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INTRODUCTION

Nowadays, the costs and strength of engineer-
ing structures are very important aspects of their 
design. Due to the increasing demands placed on 
structures by stringent standards, it has become 
commonplace to use numerical analysis in the 
design process  [1, 2]. Technological advance-
ments have made it possible to upgrade common-
ly used “traditional” construction materials such 
as steel and aluminum alloys. The development 
of the production process allowed the improve-
ment of the built machines, mainly due to the use 
of lightweight materials, while maintaining high 
strength and safety [3, 4]. Over the years, porous 
structures of metals, which are much lighter than 
solid material while maintaining high strength, 
have found their application. The quality of the 
produced foams is very important. They should 

have a homogeneous, repeatable structure, i.e.: 
the size and shape of the pores. The quality of 
their structure is reflected in selected properties, 
e.g.: strength. We can maintain such a structure in 
foams produced by casting.

The casting of metal foams is carried out in 
several ways, e.g.: by full molding, infiltration of 
granules, foaming in a liquid state, or gas blowing. 
When comparing the cost intensity of the process 
with the quality of the obtained product, the gas-
infiltration method is the most advantageous  [5, 
6]. It allows achieving a structure with even pores 
at a low material cost used in the production pro-
cess. Currently, aluminum foams have found their 
widespread use as mechanical energy-absorbing 
structures. The arrangement of pores results in 
specific properties where the structure, with low 
density and stiffness in relation to solid mate-
rial, retains good energy-absorbing properties. 
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Scientific research has confirmed the influence of 
the porous structure on the crush load efficiency 
index[7], which is important in the passive safety 
testing of motor vehicles [8, 9]. Researchers have 
found the use of porous metals in the crush analy-
sis of thin-walled passive absorbers. Originally, 
the structures were filled with additional walls in-
side [10, 11]. However, due to the high stiffness 
in the impact direction, the multi-cell structures 
were replaced with metal foams  [12–14]. The 
foams of metals compared to the foams of poly-
mers have different characteristics of damage to 
the structure, consequently, they absorb mechani-
cal energy to a different extent [15]. Porous ma-
terials have found their application in the marine 
industry as filling of hull coating elements. Due 
to the high restrictions, the materials used for the 
construction of the vessel are subjected to flam-
mability tests[3], which is a very big advantage 
of metal foams in comparison with materials 
ones. Cast metal foams are used in the production 
of sandwich-type structure. Their high stiffness 
compared to the low weight of the product is an 
excellent filler[16–18]. Due to the multiple uses 
of foams, neural networks are often used to ana-
lyze them to determine the relationships between 
various parameters[19–23].

Aluminum-ceramic foams are character-
ized by very good fire-resistant properties, hence 
their dedicated use as insulation between batter-
ies and the structure in electric cars and maritime 
transport of electric cars on ro-ro ships. For fire 
protection reasons, it is advantageous, that alu-
minum ceramic foams(when melted at tempera-
tures even much higher than the melting point) 
have the structure of a discontinuous suspension 
of solid inclusions in liquid metal that does not 
have a liquid consistency. This paper is an ex-
cerpt from the authors’ work focused on com-
paring the properties and structure of aluminum 
and aluminum-ceramic foams in order to select 
the best combination of performance properties 
of these materials. In addition, it is very difficult 
to produce aluminum foams by the gas blowing 
method. This technology requires a great deal of 
experience. Paradoxically, it is easier to produce 
an aluminum-ceramic composite, where SiC par-
ticles are a causing factor of pore formation and 
growth. In practice, aluminum foams produced 
by foaming in the liquid state method are most 
often used. However, this method is very expen-
sive, because it is based on introducing a foam-
ing agent, usually in the form of TiH2 compound, 

into the liquid metal, e.g.: calcium-densified alu-
minum. Therefore, the authors of this paper pro-
posed a cheaper way to produce foams and evalu-
ate their quality.

