state partially
filled with metal foam,

Figure 3 shows the apparatus for the production of
closed-cell metal foam products upon the completion
of foaming,

Figure 4 shows the apparatus for the production of
closed-cell metal foam products and the separation
of the mould,

Figure 5 shows the apparatus for the production of
closed-cell metal foam products and the metal foam
product during the opening of the mould, and
Figure 6 shows the technological scheme of the
preparation of the foam generator.

[0016] Asitis shown in Figure 1, the apparatus for the
production of shaped metal foam comprises a metal foam
injector 16 and a mould 18. A foam generator 4 is placed
into the metal foam injector 16, the foaming opening 7 of
which is connected to the mould 18. A foot 9 forms a part
of the injector housing 12. The foot 9 with mounting
screws 14 and locking nuts 15, and a foot sealing 13
makes the injector housing 12 of the metal foam injector
16 gas-tight. The injector housing 12 has agasinlet open-
ing 28 allowing the introduction of a foaming gas. The
injector housing 12 is surrounded on the outside by in-
jector heating 6. An injector pipe 25 is installed at the gas
inlet opening 28 of the metal foam injector 16, which with
respect to its gas space is in direct connection with the
foam generator 4. The foaming gas can be introduced
into the metal foam injector 16 by means of a valve 27.
The injector housing 12 is closed on the top by aninjector
head 10, in the centre of which is the foaming opening
7. In order to ensure perfect gas-tightness, a thread seal-
ing 19 is installed between the injector head 10 and the
injector housing 12, and a metal sealing 11 is installed
next to the foaming opening 7, between the injector head
10 and the foam generator 4. The mould 18 is connected
with a joint to the injector head 10 forming a part of the
metal foam injector 16. The connection between the
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mould cavity 26 and the metal foam injector 16 is provided
by the foaming opening 7.

[0017] Figure 2 shows the apparatus for the production
of shaped metal foam in a state when the mould cavity
26 of the mould 18 is filled to the half with metal foam 5.
The foaming gas flows through the pipe 25 to the injector
housing 12 of the metal foam injector 16. Metal foam 5
is generated from the foam generator 4 heated above
the melting point with the injector heating 6, without a
molten metal bath. During the foaming the metal foam 5
fills the mould cavity 26. The gas valve 27 is in an open
position. No molten metal bath is formed during the foam-
ing, thus the metal foam injector 16 can be turned in any
spatial direction different from the direction of gravity. The
metal foam injector 16 can be connected to the mould
18 in any angular position, if the mould 18 has a receiving
opening developed for this purpose.

[0018] Figure 3 shows the apparatus for the production
of shaped metal foam and the metal foam injector 16 with
the mould 18 in a state when the metal foam 5 has filled
the available mould cavity 26 completely. The gas valve
27 is in a closed position.

[0019] Figure 4 shows the apparatus for the production
of shaped metal foam with the metal foam injector 16 and
the mould 18 in a state when the mould 18 has been
displaced along its axis, that is the mould filled with metal
foam 5 has been mechanically separated from the injec-
tor head 10 forming the upper part of the metal foam
injector 16.

[0020] Figure 5 shows the apparatus for the production
of shaped metal foam with the mould 18 separated from
the metal foam injector 16 in an open state, also showing
the good filling of the mould by the metal foam product
17. The gas valve 27 for introducing gas into the metal
foam injector 16 is closed, the injector heating 6 is not
operating. Upon the opening of the mould 18 the metal
foam product 17 is in a free position suitable for use.
[0021] The method for the production of shaped metal
foam products will be described together with the oper-
ation of the apparatus for the production of shaped metal
foam products:

The method for the production of shaped metal foam
covers the preparation of the foam generator 4 and
the operation of the apparatus for the production of
shaped metal foam. The operation of the apparatus
for the production of shaped metal foam means the
shaping of the metal foam product in the mould that
is the generation of foam from the foam generator
4. According to the method, first the foam generator
4 is prepared from a precursor 3 and a porous ce-
ramic 1 according to Figure 6. As itis shown in Figure
6, the pores 31 of the porous ceramic 1 are surface-
treated, for example put into a salt bath 8, and thus
the walls of its open pores 31 are coated with a sur-
face layer. Upon removing the ceramic from the salt
bath and drying it, a surface-treated ceramic 2 is ob-
tained. The porous ceramic 1 is also suitable for the
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following technological steps without surface treat-
ment. If the salt bath 8 is omitted, the walls of the
pores 31 of the porous ceramic 1 can be coated in
a metallo-chemical process with a metal or carbide
layer, or with a carbon layer. The porous ceramic 1
orthe surface-treated ceramic 2 is placed into a heat-
ed press die 20. Precursor 3 elements are also
placed into the press die 20 under and above the
surface-treated ceramic 2, then hot pressing is per-
formedin the press die 20 with a force F. The material
of the precursor infiltrates into the porous ceramic.
The precursor itself consists of a metal matrix and
evenly distributed stabilizing particles, and upon the
melting of the metal matrix it turns into a liquid state
and infiltrates into the pores 31 of the porous ceramic
1 or surface-treated ceramic 2. As it is shown in Fig-
ure 6, the press die 20 consists of a die 22, an upper
punch 21 and a lower punch 23. For heating, the die
22 is equipped with die heating 24. After the pressing
the foam generator 4 is removed from the press die
20.

