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This paper presents the theoretical calculations of the foaming process of selected powder foaming agents (TiHz,
CaHz, MgH:, ZrHz, CaCO3s and MgCO3) regarding the volume of gas, relative density and density of the metal
foam obtained with respect to the use of a certain amount of powdered blowing agent. This work is carried out in
the frame of the university project in which a small subproject is dealing with the problem of the cellular light-
weight metal structures. Furthermore by calculating the diffusion of hydrogen in both solid and liquid aluminium
there were found results for the duration of the anticipated action of the powdered blowing agent (0.75, 1.0, 1.25,

1.50, 1.75 and 2.0 wt. %).
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1 Introduction

Cellular metal systems [1, 2], respectively metal
foams are cellular materials characterized by a porous
structure. In nature, it is, for example, the structure
(bones, corals, stems of plants, tree trunks, etc.). The most
important advantages of cellular systems are low density,
which is ensured by cellular structure. The pores are filled
with gases with the volume rate varying from 40 to 98%
of the total volume of the material. Despite the low den-
sity, these materials do not lose their strength and are
therefore not burdened by their own weight as other con-
struction materials. These foams have exceptional abra-
sive power absorption capabilities, low thermal conduc-
tivity, relatively high gas permeability, and unusual good
acoustic properties. These material properties provide a
great potential for future use.
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Metal foams can easily be made from aluminium, but
also from zinc, lead, nickel, copper, magnesium, iron or
titanium. However, foams of these metals are not as
promising as ones from aluminium and its alloys. Alu-
minium foams are also used in the industry where only
plastics have been used so far.

The production of cellular metal systems is associated
with a number of problems. One problem is the difficult
reproducibility of properties for completely identical
components. The fault is a non-homogeneous structure,
which causes quite a large dispersion of values of strength
characteristics. Another issue is the high production costs
of metal foams, which are hardly acceptable today. Fig. 1
shows an example of the structure created by bubbles (al-
uminium foams) in two magnifications 3x (on the left)
and 7.5x (on the right).

Fig. 1 Examples of the structure of aluminium created by bubbles- magnifications 3x (on the left) and 7.5x (on the

The most commonly used metal for foaming is alu-
minium which is also commercially marketed by several
companies under the trade names (Alporas®, Duocel®,
Metcomb®, etc.) or Cymat, Alulight, AFS, ALM, Norsk-

Hydro, Gasar, which are known all over the world [3, 4].
Aluminium is also a very important construction material.
Its metallurgical processing is quite demanding [18,19].
Metal cellular systems are manufactured in two basic
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ways - direct foaming of the melt by gas from an external
source, or indirect gasification by means of gasifiers. The
blowing agent can be applied in a metal melt or in a metal
powder mixture of a blowing agent and a powder which
contributes to the optimization of the metal foam produc-
tion.

2 Characteristics of foaming agents for the pro-
duction of metal cellular systems

The availability and choice of a suitable blowing
agent (foaming agent) is essential for the success of the
foaming process (integral foam) of the manufactured cel-
lular metal system. In the manufacture of metal foams,
the foaming agent should have the following properties:

The high equilibrium dissociation pressure, the gas
pressure for the produced "foam" (foam pressure) in-
creases with the equilibrium pressure of the foaming
agent (blowing agent). The high efficiency of the blowing
agent, is needed to achieve its smaller amount. It should
provide rapid decomposition kinetics in synergy with the
melting temperature of the alloy. The kinetics of decom-
position determines the effectiveness of the blowing
agent. It must not exhibit any detrimental effect on the
alloy; the addition of the foaming agent to the mesh sig-
nificantly must not affect the alloy.

For the production of cellular metal systems, many
metal-based foaming agents are used: TiH,, SrH,, MgHo,
CaCO:s, ZrH; [8 -16]. These agents were chemically de-
scribed and tested technologically. E.g. titanium hydride,
TiH,, exhibits a decomposition temperature that is close
to the melting temperature of the aluminium alloys. TiH»
titanium hydride is not always suitable for the gasification
process because of the too low decomposition kinetics at
the melting temperatures of some aluminium alloys [17].
Sometimes for these purposes, it is preferable to use mag-
nesium hydride MgH,. Detailed thermodynamics and de-
composition kinetics of MgH> are reported by Binks, [11].
Thermodynamics provides information at an achievable
lump pressure, while the kinetics determines the appro-
priate time scale for decomposition of the blowing agent.

