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Abstract: Closed-cell A356 aluminum alloy foams refined and modified were successfully fabricated
by using barite and calcium carbonate as thickening and foaming agents, respectively. A melt
treatment consisting of adding master alloys of Al-5Ti-1B and Al-10Sr for refining the dendritic
microstructure and modifying the primary eutectic silicon, respectively, were included in the foaming
process. The microstructure and mechanical properties of the foams manufactured were analyzed
and compared with foams produced without the refining and modifying treatments. The secondary
dendritic arm spacing (SDAS) was determined by optical measurements. Lower SDAS values were
obtained in foam regions closer to the mold walls due to the high solidification rate imposed during
the cooling step and a decrease in the SDAS values for the foams produced with the addition of the
Al-5Ti-1B master alloy was evident. Additionally, the addition of the Al-10Sr master alloy caused the
formation of solid solution dendrites and a fine irregular fibrous form of silicon. Foams produced
with the melt treatment exhibit a good combination of structure and mechanical properties. Therefore,
the melt route established is a feasible way to improve foam performance where the lowest SDAS
and the highest mechanical properties were obtained for the closed-cell foams produced.

Keywords: closed-cell foam; aluminum; microstructure; secondary dendritic arm spacing;
refining; modifying

1. Introduction

Recently, the use of lightweight metals such as aluminum and magnesium alloys has
increased, particularly in the automotive and aerospace industries where the development
of lightweight materials is extremely important [1]. Foundry aluminum alloys based on the
Al-Si system are widely used in the automotive field since they are associated with excellent
fluidity and castability, good resistance to corrosion, and mechanical and physical prop-
erties [2]. A356 alloys are found to provide good results since they have excellent casting
characteristics, weldability, pressure tightness, tensile and fatigue properties, and corrosion
resistance [3]. In general, the growing demands for active and passive safety of vehicles,
particularly in the automotive industry, lead to an increase in vehicle weight. But this is con-
trary to further demands for lower fuel consumption. With the rapid advancements in the
defense, aerospace, and automotive sectors, there is an increasing demand for lightweight
materials with high specific strength, better fuel efficiency, and high energy-absorption
capacity to withstand impact forces [4,5]. For these reasons, materials of low specific
weight and high energy-absorbing capacity are of special interest. Closed-cell aluminum
foams fulfill these requirements and are also well known for their lightweight, high specific
strength, high stiffness, and extraordinary energy-absorption capabilities during compres-
sive loading [6]. Methods for producing metal foams are already known and classified [7,8].
Among the numerous manufacturing technologies, the melt-foaming method, also named
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the Alporas route, has been widely adopted for the advantages of its simple fabrication
process and industrialized mass production [9,10]. Molten metal can be processed into a
porous material by interacting with gas in the melt [11] or by adding a foaming agent which
decomposes releasing gas into the liquid metal, which causes the melt to foam [12]. As a
foaming agent, calcium carbonate gives a finer cell structure than TiH2 in the melt route.
CO2 gas is readily available from the decomposition of carbonates, which oxidizes and
stabilizes the aluminum cell surface. Thus, the aluminum foam produced using carbonates
has a finer cell structure than that produced using TiH2 [13]. Liquid metals, especially
aluminum, form a strong, compact, and thick oxide layer on the surface in an oxidizing
atmosphere. Oxidizing gases and those alloying elements that increase the strength of the
oxide film may increase the stability of aluminum foam melt. The accumulation of oxide
particles in regions close to the surface of films increases the surface viscosity promoting a
slowdown of drainage. To obtain homogeneous pore distribution, it is necessary to avoid
drainage of aluminum melt, coarsening, and rupture of cell walls during solidification,
which leads to the generation of coarsened cells. Thickening agents, such as silicon carbide,
aluminum oxide, or other ceramic particles, can be used to carry out the aluminum foaming
process [14]. Barite and wollastonite obtained from the primary minerals were successfully
used as thickening agents to produce closed-cell A356 aluminum alloy foams [15]. The
foaming process via the melt route involves reactions between the foaming and thickening
agents and the melt, and the products obtained from these reactions affect the cell wall
structure and the mechanical properties of the metal foams [16,17]. A thermodynamic
analysis was carried out to determine the stability compounds formed by the interaction
between the A356 alloy with CaCO3 and Al2O3 as foaming and thickening agents, respec-
tively, during the production of closed-cell aluminum alloy foams by melt route [18]. Mass
foam production is still too expensive and there seems to still be some potential for an
improvement of properties by optimizing the foaming processes and materials selection.
The foam properties depend on two parameters: first, the intrinsic properties of the cell wall
material and second, the special distribution of the cell wall material. If the second kind of
parameter is somehow unalterable, then the modification and refinement of the cell wall
alloy is a feasible way to improve foam performance. In this sense, grain refinement and
modification of cast Al-Si alloys improve the mechanical properties by refining the micro-
constituents, namely α-Al and eutectic silicon particles [19]. As for the hypoeutectic Al-Si
alloys, many grain refiners have been developed for grain refinement. A favorable grain
refinement performance has been achieved using Al-Ti-B and Al-Ti-C master alloys [20].
The modification of Al-Si alloys promotes the transformation of needle-shaped silicon into
fine fibrous form silicon embedded in Al-matrix. The modification is generally carried
out by adding modifiers such as sodium, calcium, and strontium [21]. Hypoeutectic Al-Si
cast alloys usually solidify in dendritic structures. The resulting structures of the grown
dendrites are mainly influenced by the cooling rate of the solidification process [22,23].
To quantify those dendritic structures, secondary dendrite arm spacing (SDAS) is com-
monly used. This parameter is significant because it has been shown that many mechanical
properties are related to it, with the best properties always associated with the smallest
SDAS [24–26]. Despite the significant number of current investigations on modifying and
refining aluminum alloys, the benefits of increasing the mechanical properties of the alloys
by these melt treatments have not been extended to the manufacturing of metallic foams
by melt route. Hence, an increase in foam performance is expected from an adequate
combination of a cellular structure with high-strength cell walls. Therefore, this work
aims to establish a melt route process to obtain closed-cell foams of the A356 aluminum
alloy refined and modified using Al-5Ti-1B and Al-10Sr master alloys, respectively. The
foaming process was carried out by adding barite (BaSO4) and calcium carbonate (CaCO3)
as thickening and foaming agents to 700 ◦C. The morphology, structure, and the secondary
dendrite arm spacing of the foams produced were determined by microscopy techniques
while the mechanical properties were evaluated with compression tests.
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2. Materials and Methods
2.1. Raw Materials and Tooling

