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a  b  s  t  r  a  c  t

A  thermodynamic  analysis  was  carried  out to determine  the  stability  compounds  formed  by  the  interac-
tion  between  the  molten  alloy  (A356  alloy)  with  a foaming  agent  (1,  2, 3  wt. % CaCO3)  and  a  thickening
agent (1  wt.  %  Al2O3)  for  the  production  of  closed-cell  aluminum  alloy  foams.  Stability  phase  diagrams
were  obtained  to 973,  1073  and  1173  K  and  they  showed  the formation  of  the  compounds  MgAl2O4,
CaAl4O7, Al4C3, and  Al4O4C. Typical  closed-cell  foams  of  the  A356 aluminum  alloy  were  produced  to  the
eywords:
etallic foams

luminum alloy

same  conditions  of  the  thermodynamic  analysis.  The  structure  of  the foams  produced  was evaluated  by
SEM-EDS  and  Raman  techniques.  The  stability  compounds  predicted  are  in  good  agreement  with  those
determined  experimentally.  The  compounds  formed  by the  interaction  between  the  particles  and  the

 the  i
iety  o
ompounds
hermodynamic analysis
oaming agent

melt  were  increased  with
© 2018  The  Soc

. Introduction

Methods for producing metal foams are already known and clas-
ified [1,2]. Molten metal can be processed to a porous material by
nteracting gas into the melt [3] or by adding a foaming agent into it
4]. Most of the closed-cell aluminum foams are produced by adding

 foaming agent to the molten aluminum together with stirring.
iH2 is a popular foaming agent because of its decomposition tem-
erature, which is close to the melting temperature of aluminum
lloys. However, a particular concern is the control of pore size,
orosity level, the homogeneity of the foam and high production
osts. In order to meet the above requirements, a new easily avail-
ble agent for metal foaming, calcium carbonate was  proposed as

 cheaper and safer foaming agent than the conventional agent,
itanium hydride [1–6]. Lázaro et al. [7] produced aluminum alloy
oams by using an alternative carbonate constituted by a mixture
f magnesite and dolomite. The carbonate mixture was added from
.7 to 5 wt. % and mixing time varied from 1 to 3 min, while stirring

t 600 rpm. The foaming agent is trapped and decomposes into a gas
nd then dissolves into the liquid, which causes the melt to foam.
alcium carbonate gives a finer cell structure than TiH2 in the melt

∗ Corresponding author.
E-mail addresses: marlagn2701@hotmail.com (M.  González-Nava),

lcruzr@ipn.mx (A. Cruz-Ramírez), msuarez@iim.unam.mx (M.Á. Suarez-Rosales),
hernandezp0606@ipn.mx (M.d.l.Á.H. Pérez).

ttps://doi.org/10.1016/j.jmapro.2018.01.028
526-6125/© 2018 The Society of Manufacturing Engineers. Published by Elsevier Ltd. Al
ncrease  of  the  foaming  agent  and  were located  at  the  cell  walls.
f  Manufacturing  Engineers.  Published  by Elsevier  Ltd.  All rights  reserved.

route. CO2 gas is readily available from the decomposition of car-
bonates, 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 [8]. In general, CO2 is the
best gas to be trapped in the pores, since it is easily obtainable, has a
low thermal conductivity and low toxicity [9]. The foaming process
is rather complicated because the foam formation is governed by
a complex interplay between cells and the solid-liquid interface so
that an unstable liquid film easily leads to bubble collapse and an
imperfect foam structure is obtained. 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 [10]. It was found
that the foam stability can be increased by using Al2O3 instead of
SiC, because of increased cell wall thickness [11]. An alternative way
of foam generation involves adding calcium to an aluminum alloy
and stirring in the presence of air which leads to an in situ creation
of solid particles in the melt that increase the viscosity of the melt
and suppress the drainage of aluminum melt during solidification
[12].

