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Abstract

In this work, processes such as additive digital manufacturing (ADM) and precision casting are presented as alternative
methods to manufacture aluminum foams with ordered open-pore morphology. Digital modeling of cellular structures with
defined regular patterns was manufactured with ABS and wax and then melted in aluminum A356 alloy by a replication
casting process. To guarantee the complete filling of the mold, a simulation by the Flow-3D program was made. This compu-
tational tool allowed to determine the temperature values of both melting and the mold temperature. The simulations revealed
potential defects in the metal foams to be obtained, which were evidenced by the cast pieces processed after as a validation
test. The results show that the casting process carried out supported by a computational fluid dynamics (CFD) simulation
allows understanding the effects of the simulated parameter process, optimizing the parameters involved in the infiltration
process, and establishing the conditions for obtaining a sound piece of open-cell aluminum foam with truncated octahedron
pores shape. The established manufacturing process conditions can be used to produce lattice structures with multifunctional
uses such as impact and blast-proof devices, vibration attenuators, or where enhancement of heat transfer could be needed.

Keywords Flow 3D - Investment casting - Additive manufacturing - Metal foams - Periodic topology

1 Introduction

Metallic foams or cellular metals are materials that consist
of solid metals with pores distributed throughout their entire
volume [1-3]. They can exhibit open or closed porosity and
random or ordered pore morphologies, depending on the
manufacturing method [4—6]. These porous structures are
characterized by having unique combinations of mechanical,
physical, and chemical properties, generating great interest
in many industrial fields in recent years. In addition, it is a
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heyday alternative for the formation of sandwich-type struc-
tures in combination with materials such as resins reinforced
with glass or carbon fibers, taking advantage of its outstand-
ing mechanical properties in vibration absorption as well as
the rigidity it possesses thanks to its metallic matrix. [7-9].
Consequently, most reports’ properties of the metallic foams
can be modulated not only by the matrix material but also
by the type of structure it has; their application in varied
sectors has certainly led them to be called multifunctional
materials [10]. In this way, cellular metals can be used in
applications regarding their physical properties like weight
reduction, sound absorption, and heat exchange, as well as
in applications related to their mechanical properties such
as impact energy absorption, load bearing structures, and
vibration dampers, among others [11, 12].

Precision casting is one of the most widely used techniques to
obtain aluminum foams. The process consists of coating a wax or
polymer preform with refractory clay, which is removed by heating
while curing the ceramic. Thus, the ceramic remains with a rigid
structure, with an internal porous network where the molten metal is
poured, thus forming an exact replica of the initial preform [13-17].
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Required pieces with ordered porous structures with con-
trol of the size and morphology of the pores, as well as the
thickness of the struts have been covered using digital tools
such as 3D modeling and additive manufacturing [18-21].
Through its use, it is possible to obtain porous structures
with ordered geometry based on polyhedrons such as dia-
mond type, octahedrons, cubes, and hexahedrons, among
others. The structures based on the repetition of identical
unit cells are known as topologically ordered systems. They
have architectural lattice parameters such as connectivity
between cells, pore size, and strut thickness [22, 23].

Currently, there are different 3D printing processes such
as selective laser sintering (SLS), stereolithography appara-
tus (SLA), and fused deposition modeling (FDM), each one
with its own characteristics but having in common that starts
from a 3D digital model obtained by CAD [24].

Many printing techniques have been employed to fab-
ricate polymer components, and although it is possible
to find 3D printing of metals that creates parts directly
through processes like laser-based, electron-beam-based,
arc-based, and ultrasonic welding-based, they are processes
considered high cost, both for the equipment and the mate-
rials and energy requirements needed [25, 26]. Neverthe-
less, it is also possible to obtain polymeric models to use
as a lost model in precision casting as has been reported by
some authors [27-29].

Due to the poor repeatability of the porous structure of
the metal foam parts obtained by traditional methods, many
of the applications have been limited. Therefore, in many
cases, the determination of the adequate process parame-
ters to guarantee the reproducibility of metallic foams with
periodic cellular structures is carried out through trial-and-
error tests, which causes economic and time losses. For this,
required pieces with ordered porous structures with con-
trol of the size and morphology of the pores, as well as the
thickness of the struts, have been covered using digital tools
such as 3D modeling and additive manufacturing, and more
interestingly, by combining with the use of computational
simulation tools [30, 31].