Barite and calcite were used as thickening and foaming agents to obtain closed-cell
A356 foams. Barite is the mineralogical name for barium sulfate, obtained from primary
Mexican ore production, which was successfully used in the production of closed-cell
aluminum foams [15]. In addition, barite is used as an aggregate in “heavy” cement, as
a filler or extender, or as a weighting agent in petroleum well-drilling mud specification.
A detailed characterization of the barite used in the production of aluminum alloy foams
was previously reported [15]. The grain refinement and modification of the aluminum
alloy A356 was carried out by adding the commercial Al-5Ti-1B and Al-10Sr master alloys
supplied by KBM—Affilips. The calcite and barite were obtained by the suppliers Fermont
and Representaciones técnicas S.A. de C.V., respectively. The master alloys were drilled
to obtain burr. Table 1 shows the composition, mean size, and purity of the raw materials
used for the production of refined and modified A356 foams.

Table 1. Raw materials.

Agents Purity (%) Particle Size (µm)

Barite (BaSO4) 96 45
Calcite (CaCO3) 98.5 14

Al-5Ti-1B 5Ti, 1B 400
Al-10Sr 10 Sr 400

For the manufacture of the metallic foams, a bipartite stainless steel mold was designed
to allow the foaming and refining-modification processes of the alloy to be carried out in the
liquid state; in addition, the mold allowed adequate solidification and subsequent extraction
of the foam. Figure 1 shows various stages of the design of the bipartite metal mold.
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Figure 1. Bipartite stainless steel metallic mold.

2.2. Fabrication of A356 Aluminum Alloy Foams

Ingots of the aluminum alloy A356 were acquired from a local supplier with the
chemical composition shown in Table 2.

Table 2. Chemical composition of the A356 aluminum alloy.

