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a b s t r a c t

This work presents the characterization of Al-6Si-3Cu-xMg (x ¼ 7, 9 and 11 wt%) foams obtained through
the in-situ process. Heat treatments which consisted on over-heating the alloys during 6 h at 520, 560
and 600 �C were performed. The microstructural changes, the quantification and measurement of sizes
and shapes of second phases and pores were carried out by means of Optical Microscopy (OM), X-Ray
Diffraction (XRD) and Scanning Electron Microscopy (SEM). Compression tests and density measure-
ments were also assessed. The results showed porosities ranging from 2 to 40%, with pore sizes from 20
to 150 mm, shape factors from 0.59 to 0.72, and maxima relative densities between 0.89 and 0.91. The
formation of these pores was attributed to the dissolution and melting processes of the second phases
and the shrinkage originated after their solidification. Fragmentation, spheroidization and coarsening of
second phases during the solution heat treatment was also observed. It was found that the micro-
structures of the foams, including pores and second phases, strongly depended on the over-solution
temperature and the Mg content. Temperature was the manufacturing variable that most affected the
size and quantity of the pores produced.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Day to day new advanced materials are studied for different
applications. One of these materials are the metallic foams, whose
importance has increased due to their exceptional mechanical,
thermal, acoustic, electrical and chemical properties derived from
their structures [1e3]. The most important methods for
manufacturing metallic foams include infiltration of liquid metal,
powder metallurgy and liquid processes bubbling gas through
molten metal or adding foaming agents [3,4]. These manufacturing
processes are classified according to the state ofmatter inwhich the
metal is processed. A previous work [5] showed the initial results
about a new solid state method for producing foams without
foaming agents or space holders for quaternary Al-Si-Cu-Mg alloys,
using heat treatments at temperatures higher than the melting
point of second phases. With the mentioned solid state method Al-
Cu-Fe foams with porosities above 60%were also produced [6]. This
method has been only used for these two Al alloys, where the
formation of the pores is attributed to the shrinkage generated by
localized peritectic reactions after melting of specific second pha-
ses. In the case of the Al-Si-Cu-Mg alloys, the reported second
phases were the eutectic Al-Si, Q (Al5Mg8Cu2Si6), Al2Cu and Mg2Si,
in addition to other complex intermetallic compounds [7].
Although for these alloys the Mg content generally remains low
(approximately 0.5 wt%), previous works have studiedmuch higher
Mg contents, between 0.5 and 7.0 wt% [8], and recently up to 11%
[5]. The effect of this element is very important, as it leads to sig-
nificant modifications on themicrostructure, mainly formingMg2Si
andmodifying Cu-rich phases from Al2Cu to Q (Al5Mg8Cu2Si6) [5,8].
Before our previous works about manufacturing metallic foams
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using over-heat treatments [5,6], all the reported works tried to
avoid pores formation due to the localized melting of second
phases, being the optimal (and maximum) reported solution tem-
perature close to 500 �C [9e11]. The heat treatment conditions tend
to control the resulting microstructure, such as the aspect ratio of
the particles, their sizes, and the spacing between them, essential
parameters for obtaining high ductility [12]. These changes are
originated by fragmentation, spheroidization and coarsening of the
phases. To date, these modifications were only analyzed for second
phases. Nevertheless, since the applications of these alloys have
been widespread, it is also very important to analyze the modifi-
cations related to the induced porosity. Therefore, the objective of
the present work is to obtain a detailed characterization of metallic
foams manufactured in-situ through over-solution heat treatments
performed on Al-6Si-3Cu-xMg alloys with Mg contents of 7, 9 and
11 wt%. The effect of the solution temperature and the Mg content
on the microstructure, including induced porosity and second
phases will be also analyzed.
2. Experimental details

Three experimental Al-Si-Cu-xMg alloys were obtained using Al,
Si, Cu and Mg of high purity (>99.95%). Table 1 shows the resulting
chemical compositions, modifying the Mg content beyond the re-
ported in literature [7,8]. This with the aim of producing significant
microstructural modifications, i.e. higher amount of secondary
phases. The melting and casting of the alloys were carried out using
graphite crucibles in a Leybold-Heraeus induction furnace with a
controlled Ar atmosphere. The molten alloys were poured into
cylindrical molds to obtained bars of 15 cm in height and 2 cm in
diameter.