Yang and Nakae [13] added aluminum powder to an aluminum

alloy melt and found an increase in viscosity and foamability.
Recently, it was reported that magnesium, which oxidizes easily,
works as a thickening agent for aluminum alloys containing mag-
nesium in its chemical composition [14]. Liquid metals, especially

l rights reserved.
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luminum form a strong, compact and thick oxide layer on the sur-
ace in an oxidizing atmosphere. Oxidizing gases and those alloying
lements that increase the strength of the oxide film may  increase
he stability of aluminum foam melt. The accumulation of oxide
articles in regions close to the surface of films increases the sur-
ace viscosity promoting slowdown drainage. Reactions between
he stabilizing particles and the melt could be observed in some
ases. A micrograph of an Alporas foam shows by an EDX analysis,
he presence of precipitates which contain various mixed oxides of
luminum, calcium, and titanium such as Al2CaO4 or Al2Ca3O6, or
xide mixes Al2O3 + TiO2 or intermetallic compounds such as Al4Ca,
l2Ca or Al3Ti [15,16]. Byakova et al. [17] studied the role of foaming
gent and processing route in the formation of by products which
ontaminate the cell wall and affect the macroscopic mechani-
al response of closed-cell aluminum foams. For aluminum foams
rocessed with calcium additive, coarse particles of the Al2CaSi2

ntermetallic compound were observed in the cell wall. These par-
icles reduced the compressive strength to values close or below
o those of open-cell foams of the same relative density. It is evi-
ent from the literature review [1–17] that the foaming process via
elt route involves reactions between the foaming and thickening

gents and the melt. The products obtained from these reactions
orms clustered structure which can cause faster sedimentation of
he particles on the foam surface or in the metallic melts, affect-
ng the cell wall structure and the mechanical properties of the

etal foams. It has been reported that Mg  in the liquid aluminum
an react with Al2O3 producing spinel or MgO  layer on its surface
18]. Babcsán [19] carried out a thermodynamic analysis to deter-

ine the minimum magnesium concentration required to form
he compound MgAl2O4 in Al-10Si alloy at 1000 K. There are few
esearch works [18,19] related to the prediction of compound for-
ation in the manufacturing of aluminum alloy foams by melt

oute and its effect on the foam structure. In addition, depend-
ng on the foaming process parameters, the components can react

ith the melt to form different compounds that will affect the foam
roperties. In the present work, a thermodynamic analysis was car-
ied out to determine the compounds formed by the interaction
etween the A356 aluminum alloy and the thickening (Al2O3) and
oaming agent (CaCO3) with the thermodynamic software Factsage
.0 [20]. Stability phase diagrams were obtained at 973, 1073 and
173 K in order to explain the foaming process and the compounds
ormation. The predicted compounds were compared with those
btained by the manufacture of A356 aluminum alloy foams by
EM-EDS and Raman analysis.

. Experimental procedure
.1. Fabrication of A356 aluminum alloy foams

A master A356 alloy was manufactured by conventional melting
n a gas furnace at 1023 K from pure metals. The following chem-

ig. 1. Structure of the A356 aluminum alloy foams manufactured to the foaming additio
gent.
acturing Processes 32 (2018) 77–84

ical composition was  obtained by Atomic Emission Spectrometry
for the A356 aluminum alloy (92.3 wt%  Al, 7.12 wt%  Si, 0.38 wt%  Mg,
0.2 wt % Cu). 500 g of the master alloy was set in a stainless steel cru-
cible. The alloy was  melted and kept at 1023 K in an electric furnace
under atmospheric pressure. The heating system was  an electrical
furnace enabled with control of temperature to within ± 10 K of the
set values. The temperature was  measured with a K-type thermo-
couple. The experiments were carried out using a stir-caster system
with a stainless steel paddle axle. The viscosity of the melt was  mod-
ified by adding 1 wt % of Al2O3 (0.3 �m,  99%) of the mass charge
at a constant stirring speed of 1600 rpm for 2 min. CaCO3 (14 �m,
98.5%) was added as a foaming agent in amounts of 1, 2 and 3 wt
% of the mass charge into the melt at a stirring speed of 1600 rpm
for 100 s. After the foaming agent addition, the melt was  kept in
the furnace at the holding temperature of 1023 K for 2 min  to allow
the foam formation. The cooling procedure was carried out as soon
as the expansion process took place. The crucible containing the
melt was removed from the furnace and the crucible was cooled by
sprayed water.

