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Abstract

Solar energy is used for the work reported here as a nonconventional heating system to produce aluminium foam from Al—Si alloy
precursors produced by powder metallurgy. A commercial precursor in cylindrical bars enclosed in a stainless-steel mould was heated
under concentrated solar radiation in a solar furnace with varied heating conditions (heating rate, time, and temperature). Concentrated
solar energy close to 300 W/cm? on the mould is high enough to achieve complete foaming after heating for only 200 s. Under these
conditions, the density and pore distribution in the foam change depending on the solar heating parameters and mould design.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

In the last years concentrated solar energy has been
applied to materials involved in the following processes:
ceramic nanomaterial preparation, synthesis of fullerenes
and carbon nanotubes (Flamant et al., 1999), preparation
of ceramics with nanograined microstructures (SizNy, SiA-
ION), simulation of sintering under a wide range of heating
rates and isothermal holding times (Zhilinska et al., 2003),
fast heating of materials such as SiC/C or C-C, close to
thermal shock (Martinez and Rodriguez, 1998a,b), weld-
ing, and surface treatments, including TiN coatings to
improve titanium wear resistance (Garcia et al., 1998), sur-
face hardening of steel (Flamant et al., 1999), synthesis of
YSZ films for fuel cells, hydride formation on zirconium
alloys, surface modification on wrought tool steels (Cana-
das et al., 2004), sintering of copper (Canadas et al.,
2005) and alumina (Roman et al., 2008), etc. Concentrated
solar energy can be applied to certain materials using an

* Corresponding author. Tel.: +34 1 3366995; fax: +34 1 3364177.
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array of different instruments, for example, a Fresnel lens
(Garcia et al., 1998) or a solar furnace such as the one at
the PSA-CIEMAT in Almeria (Spain) (Rodriguez et al.,
2006) shown in Fig. 1. The advantages of using solar
energy (Flamant et al., 1999) include, but are not limited
by the following: larger surfaces can be treated than with
other photonic systems, high heating rates, low environ-
mental impact and suitability for materials that absorb
radiation in the visible spectrum. One disadvantage of
using solar energy, on the other hand, is that the energy
source intensity can vary over time.

As an alternative to surface material treatment, solar
furnaces appear to be a more suitable tool for mass heat
treatment when manufacturing aluminium foams. These
foams are characterized by their low density due to the dis-
tribution of closed cells. They are used as energy, or noise-
absorbing materials, and thermal or fire barriers because of
their closed pore structure. The two main ways of produc-
ing Al foams are gas introduction into the fused alloy (Ban-
hart, 2001) or alternatively, foaming of compacted powders
(Banhart, 2005). The most common (and most commercial)
route to Al-foaming is directly by gas injection into the
melt. The second route consists of heating a precursor
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Fig. 1. Left: Power information and flux density in the focus of PSA solar furnace. Right: Solar flux distribution over the sample on horizontal position.

made of scattered foaming agent particles (usually TiH,) in
an aluminium matrix to the melting point. A dense precur-
sor is produced by mixing aluminium powder and titanium
hydride, and compacting this mixture, e.g., by hot pressing,
extrusion or powder rolling. Then, the temperature of the
precursor is raised sufficiently for gas to be released and
partly or completely melting the metal. It bubbles and
the foam forms. The treatment is then completed by cool-
ing the foam in order to stabilize it. Titanium hydride is
widely used in aluminium foam manufacturing since it
begins to decompose at about 465 °C, which is below the
melting point of aluminium (660 °C) and its alloys, accord-
ing to the following chemical reaction:

TiH,(s) — Ti(s) + Ha(g).

When the precursor is cut and placed in a sealed split
mould and heated to a temperature slightly above the alloy
solidus temperature, high internal pressure voids created by
the hydrogen lead to expansion by semi-solid flow, and the
aluminium swells, filling the mould with foam. Extruded
aluminium crash absorbers with aluminium foam filling is
one application of these aluminium foams (Banhart, 2005).

The parameters of closed-mould foaming treatment are
heating rate, heating time, preheating temperature and gas
environment. Foaming is usually done in ambient air. The
heating rate of the un-melted aluminium is limited by fur-
nace capacity and mould and precursor characteristics like
conductivity and shape. Furthermore, the heating rate
must be as fast as possible to keep the foaming agent from
decomposing into gas on the un-melted aluminium, other-
wise, cracks appear on the foam cell walls. Different fur-
nace temperatures can also lead to different heating rates
and influence the foaming process (Duarte and Banhart,
2000; Garcia Cambronero et al., 2008). Thus, higher heat-
ing rates lead to earlier expansion of the foamable precur-

sor, due to the fact that the melting temperature is reached
sooner. On the other hand, slower heating decreases foa-
mability due to gas lost during titanium hydride decompo-
sition and oxidation, which could produce non-metal layers
on the surface (Duarte and Banhart, 2000).