[0022] The metal foam is generated during the opera-
tion of the apparatus for the production of shaped metal
foam. For this the metal foam injector 16 is prepared for
use in such a way that the foam generator 4 is placed
into the injector housing 12, under the injector head 10.
The injector housing 12 is closed on the gas side by the
foot 9, which is made gas-tight with a foot sealing 13.
Mounting screws 14 and locking nuts 15 are used for
fixing it. The injector head 10 is sealed in a’ gas-tight
manner on the foam generator side with a metal sealing
11, and on the injector housing 12 side with a thread
sealing 19. These sealings have to be installed in the
metal foam injector 16 before the start of foaming. The
gas valve 27 is closed, and by switching on the injector
heating 6 the foam generator 4 is heated above the melt-
ing point of the precursor. Then the gas valve 27 is
opened, the foaming gas is introduced into the injector
housing 12 through the gas inlet opening 28, and particle-
stabilized metal foam generated from the foam generator
4 flows through the foaming opening 7 into the mould
cavity 26 of the mould 18. After the foaming - as it is
shown in Figure 5 - the mould 18 with the metal foam
product 17 produced in the mould cavity 26 is separated
from the metal foam injector 16 by shearing. The mould
18 is cooled to the ambient temperature and the metal
foam product 17 is removed by opening the mould 18.
The finished metal foam product 17 is then installed in
its place of use.

Application example 1:

[0023] The precursor material for the method for the
production of shaped metal foam products is an A359
aluminium alloy, containing 20 vol. % of evenly dispersed
20 pm SiC particles.

[0024] This precursor is infiltrated into an aluminium-
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oxide ceramic by pressing. The ceramic has a porosity
of 80%, 100% of the pores are open, it has a pore size
of 80 PPI (pores per inch) and a macroscopic size of:
045 x 15 mm. The porous ceramic and the precursor are
heated in a press die to a temperature between 650°C-
700°C, where the precursor melts, then the precursor is
infiltrated into the pores of the ceramic with a force of 500
N, and cooled. The foam generator prepared in this way
is placed into the metal foam injector. The injector allows
the foaming gas to pass through the foam generator and
to generate metal foam on the other side thereof. Air com-
pressed with a compressor is used as a foaming gas,
introduced into the metal foam injector at a relative pres-
sure of 0.2 bar, where it passes through the generator
heated to 650°C-700°C, blowing a metal foam on the
outlet side of the metal foam injector in any direction in-
dependently of gravity. The generated metal foam is a
closed-cell foam, and fills a mould having a volume of
150 cm3 and also heated to 650°C-700°C. The metal
foam obtained after the opening of the mould has a uni-
form cell structure, with an average cell size of 5 mm.

Application example 2:

[0025] The precursor material for the method for the
production of shaped metal foam products is an A356
aluminium alloy, containing 13 vol. % of evenly dispersed
15 wm SiC particles. This precursor is infiltrated into a
silicon carbide (SiC) ceramic by pressing. The ceramic
has a porosity of 80%, 100% of the pores are open, it
has a pore size of 60 PPI (pores per inch) and a macro-
scopic size of: 045 x 15 mm. The porous ceramicis placed
into a saturated aqueous solution of K,ZrFg salt, then
after the deposition of salt, it is dried outside the bath.
The porous ceramic and the precursor are heated in a
press die to atemperature between 650°C-700°C, where
the precursor melts, then the precursor is infiltrated into
the pores of the ceramic with a force of 500 N, and cooled.
The foam generator prepared in this way is placed into
the metal foam injector. The injector allows the foaming
gas to pass through the foam generator and generate
metal foam on the other side thereof. Air compressed
with a compressor is used as a foaming gas, introduced
into the metal foam injector at a relative pressure of 0.2
bar, where it passes through the generator heated to
650°C-700°C, blowing a metal foam on the outlet side of
the metal foam injector in any direction independently of
gravity. The generated metal foam is a closed-cell foam,
and fills a thin-walled mould having a volume of 50 cm3
and also heated to 650°C-700°C. The product obtained
after the separation of the mould and cooling is a metal
foam integrated into a thin (1 mm) metal layer.