2.2. Foam characterization

The fabricated A356 aluminum foams were cut on the cross
section in order to obtain samples to evaluate density and cell struc-
ture. The density and relative density of the aluminum foams were
measured by weighing a sample of known volume. The cell struc-
ture was observed by optical microscopy and the image analyzer
Carnoy. The microstructure examination of Al-foams and a qual-
itative chemical analysis of the particles formed during foaming
were determined with the SEM Jeol 6300 and with the energy dis-
persive spectra (EDS) analysis. Images were obtained to different
magnifications with backscattering electrons with 15 kV and 10 A.
Room temperature Raman analysis was performed by employing a
Horiba LabRAM HR Evolution spectrometer equipped with a con-
focal microscope. A He-Ne (632.8 nm) laser was used to excite the
samples; the spot size was  fixed at 20 micrometers. Spectra were
recorded during 20 s with five accumulated scans.

2.3. Thermodynamic analysis

The thermodynamic analysis was  carried out with the Equi-
lib module contained in the software Factsage 7.0 [20]. Equilib
was used to determine the concentration of the different chem-
ical species once they reach the chemical equilibrium state.
The user gives the initial amount of chemical species, the tem-
perature and the pressure of the system (usually 1 atm), then
the program calculates the most stable species with the Gibbs

free energy minimization method. The thermodynamic analysis
was carried out considering the following system: [Al-Mg]alloy-
(aAl2O3)thickening agent-(bCaCO3)foaming agent. Where a and b values
were set in the range from 0 to 1 wt%  and 0 to 3 wt%, respectively.

ns of a) 1 wt% CaCO3, b) 2 wt% CaCO3 and c) 3 wt%  CaCO3 using Al2O3 as a foaming
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Fig. 2. A356 aluminum alloy foams manufactured to the foaming additions of (a) 1 wt  % CaCO3, (b) 2 wt % CaCO3 and (c) 3 wt % CaCO3.
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ig. 3. Stereoscopic and Microscopic analysis of A356 aluminum alloy foams man
aCO3.

he database used for the analysis does not contain silicon and
opper, therefore, these metals were not considered in the alloy
hemical composition. The compounds predicted were obtained at
73, 1073 and 1173 K and 1 atm.

. Results

.1. Cell structure

The foams and their cross-sectional views are shown in Fig. 1.
he foam obtained with 1 wt % CaCO3 (Fig. 1a) shows almost a
omogeneous pore structure in shape and size. Fig. 1b shows the

oam produced with 2 wt % CaCO3, it is observed cracks in the
hole foam and some solid areas. The foam obtained with 3 wt

 CaCO3 shows a lower expansion and low stability decreasing
t is cell amount. The foam stability behavior is attributed to the
nteraction of the particles with the gas-liquid interfaces. It was

bserved a high oxidation on the top part of the melt, affecting
he stability and the expansion of the foam. In order to have sta-
le liquid-aluminum foam, both a suitable amount of poor wetting
articles and a sufficiently thick oxide layer are necessary [19].
red to the foaming additions of (a) 1 wt % CaCO3, (b) 2 wt % CaCO3 and (c) 3 wt %

Typical closed-cell A356 aluminum alloy foams were produced
by adding CaCO3 as a foaming agent. The aluminum foam den-
sity (�*) was determined by a volumetric method considering
the weight and the geometry of the cylindrical samples shown
in Fig. 2. The relative density (�Rel) was  obtained from the ratio
between the aluminum foam density and the metal matrix den-
sity (�A356 = 2.56 g cm−3). The porosity (Pr %) of the A356 aluminum
foams was calculated according to Eq. (1).

