Arch. Metall. Mater. 68 (2023), 2, 757-763

DOIL: https://doi.org/10.24425/amm.2023.142458

I. KROUPOVA®" M. BASISTOVA®', P. LICHY®!, V. MERTA®,
F. RADKOVSKY®! J. JEZIERSKI®?

TECHNOLOGY OF PRODUCTION OF MOLD FILLING MATERIAL FOR SPECIFIC PURPOSES
IN THE FIELD OF METALLIC FOAM CASTING

This paper describes the technology for the production of precursors (space holder material) used to form the complex internal
structure of cast metal foam. The precursor material must exhibit sufficient refractoriness, resist contact with liquid metal and at the
same time should exhibit good collapsibility after casting. With regard to the greening of foundry production, the focus of this paper
was on materials that could exhibit the above properties and at the same time do not have a negative impact on the environment.
In this paper, the technology for the production of spherical precursors from a self-hardening mixture with a geopolymer-based
binder system is described and verified. The motivation for the choice of material and all the sub-steps of the process — molding
into the core box, tumbling, including the necessary accompanying tests of the mechanical properties of the core mixture being

verified — are described.
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1. Introduction

The trend in the development of modern structural materi-
als is to find a suitable combination of low specific weight and
sufficient strength. These properties are achieved by a number
of materials, including some foundry alloys (such as aluminum
[1,2] and magnesium alloys [3]). However, in order to achieve
thin-walled components that also meet the low weight require-
ment, the limiting factor in the foundry industry is the use of
existing technological processes. Another possible way to reduce
the weight of manufactured components without negatively im-
pacting their mechanical properties is to use metallic materials
with artificially created pores in the structure — metallic foams.

Nowadays, there are a number of scientific articles and
literature devoted to the issue of metallic foams-from the oldest
sources describing the basic procedures of their production and
evaluation of their properties [4-6] to the current knowledge de-
scribing specific applications of this material [ 7-10]. The specific
application then depends on the structure of the metal foam itself.
Metallic materials with open pores are permeable and can thus
be used for flow applications [11]. The mechanical properties
of metal foams with open and closed cells are significantly dif-

ferent. The linear elastic reactions in open cell foams are due to
the flexing of the cell walls. In closed-cell foams, the cell walls
stretch as air or other enclosed gas is compressed within them due
to pressure [12,13]. Metallic foams with open pores have excel-
lent thermal conductivity and resistance to high temperatures.
They are therefore mainly used as heat exchangers [14], non-
combustible heat shields [15], high temperature filters [16], etc.
Other applications are also possible in the chemical, aerospace,
marine and automotive industries [17].

Metallic foams are one of the materials that have received
tremendous attention in recent decades. In view of the complexity
involved in the current processes (e.g. additive manufacturing,
powder sintering, etc. [18,19]) for the production of the material
under study, the attention of experts has been directed in recent
years towards finding other, less complicated processes.

Foundry technology appears to be an ideal solution in this
respect — foundry technology represents a fast and efficient
transition from raw material (metal material) to product (cast-
ing). In addition, foundry technologies could be used to produce
shaped cast porous parts without the need for further processing.

The production of castings in the Czech Republic is at a high
level, there are traditional manufacturers and companies using
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special technologies for the production of castings from advanced
materials. At the same time, however, there is no company or
institution dedicated to the production of metallic foams. These
facts were the main motivation for the work, the basis of which
is the design of a suitable foundry process for the production of
metallic foams, which could be implemented in conventional
foundries. The introduction of a completely new type of material
into the production portfolio of Czech companies could lead to an
increase in their competitiveness not only on the domestic market.

1.1. Molding mixtures in current foundry production

Foundry methods for the production of porous metals
depend on the use of so-called molding mixtures, i.e. materials
from which foundry molds (or cores) are formed. These materials
are absolutely crucial for foundry practice. Despite the fact that
nowadays we are witnessing the development of modern and
special casting production processes (in most cases involving
the use of permanent metal molds), the technology of casting
into disposable molds from molding compounds is still the most
widely used, both in the conditions of domestic foundries and on
a global scale. The use of standard materials in the production
of metal foam castings is an essential step for the possibility
of implementing the proposed procedures in foundry practice.

The current trend towards greening production is looking
for a suitable alternative in ‘green’ inorganic binders. Although
for many decades standard inorganic binders could not be com-
pared with organic resins in terms of technological properties,

new inorganic binder systems are currently being developed that
can largely eliminate disadvantages, which include, in particular,
significantly lower collapsibility and reclaimability, and lower
mechanical strength values [20].