One major innovative feature of this work consists of
replacing the conventional preheated electric furnace with
concentrated solar energy, which is used to heat the whole
precursor and mould. Solar heating is more economical for
powder metallurgy processing of aluminium foams than
conventional heating on electric heating plates, and would
therefore, lower the cost of powder metallurgy manufactur-
ing thereby making it more competitive than the melt route
for aluminium foams manufacturing.

2. Experimental procedure
2.1. Solar furnace conditions

Experiments were carried out in a solar furnace located
at the PSA-CIEMAT in Almeria, Spain. A solar furnace is
a high-concentrating facility consisting essentially of a flat
heliostat, a parabolic concentrator mirror, a shutter and
the test bed located in the concentrator focus. A flat collect-
ing mirror, or heliostat, tracks the sun and reflects the par-
allel horizontal solar beams onto the parabolic
concentrator, which in turn reflects the solar beams onto
the focus (the test bed). The heliostat is computer con-
trolled and tracks the sun continuously. It is designed to
work properly at wind speeds up to 50 km/h with occa-
sional strong gusts. The incoming parallel rays from the
heliostat are concentrated by the parabolic dish, multiply-
ing the radiation flux in the focus. The parabolic dish con-
sists of 98 spherical facets which dimensions are
1.222 m x 0.917 m, distributed by their curvature radii in
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Fig. 2. General furnace view (left) and test table with re-directional mirror (right) during foaming testing at PSA.

five concentric circles around the centre of the parabola.
The total reflecting area is 98 m?, reflectivity 92%, peak flux
3000 kW/m?, focus diameter 26 cm, and focus length
7.45 m (Rodriguez et al., 20006).

The shutter, located between the concentrator and the
heliostat, regulates the amount of light aimed at the dish
and thereby, the solar power at the focus. A test table in
the focus is movable in three directions, east-west, north—
south, up and down (Z-direction), placing the test samples
in the focus with great precision (Martinez and Rodriguez,
1998a,b). A solar furnace is characterized by the parabolic
dish and its flux density distribution in the focus, which
usually has a Gaussian geometry, as characterized by a
CCD camera hooked up to an image processor and a lam-
bertian target (Fig. 1, Monterreal, 2005).

Closed mould tests were carried out in an air atmosphere
without any sample-holder (hot plate) displacement and
under direct normal irradiance (DNI) close to 1000 W/m>.
Under clear sky conditions, solar irradiation received in
Almeria is up to 1040 W/m?. With a standard DNI of
1000 W/m?, the peak flux density is close to 300 W/cm? with
100% shutter aperture (Monterreal, 2005). Direct solar
heating solar testing without closed metallic mould, had
the following configuration with the sample placed in a hor-
izontal position and the incident concentrated radiation
redirected at a 90° angle over the test table by a tilted mir-
ror, as shown in Fig. 2.

Fig. 3 shows how a 5 mm diameter Al + 1%TiH, pre-
cursor made by powder metallurgy (Cambronero et al.,
2004) was placed on an alumina plate with two thermocou-
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ples. A graphite coating on the precursor improved heat
transfer.

During testing, the test table was placed in the focus, at
different Z positions, for each test in order to find out the
best position for controlling the heating cycle. Once the
sample is placed in the right focal position, the test is
started. Solar furnace test variables were maximum shutter
aperture of 25%, being the facility maximum peak flux den-
sity close to 300 W/cm?, test table movement in Z-direction
from 0 to 75 mm, heating time from 90 to 300 s, heating
temperature between 700 and 730 °C and air cooling.
Power close to 300 W was applied to the cylindrical mould
surface through the top plate under these shutter aperture
and flux density conditions. The precursor was inserted
vertically in a 20-mm-inner-diameter stainless-steel mould
(as seen in Fig. 4). The mould was then placed on the test
table in a position such that the focus is directly over the
mould, and a mirror redirected the concentrated solar radi-
ation onto the top of the test piece, since the PSA solar fur-
nace has a horizontal axis. The secondary mirror is then
water-cooled to avoid thermal shock and overheating.