Pr(%) = (1-�∗/�A356)100 (1)

The cell structures of the foams were observed by stereoscopy
and optical microscopy, the results of which are shown in Fig. 3. It
is observed that the cells of the foam are essentially hemispherical
and partially closed with a wide size pore distribution. The cell size
was measured with the image analyzer Carnoy. Table 1 summarizes
the results of density, relative density, porosity and the cell size
range for the foams obtained to different CaCO3 amounts.
3.2. Experimental compounds formation

Fig. 4, 5 and 6 show SEM micrographs and EDS analysis of the
compounds formed in the A356 alloy foams with the addition of 1,
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Table  1
Experimental densities, porosity and cell size of the A356 alloy foams.

Sample Density �* (g cm−3) Relative density �*/ �A356 alloy Pr (%) Cell Size range (mm)

1 wt  % CaCO3 0.3859 0.1507 84 0.46–0.69

2  wt  % CaCO3 0.5730 0.2237 

3  wt  % CaCO3 0.7154 0.2793 

Fig. 4. SEM micrographs of the A356 aluminu

Fig. 5. SEM micrographs of the A356 aluminu
77 0.35–0.65
72 0.30–0.45

m alloy foam obtained to 1 wt % CaCO3.

m alloy foam obtained to 2 wt % CaCO3.
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minum alloy foam obtained to 3 wt  % CaCO3.

2
p
t
f
t
s
S
w

%
W
c
h
f

o
t
s
a
o
c
[
n
S
A
2
t
p
o

3

c

Fig. 6. SEM micrographs of the A356 alu

 and 3 wt % CaCO3, respectively. The SEM micrographs show the
resence of small particles and aggregates randomly scattered in
he cell walls. The qualitative chemical analysis obtained by EDS
or the foams manufactured to 1, 2 and 3 wt% CaCO3 show that
hese foreign particles in the aluminum foams produced corre-
pond to compounds such as Al4O4C, Al4C3, CaAl4O7 and, CaCO3.
mall amounts of elements as Mg,  Si, Sr and, Ba were detected,
hich belong to the matrix alloy.

Fig. 4 shows the compounds formed with the addition of 1 wt
 CaCO3; the presence of Al2O3, CaAl4O7 and, Al4O4C is observed.
hen the CaCO3 amount was increased to 2 and 3 wt%, the same

ompounds and, unreacted calcium carbonate were observed. A
igh concentration of particles attached to the cell wall is observed

or the higher additions of the foaming agent.
Fig. 7 presents Raman spectra of the metallic and cell wall zone

f the A356 aluminum alloy foams with different CaCO3 wt% addi-
ion; an image of both zones is inset in Fig. 7. To all samples, the
pectrum of the metallic zone is the same and it does not present
ny signal in the explored range. However, the spectra of the foams,
btained from the cell wall zone, show an intense and well defined
haracteristic peak around 517 cm−1 which is assigned to Al4O4C
21], this compound was identified by EDS. Other low-intensity sig-
als of the same compound are present at 299, 430 and 990 cm−1.
mall and broad signals perceived to 2 wt% CaCO3 foam agree to
l4C3 [22], CaAl4O7 [23] and MgAl2O4 [24]. The peaks observed at
78, 712 and 1085 cm−1 correspond to calcite [25] Raman shift and
hese signals are present with very high intensity in the foam pre-
ared with 3 wt% CaCO3, which indicates a high quantity of CaCO3
n the cell wall and match with EDS analysis.
.3. Thermodynamic analysis

Equilib was used to determine the concentration of the different
hemical species once they reach the chemical equilibrium state.
Fig. 7. Raman spectra of the A356 aluminum alloy foams obtained to 1, 2 and 3 wt.
%  CaCO3.