The authors made a comparison of the struc-
tures of aluminum and aluminum-ceramic foams 
in order to assess their chemical composition, de-
scribed in selected sections, and the quality of their 
structure, i.e.: the uniformity of size, and shape of 
pores with the use of descriptive statistics.

Geometric parameters, the shape of pores, 
and their distribution are related to the produc-
tion process of casting metal foams. The effect of 
the above-mentioned defects of the product is the 
decreased strength and increased susceptibility to 
damage. The subject of the research is also the 
analysis of the mechanical properties of the alu-
minum porous structure, in particular its ability 
to absorb energy. In the international literature, 
static loading is used as the primary test to de-
termine the energy absorption capacity of struc-
tures[24–26], therefore the authors have chosen 
to use this type of test for porous structures. An 
analysis performed in this manner will not reflect 
the behavior of a structure in the case of a dy-
namic impact, however, it provides an indication 
of its ability to absorb energy.

The purpose of this study is to analyze alumi-
num and aluminum-ceramic foams, produced by 
themselves and then evaluate the quality of their 
structure, i.e. homogeneity of size, shape and 
distribution of pores using descriptive statistics. 
As well as analyzing and testing whether the ho-
mogeneity of the structure of the manufactured 
foams affects the compressive strength. In addi-
tion, the evaluation of their chemical composition 
is described in selected chapters.

MATERIALS AND METHODOLOGY

The research material was produced alumi-
num and aluminum-ceramic foams. The foam 
used in the experimental study was produced ex-
situ. It was manufactured using the method of gas 
blowing into the liquid metal. The foaming gas 
was air. The manufacturing process took place at 
the Maritime University of Szczecin, according 
to the patented technology of manufacturing this 
type of metal structure (P211439). In the case of 
composite foam, the feedstock was aluminum al-
loy (Al) doped with silicon carbide (SiC) in the 
amount of 10%by mass, and their size is 20 μm. 
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The first stage of production was mixing, which 
was done mechanically. This was followed by 
melting the metal-ceramic charge until a stable 
temperature of 720°C was achieved (Figure 1.). 
Once the temperature was stabilized, the liquid 
material was transported to the frothing chamber, 
with an agitator running continuously at 150 rpm 
and a simultaneous outflow of frothing gas(air) 
at 8 dm3/min. The foamed material was trans-
ported using a belt feeder, at the same time the 
process of cooling and stabilizing the structure of 
the foamed metal-ceramic composite was carried 
out. For aluminum foam without composite dop-
ing, the process was conducted in the same way 
except for the addition of SiC particles.

Spot analysis of the chemical composition 
was presented in the paper to assess the structural 
quality of the foams. The authors presented ran-
domly selected fragments of the foam structure 
to indicate to the reader the differences between a 
foam made of “monolithic material” and a com-
posite in an illustrative way. Elements were in-
dicated using a Hitachi SU70 scanning electron 
microscope along with a Thermo Scientific EDS 
X-ray micro analyzer with NORAN 7 system. 
The image of the structure was subjected to mi-
croscopic analysis, on the basis of which the qual-
ity of the produced foam was statistically deter-
mined. To the controlled parameters belonged: to 
pore area, circumference, and circularity. Based 
on the cross-sectional view of the foam, it is pos-
sible to graphically determine the quality of the 
pores produced, i.e.: their shape and distribu-
tion. The structure characteristics (area, average 

diameter, circumference, compactness) of pores 
of aluminum and aluminum-ceramic foams were 
compared by statistical methods using Excel, 
with Analysis ToolPak add-in. The mean, maxi-
mum, minimum values and standard deviation for 
each test were indicated. The data were checked 
for conformance with a normal distribution.

As part of the comparative analysis of the 
porous metals, 40x40x20mm samples were sub-
jected to an axial static compression test. The 
obtained crush characteristics show the suscepti-
bility of the structure and its failure mechanism. 
The test was conducted on a Comatech uniaxial 
testing machine with a load range up to 2.5kN. 
The sample was placed on a test table and the 
feed rate of the top table was set to 2 mm/min to 
obtain accurate characterization. Three samples 
from each type of foam were tested and the re-
sults were averaged.