2. Experiment

The experiment described in this article is devoted to the
field of production of cast metallic foams. Although the authors
are primarily concerned with the development of a low-cost pro-
cess for the production of this material, the issue is very complex
and involves many technological steps. Therefore, the focus of
the experiment is mainly on the evaluation of core mixtures with
respect to their possible use for the production of precursors
(space holder material). In view of the above-mentioned trends
in the field of molding (or core) mixtures, a mixture based on
the inorganic binder system Geopol was chosen as the precur-
sor material. This is a system using so-called modified sodium
silicate with improved properties, particularly in the area of
residual strengths.

2.1. Composition and preparation of the mixture
for the production of cores and precursors

Precursors and cores (test beams) were made from a Geopol
core mix. The individual materials and quantities selected are
shown in TABLE 1.

TABLE 1
Composition of core mixture based on Geopol binder
Basic sand Binder Catalyst
Foundry silica sand Based on Geopolymer —
Name BG 27 (Biala Gora) GEOPOL 618 SA 73
Supplier Sand Team Sand Team Sand Team
Dosage [wt. %] 100 1.8 18 (to the binder content)
Dosage [g] 4000 50 12.96
TABLE 2
Summary of the number of samples for each test
Sample type | Total pieces Test Time Pieces per test
After 1 h 5
Beams 25 3-point bending strength test + abrasion loss :ftt"teirzzfolil 2
After 480 h 5
Determination of collapsibility of cores after casting After 24 h 5 (resp. 10x1/2)
For0s 100
For 20 s 100
For40s 100
. For 60 s 100
Precursors 1200 Abrasion loss For 80 s 200
For 100 s 200
For 120 s 200
For 140 s 200
Casting of metallic foam 0-140 s approx. 100 pcs/casting




The mixture of basic sand and catalyst was mixed on a
laboratory paddle mixer (Kenwood KM 636 Major Classic, Great
Britain) for 1 minute for better homogenization. After this time,
binder was added to the mixture and the mixtures were again
mixed for 1 minute.

TABLE 2 is attached to give a better idea of the experi-
mental procedure in the evaluation of the molding mixture on
different types of samples.

2.2. Test samples

The mixture was immediately used for the production of
cores (test beams) and precursors. The mixture has gained suf-
ficient manipulation strength to remove the cores (beams and
precursors) after 20 minutes from molding.

The production of specific samples proceeded as follows:
—  Beams— Standardized test specimens (beams) with dimen-

sions 22.5%22.5x170 mm (Fig. 1) were made by compacting

the mixture into the core box.

—  Precursors — For the fabrication of the precursors, 2 spe-
cial 100-cell (10%10) core box were designed, and 3D
printed (Fig. 3) to produce 100 cube-shaped precursors of
10x10x10 mm (Fig. 2).

A total of 25 beams and 1200 precursors were produced
by these processes.

Fig. 1. Test beams

Fig. 2. Precursors

Fig. 3. Core box for precursor production — 3D design (a), 3D printed
core box (b)
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The samples were left in a laboratory environment at a con-
stant temperature of 23°C and humidity of 20%. Subsequently,
selected tests were performed on these samples — 3-point bending
strength test, abrasion loss test and determination of collapsibility
of cores after casting.

2.3. 3-point bending strength (beams)

To evaluate the properties of the core mixture (Geopol),
20 test beams were taken. These 20 samples were divided into 4
groups of 5 each. Each group was then tested under specific
conditions — at given times from the curing of the mixture (1 h,
24 h, 240 h, 480 h). The possible change in strength properties
after longer storage of the cores gives us an indication of the
suitability of the core production technology for storage or direct
consumption. The mechanical strength of cores is characterized
by a measurement known as the 3-point bending strength. This
measurement was carried out on a molding mixture strength
measuring device (LRu-2e, Multiserw-Morek, Poland) under nor-
mal laboratory conditions. Measurements of the specimens were
carried out using a load of 0.1 MPa.s™'. The size of the samples
22.5%22.5%170 mm is given by the measurement method. A sche-
matic of the measurements and the sample is shown in Fig. 4.

Fig. 4. 3-point bending strength test scheme

2.4. Abrasion loss (beams)

The purpose of this test was to determine the effect of the
storage time of the beam (1 h, 24 h, 240 h, 480 h) on the abra-
sion resistance. This parameter is important with respect to the
manufacture of precursors by rubbing.

