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Liquid metal foam owes its stability to the presence of solid non-metallic 

particles. To elucidate the conditions under which such particles stabilise foams, 

15 different aluminium-alloy based metal matrix composites were manufactured 

and melted, after which air was injected with the objective to create bubbles and 

eventually metal foam. Bubble and foam formation was monitored in-situ by X-

ray radioscopy. All systems were classified and labelled foamable, partially 

foamable and unfoamable. Foamable composites form a preferred range in the 

stability diagram displaying particle fractions vs. particle size, thus experimentally 

confirming earlier claims. All investigated composites fall into the same range 

even though their alloy compositions and particle types vary. 
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The most direct way to create a metal foam is to inject gas into a molten alloy. While this idea 

occurs already in a very early patent [1] details on processing were disclosed and the 

importance of foam stabilisation discovered only many years later, as reviewed in Ref. [2]. It 

is now known that a dispersion of non-metallic particles in a liquid alloy is a pre-requisite for 

growing foam. Such particles decorate bubble/metal interfaces and prevent two bubbles that 

come into contact with each other from forming a bigger joint bubble. How exactly particles 

prevent coalescence is not known in detail and some controversy remains [3-5]. 

The conditions under which an alloy can be foamed by particles have been investigated 

for the important system Al-Si/SiC. Originally, this particle-reinforced metal matrix 

composite was developed as an alloy with improved mechanical properties, but during 

processing in the liquid state its foamability was discovered. The ability of SiC particles of 

various diameters and volume fractions to keep foam stable was investigated and a preferred 
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range identified. However, the particle fraction vs. particle size stability diagram published in 

a patent [6] is only schematic and not based on documented experiments (although some 

might have been carried out). Aluminium alloy melts containing varying contents of 

stabilising SiC particles have been studied to determine the particle fraction required to create 

stable foams by gas injection [3]. Other studies concentrated on important parameters such as 

the particle size [7] immersion depth of the gas injector [8], type of blowing gas [9], or 

injection conditions [10]. 

The aim of this paper is to provide an experimental proof of the stability diagram 

suggested in Ref. [6]. As no series of composites with a wide range of different particle sizes 

is available, we chose different alloys stabilised with different particles, in total 15. They 

represent a wide range of particle size vs. particle fraction combinations. We monitor the 

formation of liquid metal foam in-situ by X-ray radioscopy and distinguish between various 

levels of foamability. The result of the study is the confirmation of the stability diagram and 

the finding that it does not sensitively depend on the type of metal matrix composite. 

 

Composite F3S20S produced by Alcan, Montréal, Canada, containing 20 vol.% SiC particles 

of 10 µm mean diameter embedded in an alloy AlSi9Mg0.6 (in wt.%) was considered a 

reference material in this work due to its known foamability, see Figure 1 and Table 1, #2. All 

the composites prepared in the present study are based on alloy AlSi9Mg0.6. The foamable 

materials prepared can be divided into three categories depending on how they are 

manufactured: (i) Composites are called extrinsic (‘Ex’) when they contain particles that were 

added to a melt from the outside. Beside SiC particles, Al2O3 or SiO2 have been used as 

extrinsic particles [8,11-14]. Composites are manufactured by adding powders to the vortex in 

the melt while stirring at 1000 rpm. (ii) Composites are called intrinsic (‘In’) whenever 

particles are formed by reactions inside the liquid alloys. Such particles are produced by 

adding oxidants such as SiO2 and CuO to create Al-based oxides (Al2O3, Al2MgO4 (spinel) or 

Al-Mg-O transition phases) and by a flux-assisted synthesis route leading to the formation of 

TiB2 particles [15]. (iii) Some composites contain primary crystals that are formed in the first 

stage of solidification of eutectic alloys. Primary Fe and Si-rich crystals were obtained after 

modifying the basic alloy AlSi9Mg0.6 by addition of 3 wt.% Fe or 11 wt.% Si, respectively 

(‘Pr’). Further details of these composites and composites used by other researchers can be 

found in Table 1. 
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For the foaming experiments, all composites were melted in a chamber and foamed by air 

injection through a stainless steel cannula of 500 µm outer and 200 µm inner diameter. A 

detailed description of the setup and procedure can be found elsewhere [16]. The temperature 

of the melt (680 °C) and the air overpressure in the injection line (300 mbar) were kept 

constant. The foaming process was observed by in-line radioscopy employing a microfocus 

X-ray source with 5 µm spot size operated at 100 kV and 100 µA and capturing the 

radiographs on a panel detector with 2240 × 2368 pixels of each 50 × 50 µm2 pixel size [17]. 

Images were taken every 500 ms. Program “ImageJ” was used to process images, to analyse 

the foam structure and to determine bubble size and the height of the foam column. 