SPOT ANALYSIS OF CHEMICAL 
COMPOSITION

EPMA – EDS microanalysis (EPMA – Elec-
tron Probe Microanalysis, EDS – Energy Disper-
sive X-ray Spectroscopy) enables qualitative and 
quantitative analysis of the chemical elements be-
ing part of the tested material. The method of X-
ray microanalysis with an energy dispersion spec-
trometer uses the spectrum of the characteristic 
X-rays, emitted by the material bombarded by a 
focused electron beam to determine the chemical 
composition in the micro-regions[27–29].

Fig. 1. Schematic diagram of foam manufacturing 1 – kiln crucible, 2 – metal bath, 
3 –SiC reinforcing compounds, 4 – the stirrer, 5 – lance with gas dispersion rotor, 6 – culvert, 

7 – frothing tank, 8 – metal-ceramic foam, 9 – foam reception via conveyor belt, 10,11 –the final product
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The main problem with using the X-ray mi-
croanalysis method to assess the chemical compo-
sition of aluminum and aluminum-ceramic foams 
is the quantitative analysis of light elements, i.e.: 
carbon and oxygen. Determination of the content 
of these elements in the presence of elements with 
an atomic number above sodium is beyond the 
possibilities of this method, therefore their pres-
ence was marked in the tables with the “+” sign 
and was not taken into account in the quantitative 
analysis. Trace amounts of diff erent elements, de-
termined by chemical analysis (Table 1–2), may 
be present in the composition of foams, as they 
are formed during the casting process, which 
consists of melting and foaming operations of the 
metal (or composite). These impurities enter by 
diff usion into the suspension from the crucible or 
chamber in which the process takes place.

Figures 2 and 3 show the images indicating 
the points (point analysis), where the chemi-
cal elements of the tested foams (aluminum 
and aluminum-ceramic) were identifi ed, along 
with the spectrum characteristic for one of the 

points. Tables 1–2 show the percentage of chemi-
cal elements present in the analyzed points of 
these foams.

RESULTS OF MICROSCOPIC ANALYSIS

The surface analysis of the porous structure 
was carried out using Metilo software. Based on 
the appropriately processed graphical image, the 
results of geometrical parameters responsible for 
the shape of the formed pores as well as their sur-
face were obtained. Proper analysis of the foam 
structure is necessary to determine the quality of 
the fi nal product. Three areas each were selected 
for analysis (Table 3), based on which selected 
geometric indices were determined.

After analyzing the images shown in the ta-
ble above, data were obtained for three samples, 
which were collected statistically and presented 
both in Tables 4–5 as well as in histograms (Fig-
ures 4–6.). The statistical presentation shows four 
geometric quantities that are characteristic of 

Fig. 2. Microstructure (Scanning Electron Microscopy-SEM) of the sides of the aluminum foam 
skeleton with marked EDS microanalysis points and the spectrum for point 4 in the SEM image
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the structure of the porous structure and indicate 
the quality of the product obtained. The quality, 
shape, and size of the pores can change during 
the casting process depending on alloy addi-
tives and the technological process. The present 
results are intended to compare aluminum foam 
with aluminum-ceramic (composite) foam. Based 
on the following data, it is possible to determine 
the infl uence of the silicon carbide additive both 
on the casting quality of the product and its com-
parison with the mechanical properties of the 
product achieved.

Figures 4–6 show a histogram of the geomet-
ric parameters tested, which includes dozens to 

hundreds of cases. The distributions of all stud-
ied parameters have a similar shape for aluminum 
and aluminum-ceramic foam. The results of the 
porous structure study show that the composite 
foam (Al-SiC) has signifi cantly smaller pores 
both in terms of pore diameter and circumference. 
The compactness index is a little bit higher for 
the composite foam than the average value (Ta-
ble 4).This indicates that the pores have a more 
circular shape.

The above histograms (Figures 4–6) show the 
values in micrometers (µm). The presented  dis-
tributions are not normal distributions indicating 
homogeneity of the examined structure’s features. 

