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Abstract Aluminum foams with different silicon content

have been produced by the Alporas method, where calcium

and calcium carbonate are used as a thickening and foam

agent, respectively. Performing quasi-static compression

tests, mechanical behavior such as strain–stress diagram,

deformation behavior, and energy absorption properties of

the produced foams were investigated in this study. By

adding silicon, calcium, and agitation of molten metal Si,

SiO2, CaAl2Si2, CaAl2Si2O8 phases were created. These

phases increased melt viscosity and improved foamability.

The effect of physical properties, foam structure, alloy

microstructure, pore size, and distribution on the mechanical

behavior of metal foams was investigated in the present

study. The foam with 8 wt% Si showed minimum density

and maximum foamability, while it possessed a complete

peak of stress. Thinner cell walls in Al–Si foams were

observed, which could be attributed to the effect of silicon on

melt’s surface tension. Results suggested that foams with 0

and 8 wt% Si are suitable for use as an energy absorber.

Keywords Aluminum foam � Al–Si alloy � Alporas �
Energy absorption � Compressive property

1 Introduction

Metal foams are novel materials that have a combination of

desirable physical and mechanical properties. High energy

absorption, high specific stiffness, specific compressive

strength, and light weight are the main characteristics of

metal foams. Therefore, metal foams are attractive for

structural applications, automotive, aerospace, and military

industries [1–4]. There are several foam manufacturing

technologies with their advantages and disadvantages. The

challenging factor in all of these technologies is the

simultaneous interaction of solid, liquid, and gaseous

phases during the foam manufacturing process [5, 6].

Interaction of these phases finally yields the production of

solid metal foam with a special character. Foamability and

mechanical properties are prominent, which, to a great

extent, determine the foam characteristics.

Alloy composition has a significant role in both foam-

ability and mechanical properties of metal foams which

both have an impressive effect on energy absorption and

compressive strength. In the foaming of melts by blowing

agents in the Alporas method, elements or second phases

are added to the molten metal for two functions, thickening

agent and alloying effects, which both gives the foams

more desirable properties. In fact, it is very difficult to

distinguish the exact effect of an element in either of the

functions. In practice, an alloying element or a second

phase is effective in both functions.

The effect of SiC and Al2O3 on metal foam is well

studied by many researchers [7–10]. Xingchuan Xia et al.

investigated two types of ceramic microspheres over the

compressive properties of aluminum foams. Results

showed that ceramic microspheres significantly improved

yield strength, mean plateau stress, densification strain, and

energy absorption capacity [11]. Huang et al. investigated

the effect of adding scandium on quasi-static compressive

behavior of Al–Sc foams, with and without T6 heat treat-

ment. It was determined that adding the Sc component and

then applying an appropriate heat treatment greatly
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improved the compressive strength of aluminum foams

[12].

Silicon is the most important individual alloying ele-

ment used in the majority of aluminum casting alloys. Al–

Si alloys have many applications in the automotive and

aeronautics industries. These alloys show more fluidity1 in

casting due to their high latent heat and lower melting

temperature. By adding silicon, the strength of alloy

increases, but the ductility reduces due to the formation of

brittle solid phases. Silicon has low density (2.34 g/cm3)

and low solubility in aluminum, reducing shrinkage and

total weight of cast components. This element decreases

the surface tension and increases the viscosity [13]. Hai-

Jun Yu et al. reported that in the compression process, due

to the formation of Al2O3, Al3.21Si0.47, CaAl2Si2 phases,

Al–Si foams revealed a clear brittleness. When such foam

is underwent external force, these phases initiated micro-

scopic cracks. Therefore, the presence of these phases

decreased the compressive strength [14].

On the one hand, adding silicon can improve foama-

bility by increasing viscosity, casting fluidity, and

decreasing surface tension. On the other hand, forming

brittle phases could perversely affect mechanical proper-

ties. Therefore, in this study, the effects of the silicon on

the mechanical properties of aluminum foams have been

investigated. Foams with hypoeutectic Al–Si alloys were

produced, and their mechanical properties were explored.