Modeling and simulation have been used commonly for
the study of cellular metals. These types of computational
tools have generally been led toward the study of their
mechanical [32] or physical properties [33], with few reports
related to their use in their manufacturing. Most research
are concentrated on closed-pore foams processing, on topics
such as bubble decay analysis, bubble expansion, and foam
solidification obtained with foaming agent [34-36].

Simulation techniques propose an alternative that allows
process optimization, to get casting parts with better quality
and fewer defects, also allowing to save additional process
costs that could be generated through trial-and-error tests.
Programs such as Flow 3D use finite difference or finite
volume approximations to numerically solve the fluid and
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solidification equations leading to preview probable casting
defects, relevant support to generate good quality casting
parts [37]. This has led to the exploration of new techniques
or a combination of existing ones to obtain cellular metals
with controlled structures. It is here where simulation and
digital manufacturing become extremely valuable tools for
optimizing existing processes, particularly those based on
the casting process. This work aims to develop a method-
ology for obtaining aluminum foams with ordered porous
structure by combining tools such as additive digital manu-
facturing, simulation, and precision casting.

2 Materials and Methods

This study was focused on three methodological aspects: (i)
preform modeling and manufacturing, (ii) casting simulation
process, and (iii) Al foam manufacturing by casting.

2.1 Preform modeling

Rhinoceros3D® and Grasshopper® plugin parametric
modeling suite were used to design the porous struc-
tures’ preforms. To test the capacity of the infiltration
process and accuracy of the simulation of preforms with
porous structures with greater geometric complexity, two
different geometries were designed. These include one
with a simple external cubic geometry with spherical
pores and the other one with a cubic sample with trun-
cated octahedron pores. The shape and dimensions of
the structures and pores were defined in order to work
with two representative volumes of basic structures and
isotropic pores whose degree of complexity, modeling,
and meshing for the simulation did not involve complex
morphological variables in order to have a better control
simulation and processes variables. The cubic type pre-
forms were designed with dimensions of 48 mm of cube
edges, and the cellular structure was made up of spheri-
cal pores with a diameter of 7 mm and a cell thickness
of 4.5 mm, and others with more complicated structures
that comprise truncated octahedron cell shape. The pre-
forms with a truncated octahedron pore structure were
designed with dimensions of 50 mm of cube edges, and
the cellular structure was constituted by main pores with
a diameter of 10 mm, small pores of 2 mm in diameter,
and thickness strut of 2 mm. as can be observed in the
models in Fig. 1.

By creating points in the three-dimensional space of
the software, the unit cells were developed by coordinat-
ing each of the vertices of the solid. Multiple repetition
structure was given from the establishment of the unit cell
formed by polyhedrons.
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Fig. 1 a Foam structure with
spherical pores and b foam a)
structure with truncated octahe-

dron pores

Table 1 Printing conditions

Infill density (%) 20
Print speed (mm/s) 60
Layer height (mm) 0.15
Extruder temperature (°C) 220

2.1.1 ABS preform manufacturing

After defining the structure, three-dimensional models
were created in Rhino® software to generate an STL file
to be used in a homemade 3D printer machine [38] using
an infill (%) of 20, a feeding rate of 20 mm/s, and a print-
ing temperature of 220 °C. Table 1 indicates the printing
conditions.

The preforms in ABS were combined with feeding chan-
nels made in wax or ABS. A schematization of the modeling
process is shown in Fig. 2.

Fig.2 a ABS foam structure
with spherical pores and b ABS
foam structure with truncated
octahedron pores

2.1.2 Casting process simulation

Flow 3D, a computational fluid dynamic (CFD) software,
was used to simulate the flow of the melt during the casting
as well as the temperature values as a function of time. Flow-
3D software discretizes the spatial domain into small cells to
form a volume mesh using the finite difference model. The
software counts with an internal multi-block meshing system
with rectangular elements that allows the level of detail on
specified areas of geometry to be increased, then divides the
domain into discrete volumes, known as “control volume”
approach, to solve the Navier—Stokes [34, 35].

To simulate the pouring of the molds corresponding to
the foam structure models, two mesh blocks were used. One
for the initial part of the feeder and the second for the rest of
the feeder and the model. For the mesh block and the model,
a grid with 80,000 cells was adopted, both with a cell size
of 0.0024 mm. The casting model setup and mesh block
configuration are shown in Fig. 3.
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To validate the casting and mold temperature combi-
nations, three mold temperatures at 400 °C, 420 °C, and
440 °C were defined as variables for the simulation, and
the metal casting temperatures were settled at 690 °C and
720 °C. A vertical feeding system was defined which would
allow the metal to enter the preform from the bottom as
shown in Fig. 3.

