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0 Abstract

Closed-cell solid aluminium alloy foams should ideally contain small and equally sized cells for
the sake of better and more predictable mechanical properties, but real foams generated by
injection of gas into melts usually exhibit a broad distribution of cell sizes and shapes. Here we
investigate how gas bubbles in an aluminium alloy melt containing stabilizing SiC particles can
be created in a controlled way by letting the injector move on a circular orbit through the melt
at different velocities and adapting the gas flow. The structures of the resulting solidified foams
are characterized by X-ray tomography. We identify conditions that allow us to obtain near-
monodisperse foams with cell sizes below 1 mm and are able to reduce the content of SiC

particles from the usual 20 vol% to 8 vol%.
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1  Introduction

Aluminium alloy foams are lightweight materials standing out by a combination of low relative
density and good mechanical performance. The latter can be improved, e.g. by a smaller
variance in density [1-3] as well as a smaller cell size [4]. Gas injection into a metallic melt is

a way to produce aluminium foams with closed cells [5-7]. First developments on an industrial



scale included a rotating gas impeller [8, 9]. Such methods were improved by applying different
strategies, e.g. varying the compositions of the alloys as well as adding different types and
amounts of reinforcing particles [5, 10—14]. It can be shown that added ceramic particles and
in-situ produced metal oxides stabilize liquid metal films [10, 15-20]. A process window of
stable metal foam in dependence of particle volume fraction and size was shown [10, 20].
Particle additions, however, lead to higher costs in production [21] and potential problems
during further (secondary) processing. Therefore, there is an incentive to reduce the fraction
of stabilizing particles in the alloy. To produce smaller cell sizes by improving the rate of bubble
detachment from the gas injector used the melt with embedded ceramic particles was
ultrasonically treated during gas injection in another study in which it was found that gas
bubbles detached earlier and therefore smaller bubbles were produced [22]. Alternatively, the
gas injector was vibrated vertically [23] or horizontally [11]. Such vibrations in liquid melts,
however, induce problems such as a broader variance in cell sizes [11, 22, 23], which might
have a negative effect on foam properties and their reproducibility. Monodispersity in metal
foams combined with small bubbles could avoid such problems and also lead to bubble
crystallization in analogy to aqueous foams [24—-26] with associated new properties.

In the present work, we apply a rotating gas injection system intending to improve the bubble
detachment rate and reduce the overall cell size of metal foams to below 1 mm of equivalent
diameter in combination with a small bubble size dispersion and this with a reduced volume

fraction of stabilizing particles.

2 Experimental

2.1 Material

A pre-fabricated 40 mm x 20 mm x 80 mm large slab of the commercially available F3S20S
alloy from Alcan, Canada — AISi9Mg0.6 (wt%) + 20 vol% SiC particles of 10 ym mean
diameter — was used as a precursor for foaming. Similar to the procedure described
previously [23], the precursor was remelted in a heatable crucible used for creating foam, see
next paragraph. If required, the material was diluted by adding particle-free alloy to the particle
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containing melt. The melt was stirred manually using a graphite rod to homogenize the particle

distribution [23]. The entire procedure was kept as brief as possible to avoid particle settling.
2.2 Metal foaming setup

Fig. 1 a is a sketch of the gas injection system and its components (the furnace is similar to
the one described previously [23]). The furnace consists of a stainless steel base plate framed
by two parallel heating plates and two boron nitride plates (front plate in Fig. 1 a is omitted for
better visibility) that allow X-ray to pass through and seal the cavity. Altogether, the setup is a
closed sealed crucible with an integrated heating. A cylindrical, straight steel cannula with
0.5 mm outer diameter is inserted into the furnace through an alumina tube tightly fitted into
an orifice in the steel base plate. The cannula is bent to an angle of 45° after inserting it into
the furnace as shown in Fig. 1 b and connected to a rotary gas feedthrough driven by a geared
motor. All parts touching the melt consist of boron nitride or are covered in boron nitride spray
to reduce possible reactions and aluminium melt adhesion. Heating is controlled by a PID
controller with the thermocouple placed at one of the heating plates delivering the actual
temperature. The temperature of the melt is measured directly by a thermocouple immersed
into the melt. The injection of synthetic air (20.5 vol% Oz) was started after the temperature of
the experiment was reached (670 °C in the melt). For low (tangential) cannula tip velocities
(v.<0.4 m-s™"), a pressure-controlled system was used to produce a constant pressure of
1300 mbar. For higher cannula tip velocities a gas flow controller from voegtlin, Germany was

used with a range of 20-30 ml,-min-'.
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Fig. 1 a — Gas injection setup composed of a furnace combined with a rotary feedthrough and a motor;

b — sketch of the bent cannula, with offset of the cannula tip from the rotation axis r.

2.3 X-ray characterisation

The samples are analysed using a tomography rotation stage from Huber, Germany combined
with an X-ray setup similar to the system described previously [23] including a micro-focus X-
ray source from Hamamatsu, Japan with a conical beam generated by a tungsten target. The
applied current and voltage of the source are set to 300 pA and 100 kV, respectively. The
transmitted intensities are acquired by a flat panel detector, with 2240 x 2368 pixels and a
pixel size of 50 um, corresponding to an active area of 120 mm x 120 mm, also from
Hamamatsu, Japan. Due to twofold geometric magnification the effective voxel size for
tomography is ~25 ym. For each tomogram, 1001 projections differing by a rotation step width
of 0.36 °/image are taken. These images are reconstructed using the software Octopus 8.8.2
from Inside Matters, Belgium and afterwards quantitatively analysed by the software AVIZO
9.0.1 from Thermo Fisher Scientific, USA. The dispersity as defined by Drenckhan et al. is

calculated by [26].