The as-cast alloys were sectioned in cylindrical samples (1.0 cm
in height), polished using standard metallographic techniques and
characterized by OM and SEM, using respectively a Nikon EPIPHOT
300 optical microscope, and a JEOL JSM 7600F scanning electron
microscope operated at 20 kV, with a BRUKER XFlash6130 energy
dispersive X-ray spectrometer (EDX) attached. The alloys were also
analyzed by X-ray diffraction (XRD), using a Siemens 400 X-ray
diffractometer, with CuKa radiation at 30 kV and 25 mA; and by
differential thermal analysis (DTA) in order to determine the phase
transition temperatures of the different phases, which are related
to the formation of the porosity due to the localizedmelting or solid
state reactions [6]. This study was performed between 200 and
800 �Cwith a heating rate of 10 �C/min, using a TA Instruments SDT
Q-600 calorimeter.

The alloys were then solution heat treated during 6 h at 520 �C,
560 �C and 600 �C (temperatures determined according DTA re-
sults) in a forced-air furnace. Next, the samples were air cooled,
polished, and examined using OM and SEM to observe micro-
structural changes in the secondary phases and in the induced
porosity. The microstructures captured in the images were
analyzed through the pixel's intensity using ImageJ software [13].
As first step, the obtained gray level images were transformed to
binary images. Second phases are clearly distinguished from the
matrix, and can be simply discriminated by their different gray-
contrast. An effective segmentation method used to analyze the
Table 1
Chemical composition (in wt%) of the experimental alloys.

Alloy Si Cu Mg Fe Mn Zn Al

A07 6.05 3.12 7.02 0.02 0.01 0.01 Balance
A09 6.10 2.93 9.08 0.01 0.01 0.01 Balance
A11 5.94 3.09 10.89 0.01 0.01 0.01 Balance
second phases in these images is the global thresholding method,
described by Liu et al. [14]. There, the gray-level image is converted
into a binary image by selecting an appropriate gray-level threshold
in order to separate second phases from the background (a�Al).
The method used is based on a gray scale value comparison, using a
reference sample (only a-Al) and adjusting the threshold level to a
certain gray scale value.

Heat treated samples were also studied using XRD in order to
analyze the phase transformations. For the study of the compres-
sive behavior of the obtainedmaterials, compression tests of the as-
cast alloys and the foams were conducted on an Instron
1125e5500R materials testing machine with a crosshead speed of
0.1 mm/min, according to the ASTM E9-09, “Standard Test Methods
of Compression Testing of Metallic Materials at Room Tempera-
ture”, using cylindrical samples of 12 mm diameter and 10 mm in
length. The densities of the materials were determined at room
temperature by the flotation method using ethanol in a Sartorius
Quintix 124-1s analytical balance. Density measurements were
repeated three times at the given conditions.

Besides the characterization of the porosity, the evolution of the
morphology of secondary phases is a very important characteristic
to be determined, due to the above-mentioned decomposition,
fragmentation, spheroidization and coarsening of such phases.
Thus, the sizes of second phases and pores were determined
through the equivalent diameter (De), defined as the diameter of a
circle with equivalent area, and given by Equation (1), where Ap is
the particle area and n the number of features measured [12]:

De ¼ 1
n

Xn
i¼1

�
4Api

p

�1=2

(1)

Shape factors (F) were also determined [12] in order to analyze
not only the transformation of the second phases after heat treat-
ment but also the shape of the pores. F is a dimensionless param-
eter defined in Equation (2), where Pp is the perimeter. A perfect
circle will have a shape factor of 1, while the shape factor of a line
will approach to zero.

F ¼ 1
n

Xn
i¼1

 
4pApi

P2pi

!
(2)

3. Results and discussion

3.1. Analysis of the as-cast alloys

Fig. 1 aec shows OMmicrographs of the as-cast microstructures
for the experimentally obtained alloys. This technique was enough
to identify the phases with different gray levels, recognized in the
microstructures. It is important to note the significant micro-
structural modifications originated as Mg content increases. For the
alloy A07 (Fig. 1a) it can be observed the presence of four well
known second phases i.e. the eutectic Al-Si, Chinese script eutectic
Mg2Si, Al2Cu and Al5Mg8Cu2Si6 (Q phase). It is observed that the
Al2Cu phase is slightly lighter when compared to Q, while Mg2Si is
easy to differentiate due to its dark contrast. For the alloy A09, the
microstructure showed a significant presence of primary Mg2Si
particles besides the eutectic Al-Mg2Si (Fig. 1b). The size of the Cu-
rich phases (Al2Cu þ Q) increased, while the quantity of Al-Si
eutectic decreased. For the alloy A11 (Fig. 1c) it is observed that
the size of Cu-rich phases is higher than that for the alloys with
lower Mg content. It was also observed a higher content of eutectic
Al-Si, while eutectic Mg2Si mainly appears again as Chinese script
(although few primary particles were observed). The presence of