 

To discuss the ability of a material to be processed to a foam, the term foamability is coined. 

Alloys and composites in which upon gas injection stable are created and the bubble size 

distribution is narrow, no notable events of bubble merger are observed and the bubbles pile 

up continuously to form a foam layer of growing thickness are called foamable (I). If, 

however, bubbles merge with others during foaming (a.k.a. coalescence), giving rise to a 

coarser and less uniform bubble size distribution than in the case of foamable alloys and a 

foam column is formed, however of a limited height, a composite is called only partially 

foamable (II). If bubbles lose gas or collapse immediately after reaching the melt surface and 

disappear or form a characteristic onion-shaped structure of bubble remnants a composite is 

deemed unfoamable (III). In Figure 1, the different levels of foamability (I, II, III) are 

exemplarily shown for foams blown by injecting air into a melt held at 680 °C. The state 

shown was obtained by injecting for 15 s and holding for 60 s after.  

 

The experiments in this work were performed under the same conditions for all the 

composites, see Table 1. The levels of foamability obtained are given in the 7th column of the 

table. The materials investigated by other researchers (see references) might have been 

manufactured using different equipment and parameters such as injector diameter, gas type, 

pressures, etc., but the process is fundamentally the same. As particle morphology (spherical 

or angular), size (diameter DP = 0.1–1000 µm) and distribution (uniform or agglomerated) can 

vary notably, a selection of microstructure images of various composites is shown in Figure 2. 

Examples for spherical particles are f) big SiO2 (#19 in Table 1) or h) primary Si crystals 

(#25), whereas angular particles are a) SiC (#1), e) spinel (#18) or g) needle-like primary Fe 
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crystals (#22). The smallest particles were created in-situ, namely d) using CuO (#16) or e) 

using SiO2 (#18), in contrast to the large primary crystals in g) (#22) and h) (#25). All 

particles show a tendency to agglomerate. An example for distributed particles is seen in a) 

(#1), one for strongly interconnected TiB2 particles (#14) encircled in red) in c). Particles 

created by oxidation are shown in d) (#16) and e) (#18). They not only exhibit a broad particle 

size distribution but are also prone to agglomeration. Moreover, the initial reactants have not 

totally transformed to smaller oxides as some residues are still visible. 

 

For a better understanding and to highlight the importance of particle size and particle 

concentration the two quantities are related in Figure 3. The colour of the symbols and of the 

background represents the level of stability ranging from a foamable (I, green) over a partially 

foamable (II, yellow) to an unfoamable (III, red) foam structure. Obviously, a preferable 

range of foamable composites exists for intermediate particle sizes and concentrations. 

Such a diagram has been presented in an early patent to illustrate the possible parameter field 

for successful foaming of aluminium alloys, however without giving the experimental 

background. The original diagram was given for an Al-SiC composite and an optimal particle-

size / concentration range (3−25 vol% / 0.4−30 µm) was found [6]. The dashed lines in Figure 

3 indicate the stability limits claimed there for SiC. In the current work, we show that these 

limits not only apply to SiC particles but also to other foam stabilising particles investigated 

here and by other authors whenever gas injection drives foaming. In the following we shall 

discuss the 4 different boundaries separately and offer explanations. Figure 4 provides a 

visualisation of these cases. 

The diagram proposed in Ref. [6] was analysed by Kaptay who found similar border 

conditions [18]. Considering the first border (A) “difficult to mix”, see Figure 3, he developed 

an equation to determine the minimum particle diameter (DP,min) by considering the critical 

kinetic energy (or stirring velocity v, which in our technical limit is νcrit. = 60 m·s-1) needed to 

overcome the interfacial force: 

𝐷𝑃,min ≥ (1 − cos 𝜃)² 3𝛾
𝜌𝑃𝑣crit

2 ,      (1) 

where ϴ is the wetting angle between the particle and the melt, γ is the surface tension of the 

melt (0.85 J·m-2) and ρP is the (gravimetric) density of the particles. Calculating DP,min for our 

setup and exemplarily for Al2O3 (ρP = 3950 kg·m-3, ϴ = 60° [19]) leads to a minimum particle 
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size of around DP,min = 0.6 µm. This concurs with experimental data as AlSi9Mg0.6 foams 

cannot be stabilised using Al2O3 particles of DP = 0.1−0.3 µm (#7), but by particles of 0.6 µm 

diameter (#6), see Table 1 and Figure 2b. For SiC (ρP = 3200 kg·m-³, ϴ = 27° [19]) DP,min = 

0.4 µm, which also appears realistic as all melts containing particles of DP ≥ 1 µm could be 

foamed [3,7]. A minimal particle size of 0.02 µm for SiO2 particles (ρP = 2700 kg·m-3, ϴ = 

70° [19]) is also in good agreement with experimental results of spinel, Al2O3 and SiO2 

particles. SiO2 particles sized around 0.01 µm are hard to be immersed properly into a melt 

and cannot be foamed (#17), whereas melts containing bigger particles (1–10 µm, #18) are 

foamable. The consequence of adding too small particles to a melt is that the films contain a 

too low volume fraction and become unstable, see Figure 4a. 

