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Introduction, background of the research 
 
„When modern man builds large load-bearing structures, he uses dense 

solids: steel, concrete, glass. When nature does the same, she generally uses 
cellular materials: wood, bone, coral. There must be good reasons for this.” writes 
prof. M. F. Ashby, at University of Cambridge. By considering these thoughts, 
engineers decided to produce porous structural materials by foaming of metals. 
These porous structural metals, called metallic foams have outstanding specific 
mechanical and other properties. Metal matrix syntactic foams (MMSFs) are a 
special class of the metallic foams. 

Metal matrix syntactic foams can be defined as porous structural materials, 
in which the porosity is ensured by incorporating ceramic hollow microballoons 
into the metallic matrix. The microballoons are more or less ordered to each other 
and they are arranged homogenously. Between the metallic matrix and ceramic 
microballoons an interface layer can be formed, therefore metal matrix syntactic 
foams satisfy the definition of particle reinforced metal matrix composites. In the 
literature many problems have not solved yet, therefore the research of them is 
justified and actual. 

One of the most attractive features of the syntactic foams (SFs) is that, the 
properties of the syntactic foams can be varied between wide ranges by planned 
selection of the matrix material and by the correct selection of the material and 
size of the applied microballoons. The volume fraction of the microballoons also 
affects the properties of the syntactic foams. Moreover – like other metallic foams 
– SFs have good specific mechanical properties, which are isotropic contrary to 
„conventional” metallic foams. MMSFs have outstanding mechanical damping 
capability too (sound and vibration). 

In the applications the engineers try to employ the beneficial properties 
listed above. MMSFs have been widely spread as hull materials in the aviation and 
sea industry. They can be also applied as heat and sound insulator in different 
machines. They are used as building materials, like artificial marble and wood. An 
other application field builds on the damping capability, thus MMSFs can be used 
as mechanical and collision dampers or as filling materials of hulls. Additional 
application field can be found in packing industry and in protective coatings 
(person or vehicle defence). MMSFs can be used in every field in which light parts 
should be applied because of economical reasons. They can be applied as light 
weight parts operating at increased temperatures also. 

In the literature many papers deal with the production methods, the 
properties and the modelling methods of the MMSFs. Nevertheless, syntactic 
foams are unfamiliar to the engineer and because the lack of substantial design 
parameters they are rarely applied. Therefore they can be classified as special, 
non-conventional materials. Due to these reasons their research is necessary and 
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actual. 
In Hungary the research of metallic foams goes back to the early ’90-s 

(Aluterv-FKI). There are many intensive research programs running at University of 
Miskolc, at Materials Development Division of Bay-Logi Institute as well as at 
Eötvös Lóránd University and at University of Debrecen. At our Department the 
research of metallic foams was started in 1997 by Árpád Németh and Péter Détári. 
They also had cooperation with Vienna University of Technology. Our research 
project has significantly accelerated, when the retiring professor at Northeastern 
University in Boston, prof. J. T. Blücher donated his professional metal matrix 
composite laboratory to our Department. The laboratory is operating since 2005 
in various fields of metal matrix composite production and investigation. One of 
the main equipments in the laboratory is the special furnace for metal matrix 
composite block production designed and build by prof. Blücher. This furnace can 
operate with wide temperature and pressure intervals and especially suitable for 
batch production of metal matrix composites, such as syntactic foams. Therefore, 
according to these outstanding possibilities, I have concentrated my PhD work on 
the research of metal matrix syntactic foams. They are still under development 
and inadequately characterized, so many problems can be solved. 

Considering the publications found in the literature, the promising 
applications and research possibilities denoted this field to be my PhD research 
program. 