Fig. 1. Optical micrographs of the as-cast alloys for Mg contents of: (a) 7%, (b) 9%, and
(c) 11%. Arrows indicate second phases.
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these phases agrees well with works found in literature for
different Al alloys [15e19]. EDX analysis did help to identify these
phases, however, the XRD analysis corroborated this assumption, as
will be presented.
The above mentioned microstructural modifications are sum-
marized in Table 2. There, it was observed that the total volume of
second phases increased slightly as a function of the Mg content.
Then, a first condition for using over-solution heat treatment as
foams manufacturing method (to obtain a maximum amount of
second phases) is achieved. Nevertheless, the analysis of second
phases also revealed that the increase in the Mg content does not
led to a constant increment in the amount of each phase. This result
could be attributed to the formation of the primary Mg2Si particles,
as this phase is the first that solidifies. Due to its role on the porosity
formation, a further analysis of this phase will be carried out and
reported elsewhere.

Fig. 2 shows the XRD patterns obtained from the as-cast alloys.
The most intense peaks, besides the a-Al matrix, correspond to the
phases already observed in Fig. 1aec: i.e. Si (eutectic Al-Si), Mg2Si,
Al2Cu and Al5Mg8Cu2Si6 (Q phase), corroborating the results ob-
tained from the micrographs and EDX analyses. The intensity of the
peaks of Si and Q was smaller for the A09 alloy when compared to
those of the A07 alloy, however, for the alloy A11 the intensity for
both phases did increase considerably. Contrary to this result, Mg2Si
and Al2Cu peaks intensity increased for the alloy with 9% Mg, and
decreased for the alloy A11. The formation of Mg2Si (mainly pri-
mary particles, which is the “second phase” that first precipitates
during the solidification process, at temperatures between 657 and
599 �C [17]) leads to a decrease of Mg and Si concentration in the
remaining liquid phase for the alloy A09, favoring the precipitation
of Al2Cu and reducing the final quantity of Q and eutectic Al-Si.
These results agreed well with those observed in the microstruc-
tures shown in Fig. 1aec and Table 2.

Fig. 3aec shows the DTA curves of the as-cast alloys heating
from 200 to 800 �C. Three endothermic peaks can be observed,
these represents the dissolution or melting events of the phases.
This analysis was mainly carried out for determining the temper-
atures for the over-solution heat treatments and will be further
used as starting point for in-situ studies of the secondary phases
transformation. The first endothermic peaks are barely observable,
and changed according to the chemical composition of the alloys:
508, 509 and 506 �C for the alloys A07, A09 and A11, respectively.
These peaks are similar to those reported by Lasa and Rodriguez-
Ibabe, showing a melting event at temperatures between 507 and
511 �C for an Ale12Sie4.4Cue1.3 Mg alloy [20]. This was also
observed in the thermal analysis reports of other similar alloys
[11,15,17]. These works attributed this endothermic effect to the
reaction of a-Al þ Al-Si þ Al2Cu þ Al5Mg8Cu2Si6 solid phases to
form a liquid phase. The small quantity of Al-Si eutectic for the
experimentally produced alloys could cause these barely observ-
able peaks, taking into account that the magnitude of these incip-
ient melting effects increases when increasing the amount of
intermetallic phases. The second endothermic peaks, at approxi-
mately 540 �C (541, 538 and 542 �C for the alloys A07, A09 and A11,
respectively), could correspond to the reaction: a-Al þ Al-
Mg2Si þ Al2Cu þ Al5Mg8Cu2Si6 ¼ liquid. According to the work of
Farahany et al. [17], in the Ale13 Mge7Sie2Cu alloy an extensive
melting of Al2Cu þ Al5Mg8Cu2Si6 occurs at a temperature below
546 �C. The last endothermic peaks of the DTA curve, approxi-
mately at 585 �C (585, 588 and 581 �C for the alloys A07, A09 and
A11, respectively), could be associated to the melting of the eutectic
Al-Mg2Si. This also agrees with the results of reference [17], where
it was reported that this transformation occurs at a temperature
between 577 and 599 �C through the reaction a-Al þ Al-
Mg2Si ¼ liquid. It will be possible to analyze these asseverations by
means of the SEM images and XRD analysis. It is important to
mention that the temperatures for the over-solution heat treat-
ments must be slightly higher than those of the endothermic peaks.
Therefore, 520, 560 and 600 �C were selected in order to induce



Table 2
Volume % of second phases for the experimental alloys.