Standard deviation of equivalent cell diameters

Dispersity = - 100%, (1)

Mean value of equivalent cell diameters

with values of 5% and below defined as monodispersity by Drenckhan et al. [26]. The mean
values and standard deviations are obtained by lognormal fitting of histogramms with a bin

size of about 0.02 mm as shown in Fig. 2.
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Fig. 2 — Histograms of aluminium foam samples derived from X-ray tomography data with bin size of 0.02 mm.
Insets are 3D-rendered images of foams with individually colored cells. Data for four foams produced at four different

cannula tip velocities are given (including a resting cannula).
3 Results and Discussion

In Fig. 3, experimental values of the equivalent bubble diameters are shown as a function of
the cannula tip velocity. For high particle fractions (20 vol%) and high v, (>1 m-s™') no foam
was obtained. On the other hand, for low particle volume fractions (8 vol%), no stable foam

was observed for low v, although Heim et al. indicated stable foam in their static experiments

for the same SiC content [20]. Therefore, for higher v, = 1 m-s™, the particle fraction in the melt



was reduced from 20 vol% to 14 vol%, and to 10 vol% =1.7 m-s™'. To decrease the cell

diameter at =2 m-s™ the particle volume fraction was further decreased to 8 vol%.

The mean equivalent cell diameter of the metal foams clearly decreases with rising v. as shown
by tomography, Fig. 3. A reason for this behaviour is that with increasing v, the drag on the
gas bubble increases. According to Wang et al. a higher drag leads to smaller gas bubble sizes
[11], further decreases the forces acting on the gas bubble such as the buoyancy force and
eventually gives rise to sub-mm sized gas bubbles. Furthermore, a decrease of the applied
gas flow rate and particle volume fractions from 10 vol% to 8 vol% also reduce the cell sizes
obtained at the same v.. One reason is a higher resulting effective viscosity for higher particle
volume fractions in MMC melts [27]. Additionally, more particles lead to a higher collision rate
of particles with a gas bubble [28]. Heim et al. found that particles at a film surface in
combination with an oxidation of the film stabilise the film due to inclusion of particles [15].
Furthermore, such particles act as separators between gas bubbles and further stabilize the

resulting foam [29, 30].
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Fig. 3 — Images of the cell structure of aluminium foam samples produced at v, =0 m-s™', 0.36 m-s™ and 1.69 m-s
as indicated by arrows. Mean equivalent cell diameter in dependence of cannula tip velocity for samples with
different SiC content (in vol%) as well as different experimental configurations applied as indicated by differently
colored and shaped symbols (pressure-controlled, black; gas flow-controlled 20 mlr-min-', green; gas flow-
controlled, 30 mlr-min™', red; 20 vol% SiC, squares; 14 vol% SiC, circles; 10 vol% SiC, right-pointing triangles; 8
vol% SiC, left-pointing triangles). The dashed line indicates the 1 mm equivalent diameter target threshold of this
study.

As Fig. 4 indicates and Mirsandi et al. have observed by analysing the influence of shear rates
on gas bubble geometry [31, 32], the resulting post-mortem-examined cell shape in metallic
foams is deformed to elongated with a tail for high v.. Such tail formation could be caused first
by an elongation of the bubble while it is still connected to the cannula as Mirsandi et al. show
for agueous bubbles and simulated for bubbles in a steel melt [31, 32], which is then preserved
after detachment by the then oxidised and stabilized inner surfaced that are more rigid than a
pure gas/metal interface. Unlike in aqueous systems, gas bubble surfaces in metallic foams
are more rigid due to higher melt viscosities and oxidation of the surrounding metallic film,

especially if oxygen is contained in the blowing gas [15, 18]. Small resulting standard

deviations of cell diameters (<0.09 mm) for v. = 2 m-s™ were observed and lead to dispersities
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between 6% and 7%, which are close to monodispersity, see Fig 4. A reason for this could be
the constant radial acceleration in our rotary system. Wang et al. observed that changes in the
cannula tip acceleration (when applying oscillations) lead to a high resulting gas bubble
variance if the setup (frequency of cannula movement) is not well synchronized to the gas
bubble detachment [11]. The difference in dispersity at the same v, can be explained by the
reduction of the particle content, which leads to a decreasing melt viscosity directly influencing

the foam stability [15, 18].
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Fig. 4 — Cell dispersity of foams as calculated from Eq. (1) for various different SiC contents differentiated by the
experimental configuration applied by differently colored and shaped symbols (pressure-controlled, black; gas flow-
controlled 20 min-min-1, green; gas flow-controlled, 30 min-min-1, red; 20 vol% SiC, squares; 14 vol% SiC, circles;
10 vol% SiC, right-pointing triangles; 8 vol% SiC, left-pointing triangles). Insets show exemplary gas bubbles of

samples foamed at v, 0 m-s™*, 0.36 m's™!, 1.01 m-s™' and 1.96 m-s™" as indicated by arrows/labels.

4  Conclusions

AISi9MQg0.6 (wt%) alloy foams containing up to 20 vol% Si particles were produced by

injecting air through a single cannula.

e The large cell size of initially =5 mm was reduced to <1 mm by rotating the cannula at

a tangential velocity of =2 m-s™ and reducing the SiC content to 8 vol%,



Monodisperse foams were obtained for small cannula tip velocities (<0.4 m-s™) and
near-monodisperse foams with mean cell diameters below 1.6 mm (for cannula tip
velocities >1 m-s™),

The technique developed allows us to reduce the particle fraction from initially

20 vol% to 8 vol% SiC while reducing the bubble size and having only a minor impact

on bubble size and dispersity.
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