 

Aim of the research 
 
My aim was to produce different aluminium matrix syntactic foams (SFs) – 

based on my former experiments – with different matrices and reinforcements in 
order to perform mechanical and microstructural investigations on them. This is 
important because the main mechanical properties must be known for the 
successful application of these materials. Before the productions, experiments 
were carried out on AlSi12-SLG materials to determine the effects of two main 
parameters (infiltration pressure and time) of pressure infiltration on the 
infiltrated length (or depth). For this purpose a new experimental method and 
equipment was built and successfully applied to determine the infiltrated length 
as the function of the main infiltration parameters. This investigation can be the 
base to the change from the experimental pressure infiltration to industrial scale 
pressure casting. If the connection (a two parametric surface) between the 
infiltration parameters and the infiltration length is known for a given matrix – 
reinforcement material part, the required pressure and time can be easily 
determined for a part with given dimensions. After that the two parameter 
surface can be used to determine the required infiltration pressure and time to 
infiltrate a given part. After the infiltration tests overall six type of MMSFs were 
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made (with Al99.5 and AlSi12 matrix and with SL150, SLG and SL300 type ceramic 
microballoons). The physical properties (density and porosity) were measured and 
specimens were manufactured from the produced composite blocks. The 
specimens manufactured from the different blocks were compared to by 
investigations. 

My other aim was to investigate the effect of the aspect ratio (height – 
diameter ratio of the specimens) and temperature on the compressive properties 
of MMSFs, because these parameters have not been studied yet. The compressive 
properties are important for designing parts made from syntactic foam. The 
analyzed literature does not considering the effect of aspect ratio and testing 
temperature, therefore my investigations have focused on these effects. The 
compressive behaviour (failure mechanism and mechanical properties) of MMSF 
specimens were investigated in function of aspect ratio. It has shown, the aspect 
ratio has significant effect on the deformation mechanism and due to this on the 
mechanical properties. The same quasi-static upsetting tests were performed at 
increased temperature (220°C) also. 

My additional aim was to investigate and group the failure modes of the 
aluminium matrix SFs, because it has been investigated only in overly and not in 
general manner in the literature. My aim was to sort the failure mechanisms of 
the MMSF specimens in function of constituents, temperature and aspect ratio. 

In the next section my aim was to investigate the interface layer between 
the microballoons and the matrix material in the MMSFs. In order to this, X-ray 
diffraction measurements and energy dispersive spectrometry were performed. 
The phase transformations in the MMSFs can be well investigated by X-ray 
diffraction. Moreover, the energy dispersive spectrometry along a line was 
applicable to observe the chemical composition changes in the interface layer.  

Although mechanical hardness is an important property, the hardness 
testing of the MMSFs has not been studied deeply in the literature. Therefore my 
aim was in this section to perform and evaluate the results of different hardness 
testing methods (Brinell like hardness tests, depth sensitive and dynamic hardness 
tests). During the Brinell and depth sensitive hardness tests the measuring tool 
penetrated into the material, therefore the resistance against concentrated 
loading on the surface, the work absorbed by the MMSFs during the penetration 
and the failure concentrating ability of the MMSFs during compression can be 
determined. My additional aim was to find connection between the hardnesses 
and other mechanical properties of the MMSFs. 

 

Investigated materials and applied test methods 
 
Experiments were carried out on AlSi12 matrix and SLG microballoons (130 

μm in diameter) to determine the effects of two main parameters (infiltration 
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pressure and time) of pressure infiltration on the infiltrated length (or depth). For 
this purpose a new experimental method and equipment was built to determine 
the infiltrated length as the function of the main infiltration parameters. The 
pressure was altered between 1 and 4 bars (100 and 400 kPa), and the time varied 
between 1 and 5 seconds. The third main infiltration parameter (temperature) 
held at ideal infiltrating temperature of AlSi12. The best approximation of the 
infiltrated length was reached by using a two-parameter power ruled surface. 
After that this surface can be applied to determine the required infiltration 
pressure and time to infiltrate a given part. The qualities of infiltrations were 
checked by microscopic investigations. 

After the infiltration tests, overall six type of MMSFs were made (with Al99.5 
and AlSi12 matrix and with SL150, SLG and SL300 type ceramic microballoons). 
The physical properties (density and porosity) were measured and specimens 
were manufactured from the produced composite blocks. 