Fig. 8 shows the stability phase diagram at 973 K. It is observed two
main regions, where the stability compounds MgAl2O4 and Al4C3
are formed due to low amounts of CaCO3 and Al2O3; however, when
the amounts of these components are increased, the compound
CaAl4O7 is formed.

Figs. 9 and 10 show the stability phase diagrams at 1073 and
1173 K, respectively. It was observed the formation of two  addi-
tional regions when the temperature was increased; these are
constituted by the stability compounds MgAl2O4, Al4C3, Al4O4C and

MgAl2O4, Al4C3, Al4O4C, CaAl4O7. These two new regions include
the formation of the compound Al4O4C and are increased when the
temperature was  increased from 1073 to 1173 K. The three stabil-
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Fig. 8. Stability phase diagram of the [Al-Mg]alloy-(xAl2O3)thickening agent-
(xCaCO3)foaming agent at 973 K. (M)  MgAl2O4; (A) Al4C3; (C) CaAl4O7 and (L)
Liquid phase.

Fig. 9. Stability phase diagram of the [Al-Mg]alloy-(xAl2O3)thickening agent-
(xCaCO3)foaming agent at 1073 K. (M)  MgAl2O4; (A) Al4C3; (C) CaAl4O7, (O) Al4O4C and
(L)  Liquid phase.

Fig. 10. Stability phase diagram of the [Al-Mg]alloy-(xAl2O3)thickening agent-
(xCaCO3)foaming agent at 1173 K. (M)  MgAl2O4; (A) Al4C3; (C) CaAl4O7, (O) Al4O4C and
(L)  Liquid phase.
acturing Processes 32 (2018) 77–84

ity phase diagrams obtained show that the compounds formed are
contained in a liquid phase constituted by the molten alloy.

4. Discussion

The closed-cell foams produced showed that the best bubble
stability in the melt was obtained for the addition of 1 wt  % CaCO3
(Fig. 3a) while an increase in the foaming agent addition, decreased
the bubble stability promoting a reduction of the cell wall size, the
bubble collapse and finally the breaking of cell walls (Fig. 3c). It
was observed an excessive oxidation on the top part of the melt for
the foams produced with the higher CaCO3 amounts, affecting its
expansion rate. The characteristics and properties of the foams pro-
duced by adding CaCO3 as a foaming agent showed an increase of
the density and relative density, while the porosity decreased with
the increase of the CaCO3 amount, as can be observed in Table 1.
The relative density increases and the cell wall size decreases when
the CaCO3 amount was  increased. Lázaro et al. [7] reported relative
densities in the range from 0.15 to 0.25 for the carbonate content
from 1 to 3 wt. % which are similar to those obtained in this work. In
addition, they reported [7] that for higher carbonate content (>3 wt.
%), the foams showed excessive oxidation on the top part, affect-
ing the expansion rate and the stability. Both behaviors were also
shown by the foam produced adding 3 wt.  % CaCO3 in this work.

The SEM-EDS analysis reported in Figs. 4 to Figure 6 showed a
non-homogeneous microstructure of the foams formed by an A356
aluminum alloy matrix with a lot of foreign particles such as Al2O3,
CaCO3, CaAl4O7, Al4O4C and, Al4C3. These particles may correspond
to compounds formed by the reaction between the thickening and
the foaming agent, or reactions between these two agents with the
components in the melt. CaCO3 particles correspond to unreacted
CaCO3 or partially reacted particles that could not be retained for
the melt, especially for the addition of 3 wt% CaCO3. Also when the
amount of the foaming agent was  increased to 2 and 3 wt%, the
number of compounds formed was  increased. Figs. 5 and 6 show
an excess of CaCO3 particles that may  increase the oxygen concen-
tration due to its decomposition, which develops compounds like
Al4O4C and CaAl4O7. It is evident that these compounds play an
important role in the foamability behavior.