Alloy/Phase Mg2Si Primary Mg2Si Al2Cu Q Al-Si eutectic Total

A07 3.65 ± 1.02 0 1.52 ± 0.09 3.56 ± 0.69 3.80 ± 0.88 12.53 ± 2.51
A09 5.01 ± 1.03 4.90 ± 0.88 1.67 ± 0.33 2.89 ± 0.52 1.27 ± 0.03 15.68 ± 3.10
A11 4.50 ± 1.00 1.01 ± 0.08 0.97 ± 0.05 5.29 ± 0.72 5.33 ± 1.11 16.73 ± 3.61
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porosity formation.
3.2. Analysis of the over-heat treated alloys

3.2.1. Porosity
For the analyses of the porosity and the second phases, OM

images are shown in Fig. 4aec to 6a-c. Fig. 4aec shows, for the alloy
with 7% of Mg, the porosity induced by heat treatments at tem-
peratures higher than those related to the peaks observed in Fig. 3a.
As can be observed, important porosities were induced in all cases.
Fig. 4a shows the case of an over-heat treatment at 520 �C for 6 h,
presenting pores with an average equivalent diameter of 20 ± 3 mm,
shape factor of 0.62 and a porosity of 4.2%. Second phases are barely
visible at this magnification. Fig. 4b shows the case of an over-heat
treatment at 560 �C for 6 h, presenting pores with an average
equivalent diameter of 58 ± 9 mm, shape factor of 0.72 and a
porosity of 18%. It is important to remark the significant increment
in the porosity and pore size for this temperature. Second phases
also increased their sizes and will be further quantified. Fig. 4c
shows the alloy heat treated at 600 �C during 6 h. For this case, the
resulting porosity was 31%, with an average equivalent pore
diameter of 115 ± 25 mm, and a shape factor of 0.60. Second phases
with spherical geometry are clearly observed in this image.

Fig. 5aec shows, for the alloy with 9% of Mg, the porosity
induced by heat treatments at temperatures higher than those
observed for the peaks in Fig. 3b. The behavior is similar to the
detected for the alloy A07. Fig. 5a shows the case of an over-heat
treatment of 520 �C during 6 h, presenting pores with an average
equivalent diameter of 22 ± 3 mm, shape factor of 0.59 and a
porosity of 3.3%. Fig. 5b shows the case of an over-heat treatment of
560 �C during 6 h, presenting pores with an average equivalent
diameter of 33± 7 mm, shape factor of 0.69 and a porosity of 8.6%. At
520 and 560 �C, second phases of two sizes are, now, easily
observed i.e. i) small size particles, presumably eutectic Mg2Si and
Fig. 2. XRD patterns for the experimental alloys.
Cu-rich phases; and ii) bigger particles, presumably primary Mg2Si
particles observed in the as-cast condition. This asseverationwill be
further analyzed. Finally, Fig. 5c shows the alloy heat treated at
600 �C during 6 h. For this case, the size of the individual pores was
95 ± 16 mm, with a porosity of 25.3% and a shape factor of 0.61.
Second phases also increased their size for this condition, as for the
alloy A07. As can be observed, for this alloy the increase in pore size
and porosity % was less significant than for the alloy A07. A plau-
sible explanation for this behavior could be the already mentioned
presence of primary Mg2Si particles. This phase is difficult to
dissolve and is reported that it melts down at a temperature higher
than the one used in this work [17]. This fact decreases the amount
of melted phases, which are needed for the transformation and
further pore formation.

Fig. 6aec shows, for the alloy with 11% of Mg, the porosity
induced by heat treatments at temperatures with the aforemen-
tioned conditions. The behavior of the porosity was similar to the
observed for the alloys A07 and A09. Fig. 6a shows the case of an
over-heat treatment of 520 �C during 6 h, presenting pores with an
average equivalent diameter of 20 ± 3 mm, shape factor of 0.63 and a
porosity of 1.9%. Fig. 6b shows the case of an over-heat treatment at
560 �C for 6 h, presenting pores with an average equivalent
diameter of 35 ± 6 mm, shape factor of 0.68 and a porosity of 6%. At
temperatures of 520 and 560 �C, second phases of two sizes were
also easily observed. Finally, Fig. 6c shows the alloy heat treated at
600 �C for 6 h. The size of the individual pores was 150 ± 20 mm,
with a shape factor of 0.63 and a porosity of 40%. Second phases
also increased their size for this condition, similar to the alloys with
lower Mg content, heat treated at 600 �C.