The quasi-static upsetting tests were performed on Zwick 50 type testing 
machine. The test speed was constant and the integral average of the strain rate 
was 0.01 s

-1
. The upsetting tests were continued until 50% overall engineering 

deformation were reached. By the upsetting tests many important mechanical 
property such as compressive strength, structural stiffness and energy absorbing 
capability can be determined. These properties are important for successful 
design of MMSF parts. The upsetting tests were performed on a tool having four 
guiding bars. For the upsetting tests performed at increased temperature (220°C) 
a TEE 48/60X type heating chamber was used. The preheating time of the 
specimens and the tool in the case of 220°C tests was one hour. An other test 
parameter was applied during the tests, namely the aspect ratio of the specimens. 
The cylindrical specimens were 14 mm in diameter and their height were 14, 21, 
and 28 mm according to the aspect ratio 1, 1.5 and 2 respectively. Before the 
upsetting tests the dimensions of the specimens were measured and the density 
of them was calculated. Both ends of the specimens were lubricated twice. Overall 
216 specimen were tested (=2 (different matrices) × 3 (different microballoons) × 
3 (different aspect ratios) × 6 (specimen from every combination) × 2 (testing 
temperature)). 

All X-ray diffraction analyses were performed on powdered specimens by a 
Phillips X-Pert type diffractometer at the Chemical Research Center of the 
Hungarian Academy of Sciences. The energy dispersive spectrometry tests were 
done by a Phillips XL-30 type scanning electron microscope with EDAX 
attachment. The investigated line was ~17 μm long and 30 measurements were 
done along the line. The excitation voltage was 20 kV. The energy dispersive 
spectrometry was successfully applied to follow the results of the chemical 
reactions at the interface region between the microballoons and the molten 
matrix material. 
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The Brinell-like hardness tests were performed on a VPM HPO 13/6062 
hardness tester at room temperature. The indenter was 10 mm in diameter steel 
ball; the loading time was 10 s in every case. The loading force was 1383, 747 N 
(187.5 kp) and 2451.662 N (250 kp) in the case of Al99.5 and AlSi12 matrix 
material respectively. The diameter of the imprints measured by a scale made for 
Poldi hardness tester on a stereo-microscope (magnification of the objective: 2.5, 
magnification of the ocular: 6.3). 

The depth sensitive hardness tests were performed at Eötvös Lóránd 
University by a MTS 810 type universal testing machine. The indenter was a hard-
metal mandrel with semi-sphere end, having 2.5 mm diameter. The testing speed 
was 0.02 mms

-1
 and the tests were continued until 1600 N loading force was 

reached. This resulted in less then 1 mm indentation depth. The specimens were 
10×35×55 mm in size and three measurements were performed on every 
specimen. The loading force was recorded in function of indentation depth 
continuously. 

 

New scientific results 
 
The new scientific results of my PhD research program can be summarized in 

five theses. 
 

1st thesis 
A new experimental method and equipment were developed to determine the 
infiltrated length as function of the main parameters of the infiltration. At 
constant infiltrating temperature the infiltrated length depends on the infiltration 
pressure and infiltration time. The relationship between the infiltrated length and 
the infiltration parameters was determined as a two-parameter function. The 
form of the function in the case of AlSi12 matrix material reinforced with SLG type 
ceramic microballoons (average diameter 130 μm) was the following: 

  

The fitting parameters of the two-parameter function were determined: 
L0=12,092, Ip=3,013, It=0,738, Ipt=0,078, k=2,083 és l=2,245; they are valid in the 
p=1–4 bar and t=1–5 s parameter ranges. 
 

2nd thesis 
The deformation process of the aluminium matrix syntactic foams in compressive 
loading can be divided into five parts. The properties (compressive stress, fracture 
strain, structural stiffness, absorbed energy), which are necessary for the 
description of the compressive behaviour of the metal matrix syntactic foams 
were interpreted and adapted. These properties were exactly determined for the 
case of my investigated metal matrix syntactic foams. The effects of the aspect 
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ratio of the specimens and the temperature of investigations have significant 
influence on the properties listed above: the compressive strength, the fracture 
strain and the absorbed energy have decreased, while the structural stiffness has 
increased by increasing the aspect ratio. 
 