The Raman analysis of the cell walls shows the presence of
different compounds produced by the reaction between the thick-
ening and the foaming agent. Because of the small quantity of the
formed components, Al4C3, CaAl4O7 and, MgAl2O4 Raman signals
are barely detected; they are perceived only to the foam obtained
with the addition of 2 wt%  CaCO3. However, the Al4O4C compound
is formed under all studied conditions as it can be clearly observed
from Raman spectra while calcite quantity strongly increases with
CaCO3 wt%  addition.

The thermodynamic analysis considered a liquid Al-Mg alloy in
contact with a thickening agent (Al2O3) which is added on the top
of the molten alloy to increase viscosity and then a foaming agent
(CaCO3) is added to carry out the foaming process. During the foam-
ing process, the interaction between the alloy and the foaming and
thickening agents promotes the compound formation. Therefore,
the foaming process could be explained by the following mecha-
nism. The first reaction to take place is the thermal decomposition
of the CaCO3 into the molten alloy.

CaCO3 = CaO + CO2 (2)

The magnesium in the molten alloy is highly reactive and reacts
with the CO2 gas released by reaction (2).
2Mg  + CO2 = 2 MgO  + C (3)

Cochran et al. [26] reported for Al-Mg alloys that after the incu-
bation time crystalline MgO  or MgAl2O4 can nucleate under a
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Fig. 11. Effect of the addition of 1% CaCO3 on the phases formed during solidifi-
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Fig. 12. Effect of the addition of 2% CaCO3 on the phases formed during solidifi-
cation to the [Al-Mg]alloy-(xAl2O3)thickening agent-(1 wt% CaCO3)foaming system. Lines
represent the weight % of each solid phase formed. The balance corresponds to %
liquid in the system.

Fig. 13. Effect of the addition of 3% CaCO3 on the phases formed during solidifi-
ation to the [Al-Mg]alloy-(xAl2O3)thickening agent-(1 wt% CaCO3)foaming system. Lines
epresent the weight % of each solid phase formed. The balance corresponds to %
iquid in the system.

reviously formed amorphous MgO  film and breakaway oxidation
egins, which is ceased only when all the Mg had been oxidized.
herefore, the spinel formation occurs after the MgO  has been
ormed.

The MgO  and C formed by reaction (3) react with the thickening
gent and with the liquid aluminum to form the spinel (MgAl2O4)
nd aluminum carbide (Al4C3), respectively, based on reactions ((4)
nd (5))

l2O3 + MgO  = MgAl2O4 (4)

Al + 3C = Al4C3 (5)

Wightman and Fray reported [27] that different oxides can be
ormed on the aluminum surface depending on the Mg  concen-
ration. They determined the spinel formation experimentally and
hermodynamically at 0.59 wt% and 0.34 wt% Mg,  respectively. On
he other hand, Babcsán [19] determined a minimum amount of
.9 10−3 mol% Mg  (0.19 wt %) to form the spinel, which is in good
greement with the magnesium content considered in this analysis
0.38 wt% Mg).

The formation of aluminum carbide (Al4C3) is detrimental to
omposite properties because of its brittleness. The presence of low
mounts of magnesium (∼1 wt% Mg)  in pure aluminum leads to the
ormation of aluminum carbide [28].

The calcium oxide formed by reaction (2) reacts with the thick-
ning agent to form the CaAl4O7 compound

aO + 2Al2O3 = CaAl4O7 (6)

The compound Al4O4C was formed to high oxidizing conditions;
hese are obtained when the amount of CaCO3 and the temperature
re increased. Therefore, the liquid aluminum reacts with the car-
on formed when reaction (3) proceeds and the oxygen from the
tmosphere or the CO2 released by the CaCO3 thermal decomposi-
ion.