Alloy wt %

A356 Si Fe Cu Mn Mg Al
7.32 0.37 0.08 0.16 0.38 91.69

Figure 2 shows the experimental system used to produce A356 metallic foams. An
electrical furnace containing the bipartite mold is shown. The heating system was an
electrical furnace enabled with control of temperature to within ±3 ◦C of the set values.
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The scheme also shows a stir casting system and the temperature was measured with a
K-type thermocouple.
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Figure 2. Experimental system for metallic foam production.

Four A356 metallic foams were produced using barite and calcium carbonate as thick-
ening and foaming agents, respectively. Before the foaming procedure, a melt treatment
was carried out to refine and modify the melt by adding Al-5Ti-1B and Al-10Sr master
alloys, respectively. Foams 1 and 2 were produced without the refining and modifying
melt treatment while foams 3 and 4 were made with the melt treatment of refining and
modifying before the foaming procedure. The experimental procedure is as follows:

(1) Modifying and refining the melt (melt treatment). 350 g of the master alloy was
set in a bipartite stainless steel mold (80 mm in diameter and 122 mm in height). The alloy
A356 was melted at 680 ◦C and a 0.05% of the mass charge of the Al-10Sr master alloy was
added for the modification of the alloy. Then, the refining was carried out by adding 0.05%
of the mass charge of the Al-5Ti-1B master alloy. Both treatments were carried out at 680 ◦C
and a constant stirring speed of 600 rpm for 5 min, after which the molten was allowed to
settle for 7 min for each treatment to obtain an adequate distribution and reaction of the
master alloys used.

(2) Foaming procedure. After the modifying and refining treatments, the temperature
of the metal bath was increased to 715 ◦C. The foaming trials were carried out using a
stir-caster system with a stainless steel paddle axle. The viscosity of the melt was modified
by adding 1 wt% of the mass charge of BaSO4 at a constant stirring speed of 600 rpm
for 1 min, then stirring was increased to 1200 rpm and maintained for 2 min, and then
the stirring speed was increased to 1500 rpm and maintained for 3 min. This procedure
increased the viscosity of the alloy. Afterward, 1 wt% of CaCO3 of the mass charge was
added as a foaming agent into the melt at a stirring speed of 1500 rpm for 45 s. After the
addition of the foaming agent, the melt was kept in the furnace at the holding temperature
of 700 ◦C for 2 min to allow the releasing of CO2 and, hence, the foam formation. The
cooling procedure was carried out as soon as the expansion process took place. The mold
containing the melt was removed from the furnace and cooled by forced convection by an
air flow generated by a turbo blower.

2.3. Foam Characterization

Four A356 closed-cell foams were manufactured by the experimental procedure
reported by adding BaSO4 and CaCO3 as thickening and foaming agents, respectively.
Foams 3 and 4 were produced with the refining and modifying treatments while foams 1
and 2 were produced without any melt treatment. The fabricated A356 aluminum foams
were cut on the cross-section to obtain samples to evaluate density, cell structure, and
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compression resistance. At least 5 cubic samples of 30 mm each side were obtained from
each metallic foam produced for compression tests and porosity determination. Figure 3
shows the foam regions where the cubic samples were extracted.
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Figure 3. Cross-section view of the structure of the A356 aluminum alloy foam showing sample
locations for microstructural characterization and compressive trials.

Densities of the foams were deduced from the weights and volumes of the cubic sam-
ples and the relative density was defined by the ratio ρ/ρs, where ρ and ρs correspond to the
foam and solid densities, respectively. The porosity (%) was obtained using Equation (1).

Pr(%) = 1 −
(

ρ f oam

ρA356alloy

)
× 100 (1)

where Pr is the porosity, ρfoam is the foam density, and ρA356 alloy = 2.56 g cm−3. The cell
structure was observed and analyzed by optical microscopy and the image analyzer Carnoy.

The microstructural characterization was carried out by obtaining optical micrographs
with an inverted metallurgical microscope Olympus PMG-3 of at least 6 different foam
regions closer to the extraction zone of the cubic samples as can be observed in the red
rectangles of Figure 3. The cell size was measured by the linear intercept method and the
basic shape parameters of Carnoy software. Images in the range of 60 to 130 cells were
obtained and analyzed for each foam while at least 30 measurements of the length of the
dendrites over 6 different regions of each metallic foam chosen randomly were analyzed.
Before taking measurements, the software was calibrated to obtain images from pixels
to microns.