The information obtained about the induced porosity can be
observed in Fig. 7aec. The highest porosities (Fig. 7a) and the
biggest pores (Fig. 7b) were obtained for the alloys heat treated at
600 �C, while the maxima shape factors (the more rounded pores,
Fig. 7c) were obtained for the alloys heat treated at 560 �C. The
effect of the Mg content was also very important, but always
depending on temperature, being the maximum porosity for the
alloys with the highest content of this element heat treated at
600 �C.

The statistical analysis (using Pareto's diagrams and ANOVA) of
these results allowed correlating the manufacturing parameters to
the physical characteristics of the porosity. It was possible to
determine that heat treatment temperaturewas the parameter that
most influenced both, porosity percentage and pore size. Other-
wise, it was observed that the amount of Mg content did not affect
the porosity percentage and pore size, however, it was a strong
influence on the morphology of the Mg2Si phase. The significant
presence of this phase as primary particles for the alloy with 9% Mg
dropped the amount of melted phases, a required condition for
phase transformation and pore formation. Equation (3) and Table 3
show the correlation equations obtained after the analyses of
porosity percentage (f) and equivalent diameter (De). The high
values for R2 demonstrate the good representation by the assumed
relationships. Correlation equation obtained for shape factor was
more complicated and presented a low R2 correlation (0.63).



Fig. 3. DTA curves showing the transformation temperatures of the phases for the as-
cast alloys: (a) A07, (b) A09, and (c) A11.

Fig. 4. Optical micrographs showing the porosity originated in the alloy with 7% Mg
over-solution heat treated during 6 h at: (a) 520 �C, (b) 560 �C, and (c) 600 �C.

I. Alfonso et al. / Journal of Alloys and Compounds 722 (2017) 797e808 801
yi ¼ ðb0 þ b1T þ b2MgÞ1l (3)

where yi can be f or De, while b0; b1; b2 and l are defined ac-
cording to Table 3.
The presence of pores promoted important changes in the
densities of the investigated materials. For the as-cast A07, A09 and
A11 alloys, these values were 2.49, 2.58 and 2.43 g/cm3, respec-
tively; while for the materials heat treated at 600 �C the densities
were 2.23, 2.36 and 2.21 g/cm3. Then, the relative densities (defined



Fig. 5. Optical micrographs showing the porosity originated in the alloy with 9% Mg
over-solution heat treated during 6 h at: (a) 520 �C, (b) 560 �C, and (c) 600 �C.

Fig. 6. Optical micrographs showing the porosity originated in the alloy with 11% Mg
over-solution heat treated during 6 h at: (a) 520 �C, (b) 560 �C, and (c) 600 �C.
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as the ratio between the density of the foams and the density of the
metal matrix) reached values of 0.89, 0.91 and 0.91, respectively.
These values are not as high as the observed for metallic foams
obtained using other methods such as powder metallurgy or
infiltration using space holders. Nevertheless, the porosity obtained
in the present work is important due to the contribution that could
present in order to increase total porosity of the foams. According
to the already mentioned statistical analyses, in order to obtain



Fig. 7. Porosity percentages (a), equivalent diameters (b), and shape factors (c) of the
pores induced in the experimental alloys using different over-solution heat treatments.

Table 3
Values for regression Equation (3) for porosity (f) and equivalent diameter (De).

yi/values b0 b1 b2 l R2

f 1.238 �5.391 � 10�4 2.449 � 10�3 �0.019 0.91
De 0.829 �0.001 0.002 �0.6 0.93
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high porosities (percentage and size of pores) the over-solution
heat treatment must be conducted at the highest possible tem-
perature. The effect of Mg content on density was not significant,
mainly due to the fact that this element not only has effect on the
porosity but also on the final microstructure of the treated alloys,
and presents an intrinsic contribution to final density.