Hypereutectic alloys were not considered because as pre-

viously reported when the primary silicon appeared as

coarse polyhedral particles, the strength decreased with

increasing silicon content [15].

2 Experimental procedure

2.1 Sample preparation

Materials used here were pure aluminum ingots (with a

purity of 99.8%), calcium granules as a thickening or sta-

bilizing agent, and CaCO3 powder as the foaming agent.

Pure silicon was also used for alloying. Below the prepa-

ration steps are discussed.

1. 1 kg of aluminum was melted in a graphite crucible at

750 �C. An electric resistance furnace was used for

melting aluminum and foaming preparation.

2. Metal silicon particles were added with 0, 4, 8, 12.6

(eutectic point) weight percentages and stirred until all

silicon particles were uniformly disolved in the melt.

3. 1.5 wt% calcium granules were added to molten alloy

for adjusting the viscosity. After complete dissolution

of calcium in the melt, the product was agitated with

1000 rpm of rotational speed for 6 min in ambient for

thickening and viscosity enhancement.

4. The thickened aluminum alloy was poured into a metal

casting mold (cylindrical crucible with an inner

diameter of 7.5 cm and 30 cm internal height). Then,

the foaming agent, CaCO3 powder, was added, mixed,

and stirred by a 1600 rpm stirrer.

5. The melt was held at a temperature of 700–750 �C to

allow the blowing agent to be completely decomposed.

6. Finally, mold was taken out of the furnace and was

quenched by water. After cooling down to room

temperature, the foam block was removed.

For all alloys, the thickening agent’s percentage and

foaming temperature were the same.

The average density and porosity of all samples were

calculated using Eqs. (1) and (2):

q ¼ M=V ð1Þ
u ¼ qs � qð Þ=qs � 100 ð2Þ

where V is the volume of sample (mm3), M is the weight of

the sample (g), q is the sample density (g/cm3), qs is the

density of base material and u is the porosity of samples

[16, 17]. All samples were cut with a 30 9 30 9 30 mm3

size by wire electro-discharge machine (WEDM). Figure 1

represents the cross section of fabricated foams.

The samples were tested at ambient temperature under

compressive quasi-static strain rate conditions according to

ISO 13314 standard [18]. The quasi-static compression was

conducted at a strain rate of 10–3 s-1. OLYMPUS optical

microscope was used to study the microstructure. XRD

analysis was used for phase identification. For XRD and

microstructure investigations, small amounts of melts with

different chemical composition before and after stirring

were solidified in the metal crucible. These samples were

ground and polished for XRD and microstructure investi-

gations. Copper was the target material in an X-ray tube

source.

Normally in the foams, the pore size of foam near the

foam walls is smaller, and the cell walls are thicker;

therefore, the density is much higher in contrast to the

inside of the metal foams. There is also some non-homo-

geneity from top to bottom of the foam. On top of the

foam, the pores are bigger, the walls are thinner, and the

density is lower. Therefore, it is very difficult to find

samples with the same physical properties. The prepared

samples of each alloy were tested by Instron universal

testing machine with an appropriate load cell. To compare

the mechanical properties of the different alloys, it was

tried to prepare samples from the same location. Therefore,

1 Fluidity or castability, in casting terminology, is a term commonly

used to describe the quality of the molten metal to flow and fill the

mold cavity before it is stopped by solidification; this means fluidity

in casting is not opposite of viscosity.
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the data which are presented in the paper are from the

sample, which represents and reveals as far as possible the

average mechanical properties of metal foam for a specific

alloy. The data of each foam are likely not caused by

chance. They are clearly distinguishable and completely

show the effect of silicon on the foamability and

mechanical properties.

2.2 Pore Structure

Different visualization methods are generally available to

analyze and characterize the architecture of cellular mate-

rial, such as pore structure, size, and distribution. ImageJ is

a proper software for analyzing images widely used in

various studies [19].