Material data for both metal and investment materials
were required to set up the simulation of the casting pro-
cess. For the metal, values of viscosity, melting range, the
fraction of solid, thermal conductivity, density, and specific
heat of aluminum alloy A356 properties were set up [39].

Fig.3 Casting model setup.
a Model and b mesh block
configurations

Mesh block 1.

Mesh block 2—

With regards to the investment material corresponding to
the cristobalite, thermal conductivity, density, and specific
heat properties were set up. To calibrate the simulation,
it is important to mention that preliminary experimental
measurements were conducted. In this case, 440 °C was
selected for the mold temperature and 720 °C for the cast-
ing temperature.

2.1.3 Replication casting process

A KerrCast brand SatinCast 20 coating composed of cris-
tobalite and quartz was used as investment casting. ABS

Fig.4 Preparation of ceramic

mold Model positioning
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Investing casting pouring

Table2 Aluminum alloy A356 chemical composition (%w)

Si Mg Fe Cu Mn Others

7.24 0.40 0.21 0.014 0.015 Balance

and wax preforms were located singly into a cylindrical
steel mold with 125 mm in diameter and 130 mm in height.
The ceramic was left to rest for 2 h before being burned at
730 °C. During the burning process, the model was burned
allowing the formation of the spaces into the ceramic mold
that later was filled by the molten aluminum.

Aluminum alloy A356 (AISiMg alloy) was used as the
metal matrix. A Shimadzu model OES 5500 optical emis-
sion spectrometer was used to determine the chemical com-
position (%w) as reported in Table 2.

The aluminum foams were obtained by replication cast-
ing using a resistance furnace and pouring by gravity. The
molten metal was poured into the preheated ceramic mold.
The AlSiMg alloy was melted in a graphite crucible.

For each casting process, the ceramic mold was removed
by immersion in tap water to break down it and to allow
extracting the cast piece. An ultrasonic water cleaner Trans-
sonic TI-H-5 was used to wash away the residual ceramic

Thermal treatment
of the ceramic

Bumnout cycle
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Fig.5 Simulation software to
establish the temperatures of the
mold and the casting metal

1793
Mold Casting temperature (*C)
temperature (°C)
690 720
400 Temperature Temperature
690 720
663 H 684
649 666
636 | 649
622 631
609 613
595 595
420 Temperature Temperature
690 720
H 663 H 684
649 | 666
636 649
622 631
609 613
595 595
440 Temperature Temperature
650 720
663 634
649 666
636 649
622 631
609 613
595 595

Fig.6 Validation test of simula-
tion vs casting process. a 3D
simulation and b casting part
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Temperature (°C)
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Fig. 7 Obtained foams with truncated octahedron porous morphology

for around 5 min at 25 kHz. The ceramic used allows for
obtaining resistant and permeable molds with a high surface
finish of the piece, which will be an accurate copy of the
initial model. The process is shown in Fig. 4.

3 Results and discussion

When performing the computational simulation of the filling
system using Flow 3D, it was found that the filling condition
improved as the mold temperature and the casting tempera-
ture increased as is observed in Fig. 5.

With the aim to validate the reproducibility of this simulation,
it was decided to perform the casting process under the same
simulated conditions for one of the combinations of mold and
casting temperature: 440 °C and 720 °C, respectively (see Fig. 6).

After this experimentation, it was observed that the cubic shape
sample with spherical pores casting obtained was very close to the
simulation carried out in Flow 3D as shown in Fig. 6, where, as
predicted in the simulation, only around 85% of the casting model
was conformed. The experimentation yielded results quite close

to those indicated by the simulation; in that way, the simulation
parameters were modified, through which it was possible to estab-
lish that the optimal temperature conditions for the casting and the
mold were 720 °C and 500 °C, respectively.