Table 1. Percentage (mass share) of elements in the tested area of the aluminum foam in points as shown in 
Figure 2 (EDS)

Point C O Al Si Ca Ti Fe Ni Ga

Foam1-pt1 + 81.2 4.1 6.3 8.0 0.4

Foam1-pt2 + 79.0 6.0 14.9

Foam1-pt3 + + 78.2 11.2 10.1 0.5

Foam1-pt4 + + 99.9 0.1

Foam1-pt5 + + 1.9 98.1

Figure 3. Microstructure (Scanning Electron Microscopy-SEM) of the sides of the aluminum-ceramic 
foam skeleton with marked EDS microanalysis points and the spectrum for point 3 in the SEM image
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This proves the diversity of size, shape, and dis-
tribution of pores in the examined aluminum 
and aluminum-ceramic foams. The description 
of statistical pore circumference for aluminum 
foam is an exception. This distribution is normal 
distribution, which means, that the described fea-
ture is within the given range of normality and 
is repeatable.

Slightly divergent distribution characteris-
tics can be observed for the pore circumference 
(Figure 6), where the magnitudes for the alumi-
num-ceramic foam are much smaller. This indi-
cates a change in pore shape caused by the feed 
additive in the form of silicon carbide particles. 
The graphs presented in Figure 6, showing how 
similar the shape of a single pore is to a circle, 

Table 2. Percentage (mass share) of elements in the tested area of the aluminum-ceramic foam in points as 
shown in Figure 3 (EDS)

Point C O Mg Al Si Fe Ni Cu

Foam2-pt1 + + 39.3 0.6 0.6 37.4 22.1

Foam2-pt2 + + 17.4 44.5 26.8 5.8 5.5

Foam2-pt3 + + 0.6 99.4

Foam2-pt4 + + 99.1 0.9

Table 3. General view of the tested samples

Table 4. Aluminu m foam statistic data

Parameter N valid Average Minimum Maximum Standard deviation

Area [µm2] 50 5114160 76409.40 18953000 4606173

Average diameter [µm] 33 2295 431.50 4912 1130

Circumference [µm] 33 8391 1455.21 17385 3870

Compactness 50 0.6945 0.2782 0.9203 0.1780
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have a comparable range of values as well as their 
distribution. This indicator is presented as a di-
mensionless value.

The statistical analysis shows that the alumi-
num foam and the aluminum-ceramic foam do 
not follow a normal distribution (apart from one 
aforementioned characteristic – pore circuit, Fig-
ure 5), so a random variable causes its amount, 
shape, and area. Discrepancies between described 
characteristics are large, which is proved by stan-
dard deviation, informing, how wide the values of 
a given size e.g.: average diameter, area, compact-
ness, are scattered around its mean. The smaller 
the value of deviation, the more observations are 
concentrated around the mean (Table 5). On this 

basis, it can be concluded, that the used method of 
foam manufacturing does not ensure the dimen-
sional and geometric repeatability of the pores in 
both the aluminum and composite foam. 

The above fi gures 7–9 show the conformity 
of the obtained values to the normal distribu-
tion, the fi gures refer to the indicators shown in 
Figures 4–6 respectively. Analyzing the obtained 
distributions, we can see quite a high agreement 
with the normal distribution of some parameters. 
In particular, the perimeter and compactness in-
dex for aluminum foam. Other cases show agree-
ment with the normal distribution only to some 
range. A large discrepancy can be observed for 
very small pores, it may be due to the inaccuracy 

Table 5. Aluminum-ceramic foam statistic data

Parameter N valid Average Minimum Maximum Standard deviation

Area [µm2] 339 665987.5 16630.20 5888120 911572.4

Average diameter [µm] 339 784.6 145.51 2738 482.7

Circumference [µm] 339 2980.0 573.27 13750 2038.7

Compactness 339 0.7435 0.2301 0.9898 0.1673

Figure 5. Histogram, showing pores circumference for aluminum and aluminum-ceramic foam, respectively