For analyzing the foam’s pore structure and mean pore

size with ImageJ, all samples were polished, and then

images of the surfaces were taken by a non-contact video

measuring system.

3 Results and Discussion

3.1 Physical Properties

The physical properties of the metal foams are presented in

Table 1. The pore structure of foams with different silicon

contents is shown in Fig. 2. As can be observed, minimum

density and consequently maximum foamability occur at

alloy with 8 wt% Si. For 4 wt% Si, despite the expectation

of improving foaming condition, due to preferable vis-

cosity and surface tension, the foamability is reduced. The

pore size in 4 wt% Si is less than the pore size in 0wt% Si.

In 4 wt% Si, the wall thickness between pores is thick,

meaning foaming and drainage have not been completely

performed. In foams with 8 wt% Si, the mean pore size is

the highest, and the wall thickness is almost thin. More-

over, the density of alloy decreases by silicon content, but

this change is negligible compared to the reduction in the

density of foams [20]. Thus, a reduction in the density of

foams could be thoroughly attributed to the foamability

factor.

The surface tension in Al–Si alloy is fewer than pure

aluminum [21], and it is almost constant in Al–Si alloys

with different silicon contents [21, 22]. It is expected that

due to lower surface tension, foam with 4 wt% Si will have

higher foamability than foam with 0 wt% Si. However,

unexpectedly, its pores are smaller, and its density is

higher. It seems all the silicon content contribute to inter-

metallic and oxide phases such as CaAl2Si2, CaAl2Si2O8,

and SiO2. Therefore, the remaining free silicon content is

very little to be effective on the foamability. Whereas in

foam with 8 wt% Si, there is enough silicon and the

foamability is at the maximum, and big size pores have

created the foam structure. In Al-12.6 wt% Si, the foam-

ability again drops, and density increases. Different pore

sizes, placement of small bubbles, and big bubbles and

thick walls between pores all indicate excessive viscosity.

Too much viscosity will normally suppress gas release, and

also it will cause non-homogeneity in the foam’s structure

[23–26].

3.2 Microstructure

The present phases in the foam with 4wt% Si before and

after stirring are shown in Fig. 3. The X-ray analysis shows

that by adding silicon as alloying element and calcium as a

thickening agent, phases created in the samples are Si,

Fig. 1 Cross section of metal foams: a 0 wt%, b 4 wt%, c 8 wt% and d 12.6 wt%
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Table 1 Physical properties of the foams

Matrix Si(wt%) Bulk density (g/cm3) Foam density (g/cm3) Relative density Porosity (%) Mean pore diameter (mm)

Al 99.8% 0 2.70 0.56 ± 0.04 0.20 ± 0.015 79.01 ± 4.51 1.823 ± 0.224

Al 99.8% 4 2.69 0.67 ± 0.03 0.25 ± 0.011 75.06 ± 3.23 1.303 ± 0.190

Al 99.8% 8 2.68 0.47 ± 0.07 0.18 ± 0.026 82.50 ± 7.93 2.276 ± 0.342

Al 99.8% 12.6 2.65 0.77 ± 0.03 0.29 ± 0.012 71.22 ± 3.48 1.350 ± 0.271

Fig. 2 Optical macrographs of aluminum foams with different silicon content. a 0 wt%, b 4 wt%, c 8 wt% and d 12.6 wt%

Fig. 3 X-ray diffraction

analysis of Al–Si foam. a before

and b after stirring
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SiO2, CaAl2Si2, CaAl2Si2O8. Si and SiO2 phases are

identical in both samples; however, the CaAl2Si2O8 oxide

phase after stirring and thickening increases in terms of

intensity and, as a result, in quantity. This means that the

formation of complex oxide during stirring is responsible

for viscosity increase. Oxide phases, especially CaAl2Si2-

O8, are formed in situ in the melt during the thickening

stage, and these oxide phases are generated by agitation

and oxidation process on the surface of the molten metal

[26, 27].

Figure 4 shows the metallographic images of Al-8% Si

after stirring. As shown in Fig. 4, the oxide phases are the

black areas, dispersed between primary phases and in

eutectic structure; this is frequent in samples which is well

stirred.