The evaluation of abrasion loss was performed on the
specimens after bending strength testing (i.e., the test specimens
were the halves of the broken beam) using a laboratory apparatus
with a perforated rotating sieve (Fig. 5). The specimens were
weighed, then placed in the 180 mm diameter perforated sieve
and then rubbed for 60 s at 57 rpm. After rubbing, the samples
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Fig. 5. Schematic of the abrasion loss test apparatus (diameter of rotary
sieve —180 mm)

were weighed again. The resulting decrease in weight compared
to the original weight of the measured samples gives the percent-
age abrasion loss values.

2.5. Abrasion loss (precursors)

In the case of precursors, these are not standardized sam-
ples. The abrasion loss test is carried out on these samples to
determine the possibility of changing the shape of the precursor
from an initial cube with a 10 mm edge to a shape close to the
ideal spherical shape.

The 1200 precursors produced were divided into several test
batches of 100 pcs per batch. These batches were weighed and
sequentially placed in a laboratory apparatus with a rotary sieve
designed for determination of abrasion loss. One batch was left
completely without abrasion in its original state in the shape of
a 10x10x10 mm cube. Each batch of precursors (100 pcs) was
then rubbed in the device for a predefined period (20-140 s). The
batch was then weighed again to determine the abrasion value.
Rubbing the precursors for different times for each batch was
designed to obtain precursors of different shapes, approximating
the ideal spherical shape. Because of the assumption of decreas-
ing precursor size, two batches (i.e., a total of 2 x100 precursors)
were always chosen for longer rubbing times (from 80 s).

In the literature we can encounter various precursor mate-
rials (space holder material). However, the most common are
water-soluble materials [21-23] (for easy removal of the metal
foam from the final casting). The experiment presented here is
unique not only in the precursor production process itself, but
also in the material used — a conventional core mixture.

2.6. Collapsibility of cores after casting (beams)

The determination of the collapsibility of the mixture (or of
the cores) after casting is a very important indicator. If the core
mixture is to be used for the production of precursors, one of the
most important parameters that it should meet is good collaps-
ibility after casting, or the possibility of their easy removal from
the complex internal structure of the metallic foam.

Test castings were designed to determine this property —
their design can be seen in Fig. 6. In each casting, 2 beams were
established to serve as cores. After casting, these cores were
removed with a special knocking-out mandrel. This was attached
to a standard sand ramming machine for making standard rollers
from molding compounds (see Fig. 7).

91 ___—~X(mm]

% —

Fig. 7. Special equipment for removing the cores from the casting — determination of the collapsibility of the cores after casting



The composition of the molding mixture for the production
of molds for making test castings can be seen in TABLE 1. The
composition and preparation of the mixture was the same as for
the precursors. After molding, the mixture was allowed to cure for
20 min at normal laboratory temperature and humidity and after
this time, i.e., after gaining handling strength, the mold was disas-
sembled, and the individual parts of the pattern were removed.
The disassembled mold was cured in free air for 2 h before cast-
ing. After that time, the cores (beams) were placed in the molds.

Prefabricated test beams (2 hours after curing, same as
mold) were used as cores and were shortened to a length of
70 mm for this purpose. Thus 2 cores were made from each test
beam for casting.

A total of 5 molds with established beams (cores) were cast
to evaluate the collapsibility of cores after casting. The aluminum
alloy AlSi7Mg0.3 according to EN 1706:2020 was chosen for
casting. The material was supplied in the form of pre-alloy
clusters with guaranteed chemical composition by the supplier
according to the standard. The used alloy was not alloyed, modi-
fied, or refined in any way. The melting of the AISi7Mg0.3 al-
loy was carried out in an electric resistance furnace in a 2 1 SiC
crucible. The melt preheating temperature for casting was set at
740°C to ensure sufficient melt run-in and was controlled using
a digital thermometer. The casting time was 4 s. The molds were
disassembled, and the castings removed and prepared for further
measurements 24 hours after casting.

3. Results

After performing all the above tests, the properties of the
Geopol core mixture and the test samples (beams, precursors)
were evaluated.

3.1. 3-point bending strength (beams)

The fabricated test cores (beams) were subjected to me-
chanical properties tests. Each measurement was carried out on
5 samples. The shelf life of the cores was monitored for a period
of up to 480 hours after manufacture, while the beams were left
in a normal laboratory environment of constant temperature of
23°C and humidity of 20%. The suitability of the cores for stor-
age was evaluated as the change in 3-point bending strength as
a function of storage time and external conditions.

A graphical representation of the evolution of beam strength
as a function of storage time can be seen in Fig. 8.