The problem of blowing agents was also studied by
Matijasevic [2]. It has been concluded that aluminum
foams produced on the basis of "powder melting" that
form a foaming agent usually have uneven cells, which
can lead to lower mechanical properties of these cellular
systems. It has been found [5] that the expansion potential
of the foams and the uniformity of cell size distribution is
improved and that the individual cell walls are smoother
and less corrugated when the foam is blown with pre-
treated TiH,.

Matijasevic [5] investigated the effect of temperature
on the foaming process of aluminium. For aluminium al-
loys, the range between the solidus heat pump and the lig-
uid temperature for Al alloys from which "foams" are
produced [6, 7] is important. According to [5], the rela-
tionship between the melting point of the aluminium alloy
and the maximum hydrogen release temperatures of TiH»
and a pure Al precursor containing this TiH>.

Moreover, there are many factors that influence the
development of aluminium foam. The basis is the use of

a suitable foaming agent which releases the gas at the cor-
rect temperature to ensure its high efficiency at formation
of gas bubbles and uniform foam porosity. It has been
found that the onset of foam is delayed by pre-treatment
of the manufacturing process. The point of circumstances
can be a delay of up to 45 seconds, which corresponds to
a temperature difference of 45 K.

For blowing agents and foaming metals, the volume
of released gas can be generally determined from the
foaming agent used. This can be calculated on the basis
of the state equation of the gases (1), [20]. It is necessary
to know how much of blowing agent is necessary to use
for a certain amount of metal.

pV=n-R-T (D
m
p-V—E~R~T 2)

It is also possible to express in equation (2) the
volume of gas released by heating the foaming agent
[m?]:

_m RT
v=m2. & 3)

Where: p is the normal pressure p = 101325 [Pa], V
is the gas volume [m?], n is the amount of substance of
gas [mol], R is the universal gas constant R =8.314 [J-K"
L.mol!], T is the temperature, m is weight of blowing
(foaming) agent [g] and M is molecular weight of blow-
ing agent [g-mol'].

Further, the relative density of the foamed metal
system can be determined by Eq.[1]:

pr_ Vs > (4)

T V+vg

Where Vs is volume of solids metal [m?]; V is
volume of gas released by heating the blowing agent [m?].
The solid state aluminum is calculated on the basis of
the known physical equation:
m
V=" (5)

Where: m is weight foamed (blowed) metal [kg]; p -
aluminium density in solid state [kg-m?].

In the calculation, it is often thought that for 1 kg of
aluminium 0.5 wt. % to 1.0 weght% blowing agent is
used. In our paper, the calculation was performed for the
quantity of the blowing agent up to 2.0 wt. %.

3 Calculation of relative density of aluminum
foams using 1 kg of aluminum and a certain
amount of foaming agent based on theoreti-
cal knowledge

For theoretical calculations of foaming effects, resp.
relative density and density of the aluminium foam foam-
ing agents were used: TiH,, SrH,, MgH,, ZrH>, MgCOs a
CaCO:s. The calculation of the gaseous effect can be usu-
ally expressed per kilogram of aluminium. To determine
the maximum volume of released gas, equations (1), (2)
(3), (4) and (5) must be adopted. The results of the calcu-
lations are given from Table 1 to Table 6.
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Tab. 1 Theoretical calculations of the foaming action of titanium hydride in 1 kg of aluminium