On the other side of the size range, the maximum particle size (see Figure 3, region C) can be 

given by Stoke´s equation, where the particle settling velocity vset is the limiting factor since it 

increases with particle size DP [20] 

𝐷𝑃 = 2� 9µ𝑣set
2𝑔(𝜌𝑃−𝜌𝐿)

.      (2) 

Here, ρL is the density of liquid aluminium alloy (ρL = 2420 kg·m-3 for AlSi9 at 700 °C [21], 

similar to that of AlSi9Mg0.6) and µ its viscosity (µ = 1.045 mPa⋅s for AlSi7Mg0.3 at 690 °C 

[22]). Kaptay assumed a technical limit of vset = 0.02 mm·s-1, leading to a maximal particle 

size of DP = 22 µm for Al2O3, DP = 30 µm for SiC and DP = 50 µm for SiO2 [18]. These 

values differ by a factor of 2, which is small considering the size range in Figure 3. All the 

present results are compatible with these estimates, see Figure 3 and Table 1. For primary 

crystals (#21–25) no calculated value of DP can be given as the precipitations are part of the 

alloy. Clearly, the large particle sizes (200–2000 µm), see Figure 2 g) and h), do not lead to 

good foamability of the melt. Another factor limiting stability is given by particles with 

diameters exceeding the typical foam film thickness (Figure 4c), i.e. DP > 50 µm [7,8,14,23]. 

Such particles lead to weak foams (I,II) as wetted particles pull the liquid out of the films due 

to surface tension and cause thinning of regions in between the particles and films eventually 

break due to the lack of stabilisation.  

Considering the upper border value (Figure 3, region B), “too viscous” was found to be the 

case for SiC particle concentration of 28−30 vol.% for a particle size of 14±9 µm [24]. As the 

upper limit of the particle volume fraction is not of practical interest (the goal is to reduce the 

amount of particles) this is not elaborated in much detail here. Figure 4b visualises the 
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problem of very high melt viscosity, which does not allow for a proper bubble formation. 

Bubbles might not even detach from the cannula or become too big, which gives rise to thick 

films and a poor foam structure.  

On the contrary, the minimal particle volume fraction (region D) is very relevant as any 

reduction would improve machinability of the end product, reduce costs of the raw material 

and simplify production steps. The corresponding explanation in Ref. [18] for “weak foam 

stability” is based on the assumption of a double particle layer at the gas-liquid interface [25]. 

Such highly ordered and structured particle layers could not be found in foams created by gas 

injection, see Figure 2 and Refs. [3,13,16], which is why this analytical approach cannot be 

used directly for real foams. Some particles rather tend to segregate to the gas-liquid 

interfaces and align, others agglomerate or distribute over the entire width of the film. 

Nevertheless, especially particles situated at the gas-liquid interfaces seem to play an 

important role and might reduce capillary forces and inhibit drainage. Such particles are found 

to be pinned to the interface by a continuous oxide skin, which is necessary to stabilise a film. 

This skin has to be thick and strong enough to hold particles [16]. Particle bridges might be 

indeed possible from one bubble surface to another and provide a mechanical disjoining force 

as suggested by Kaptay [25]. So if the minimal particle concentration is not reached (Figure 

4d) nothing prevents the bubble surfaces from merging when the film thickness becomes 

undercritical. If, however, the criteria for particle size and fraction are met the particle 

configuration might be as shown in Figure 4e.  

 

Air was injected into various aluminium alloy composites to investigate their ability to form 

liquid metal foam. 

• Three different levels of foamability - foamable, partially foamable and unfoamable - 

were introduced to describe the quality of a foam produced by gas injection. 

• It was found that only intermediate particle sizes and concentrations enable foaming by 

gas injection. 

• These limits were found to be similar for different particle types (different compositions 

and manufacturing routes) and morphologies. 

• Four different border conditions delimiting particle sizes and concentrations were 

discussed in the context of the experimental results. 
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Table 1. Composites used for gas injection experiments in this work (entries in bold letters) and some data found in the literature.  