The wall thickness of cells with and without silicon is

presented in Fig. 5. According to Fig. 5, the wall thickness

in foam with 4 wt% Si is much thinner than that in foam

without silicon. The average thickness of aluminum foam

is 93.50 lm, while wall thicknesses for Al–Si foams with

4, 8, 12.6 wt% Si are 25.47, 27.87, and 74.39 lm,

respectively. Despite higher foamability in aluminum

foams, the average thickness of Al–Si foams is lower.

Since the wall thickness decreases with decreasing surface

tension [28–30], the reduction in wall thickness could be

attributed to the reduction in surface tension by silicon.

Figure 6 shows the microstructure of Al-8 wt% Si,

where a hard and brittle Si phase is created in a soft Al

matrix by adding Si. For hypoeutectic Al–Si alloys,

mechanical properties depend on the size, shape, and dis-

tribution of Si particles in a eutectic mixture of Al–Si

alloys, in which the elongation at fracture depends on the

eutectic structure. Normally, a fine fibrous Si structure is

preferred to a flake-like one. The amount of eutectic mix-

ture depends on silicon content. Normally, increasing the

silicon level will improve yield strength, UTS, and hard-

ness but reduce elongation [31, 32]. Calcium modifies the

eutectic silicon microstructure [33]. However, in Al–Si

alloys, Al–Si–Ca intermetallic compounds will be formed,

which are detrimental to mechanical properties [34, 35]. In

general, calcium in aluminum–silicon alloys increases

strength and decreases elongation, but it does not make

these alloys heat treatable. According to XRD results, by

adding calcium to Al–Si alloy, the CaAl2Si2 intermetallic

phase is formed, and the Al4Ca phase, which is normally

formed in pure aluminum, is not observed. In fact, since

almost all added calcium in all foams is consumed in the

formation of the second phase, namely intermetallic and

complex oxide phases, it will be possible to consider that

the calcium has the same effect on foam properties for all

foams. In this situation, effect of Si content on the foam

properties can be considered independent of calcium.

3.3 Compressive Stress–Strain and Energy

Absorption Curves

In general, the stress–strain curve of metal foams has three

regions, (1) the linear elastic region or elastoplastic

deformation stage in which the deformation occurs linearly

in a relatively low strain and cell deformations are partly

reversible; (2) plateau deformation region in which stress is

almost constant or slightly increased with strain variation,

in this stage, cell walls might either deform or break; and

(3) densification region where the cells are almost com-

pletely crushed and foam shows the same behavior with

bulk material. In this region, stress is sharply increased

[36, 37].

The mechanical properties of foams strongly depend on

the relative density, macrostructure of pores such as cell

shape, cell size and cell homogeneity, cell wall material,

type of loading, reinforcement type, and its shape and

orientation, and also manufacturing route [36, 38–40]. The

engineering stress–strain curves of aluminum foam with 0,

4, 8, and 12.6 wt% Si are shown in Fig. 7. These curves

show a typical mechanical behavior of metal foams.

Table 2 lists the mechanical properties of these foams.

The slope of the stress–strain curve in the elastic (linear)

region is defined as Young’s modulus of the foam

[14, 41–43]. The Young’s modulus of 12.6 wt% Si foam

has the highest value. A greater Young’s modulus is

expected for this foam due to its higher density, as the

elastic slope angle will become larger when the relative

density increases [14]. This trend could be seen in foams

with 0, 4, and 8 wt% Si. In Al–Si alloys, elastic modulus

relies on silicon content, and it increases with silicon

quantity. Bulk material of Al-8 wt% Si has an elastic

modulus of about 6.4% higher than that of pure aluminum

[44]. The elastic modulus and density of Al-8 wt% Si foamFig. 4 Microstructure of Al-8% Si after stirring
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are respectively, about 11.5% and 16.5% less than Al-

0 wt% Si foam. If it is assumed that foam’s elastic modulus

is dependent on bulk elastic modulus and foam density, by

comparing elastic modulus of these two foams, and

according to the elastic modulus of alloys and also foam’s

density, it can be deduced that the elastic modulus of the

foam depends almost equally on both alloy’s elastic mod-

ulus and foam density.