Figure 4. Histogram, showing pore area for aluminum and aluminum-ceramic foam, respectively
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Figure 6. Histogram, showing pore compac tness indicator for aluminum and aluminum-ceramic foam, respectively

Figure 7. Analysis of normal distribution pores area for aluminum and aluminum-ceramic foam, respectively

Figure 8. Analysis of normal distribution pores circumference for aluminum and aluminum-ceramic foam, respectively

Figure 9. Analysis of normal distribution pores compactness indicator 
for aluminum and aluminum-ceramic foam, respectively
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of the software erroneously detecting pores of 
small diameter or multiplication of incompletely 
formed pores with low geometric parameters. 

RESULTS OF STATIC TEST

The test subject was a cuboid with dimensions 
of 40x40x20 mm (Figure 10). The dimensions of 
the sample are due to the limitations of the testing 
machine as well as the cost of manufacturing the 
cast metal foams.

The force values obtained during the test 
were converted to engineering stresses, which 
are shown in Figure 11. Both characteristics are 
shown up to the point, where complete crushing 
of the foam occurs just before the point when the 
force begins to peak. The graph shows the higher 
strength of the aluminum foam, which is due to 
the higher ductility of the foam without the ad-
dition of ceramic particles. Composite foam, in 
contrast to aluminum foam, is much more brittle 
in the axial compression test. The sides of the 
composite foam are much more susceptible and 
their failure is sudden. The course of both char-
acteristics is similar, however, the aluminum 
foam reaches values higher by about 100%. Due 
to this feature, the aluminum foam is a better en-
ergy absorber. 

The use of static compression analysis in as-
sessing the crashworthiness ability of thin-walled 
structures is common in research [30, 31]. The 
static tests carried out and the data obtained 
(Fig. 12) show that both foams, in spite of their 
diff erent crush character, exhibit good energy 
absorption properties. In the case of aluminum 
foam, it shows a large plastic range in which it ab-
sorbs energy, while the composite foam is prone 
to cracking (more brittle).

CONCLUSIONS

The aim of the study was to produce alumi-
num and aluminum-ceramic foams by the gas 
(air) blowing method, which has been achieved. 
The chemical composition at selected points of 
both foams has been determined, thus confi rming 
the monolith nature of the fi rst and the composite-
ness of the second foam. An analysis and assess-
ment of the quality of the structure i.e.: homoge-
neity of size, shape, circumference, and pore dis-
tribution, using descriptive statistics, was carried 

Figure 10. Static compression testing station

Figure 11. Stress-strain curve of aluminum(Al) 
and composite foam (Al-SiC) and energy 

absorbed from the uniaxial compression test

Figure 12. The energy absorption capacity of 
aluminum (Al) and composite foam (Al-SiC) 

based on the uniaxial compression test
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out. It was also verified, whether the homogeneity 
of the structure of the produced foams affects the 
compressive strength.

The conducted research shows that:
	• Using the epma-eds x-ray analysis, it is pos-

sible to describe the chemical composition of 
the tested aluminum and aluminum-ceramic 
foams (especially the determination of the re-
inforcing phase in the form of sic). This test 
allows to clearly indicate the distribution of 
elements in the studied area and identify the 
type of foam;

	• The conducted analysis of the foam struc-
ture shows the pore structure and the shape 
distribution. The study showed that the addi-
tion of ceramic particles in the form of silicon 
carbide powder caused a decrease in the pore 
formation (approx. 13%) While maintaining 
the same technological parameters during 
foam casting;

	• In addition, it was noted from the static com-
pression test, that the composite foam is brit-
tle, which causes that the strength of the foam 
is a half of aluminum foam, the latter exhibit-
ing much greater ductility;

	• In the case of closed pore foam, the constructa-
bility is related to the distribution of the pores, 
as well as their shape, hence the compactness 
index, which indicates the circularity of the 
pores, was determined in the study.

	• Studies have shown that both foams are good 
energy absorbers which, combined with their 
structure, allows the foams to be used as a 
construction material
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