2.2. Stainless-steel mould specifications

The purpose of the mould is not only to absorb the con-
centrated solar energy as it happens with other devices such
as open volumetric solar receivers (Fend et al., 2004) and
transfer its heat to the AISil2 precursor, but also to control
the shape of the foam. When direct concentrated sunlight
was applied directly to a 5 mm-diameter Al + 1%TiH, pre-

FOAM

Fig. 3. Al+ 1%TiH, precursor of 5-mm-diameter and foam obtained by direct solar heating.
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Fig. 4. Drawing of the closed metal mold with 60-mm long precursor (left)
and photograph of the arrangement of the closed metal mold on the hot
plate (right).

cursor, control of the final foam dimension and shape was
poor and required the temperature to be measured by indi-
rect techniques, as shown in Fig. 4, making it more difficult
to control heating.

A closed mould placed on an alumina support was
therefore used to make cylindrical foams as shown in
Fig. 4. The steel support surface and the thermocouple
are protected by alumina, so only the sample and the
mould are treated with concentrated solar energy (Canadas
et al., 2004). The stainless-steel mould is made of 316 stain-
less-steel with a 150 g mass. This material shows a good
absorbance to solar radiation. It has a 4.15 cm? cylindrical
section and a 20 mm-diameter hole. This design is based on
the one used by Helwig and Banhart (2003).

2.3. Test performance and temperature control

The temperature profile on the precursor was measured
by thermocouples placed 5 mm from the top and 5 mm
from the bottom of a 6 cm-long precursor. During foaming
tests, the reference temperature was measured by a thermo-
couple placed in a hole at the top of the stainless-steel cyl-
inder and protected from the solar beam by insulation. The
21.60 cm? upper plate is painted with graphite to improve
heating efficiency by increasing its absorptivity.

The heating rate can be modified by varying the shutter
aperture and focus position Z, which modifies flux density.
After several tests, the optimal focus position was found to
be Z = 60 mm. With the on-target power, shown in Fig. 1,
a focus position Z close to 60 mm on the test table located
the focus in the centre of the mould. However, the mould
design causes it to be heated at a higher rate on top due
to the upper mould surface, meaning that there is clearly
a temperature gradient during the test.

Although a wider shutter aperture leads to a faster heat-
ing rate, a uniform increase in temperature can only be
attained via step-by-step increases in shutter aperture (see
Fig. 6). Using this procedure, temperatures of up to 700—
735 °C were reached in 90-120 s. The fastest heating rate
in this test was found with a shutter aperture of about

20%, but temperature inertia is controlled more adequately
with small shutter apertures. Supplementary tests carried
out on 6-cm-long precursor bars in an electric furnace pre-
heated to 750 °C characterized the behaviour and mea-
sured the thermal gradient on the precursor.

2.4. Aluminium foam manufacturing and characterization

The precursor for this test was a commercial Al-12%Si
1%TiH, made by powder metallurgy. The melting point
of this alloy is close to 580 °C and the eutectic point of
the Al-Si alloy is 577 °C. Before solar heating, precursors
were coated with graphite to make demoulding easier after
foaming. The cylindrical precursor bars used were 60 mm
long with a 10 mm diameter.

The foam structure was analysed as a function of both
precursor length and the heating cycle applied to the
mould. It was shown that relative density is the most
important variable and a power law function can success-
fully describe the dependence of electrical conductivity of
aluminium alloy foams on the relative density (Feng
et al., 2002). Other properties, such as moduli, strength,
and electrical conductivity of closed-cell foams are close
to predictions for open-cell foams, mainly because the cell
face has very little influence on these properties. Relative
foam conductivity ¢/0, depends on relative density p/ps:
o/os = o[p/ps] + (1—)[p/ps]'%, where ¢ is the foam con-
ductivity, gy is the solid conductivity, p is de foam density,
and p; is the solid density. o = 0.05 fits the data for closed-
cell foams well (Ashby et al., 2000). This correlation
between foam density and electrical conductivity allows
the foam structure to be analysed using an eddy current
device, as the parts with less foam degree have higher
conductivity.

Foam densities and dimensional change in volume due
to foaming were determined by the Archimedes method.
An increase in volume of close to 280% would be needed
for the precursor to fill the entire mould. Foams were pre-
cisely cut along their generatrices to study their cell struc-
ture and the influence of the solar furnace parameters on
foam development. Eddy-current conductivity was mea-
sured in cross sections with an 8§ mm test probe at
60 MHz at room temperature.