The yield and compressive strengths of these foams

have no particular trend, and these foams possess nearly the

same yield and compressive strengths. In Al-12.6 wt% Si,

due to the higher strength of the alloy and the higher

density, it is expected to have the highest yield strength. On

the contrary, Al-4wt% Si has the highest yield strength.

The mechanical properties of the foam are affected by

Fig. 5 Optical image of the cell walls for a Al foam and b Al- wt4%Si

Fig. 6 Microstructure of Al-8 wt% Si

Fig. 7 Engineering stress–

strain curves for foams
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many different parameters. According to the scaling model

[45], it has been considered that the compression strength

of the disordered material is a function of the compression

strength of solid material and the degree of disordered

porosity [46]. Koza et al. confirmed that the most important

factor affecting the compressive strength is the homo-

geneity: The regions with lower density play the main role

in strength reduction in the specimen [36]. According to

Fig. 5 and Table 1, foam with Al-4 wt% Si has smaller

pores surrounded by a network of thick walls. Such

structure, besides possessing pores with a spherical shape,

could be the cause of foam strength. Al-12.6 wt% Si, in

comparison with other forms, has relatively high strength

but its non-homogenous structure and its frequent regions

of huge pores with thin walls eventuate into a reduction in

both yield and compressive strengths. This means that non-

homogeneity has more impact on strength than mean pore

diameter and alloy strength.

Al-0 wt% Si and Al-8 wt% Si have nearly the same

mechanical properties, and Al-0 wt% Si foam has higher

density and Al-8 wt% Si has more alloy strength where

these two parameters positively affect the strength of

foams. The yield strength of Al-8 wt% Si is nearly 45%

more than that for pure foam [47], but the density is 16%

less. Since these foams have roughly the same yield

strength, it could be perceived that density has a greater

effect than alloy strength in metal foams.

Normally in metal foams with an increase in density, the

peak stress (Fig. 7), a peak followed by a drop in stress,

would be reduced [36, 38] whereas in Al-8 wt% Si foam,

with the lowest density, a clear and complete peak of stress

could be observed. This different stress–strain curve could

be attributed to the bigger pore size in this foam [36]. Some

of the previous reports [37, 48] stated the opposite obser-

vation where by increasing density, the peak stress

enhances. Usually, in foams with high density, foam for-

mation and drainage would not be fully completed.

Therefore, spherical pores with thick walls would be cre-

ated, which possess high mechanical properties. However,

these foams are more susceptible to non-homogeneity, and

as previously mentioned, such zones with big pores and

low density have more impact in foams with a supposedly

dense structure. The occurring collapse in these zones

coincides with a sudden drop in stress which is the cause of

peak stress.

The plateau deformation region defines energy absorp-

tion capacity, and it is important in dynamic loadings such

as impact. This feature of foams, especially in metal foams,

is very important in energy absorption systems like shock

absorbers. This property of foams is defined almost the area

under the plateau region, which depends on plateau stress

and plateau strain (ed*). The plateau stress, desirably,

depending on different applications, should be either low or

high. However, a higher plateau stress range, in most cases,

is superior. A constant value of plateau stress during

dynamic loading and absorbing a high amount of kinetic

energy is important, and foams are known for this property

[49, 50].

The energy absorption curve of metal foams is shown in

Fig. 8. Furthermore, Table 2 compares the plateau strain

and energy absorption of metal foams. According to the

engineering stress–strain curves, two foams with lower

density, 0 and 8 wt% Si, have different energy absorption

capacities compared to the other two foams with higher

density, 4 and 12.6 wt% Si. Foams with 4 and 12.6 wt% Si

have higher energy absorption. However, this rise is due to

increased plateau stress during plateau strain and densifi-

cation, which is not proper and desirable for absorbing

kinetic energy application. 0 and 8 wt% Si foams have the

capability for keeping the peak stress down while absorb-

ing energy; this feature makes these foams excellent energy

absorber choices.