Blowing Volume of Volume of | Relative den- Density
Name Foamed . .
Blowing Agent Metal Agent gassV solids msetal sity p _
[wt. %] [m’] Vs [m’]; prin [g-em”]
0.50 0.0077 0.0460 0.124
0.75 0.0115 0.0312 0.084
_— . 1.00 0.0153 0.0236 0.064
Tanium bydide | Auminium 1.25 0.0192 370107 0.0189 0.051
(TiH) 1.50 0.0230 0.0158 0.043
1.75 0.0268 0.0136 0.037
2.00 0.0307 0.0119 0.032
Tab. 2 Theoretical calculations of the blowing action of calcium hydride in 1 kg of aluminium
Blowing Volume of Volume of Relative den- | Density
Name Foamed . .
Blowing Agent Metal Agent gasSV solids msetal sity P _
[wt. %] [m’] Vs [m’]; prin [g-em™]
0.50 0.0091 0.0391 0.106
0.75 0.0136 0.0265 0.072
. . 1.00 0.0182 0.0199 0.053
Calc‘“cmélydnde Aluminium 1.25 0.0227 3.70-10°% 0.0160 0.043
(Catl) 1.50 0.0273 0.0134 0.036
1.75 0.0318 0.0115 0.031
2.00 0.0364 0.0101 0.027
Tab. 3 Theoretical calculations of the foam hydration effect of magnesium hydride in 1 kg of aluminium
Blowing Volume of Volume of | Relative den- | Density
Name . .
Blowing Agent Foamed Agent gasSV solids m3etal sity o)
Metal [wt. %] [m3] Vs [m?]; pr1] [g-em’]
0.50 0.0145 0.0248 0.067
0.75 0.0218 0.0170 0.046
Magnesium hyd- Aluminium 1.00 0.0291 0.0126 0.034
ride (MgH>) 1.25 0.0363 3.70-10* 0.0101 0.027
1.50 0.0436 0.0078 0.021
1.75 0.0509 0.0072 0.019
2.00 0.0582 0.0063 0.017
Tab. 4 Theoretical calculations of the blowing action of zirconium hydride in 1 kg of aluminium
Relative den- .
Name Foamed Blowing Agent Volume of gas V(')lume of sity Density
Blowing Agent Metal [wt. %] M solids metal p p
[m’] Vs [m’[; [1; [g-em?]
0.50 0.0041 0.0827 0.220
0.75 0.0062 0.0567 0.150
Zirconium hydride Aluminium 1.00 0.0082 0.0431 0.012
(ZrH) 1.25 0.0103 3.70-10* 0.0348 0.094
1.50 0.0123 0.0292 0.078
1.75 0.0144 0.0251 0.067
2.00 0.0164 0.0220 0.059

Tab. 5 Theoretical calculations of the foaming effect of carbon dioxide obtained by decomposition of calcium carbonate

in 1 kg of aluminium

Blowing Volume of gas Volume of Relative den- | Density
Name Foamed . .
Blowing Agent Metal Agent V3 solids n;etal sity p

[wt. %] [m’] Vs [m’]; pr [g-em™)

0.50 0.0038 0.0882 0.238

0.75 0.0057 0.0606 0.164

Calcium car- Aluminium 1.00 0.0076 0.0461 0.124

bonate (CaCOs3) 1.25 0.0096 3.70-10* 0.0373 0.101

1.50 0.0115 0.0312 0.084

1.75 0.0134 0.0269 0.072

2.00 0.0530 0.0236 0.064

120

indexed on: http://www.scopus.com



February 2019, Vol. 19, No. 1

MANUFACTURING TECHNOLOGY

ISSN 1213-2489

Tab. 6 Theoretical calculations of blowing agent of the magnesium carbonate in 1 kg of aluminium

Blowing Volume of Volume of | Relative den- | Density
Name Foamed . .
Blowing Agent Metal Agent gassV solids 1113etal sity P _
[wt. %] [m’] Vs [m]; Pr i1 [g-em”]
0.50 0.0045 0.0754 0.204
0.75 0.0068 0.0515 0.139
Magnesium car- Aluminium 1.00 0.0091 0.0391 0.106
bonate (MgCOs) 1.25 0.0114 3.70-10* 0.0316 0.085
1.50 0.0136 0.0264 0.071
1.75 0.0159 0.0228 0.062
2.00 0.0182 0.0199 0.054