3.2.2. Second phases
For a better analysis of the second phases present after the over-

solution heat treatments, the alloys were characterized using SEM
(backscattered electrons, BSE). Fig. 8aec shows images of the
evolution of the second phases for the alloy A07 heat treated during
6 h at different temperatures. When comparing to the micro-
structure of the as-cast alloy (already analyzed in Fig.1a), important
modifications occurred for the three temperatures. For specimens
treated at 520 �C (Fig. 8a) second phases are already fragmented in
small rounded particles, a process reported in literature for con-
ventional heat treatments in Al alloys [8,12]. Fragmentation
(disintegration of second phase structures in small particles)
occurred for both, the eutectic Mg2Si and Q (EDX for Q in Fig. 8d),
being respectively their equivalent diameters 3.49 and 5.11 mm,
while the shape factors were 0.65 and 0.52. The Al2Cu and Si phases
were not observed for this sample. For the specimen treated at
560 �C (Fig. 8b) it can be also observed the spheroidization and
coarsening of Mg2Si and Q (Al2Cu and Si were not observed). When
compared to the alloys treated at 520 �C, these phases increased in
both, the equivalent diameters (now 7.23 mm for Mg2Si and 7.89 mm
for Q), and the shape factors (now 0.73 for Mg2Si and 0.61 for Q).
Otherwise, for the specimen treated at 600 �C (Fig. 8c) there were
two important changes: A) the Mg2Si phase is present as primary
phase particles instead of eutectic Mg2Si (see EDX in Fig. 8e, where
the big size for primary particles allows to obtain a characteristic
EDX with low intensity Al peaks; and EDX in Fig. 8f, characteristic
for eutectics, with most intense Al peaks). These primary particles
are significantly bigger than the eutectic ones, reaching amaximum
average size of 18.11 mm. Note that the magnification for Fig. 8c was
different (1000x for Fig. 8a and b, 500x for Fig. 8c). B) The second
important change was that Cu-rich phases are mainly present as
Al2Cu (see EDX in Fig. 8g) instead of the Q phase. Nevertheless, for
this alloy some small Q particles were still observed (approximately
3 mm), as can be seen in Fig. 8h. These results agreed with those
observed using XRD.

Similar behavior was observed after over-heat treating for the
alloys A09 and A11, except for the primary Mg2Si particles already
observed since the as-cast conditions, with no modifications due to
their low solubility and high melting temperature. In order to
analyze the above-mentioned process for all the alloys, including
fragmentation, spheroidization and coarsening of second phases,
Fig. 9aeb shows the behavior of equivalent diameters (De) and
shape factors (F), for eutectic Mg2Si and Q. As can be observed,
equivalent diameters increased as a function of the temperature,
being always higher for Q (Fig. 9a). Otherwise, the shape factors
also increased as the temperature increases, being always higher
for eutectic Mg2Si than for Q (Fig. 9b). These results show the
spheroidization and coarsening processes, and demonstrate that Q
phase is more difficult to dissolve than eutectic Mg2Si, which agrees
with the literature [8]. The data for 600 �C are not presented in this
work, due to the fact that for this temperature the phases are
different and cannot be compared to the previously analyzed ones.
Besides the Al2Cu phase has not a rounded shape but block-like, as
previously observed in Fig. 8c.

The obtained materials were analyzed using XRD in order to
corroborate the microstructural modifications observed by means
of OM and SEM. Fig. 10aec shows the XRD patterns for the alloys
heat-treated at different temperatures. At 520 �C, for all the alloys,



Fig. 8. SEM-BSE micrographs showing the second phases evolution and the porosity originated in the alloy with 7% Mg over-solution heat treated during 6 h at temperatures of: (a)
520 �C, (b) 560 �C, and (c) 600 �C; and EDX of the phases Q (d), primary Mg2Si (e), eutectic Mg2Si (f) and Al2Cu (g). Q particles remaining after a heat treatment at 600 �C can be
observed, although the dominant phase is Al2Cu (h).
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the most important modification in the diffraction patterns was the
absence of the Al-Si eutectic and Al2Cu peaks. This result agreed
with the observed using SEM, where these phases were not
observed. This could be attributed to their dissolution or incipient
melting because they are much easier to dissolve than Q phase. At
560 �C the most important change occurred for Q and Mg2Si, the
intensity of their peaks dropped, when compared to those treated
at 520 �C. This behavior could be attributed to their dissolution or
incipient melting, agreeing well with the SEM results, here, no new
phases were observed at this temperature, only spheroidization
and coarsening was detected. Nevertheless, it is important to
analyze in detail this microstructure due to the possible melting
and transformation of Q phase [17]. Otherwise, for 600 �C the in-
tensity of Al2Cu, Si and Mg2Si peaks increased significantly,
decreasing the intensity for the Q phase peaks, corroborating the
transformation of Q into Al2Cu.

In order to analyze the phase transformations, reduced time
heat treatments (5 min) at 520, 560 and 600 �C were conducted on
polished alloy samples. The surfaces of the heat-treated alloys were
observed using SEM in order to analyze the microstructural



Fig. 9. Equivalent diameters (a), and shape factors (b) of the second phases for the
alloys over-solution heat treated at 520 and 560 �C for 6 h.