Because cast aluminum alloys feature dendritic primary structures, the secondary den-
dritic arm spacing was determined to provide evidence of the effect of the melt treatments.
The secondary dendritic arm spacing (SDAS) was calculated using Equation (2) and the
measurements of the dendrite’s features.

SDAS =
L

N − 1
(2)

where N represents the number of secondary arms counted only along 1 side of the primary
arm, and L is measured as the length parallel to the primary arm that only extends from
center to center of the counted secondary arms according to method D [27], which consid-
ers that the dendrite asymmetry does not influence the measurement procedure [28–30].
Figure 4a shows a dendrite scheme for the SDAS parameters considered in Equation (2)
while Figure 4b shows a length dendrite measurement with the software Carnoy and the
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number of secondary arms in the dendrite. The red bar represents the length of the dendrite.
The average values of the measurements were reported.
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Cubic compression samples of 30 mm each side were obtained from each metallic
foam as is observed in Figure 3. Uniaxial compression tests at room temperature were
performed using a universal testing machine (Shimadzu 100 kN/10 ft capacity). All tests
were applied under displacement control with a constant cross-head speed of 0.5 mm
min−1 (with a strain rate of 2 × 10−2 s−1). The stress–strain data were deduced from the
recorded load-displacement data, which were recorded using a data acquisition unit and a
computer. The stress–strain data were reported in terms of engineering stress and strain.
The mechanical parameters of metal foams were determined using the standard method
for the compression of porous metals (ISO 13314:2011).

3. Results

Figure 5 shows optical micrographs of the A356 aluminum alloy to different magni-
fications. The microstructure consists of an aluminum-rich dendritic matrix (α-Al phase)
and a eutectic microstructure formed by coarse silicon particles distributed in a plate-like
morphology.
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3.1. Structure Properties of the A356 Aluminum Alloys Foams

Figure 6a–d shows representative A356 aluminum alloy foams produced with the
additions of barite (BaSO4) and calcite (CaCO3) as thickening and foaming agents, respec-
tively. The foams of Figure 6c,d were obtained together with the modified and refined
treatments of the melt while foams 6a,b were obtained without the melt treatment. A
good response in the formation of the A356 alloy foams under the proposed experimental
conditions is shown. The expansion of the foams was almost the same, reaching a height of
around 16 cm except for foam 1, which had a lower expansion due to a drainage problem
during the cooling stage. Two foams show a big bubble located at the bottom of the foam
due to vortices formed by the agitation of the liquid metal. In general, the foams produced
showed a higher homogeneity in their metallic structure.
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Figure 6. Expansion and cross-section view of the structure of the A356 aluminum alloy foams
manufactured of (a) Foam 1, (b) Foam 2, (c) Foam 3, and (d) Foam 4.

Table 3 summarizes the average results of density, relative density, and porosity for
the foams obtained with and without the melt treatment.
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Table 3. Experimental densities and porosity of the A356 alloy foams.

Experimental
Condition Foam Sample Density

ρ* (g cm−3)
Relative Density
ρ*/ρA356 alloy

Pr
(%)

Without melt treatment
1 0.389 0.146 85.4
2 0.309 0.116 88.1

With melt treatment
3 0.315 0.112 88.4
4 0.254 0.096 90.4

The percentage of porosity Pr (%) of the foams was calculated using Equation (1). It
is observed that the porosity is slightly higher for the foams refined and modified. The
relative density of the foams was similar; however, foam 1 obtained a higher relative density
due to its lowest expansion. The porosity and relative density differences between both
experimental conditions are minimal. The highest Pr (%) was obtained for foam 4 that was
produced with the refining and modifying treatments.

The cell size distribution of the foams produced is shown in Figure 7. The results are
the average of at least 6 measurements in different regions of the foams, as can be observed
in the foam of Figure 3. It is observed that the scattered column sets illustrate a scattered
cell size distribution, indicating the foam pores are heterogeneous. According to Figure 7,
the pores in foams 3 and 4 with the narrowest column sets are more uniformly distributed
for smaller cell sizes than those in other foams.
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In addition to their lowest relative density, foams 3 and 4 also presented the smallest
pore sizes. Thus these foams have the most uniform pores.