Due to the mechanical properties of metal foams listed

in Table 2, it could be considered that a constant level of

plateau stress, which almost entirely relies on density and

other parameters, would have no significant effect. Foams

with a lower density has higher plateau strain, and they

keep plateau stress constant for longer period.

Nevertheless, the values for plateau stress show some

fluctuation and variation. This could be attributed to non-

homogeneous structure and the effect of brittle reinforce-

ment phases, and the ductile/brittle behavior of the foams

[14]. This fluctuation in foam with 8wt% Si is more than

other foams. Since this foam has the same brittle phases

such as Si, SiO2, CaAl2Si2, CaAl2Si2O8, it seems that other

factors would play the main role in the fluctuation of pla-

teau stress. By comparing the physical properties and pore

Table 2 The mechanical properties of the foams

Matrix Si (wt%) Young’s modulus (GPa) Yield strength (MPa) Energy Absorption (MJ/m3) Plateau strain ed

Al99.8% 0 0.69 ± 0.0013 4.15 ± 0.91 3.84 ± 0.74 0.46 ± 0.025

Al99.8% 4 0.73 ± 0.0008 5.60 ± 0.32 4.08 ± 0.86 0.44 ± 0.016

Al99.8% 8 0.61 ± 0.0026 4.21 ± 1.06 4.32 ± 0.33 0.51 ± 0.031

Al99.8% 12.6 1.01 ± 0.0009 5.08 ± .0.58 4.06 ± 0.65 0.42 ± 0.017
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structure of these foams, it could be assumed that foam

density and regions with big pores are responsible for the

fluctuation of plateau stress. At the time of the collapse,

regions with big pores and also non-homogenous zones

with low density exhibit some different tolerances to

withstand forces that cause fluctuation in the stress–strain

curve. In fact, during the collapse, the behavior of the pores

is affected by a combination of factors such as wall

thickness, alloy properties, second phases, and ductile/

brittle response of walls during bending or buckling.

4 Conclusion

Closed-cell aluminum foams with different silicon contents

were made by melt foaming method using calcium as a

thickening agent and CaCO3 as a foaming agent. The

effects of silicon elements on the foaming properties, foam

structure, microstructure, and its physical/mechanical

behaviors were studied.

The following observation can be highlighted:

1. Al-8wt% Si had the highest foamability and minimum

density. In this foam, the pores were coarser, and the

pore walls were thinner. In Al-12.6wt% Si, the

foamability was reduced, and un-homogenous pores

were created in the foam structure, which meant that

the melt viscosity was too high.

2. Silicon and calcium, which were added to aluminum

alloy for alloying and thickening, respectively, created

Si, SiO2, CaAl2Si2, CaAl2Si2O8 phases. The number of

oxide phases increased after stirring, which meant that

oxide phases were responsible for viscosity

enhancement.

3. In Al–Si foams, despite different densities, cell walls

were thinner. Since silicon reduced the surface tension

and considering the fact that in low-energy surface

tension, small walls could be stable, a reduction in wall

thickness could be attributed to silicon presence.

4. In prepared foams, with increasing density, the elastic

modulus increased. The elastic modulus of foam was

almost equally dependent on both elastic modulus of

alloy and foam density.

5. In Al-12.6wt% Si, having the highest alloy strength

and density, it was expected to have the maximum

yield strength. However, because of non-homogeneity

in pore structure, this foam had less yield strength than

Al-4wt% Si foam.

6. Al-8wt% Si with the lowest density showed a clear and

complete peak of stress. It seemed that density was one

of the parameters that had a great impact on creating

peak stress.

7. Foams with 0 and 8wt% Si, despite having lower

energy absorption capacity, were proper and desirable

for absorbing kinetic energy because these foams

revealed constant plateau stress, an important property

in energy absorbing systems.

Fig. 8 Energy absorption

curves of foams
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