3rd thesis 
The failure modes, experienced during the upsetting tests of aluminium matrix 
syntactic foams compressed to 50% engineering strain and performed at room 
and elevated temperature can be grouped into 3 groups. 

 „A” in these specimens compressive cones were built up and macrocracks 
were formed along the surface of the cones. The middle part of the 
specimens (between the cones) was compressed. This failure mode was 
general in the case of H/D=1 and in the case of investigations performed at 
elevated temperature. 

 „B” the specimens suffered shear failure, shear bands were formed in them 
and the specimen halves were slipped along this band. This failure mode was 
experienced in the case of specimens having H/D=1 or 1.5 and tested at 
room temperature. 

 „C” in these specimens compressive cones were built up and during their 
growth radial forces are developed and the specimens were splitted. This 
failure mode was experienced in the case of specimens having larger aspect 
ratio and tested at room temperature. In the case of tests performed at 
increased temperature this failure mode was experienced only in the case of 
H/D=2. 

4th thesis 
The microstructural investigations proved that, in the case of Al99.5 matrix 
syntactic foams containing SL150 or SLG type microballoons an intensive change 
reaction was acted between the molten aluminium and the SiO2 content of the 
microballoons. The reaction resulted in γ-Al2O3 formation and elementary Si 
precipitation along the walls of the microballoons in the matrix. The change 
reaction was harmed the walls of the microballoons. In the case of syntactic foams 
having Al99.5 matrix, SL300 type microballoons and produced at lower 
temperature the reaction was not experienced. In the case of AlSi12 matrix 
syntactic foams the change reaction was suppressed by the significant Si content 
of the matrix material. 
 

5th thesis 
By comparing the Brinell, depth sensitive and dynamic hardness tests the optimal 
circumstances of the hardness tests were determined. 
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The largest static hardness was ensured by SL150 type microballoons in the case 
of both materials, because of their large specific surface. 
The static hardness was the same in the case of both matrices, having significant 
hardness difference; therefore the static hardness of the metal matrix syntactic 
foams is structural property. 
The dynamic hardness of the metal matrix syntactic foams were higher then the 
dynamic hardness of the matrices, therefore the dynamic hardness is a 
microballoon related property. 
 The type of matrix material has small influence on the static hardness of the 

metal matrix syntactic foams. The sensitivity of the Brinell hardness tests 
describes the effect of the microballoons and the matrix material, but can 
not applicable for demonstrate the presence of the change reaction in the 
syntactic foams. 

 The depth sensitive hardness tests show great sensitivity to the deformation 
capability of the matrix and to the presence of the change reaction. 

 The sensitivity of the dynamic hardness tests was almost the same as in the 
case of depth sensitive tests. Only this method is applicable to describe the 
resistance of the microballoons against dynamic loading. 

 

Possible applications of the results 
 
The results of infiltration tests – i. e. the two-parameter connection between 

the infiltration parameters (pressure and time) and the infiltrated depth – can be 
the base to the change from the experimental pressure infiltration to industrial 
scale pressure casting. 

The mechanical properties and failure mechanisms determined by the quasi-
static upsetting tests are important parameters for the constructors and engineers 
for the design of MMSF parts. 

The microstructural investigations helped to determine the quality of 
infiltration and by these methods the interface layer, formed between the matrix 
and the microballoons can be analyzed. XRD and EDS investigations are useful to 
observe and analyze the possible chemical reactions in MMSFs, which have 
significant effect on the deformation mechanism and mechanical properties of the 
MMSFs. 

Hardness tests provide information about the resistance of the MMSFs 
against concentrated loadings. The damage localization behaviour of the MMSFs 
can be also predicted from the results of depth sensitive hardness tests. 
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