The measured results show a significant increase in bend-
ing strength of 87.9% within the first 24 hours. Between 24 and
240 hours, the strength increases only gradually, i.e. by 10,1%,
and then decreases gradually, by a total of 1,1%, with further
storage time up to 480 hours.

The increase in bending strength during the first 24 hours
after curing was consistent with the results of other authors
evaluating this mixture [24-26].
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Fig. 8. The evolution of beam strength as a function of storage time

3.2. Abrasion loss (beams)

The abrasion loss increases significantly with increasing
storage time, by 24,4% in the first 24 hours, and then by only
1,9% over 240 hours. Thereafter, there is a significant decrease
in abrasion of 17,4%. Average abrasion as a function of storage
time can be seen in Fig. 9.

In general, mixtures with Geopol, and in general mixtures
bonded with alkaline silicates, can be considered unsuitable for
storage due to their embrittlement in contact with air humidity
and the surrounding atmosphere. They are mainly recommended
for immediate use, i.e. for casting within a few hours after mold-
ing. This can also be confirmed by measuring the abrasion loss,
which shows an increase in abrasion with increasing storage
time. This is due to the embrittlement of the bonding bridges,
especially on the surface of the test bodies, which is most in
contact with the surrounding environment.
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Fig. 9. Average abrasion as a function of storage time — beams

3.3. Abrasion loss (precursors)

Individual sets of precursors, 100 each, were wiped in
a specialized apparatus for a predefined period. For the aver-
age measured values, it can be observed how much material
is removed from the precursors as the abrasion time increases.
In the case of an abrasion time of 140 s, this is more than half
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of the precursor mass, as shown in Fig. 10. The standard de-
viation for the abrassive test did not exceed 5% for any of the
samples.
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Fig. 10. Increase in abrasion loss with increasing rubbing time — pre-
cursors

The shape of the precursor changed in parallel with increas-
ing abrasion time. However, there was no loss of material in the
entire volume at the same time, i.e. all surfaces were abraded,
but only a gradual rounding of the edges and corners of the
precursor and thus a gradual change from a cubic to a spherical
shape. The gradual evolution of the change in shape from the
original cubic shape can be seen in Fig. 11. The precursor after
140 s of abrasion is already close to a nearly perfect spherical
shape, which is the most favorable for us in terms of the resulting
porous structure of the cast metallic foam.

Fig. 11. Development of precursor shape change with increasing abrasion time, from the left: 0s,20s,405s,60s,805s,100s, 120s, 140 s

Fig. 12. Test casting after core discharge
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3.4. Collapsibility of cores after casting (beams)

The collapsibility of the mixture (or of the beams) was eval-
uated 24 hours after casting. For the actual discharge of the cores
by means of a special jig, the so-called knocking-out mandrel,
placed in the laboratory sand ramming machine, it was necessary
to apply 19-20 knocks of the rammer, i.e., to exert a knock-out
work of 62,7-66 J. Thus, the deteriorated collapsibility of the
mixture after thermal exposure was observed, which is typical
for mixtures based on alkaline silicates. During the discharge
process, the nuclei were not completely removed, residues still
remained, especially in inaccessible corners (see Fig. 12).

4. Conclusion

In the present experiment, it has been demonstrated that the
proposed precursor fabrication procedure can provide precursors
close to the ideal spherical shape. By molding a self-hardening
mixture with a geopolymer-based binder system, it is possible to
use it for the production of precursors. The strength of the mix-
ture increases slightly with increasing storage time, but the loss
by abrasion tends to increase, suggesting a priori assumptions
about the unsuitability of the storage of this mixture. In general,
mixtures with Geopol, and alkaline silicate-bound mixtures,
can be considered unsuitable for storage because of their em-
brittlement on contact with air moisture and the surrounding
atmosphere. They are mainly recommended for immediate use,
i.e. for casting within a few hours after molding. This can also
be confirmed by measuring the abrasion loss, which shows an
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increase in abrasion with increasing storage time. This is due
to the embrittlement of the bonding bridges, especially on the
surface of the test samples which is most in contact with the
surrounding environment. In contrast, storage does not have
such a significant effect on the flexural strength of the Geopol
mixture. After an initial curing period of 24 hours, there is no
further significant increase in strength.

A certain problem was noted only in the evaluation of the
collapsibility of the mixture after casting. The collapsibility of
this material is poor and thus poses the risk of not being able
to completely remove the precursors from the complex internal
structure of the metallic foam.



For this reason, further experiments will focus on the pos-
sibility of increasing the collapsibility of the cores after casting,
e.g. by further modification of the mixture composition.
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