Fig. 10. XRD patterns for the alloys with 7% Mg (a), 9% Mg (b), and 11% Mg (c) over-
solution heat treated during 6 h at temperatures of 520 �C, 560 �C and 600 �C.
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modifications. The alloy A11 was selected as study case. For a heat
treatment at 520 �C, it was not observed the presence of Al2Cu and
eutectic Si (see Fig. 11a); and Mg2Si was already observed as
rounded particles instead of Chinese script showing that frag-
mentation and spheroidization occur even at very short times. On
the other hand, spheroidization of the Q phase is not observed yet;
and its quantity clearly decreased, being located around the Mg2Si
phase. Otherwise, dendrites forming splitting patterns can be
observed (circled in Fig. 11a). The EDX studies of these dendrites
showed that their chemical compositions are enriched with all the
alloying elements, suggesting that they could be composed by el-
ements from Cu-rich phases and Si, agreeing with the observed by
the DTA studies (Fig. 3 aec, peaks n. 1). This result suggests that the
meltedmaterial moved fromMg2Si - Cu-rich phases interface to the
a-Al matrix, transforming into the Q phase. This could explain the
presence of Q instead of Al2Cu and eutectic Si for a heat treatment
of 6 h, already observed by XRD and SEM. It is thought that the
solidification shrinkage of these melts tends to form the highly
porous structure. At 560 �C, the characteristics of the processes
observed at 520 �C are also present (see Fig. 11b). It is not yet
observed the coarsening process for the Q particles (already
observed in Fig. 8a and b for the alloys treated during 6 h), while
Mg2Si is already observed as rounded particles. At this temperature,
the quantity of Q surrounding Mg2Si particles decreased compared
to 520 �C. This fact could originate more porosity due to the sub-
sequent shrinkage process, porosity already observed in Figs. 5e7,
agreeingwith the observed in the DTA studies in Fig. 3 aec, peaks n.
2, and according to the observed in other works for the trans-
formation of Cu-rich phases at a temperature close to 547 �C
[17,20]. A plausible explanation for the more extensive processes



Fig. 11. a, b and c: SEM-BSE micrographs showing the second phases evolution in the alloy with 11% Mg over-solution heat treated during 5 min at temperatures of: (a) 520 �C, (b)
560 �C, and (c) 600 �C. (d) Pore originated in the alloy with 11% Mg over-solution heat treated during 6 h at 600 �C.
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for the alloys heat treated at 560 �C, apart from the dissolution
effect itself, favored at a higher temperature, could be related to the
temperature needed for the reactions already suggested. Finally, at
600 �C the most important result was the presence of irregular
agglomerations of several phases (circled in Fig. 11c) with chemical
composition also enriched with all the alloying elements. Accord-
ing to this result, it could be thought that at initially, Q and eutectic
Mg2Si phasesmelted, generating the transformation to the Al2Cu, Si
and primary Mg2Si phases. This transformation involves not only
Cu-rich phases but also eutectic the Al-Mg2Si phase, agreeing well
with that observed using DTA (Fig. 3 aec, peaks n. 3). This assev-
eration is also supported by Fig. 11d, which shows a pore originated
after a complete heat treatment (600 �C for 6 h). In this image, the
pore shows some drops (circled) and is surrounded by the Al2Cu
phase. These results agreed well with the observed in the XRD
patters, where for 600 �C the intensity of the Al2Cu and Si peaks
increased; and according to Fig. 8c where Al2Cu is present close to
primary Mg2Si.

Kinetically, at higher temperature, the atomic diffusion of the
low melting point phases is favored; therefore, the heat treatment
conducted at 600 �C caused a much higher amount of porosity and
modification of the microstructure. It is thought that the high level
of porosity obtained at this temperature could be attributed to the
much higher amount of liquid phase generated by the melting of
Cu-rich phases at 520 and 560 �C, and these phases plus eutectic
Mg2Si when temperature reaches 600 �C. Based on the high
amount of possible melted phases, the mechanism proposed by
Suarez et al. [6] for the formation of intrinsic highly porous metallic
foams, attributed to the large shrinkage generated by peritectic
reactions was corroborated. Contrary to binary or tertiary Al alloys,
where phases and reactions can be predicted, for quaternary alloys
it is very difficult to analyze the evolution of the phases after heat
treatments at high temperatures. That is why, and for a deeper
analysis of these processes, further works will include the indi-
vidual characterization in-situ of the phases, heating the alloys at
different temperatures. These studies will mainly include in-situ
SEM and XRD techniques, in search of a better comprehension
not only of the melting process but also the fragmentation, spher-
oidization and coarsening processes.