To test the capacity of the infiltration process and the level of
precision of the simulation, preforms with porous structures with
greater geometric complexity were used. In this sense, the preform
with ordered porosity of truncated octahedron pore morphology was
designed. Like the basic structure used for the preliminary tests, in the
results obtained for the sample with truncated octahedron porosity
and thinner struts, satisfactory casting results were obtained as shown
in Fig. 7. This means that a complete filling of the part was obtained
throughout its entire structure, showing a very close correspondence
to the designed preform modeled in Rhino and obtained by additive
manufacturing. It is important to mention that it was found that the
material of the wax model and the ABS preform was satisfactorily
removed without leaving residues that kept back the filling of the
mold, stiffening the refractory structure at the same time.

It was possible to observe that the piece with the least
imperfections was the mold specimen with a combination
of casting temperature at 720 °C and mold temperature at

Table 3 Correlation between

. Sample structure
the results for both geometries

Cubic with spherical pores

Cubic with truncated octahedron pores

simulated Dimensions
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Mold temp. (°C)
Casting temp. (°C)
% mold filling
Casting quality

Cube edges: 48 mm
Pore diameter: 7 mm
Cell thickness (strut): 4.5 mm

400 420 440

690 720 690 720 690 720
25 32 36 47 70 85%
Incomplete filling

Cube edges: 50 mm

Main pore diameter: 10 mm
Secondary pore diameter: 2 mm
Cell thickness (strut): 2 mm

500

720

100%

Complete filling
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500 °C. That is, a higher temperature of the mold favors
the speed with which the casting enters the mold and
avoids a large temperature change between the liquid and
the solid, reducing damage to the pieces [40]. The results
correlation for the two simulated geometries: cubic with
spherical pores and cubic with truncated octahedral pores
is shown in Table 3. The quality of the part is indicated
based on the simulated temperatures and its geometry.

As can be seen, the results of the proposed process are very
promising for obtaining quality pieces and high fidelity to the
porous structure to be cast. Particularly, this method offers great
freedom in design, being possible to generate high porosity with
fully reproducible pores, creating homogeneous structures with
fully controllable porosity, density, and pore size depending on the
preform used, which, depending on the field of application, can be
of great value [18, 32]. However, it should also be noted that the
process has a high cost per component, since it requires a large
number of stages that require a lot of time, high energy expenditure
for thermal processes, as well as the cost of the required materials.

As in the present work, some authors have approached tech-
niques such as logistic regression and response surface design
to determine the statistical model of the investment casting pro-
cess to manufacture regular-type aluminum metal foams. The
experimental procedure carried out in that report was based
on the same investment casting base used in the present work,
and although the casting temperature is not reported, there is
a coincidence in the temperature of 500 °C used for mold pre-
heating, and as a conclusion, they said that in this process, the
geometric characteristics of the foam are important parameters
that may have an influence on the successful production [41].

Almost a decade ago, an interesting review concluded
about the fascinating trend of integrating additive manu-
facturing techniques with other manufacturing methods to
obtain hybrid structures, among which are scaffolds (open
porosity foams) [42]. At that time, it was enunciated as
an innovative approach that was in its beginnings; today,
it can be said that already it is a reality [43].

4 Conclusions

This study shows the development of a manufacturing process
with satisfactory performance for the manufacture of aluminum
foams, which combines the 3D printing technique and the repli-
cation process optimized by simulating the casting process using
Flow-3D software. The combination of programs such as Flow
3D and Rhinoceros as support for the casting process are mod-
eling and simulation tools that facilitate and allow optimization
of the process to obtain foams with controlled morphology. This
methodology provided great freedom in design, doing possible
to generate high porosity fully reproducible in its morphology.
With regard to the casting process, the wax and ABS as
preform materials generated by additive manufacturing proved

to be suitable for the replication casting process carried out to
manufacture aluminum foams with intricate structures.

The results show that the casting process carried out sup-
ported by a computational fluid dynamics (CFD) simulation
allows understanding the effects of the simulated parameters
process optimizing the parameters involved in the infiltration
process establishing the conditions for obtaining a sound piece
of open-cell aluminum foam with truncated octahedron pores
shape. The established manufacturing process conditions can
be used to produce lattice structures with multifunctional uses,
such as impact and blast-proof devices, vibration attenuators,
or where enhancement of heat transfer could be needed.

Even though the process offers the stated advantages, it
must be considered that it also presents some disadvantages in
addition to those mentioned in the discussions. Among these,
it is necessary to validate a greater number of morphologies;
the process is limited to a specific type of material and the
consideration of the interaction between the mold and the alloy
and limitation with the type of alloy.
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