Al + C + 2O2 = Al4O4C (7)

Fig. 11 shows the amounts of compound formation for an addi-
ion of 1 wt % CaCO3 to the three temperatures evaluated. It can be
hown that the MgAl2O4 compound was formed in higher amount
han the Al4C3 and CaAl4O7 compounds to 973 K. When the tem-

erature was increased, the amount of Al4C3, CaAl4O7 and MgAl2O4
ecreased and the Al4O4C compound was formed to 1073 K. The
mount of this new compound was increased when the tempera-
ure was increased from 973 to 1073 K.
cation to the [Al-Mg]alloy-(xAl2O3)thickening agent-(1 wt% CaCO3)foaming system. Lines
represent the weight % of each solid phase formed. The balance corresponds to %
liquid in the system.

Figs. 12 and 13 show the amounts of compound formation for
an addition of 2 and 3 wt % CaCO3 to the three temperatures evalu-
ated, respectively. It is observed that the MgAl2O4 compound was
consumed when the temperature was increased while the amount
of the Al4C3 compound remained constant and the amount of the
CaAl4O7 compound was increased. For these high CaCO3 additions,
there was  no evidence of the Al4O4C compound, as can be observed
in Figs. 9 and 10; the stability region of the Al4O4C compound is
closer to 1 wt%  CaCO3.

Figs. 11 to Figure 13 showed an increase in the amount of
the compounds Al4C3 and CaAl4O7 due to the consumption of
the MgAl2O4 compound when the amount of foaming agent was
increased. The thermodynamic analysis confirms the presence
of the compounds: Al4C3, CaAl4O7 and, Al4O4C detected experi-
mentally. The compound Al4O4C was  experimentally detected to
the three CaCO3 additions, while the thermodynamic software
determined the formation of this compound to the addition of
1 wt % CaCO3 at 1073 and 1173 K. The MgAl2O4 compound was
determined by the thermodynamic software for the three CaCO3
additions; however, the Raman results showed its presence at 2 wt%
CaCO3. The results of the thermodynamic analysis show a good fit

with those obtained experimentally.

The compounds CaAl4O7, Al4O4C and, Al4C3 determined in this
work are known as ceramic or refractory materials that exhibit typ-
ical properties, such as a high melting point, high hardness and
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[26] Cochran C, Belitskus D, Kinosz D. Oxidation of Al-Mg melts in air, oxygen, flue
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rittle behavior which are detrimental to the foam’s mechanical
roperties. In order to decrease the brittle behavior of the closed
oams obtained, the foaming process required low amounts of
aCO3 in order to decrease the amount of the compounds formed
nd decrease the temperature of the foaming process; however,
his last consideration depends on the melting temperature of the
lloy and the thermal decomposition temperature of the foaming
gent. For this work, the thermal decomposition of CaCO3 occurs in
he range from 956 K to 1082 K where CO2 gas is released. In addi-
ion, the melting point of the A356 alloy was determined to be at
88 K. Therefore, the foaming process temperature was attained at
023 K in order to release CO2 gas into the molten alloy.

. Conclusions

Stability phase diagrams were obtained to 973, 1073 and 1173 K
or the production of the closed-cell A356 aluminum alloy by
dding CaCO3 and Al2O3 as a foaming and thickening agents,
espectively. The compounds MgAl2O4, CaAl4O7, Al4C3 and Al4O4C
ere predicted by the thermodynamic software. The thermal
ecomposition of the foaming agent promotes the magnesium oxi-
ation of the alloy and furthermore the CaAl4O7, Al4C3 and, Al4O4C
ompound formation. When the amount of the foaming agent
as increased, the amount of the CaAl4O7, Al4C3 compounds was

ncreased. The increase of the temperature promotes the Al4O4C
ompound formation for an addition of 1 wt % CaCO3. The closed-
ell foams of the A356 aluminum alloy produced showed the
ormation of CaAl4O7, Al4O4C and Al4C3 compounds which are in
ood agreement with the compounds predicted by the thermody-
amic analysis.
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