# 

Alloy [wt.%] 

particle type 

extrinsic (Ex) 
intrinsic (In) 

primary crystals (Pr) 

particle 

fraction 

[vol.%] 

particle size 

[µm] 

wetting 

angle [°] 

stability 

foamable (I) 
partially foamble 

(II) 
unfoamable (III) 

 

source 

 

 

figure 

 

1 AlSi9Mg0.6 SiC (Ex) 8 10 27 I this work 2a 
2 AlSi9Mg0.6 SiC (Ex) 20 10 27 I this work [3,6,7]  1a 
3 Al SiC (Ex) 10−20 10−15 27 I [1]  
4 AlSi10Cu3Ni1.5 SiC (Ex) 20 13 27 I [5]  
5 Al-Si + rare earth SiC (Ex) 8−15 1/7/14/20 27 I [12]  
6 AlSi9Mg0.6 Al2O3 (Ex) 10 0.6 60 I this work 2b 
7 AlSi9Mg0.6 Al2O3 (Ex) 10 0.1−0.3 60 III this work 1c 
8 AlSi9MgMn (A365) Al2O3 (Ex) 3−8 9/15/23 60 I [13]  
9 AlSi10Mg Al2O3 (Ex) 12.5 23 60 I [5]  

10 AlMg1SiCu Al2O3 (Ex) 10 11 60 I [5–7]  
11 AlSi10Cu3Ni1.5 Al2O3 (Ex) 10 11 60 I [5–7]  
12 AlSi10Cu3Ni1.5Mg3 Al2O3 (Ex) 10 11 60 I [5–7]  
13 Al-Si + rare earth Al2O3 (Ex) 11−20 3.5/5/10 60 I [12]  
14 AlSi9Mg0.6 TiB2 (In) 6 1−3 0 I this work 2c 
15 Al 99.98 TiC (Ex) 4 0.2 10 III [3]  
16 AlSi9Mg0.6 spinel, Al2O3 (In) & CuO (Ex) 2.5 1–10 60 II this work 1b, 2d 
17 AlSi9Mg0.6 spinel, Al2O3 (In) & SiO2 (Ex) 0.2 0.01 70 III this work  
18 AlSi9Mg0.6 spinel, Al2O3 (In) & SiO2 (Ex) 5 1–10 70 II this work 2e 
19 AlSi9Mg0.6 SiO2 (Ex) 20 100−400 70 III this work 2f 
20 AlSi9Mg0.6 CaO (In) 1.5 - n.a. II this work  
21 AlSi9Fe3Mg0.6 Fe (Pr) 1 100–2000 0 III this work  
22 AlSi9Fe3Mg0.6Cr0.5 Fe (Pr) 1 100–500 0 III this work 2g 
23 AlSi9Fe3Cr2Mg0.6 Fe (Pr) 1 50–300 0 II this work  
24 AlSi20Mg0.6 Si (Pr) 19 200 0 II this work  
25 AlSi20Mg0.6Ca0.2 Si (Pr) 19 500 0 III this work 2h 

 



8 

 

 

Figure 1. X-ray radioscopies of structures obtained by foaming (or attempting to foam) a) 

foamable composite AlSi9Mg0.6 + 20 vol.% SiC (DP ~10 µm), b) partially foamable 

composite AlSi9Mg0.6 + 2.5 vol.% Al2O3 + spinel (intrinsic composite created by oxidation 

using CuO), c) unfoamable composite AlSi9Mg0.6 + 10 vol.% Al2O3 (DP = 0.1−0.3 µm). All 

composites were blown with air for 15 s injection, after which the melt was held for 60 s at 

680 °C. 
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Figure 2. Composites based on various matrix alloys containing extrinsic (Ex) or intrinsic (In) 

particles or primary crystals (Pr): a) SiC (Ex), b) Al2O3 (Ex), c) TiB2 (In)*, d) spinel/CuO 

(In)*, e) spinel/SiO2 (In)*, f) SiO2 (Ex), g) Fe-rich crystals (Pr) and h) Si-rich crystals (Pr). 

Reactants (e.g. oxidants) and particles are highlighted in some cases. All images marked with 

an asterisk are SEM images, the others light optical micrographs. In Table 1 the images are 

linked to the type of composite. 
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Figure 3. Foam stability diagram showing the level of foamability for different combinations 

of particle size and particle volume fraction. Green symbols represent a foamable (I), yellow a 

partially foamable (II) and red an unfoamable (III) composite. Each symbol represents one of 

the 25 entries in Table 1 and the dashed frame the outer stability boundaries for AlSi+SiC 

foams as suggested in the literature [6]. 
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Figure 4. Schematic of particle distributions in a liquid film. Various configurations related to 

the four borders in Figure 3 are shown. a) Too small particles and difficult to mix (A), b) 

Fluid too viscous (B), c) Particles too large and settling too severe (C), Too few particles (D). 

e) Optimal configuration for the present system (trapezium of Figure 3).  
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