[0026] The method according to the invention for the
production of shaped metal foam provides a technique
that can be preferably used with a foam generator for the
production of shaped metal foam without using a molten
bath. With this method foam can be generated in any
direction independently of gravity, that is foaming is pos-
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sible with the foaming opening facing in the horizontal,
vertical or any other direction. The foam generator pre-
pared according to the invention is a compact foam gen-
erating unit, no other blowing agent needs to be intro-
duced into the foam generator after heating, thus the
technology becomes simple and easy to apply. Due to
the direction independence, several metal foam injectors
can be used on a single mould at the same time. This
allows the controlled production of an inhomogeneous
structure corresponding to the load conditions. For ex-
ample, in the case of a shaped metal foam product a
load-bearing neck part can be produced from a higher
density foam using a specially prepared foam generator,
that is the neck will have higher strength than the other
parts of the metal foam product. The foam generator al-
lows the production of integrated metal foam products
as well, that is metal foam can be blown into closed sec-
tions, shell structures, or hollow ceramic architectural
components. The technology allows the generation of
closed-cell foams with a homogeneous pore size, a thin
or a thick outer shell, as a result of which the method and
apparatus described herein for the production of shaped
metal foam products allow the production of shaped met-
al foam products in an easy-to-use and economically ef-
ficient manner.

List of reference numbers:

[0027]

1- porous ceramic
2- surface-treated ceramic
3- precursor

4 - foam generator
5- metal foam

6 - injector heating
7 - foaming opening
8- salt bath

9- foot

10- injector head
11-  metal sealing

12 - injector housing
13- foot sealing

14 -  mounting screw
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15- locking nut

16 - metal foam injector
17 - metal foam product
18-  mould

19- thread sealing

20- press die

21-  upper punch

22 - die

23 -  lower punch

24 - die heating

25-  pipe

26 - mould cavity

27 - gasvalve

28 - gas inlet opening
29 -  stabilizing particle
30 - metal matrix

31- pore

Claims

1. An apparatus for the production of particle-stabi-
lized, closed-cell, shaped metal foam products, hav-
ing a heatable foam generating device and a metal
foaming mould, wherein the foam generating device
is a metal foam injector (16), comprising a gas-tight
injector housing (12) and afoam generator (4) placed
into the injector head (10), where the injector head
(10) is connected to the mould (18) through a foam-
ing opening (7), and the injector housing (12) is sur-
rounded on the outside by injector heating (6) and
is equipped with a gas inlet opening (28).

2. The apparatus according to claim 1, wherein the
foam generator (4) comprises a porous ceramic (1)
or a porous surface-treated ceramic (2) and a pre-
cursor (3).

3. The apparatus according to claims 1-2, wherein the
precursor (3) of the foam generator (4) comprises a
metal matrix (30) and evenly dispersed stabilizing
particles (29).
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The apparatus according to claims 1-3, wherein the
metal matrix (30) of the precursor (3) is aluminium
and its alloys, or iron and its alloys, or zinc and its
alloys, or titanium and its alloys, or nickel and its
alloys.

The apparatus according to claims 1-4, wherein the
material of the porous ceramic (1) or surface-treated
ceramic (2) of the foam generator (4) is oxide ceram-
ic, or carbide ceramic, or graphite.

The apparatus according to claims 1-5, wherein the
material for the surface treatment and coating of the
pores (31) of the porous surface-treated ceramic (2)
is salt, silicon carbide, metal, or carbon.

A method for the production of particle-stabilized,
closed-cell, shaped metal foam products from a pre-
cursor by means of a porous ceramic, a foaming gas
and a mould, wherein the precursor (3) is infiltrated
into the porous ceramic (1) or porous surface-treated
ceramic (2) by hot pressing to prepare a foam gen-
erator (4), then the foam generator (4) is placed into
a metal foam injector (16), the metal foam injector
(16) is heated above the melting point of the precur-
sor (3) and with the metal foam injector in any spatial
angular position, by introducing gas through a gas
inlet opening (28), metal foam (5) is generated in the
mould cavity (26) of the mould (18) installed on the
injector head (10) of the metal foam injector (16), the
mould is separated from the metal foam injector, then
the mould is cooled, and after cooling the mould (18)
is opened and the metal foam product is removed
from the mould cavity (26), or after cooling the mould
(18) is left on the metal foam product, and the shaped
metal foam product (17) is used in this form.
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