Fig. 2 shows the amount of gas volume depending on
the amount of blowing agent (TiH,, SrH», MgH,, ZrH,,
MgCOs and CaCOs). Fig. 3 and 4 illuminate a depend-
ence of relative density pr and density p on the amount of
the respective foaming agent (TiH», StH,, MgH», ZrH,,
MgCOs and CaCOs) in 1 kg of aluminium.
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Fig. 2 Dependence of the amount of released volume
gas on the amount of blowing agent
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Fig. 3 Dependence of the relative density of the alumin-
ium foam on the amount of blowing agent

In the case of this paper only a theoretical assumption
was made to predict the behaviour of the foaming agent.
The released gas expressed in V [m?] by heating the foam-
ing agent is depending on the type of the used foaming
agent, for hydrides TiH,, MgH,, CaH,, ZrH; it is hydro-
gen and for carbonates CaCOj;, MgCO;s etc. it is carbon
dioxide.

When the blowing agent is heated to the appropriate
temperature, other important processes occur in the pro-
duction of metallic "foams". It is the decomposition of the

blowing agent to form the gaseous component, the diffu-
sion of the gaseous component, its diffusion and dissolu-
tion, the formation of heterogeneous bubbles in metal
melts. However, titanium hydride is most commonly used
for aluminium foams.

0,25 - - E

TiH2

. T Peanz
A * Pugrz B
T Pz
3 Pcacos n
-

0,20

—
5 0154 ‘\ ——p

=) \ Prmgcos

o \'

> 0,10+ .
3

[ =

3

O 0,05 i

0,00 - 4

0,25 0,2'30 0.‘75 1,;)0 1,‘25 1.;50 1,‘75 2,:.')0 2,25
Blowing Agent [wt.%]

Fig. 4 Dependence of the density of the aluminium foam

on the amount of blowing agent

4 Conclusion

This paper was focused on the theoretical calculations
of the behavior of selected blowing agents, for the pro-
duction of metal cellular systems, respectively aluminum
"foams". By the theoretical calculations, it is clear that the
biggest development of gases demonstrates MgH; blow-
ing agent. At using a blowing agent, 2 wt. % there is the
calculated volume of released gas of 0.0582 [m’]. At us-
ing a blowing agent, 0.5 wt. % gas volume was calculated
to be 0.0145 [m?].

On the other hand, the lowest volume of gases exhib-
ited CaCOs blowing agent. At using a blowing agent, 2
wt. % there is the calculated volume of released gas of
0.0530 [m*]. At using a blowing agent, 0.5 wt. % gas
volume was 0.0038 [m?]. According to practical experi-
ence of the production of aluminium "foams", the tita-
nium hydride is mostly used. According to the used tech-
nology the content can vary from 0.5 to 1. wt. %. The
thermal decomposition of hydrides generates hydrogen,
which is the basic blowing agent.

Furthermore, based on the calculations and the appli-
cation of physical relationships, the relative density of the
aluminium foam (p;) and the density of the aluminium
foam (p) were determined with respect to the density of
the aluminium in the solid state and the appropriate foam-
ing agent. It is evident by theoretical calculations, the
most preferred foaming agent MgH, is leading to the
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smallest density of aluminium foam.

In the practice of producing aluminium foams, the
foaming agent TiH, with content of 0.5 to 1.0 wt. % is
commonly used. For example, for the foaming agent con-
tenting 0.5 wt. % TiH> is the density p. = 0.0460 and it
corresponds to the aluminium foam density of 0.124
[g.cm?]. The densities of the produced "foam" are also
dependent on the production technology. Density values
starting from 0.20 to 0.25 [g.cm™] (produced by the Al-
poras method) or from 0.30 to 0.40 [g.cm™] is used ac-
cording to [1], [3].

As can be seen from the above-mentioned aluminium
foam density (p) tables, theoretical calculations show that
higher blowing occurred with a higher blowing agent
content . For example, using 0.5 wt. % of TiH at first
glance means that half of the quantity, i.e. 2.5 g of TiH»
powder, is not involved in forming the foam. However,
the difference may be due to two factors. The first factor
is the fact that the ideal reaction temperature is at 933 K
(i.e. 660 °C) at which the aluminium melting point does
not occur. As the second factor can be hydrogen lost to
the environment from the pressure conditions such as the
surface of the foam, for example, to rupture the wall of
the cell.
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