Figure 8a–d show representative cell structures of the A356 aluminum alloy foams
manufactured with and without the melt treatment in regions located closer to the center
of the foams. It is observed that the foam cells are essentially spherical and partially closed.
The foams produced without the melt treatments showed the largest pore size in the range
of 0.3 to 2.4 mm. On the other hand, the foams manufactured by adding refining and
modifying agents showed the smallest pore sizes in the range of 0.2 to 1.6 mm.
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Figure 9 shows the foam microstructures obtained using optical microscopy to different
magnifications for foams 1 and 3, refined and modified and without the melt treatment,
respectively.
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Figure 9. Optical microphotographs of A356 aluminum alloy foams manufactured of foam 1 (without
melt treatment) and foam 3 (refined and modified). The micrographs were taken to (a,e) 50×,
(b,f) 100×, (c,g) 200×, and (d,h) 500×. The circles show the silicon modification.

The A356 alloy foams produced without the melt treatment show that the silicon
crystals in the eutectic mixture grow in a faceted manner. The metallographic sections
analyzed show that the silicon crystals develop ahead of the aluminum phase, showing a
morphology-like fan-shaped structure characterized by an Al-rich dendritic matrix (α-Al
phase) and a eutectic mixture (Al-Si). This type of eutectic structure gives rather poor
mechanical properties to the material, obtaining a brittle behavior. The modification could
alter the growth of the eutectic silicon to produce an irregular fibrous form rather than the
usual acicular structure [31]. The addition of 0.05% of the Al-10%Sr master alloy during the
foaming process leads to obtaining globular and semifibrous crystals of the eutectic silicon.
It is observed from Figure 9c,d that coarse and elongated silicon particles were partially
globulized by the modifier added, as shown in Figure 9g,h. Additionally, the addition of
0.05% of the grain refiner Al-5Ti-1B master alloy promotes the concentration of effective
grain nucleation sites by effective heterogeneous nucleation. Thus, both the grain size and
SDAS tend to decrease. To quantitatively characterize the grain refinement effect, the SDAS
of the A356 foams produced was determined.

3.2. SDAS Determination

Figure 10 shows the SDAS measurement for the cell walls of the A356 aluminum
alloy foams 2 and 4 produced without and with the melt treatment, respectively, in regions
located closer to the mold wall and the center of the foams. Different measurements of
the dendrite length were carried out, some of which are observed by the red bar on the
micrographs in Figure 10.

It is evident from Figure 10e that foam 4 shows a dendrite size smaller than foam
2 (Figure 10a). The addition of the grain refiner Al-5Ti-1B master alloy to foam 4 led to
a decrease in both the dendrite length and SDAS. In general, the foams produced with
and without the melt treatment showed a significant refinement in the dendritic structure
located closer to the mold wall relative to regions closer to the center of the foams. This
behavior is due to a faster rate of foam cooling where the dendritic nucleation rate increases,
which aids in the formation of a great number of smaller dendrites [32]. On the other hand,
the effect of the addition of the grain refiner is observed by a decrease in the grain size and
SDAS in foams 3 and 4. The α-Al grain size is known to strongly depend on the potent
nucleation sites and undercooling. The previous reports revealed that strontium can hardly
induce grain refinement [33,34]. Figure 11 shows the average SDAS determination by using
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Equation (2), the dendrite length measurements, and the number of secondary arms for the
A356 aluminum foams produced.
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It is shown that the lowest average SDAS values were obtained for the foams produced
with the addition of the grain refiner. The size of the dendritic microstructures of the foams
produced indicated by the SDAS determination is mainly influenced by (1) the grain refiner
added to the melt and (2) the cooling rate of the solidification process.

In the first case, the addition of the Al-5Ti-1B master alloy to the melt increases the
number of nuclei present in the liquid metal for grain growth as it begins to solidify.
Titanium, particularly associated with boron, has a powerful nucleation effect. The grain
refinement in addition to a faster cooling rate promotes a smaller grain size and SDAS.
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In the second case, the solidification time of the foams produced and cooled by a
fast-blowing air flow was estimated at 300 s (1.93 K/s). It was reported [35,36] that the
solidification rate in the middle region of foams during solidification by using slow-blowing
air and fast-blowing air was 0.7 ± 0.2 and 1.7 ± 0.5 K/s, respectively. The solidification
time estimated in the foams produced matches the solidification rate reported in [35,36].
Much higher cooling rates are expected in regions closer to the mold wall. It is generally
recognized that the effective thermal conductivity of foam materials is closely related to the
relative density and the cell wall thermal conductivity [37–39]. In addition, the increase of
the cell size inhomogeneity and cell shape irregularity could improve the thermal insulation
performance of closed-cell foam materials [40], which allow obtaining a slower cooling
rate in the central region of the foams, thus increasing the SDAS. It is widely accepted
that many mechanical properties are related to the SDAS, whereas the best properties are
always associated with the smallest SDAS [25,26,41].