3. Results and discussion
3.1. Temperature distribution during foaming

Results of an exploration test using a preheated electri-
cal furnace are shown in Fig. 5. Mould heating follows a
parabolic curve over time. Therefore, a constant heating
rate cannot be achieved. The heating rate is higher on the
bottom of the mould due to thermal conductivity through
the hot plate. The average thermal gradient between the
top and bottom of the mould is less than 40 °C during heat-
ing, however, no temperature gradient was observed in pre-
cursors up to their melting point, close to 580 °C, with a
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heating rate close to 4.5 °C/s up to this temperature. Pre-
cursor melting, on one hand, smoothes out at its melting
point (580 °C), as reported by Helwig and Banhart (2003),
and on the other, temperature on the mould decreases as
soon as the test time is close to 180 s — when foam expansion
comes into contact with the mould wall. After a heating
time of 200 s, there was no temperature gradient between
the two thermocouples at the top and bottom of the original
precursor. If foam treatment is interrupted after 300 s by
removing the mould from the furnace and cooling it with
air, the resulting foam structure is as shown in Fig. 5. Thus
it can be seen through this exploration test that faster heat-
ing times lead to foam collapse.

during solar heating in solar furnace.

The temperature gradients in the solar furnace on the
same mould, with the same precursor length and thermo-
couple positions, are shown in Fig. 6. The heating rate
was controlled by the precursor temperature to achieve
constant heating. Mould temperature did not increase at
a constant rate, but followed a parabolic curve. Since heat
is applied to the top of the mould, a temperature gradient
forms along the precursor during the test. When the melt-
ing point (580 °C) was reached, differences in the tempera-
ture in the precursor were close to 98 °C, and 83 °C at the
end of the test. Thus, the precursor heats up on top at
2.1 °C/s and on the bottom at 2.52 °C/s. After the precur-
sor melted on top, the heating rate decreased to 1.8 °C/s, at
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Fig. 7. Foam evolution on 60 mm long precursor a function of foaming time (left) and a drawing of foam evolution with the heating (right).

which point the shutter aperture was opened to 20% to
keep the heating rate up and reach 700 °C. Therefore,
due to this increase in power, no interval of constant tem-
perature from aluminium melting was recorded the way it
was in the electrically preheated furnace (see Fig. 5). Cer-
tainly latent heat effects occur in case of preheated refer-
ence furnace, but these effects can be compensated by
increasing irradiation in case of a shutter-controlled solar
furnace. Also AlSil2 melting is to use an open mould
and a CCD camera on solar furnace (Cambronero et al.,
2006). After the precursor foams, the temperature gradient
in the precursor rises up to the end of the test, especially
when the shutter is closed and air starts cooling. Under
these heating conditions, foam collapsed, and aluminium
drained and spilled.

3.2. Foam structure development

Foaming tests were conducted at heating rates close to
5.5°C/s up to around 700 °C, in which temperatures were
measured on top of the mould. This heating rate is higher
than in the precursor temperature gradient test, and so the
temperature gradient can be expected to be higher than in
Fig. 6. Once the foaming temperature is reached, a shutter
aperture of 20 + 5% keeps the power constant during the
test. After closing the shutter, the mould was air-cooled
before removing from the solar furnace test table, which
decreased the risk of collapse due to the mould shaking
while the foam was still liquid. These effects can be also
avoided by conventional techniques, such as by lifting a
tube furnace, or using induction or infrared heating.

During heating, heat flows from the mould into the pre-
cursor at both ends where mould and precursor are in con-
tact. Fig. 7 is a graphical drawing which shows the foaming
with respect to time. The heating cycles of these samples
are presented in Figs. 8 and 9. Due to the solar beam path,
the precursor starts heating faster at the top rather than at
the bottom. At this point, elongated pores are formed at
the beginning of foaming due to the precursor extrusion
path. As foaming expansion improves, rounded pores are
also formed. Again, time and temperature control the
foaming process. In Fig. 8, Curve A, cell foam structure
can be seen to start at the top of the precursor. Foam
expansion is improved when temperature is increased along
Curve B, Fig. 8. When heating time is increased, as in Fig. 9
Curves B and C, the foam structure forms on the bottom of
the precursor first and, to a lesser degree, in the middle, due
to nonuniform distribution of heat along the precursor.
Sections of foam structure formation over time can be seen
in Fig. 10.

If the foam structure is not fully developed at the set pre-
heated furnace temperature, heating time has to be
increased. The only problem with temperature increase is
the possibility of overheating, which makes the structure
unstable, coarsening its cells, spilling aluminium, and
releasing gas, collapsing the foam structure. Some of these
defects can be seen in Fig. 5, when precursor heating time
was too high. Precursor composition also modifies the
foaming parameters. Low-melting-point aluminium alloys
keep gas from being released in the un-melted aluminium,
as does faster heating. Addition of calcium or calcium com-
pounds to the aluminium increases melt viscosity and
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Fig. 9. Heating cycle of foams showed on Fig. 7 at different foaming times: 200 s (ta) 300 s (tb) and 420 s (tc).

makes the foam structure more stable during the liquid
state (Arnold et al., 2003; Cambronero et al., 2006).