3.2.3. Mechanical behavior
Fig. 12 shows the stress (s) vs. Strain (ε) curves for the foams

which contain maxima porosities, obtained using over-solution
heat treatments of 600 �C and 6 h. Typical mechanical behavior
of compressed foams is barely observed in these curves, attributed
to lower porosities when compared to those observed for other
metallic foams [1,2]. Bearing in mind that, from the micrographs,
the porosity might not be interconnected. Despite of this, for the
foamwith 40% of porosity (maximum porosity) the curve is similar
to the reported by Florek et al. [21] for ductile foams without clear
plateau stress or collapse stress. This group of foams exhibits a
continuous stress-strain curve without disintegration of material.
The three characteristic zones of foamy metallic materials can be
clearly identified: Zone I, corresponding to elastic deformation;
Zone II (or plateau) where the cell edges are yielding plastically in
bending; and Zone III (densification), where the structures compact
and stress more significantly rises. Please note that the compres-
sion test was carried out with the aim of demonstrating the foamy
behavior under compressive strain of the materials investigated.
The compliance effect during the test was not subtracted; therefore,
the obtained mechanical values are merely illustrative. From these
graphs, with the increase in the porosity from 25 to 40% the yield
stress decreased from 27.8 MPa to 17.59 MPa; and the compression
stress for densification starts also decreased from 55.9 MPa to
36.39 MPa. Besides, as the porosity increases the slope of plateau
(Zone II) decreases due to the plastic deformation of the walls and



Fig. 12. Compressive stress-strain curves for the foams obtained by over-solution heat
treatment of the alloys with Mg contents of 7 wt% (A07), 9 wt% (A09) and 11 wt% (A11),
with porosities of 30, 25 and 40%, respectively.
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their collapse. So, the lower slope was for the foamwith the higher
porosity (40%). For the foams with lower porosities (25 and 30%),
the mechanical behavior could be cataloged intermediate between
foams and solid aluminum alloys due to lower porous concentra-
tion. From this, the blockingwalls are very large and themechanical
behavior in compression of aluminum predominates. These results
agree with the observed by Cadena et al. [22] for foams obtained by
powder metallurgy, also decreasing the slope of plateau as the
concentration of pores increases, showing the important effect of
the porosity on themechanical behavior of metallic foams [1,2,6]. In
summary, in order to decrease the compressive mechanical prop-
erties, it is important to increase the amount of porosity. This
characteristic can be maximized with over-solution heat treat-
ments of the alloys at the highest possible temperature. Once this
point is set, and to obtain a maximum porosity leading to a drop in
mechanical properties, the use of an alloy with a highMg content is
desired. Adding this element increases second phases, a necessary
condition for obtaining high porosity after their localized melting
and transformation. It is important to remark that for these mate-
rials the mechanical behavior is not only influenced by the porosity
but also by the microstructures with different second phases.
4. Conclusions

After the characterization of the over-solution heat-treated Al-
6Si-3Cu-xMg (x ¼ 7, 9 and 11 wt%) alloys, the following conclu-
sions can be written:

1. The effect of the Mg content on microstructure for the as-cast
alloys is significant i.e. i) the increment in the Mg content
increased the total amount and size of second phases; ii) the
predominant second phases for low and high Mg contents were
Chinese script Mg2Si, eutectic Al-Si and Cu-rich phases; iii) for
an intermediate Mg content the predominant phases were the
Cu-rich ones, besides the primary and eutectic Mg2Si phases.

2. The porosity amount significantly increased after heat-treating
the alloys at 600 �C, reaching a maximum percentage of
porosity and pore size of 40% and 150 mm, respectively. Lower
heat-treatment temperatures originated low amount porosity.
The most rounded shaped pores were obtained for the alloys
heat treated at 560 �C.

3. The effect of Mg content on the porosity was not direct but
depended on the phases that this element formed. Primary
Mg2Si formation is not desired for obtaining high amount of
porosity.

4. Maxima relative densities for the foams obtained using this
method are low (between 0.89 and 0.91). Nevertheless, this
porosity could contribute increasing the total porosity of the
foams obtained using different methods.

5. After the solution heat treatment, the fragmentation, spher-
oidization and coarsening occurred for Mg2Si and Q.

6. Themost importantmicrostructuralmodifications after the heat
treatments at 520 and 560 �C were for Cu-rich phases and Si,
which transformed into Q phase. At 600 �C these phases plus the
eutectic Mg2Si transformed into Al2Cu, primary Mg2Si and Si.

7. Pores formation mechanism for these alloys is related mainly to
the melted down and dissolution of second phases, followed by
large shrinkage generated by the reported reactions.
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