3.3. Compressive Behavior

Figure 12 shows the stress-strain compression curves for A356 aluminum alloy foams
manufactured with and without the melt treatment. Typical stress-strain curves of closed-
cell metallic foams were obtained, which involve three distinct regimes under compressive
loading. The curves display an initial linear elastic region, where stress increased at a
very low rate; followed by a plastic plateau stage, where the stress increased slowly as
the strain proceeded due to the plastic deformation of the cell struts; then, a densification
stage registered at 50% strain, where stress increased significantly with a slight increase
of the strain due to the densification of the collapsed cells. In all cases, the foam compres-
sion curves obtained are smooth, without the presence of oscillations or serrations in the
plateau regions.
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The experimental mechanical properties obtained from the compressive stress-strain
curves are summarized in Table 4.

Table 4. Experimental mechanical properties and energy-absorption capacity of the A356 aluminum
alloy foams.

Experimental
Condition Foam Sample σ0 (N/mm2)

Plateau Stress σpl
(N/mm2)

Energy Absorption
W (MJ m−3)

Without melt
treatment

1 0.58 1.49 0.69
2 0.63 1.04 0.49

With melt
treatment

3 1.04 1.53 0.74
4 0.62 1.30 0.59

The results show that all mechanical parameters, yield stress (σ◦), plateau stress (σpl),
and the energy-absorption capacity increase when the relative density increases and the
pore size decreases. Foam 1 exhibits the highest energy-absorption capacity because it
presents the highest relative density with the lowest porosity; thus, the cell-strut thickness,
as well as the strength of the foam, increase. However, the remaining foams show a similar
relative density and then the SDAS is the main parameter involved in the strength of the
foams. Therefore, the highest mechanical properties were obtained for the closed-cell A356
aluminum foams with the lowest SDAS. It was reported that foams containing smaller pores
produced with high cooling rates have high yield strength and high energy-absorption
capacity [42]. In addition, it is also well known that the production of metal foams by
adding a foaming agent requires stabilizing particles; in this sense, the TiB2 and TiC refiners
are suitable foam stabilizing additives for aluminum alloys, increasing both the foam
porosity and the mechanical properties [43]. Significant improvements in the mechanical
properties have been obtained by a combination of grain refinement and modification to
an extent that was not possible by either of them alone [44,45]. The benefits of carrying
out both treatments are a significant improvement in the mechanical properties of the
alloy [45,46], which were also reflected in the foam’s properties. High-strength cell walls
make up the high-strength foam. The refining treatment allows for obtaining a small
and finer dendritic structure, while the modifier added caused the formation of a fine
irregular fibrous form of silicon. Thus the compressive behavior increased. Increasing
the solidification rate also influences the response of the cellular structure, decreasing the
SDAS; therefore, the global performance of the foam (matrix and structure) is improved.

4. Conclusions

1. A melt route process was established to obtain closed-cell A356 aluminum alloy
foams refined and modified using 0.05% of Al-5Ti-1B and Al-10Sr of the mass charge,
respectively, to 700 ◦C.

2. A uniform-size cell distribution with the lowest relative density and the highest
porosity was obtained for the refined and modified A356 aluminum alloy foams.

3. The high solidification rate imposed during the cooling step allows obtaining lower
SDAS values in foam regions closer to the mold walls; furthermore, the lowest SDAS
values were obtained in the refined foams where the Al-5Ti-1B master alloy effectively
refined the grain size of the A356 aluminum alloy foam while the addition of the Al-
10Sr master alloy caused the formation of solid solution dendrites and a fine irregular
fibrous form of silicon rather than the usual acicular structure.

4. The modification and refinement of the cell wall is a feasible way to improve foam
performance, as was pointed out by the compression tests where the highest energy-
absorption capacity was obtained for the foams with the lowest SDAS.
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