Pore distribution and electrical conductivity in the foam
are different with different heating times as observed in
Fig. 10. Electrical conductivity through the foam depends
on pore distribution and size, and aluminium areas due
to aluminium drainage. This is caused by the flow of liquid
metal through the foam driven by capillary forces and
gravity during foaming. In Fig. 10, when foam was formed
after 200 s of heat treatment, high electrical conductivity
was found in aluminium drainage areas, whereas low elec-
trical conductivities were found in areas of very coarse
pores, confirming the relationship between density and

electrical conductivity in aluminium foam (Ashby et al.,
2000). A property gradient was also found after 100 s
(Fig. 10), when density and conductivity are higher in the
middle of the sample, where there is less degree of foaming
agent decomposition. Mould design and heating conditions
thus cause a functional gradient in analysed material
properties.

Fig. 10 shows that after an optimal heating time of
almost 200's, cell structure density is close to 0.7 g/cm?
(Table 1) and foam expands 285%, filling the mould. The
foam structure showed some cell wall fissures that might
appear in a preheated furnace. These foam defects are also
present in AlSi foams formed in a preheated electric fur-
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Fig. 10. Conductivity across the foam section showed on Fig. 7 after three
different heating times (90, 100, and 200 s) at 700-725 °C.

Table 1
Changes in density and dimensions of aluminium precursors after
foaming.

Temperature (average) °C 700 725 725 725 725

Foaming time, s 90 100 200 300 420
Density, g/cm® 1,74 0,77 0.71 0,61 0,74
Volume change%o 16 257 284 253% 180*

# During foaming aluminium is spilling from the mold and foam showed
a collapsed structure.

Pare '
coarsening’

Fig. 11. Foam structure of over foaming precursors at foaming times of
300 s (tb), sample B, and 420 s (tc) sample C.

nace as observed in Fig. 5 after a 300 s heat treatment.
Total foaming time is also close to the one used in a pre-
heated furnace, which requires around 100s to achieve
the foaming temperature. A faster heating rate should be
used to decrease the heat treatment time and also to reduce
cracking due to foaming agent decomposition in a non-
melting aluminium matrix. Also faster cooling is available
on solar furnace hot plate and a lower metal flow should be
expected as well as a decrease on aluminium drainage.

As seen in Fig. 11, in addition to cell cracking, other
defects, such as pore collapse due to excessive foaming time
appear as foam density increases and volume expansion
decreases (Table 1), as well as aluminium spilling and
drainage. Aluminium foams collapse (Duarte and Banhart,
2000) is caused by two mechanisms, drainage, or leakage of
molten metal from the cell walls by gravity, and cell coales-
cence, when two cells merge to form one large one, proba-
bly due to cell rupture.

4. Conclusions

Concentrated solar energy is a suitable way to foam
AlSi12 precursors at a constant heating rate by controlling
the shutter aperture of the Solar Furnace and latent heat
effects can be compensated by increasing irradiation power.
This constant heating rate cannot be achieved in a pre-
heated electric furnace. However, the precursor did not
reach its melting point at the same time with the increased
power provided by opening the shutter aperture further as
it did in the preheated furnace heating cycle. Since temper-
ature was controlled in a closed metal mould, a thermal
gradient appeared in the precursor during the test. Foam
structure is a function of how this metal mould is heated
and how heat is transferred to the AlSil2 precursor. The
air cooling rate also maintains the newly-formed foam
structure.
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Once the mould design and the stainless-steel to be used
for it, and the table position for adequate flux density have
been decided, a continuously controlled shutter aperture
provides continuous heating of the mould. The time frame
for foaming of 60 mm-long precursors is completed in
200 s. Foaming starts at the top of the precursor and pro-
ceeds from both ends of the sample due to the mould
design. This allows a gradient in material properties to be
achieved and thus, functionally graded foams can be
formed. As expected, similar to conventional processing,
excessive heat treatment time leads to foam defects, such
as aluminium spillage and drainage and cell coarsening,
which are also found in conventional preheated electric fur-
naces. Pores will not collapse in foams formed by concen-
trated solar heat treatment as they do when the mould is
removed from electric furnaces.
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