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Abstract

Syntactic metal foams are porous materials with outstanding specific mechanical properties, such as high specific energy absorption 

and specific load-bearing capacity. However, due to the cellular structure, they are not suited for handling tensile loads. This study 

aims to create a composite structure in which carbon fibre bundles are embedded along the load direction in syntactic metal foams. 

The samples were produced by pressure infiltration of the fillers and the pre-infiltrated carbon fibre bundles. Tensile tests show 

that the fibre bundles increase the tensile load-bearing capacity of the specimens. The reference samples withstood 0.69 ± 0.07 kN 

tensile force. The reinforcement increased the density of the metal foam by 20% (from 1.21 ± 0.01 g∙cm−3 to 1.52 ± 0.01 g∙cm−3), while 

increasing the tensile load-bearing capacity to 1.80 ± 0.15 kN, an approximate increase of 260%, and 1.27 ± 0.10 kN an approximate 

increase of 180% in the case of 6 and 4 reinforcing carbon fibre bundles, respectively. The relationship between the load-bearing 

capacity (peak force) and the number of reinforcing carbon fibre bundles can be exactly described by a second-order polynomial 

function and can also be estimated by a simpler linear relationship.
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1 Introduction
Metal foams are cellular materials with a metal matrix in 
which there are gas-filled pores. Their density is low com-
pared to their bulk base material [1]. Different types of metal 
foams can be half to one-third as dense as the bulk form 
of the matrix material. The  different metallic foam types 
can be categorised as open-cell foams with interconnected 
porosity [2–6], or closed-cell foams [7–10] where the indi-
vidual cells are completely separated. Metal matrix syn-
tactic foams (MMSFs) are a subgroup of closed-cell metal 
foams in which the porosity is formed by introducing hol-
low filler material to the metal matrix [11–16]. MMSFs have 
good mechanical properties, such as a high energy absorp-
tion capacity during compression, due to the strength and 
crush behaviour of the fillers. However, they cannot effec-
tively handle tensile load due to (i) inner porosities that serve 
as starting points for cracks and (ii) the complex load of the 
matrix struts and layers between the fillers [16, 17].

MMSFs can be considered as composite materials 
because two materials are combined within them, [18–22]. 
Composite structures can be utilised to negate the disad-
vantages of two materials by combining them in a struc-
ture [23, 24] and to emphasise the advantages of the con-
stituents (low-density matrix and high-strength bundles). 
Reinforcement material particles, which can handle the 
required load, are embedded in a matrix material that 
holds the particles together, protects them from environ-
mental damage, and transmits the load to them. The rein-
forcement particles can be in the form of grains, fibres, 
fibre bundles, or quilts  [25–27]. Different forms provide 
different advantages. Grains, short fibres, and quilts pro-
vide reinforcement in all directions, while fibres and fibre 
bundles provide reinforcement in only the direction of the 
fibres but with a greater effect. By  the proper alignment 
of the bundles, the load-bearing capacity can be enhanced 
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significantly (even doubled). The most important challenge 
here is the alignment of the bundles and fixing them in the 
proper position during the sample production.

Carbon fibres and carbon nanotubes are ideal for light-
weight reinforcement because they are strong yet low in 
density [28–30]. However, short fibres and nanotubes tend 
to form clusters, which block homogeneous distribution 
and significantly hinder the liquid state production meth-
ods because of the hard wetting conditions (large contact 
angles, high surface tension and oxidation of the molten 
matrix material). MMSFs  are particularly susceptible to 
this effect, and due to that the fibres need to be distrib-
uted between the filler particles. However, the use of short 
fibres is a viable solution to increase the pore size during 
gas injection foaming process [31].

The aim of this study is to create a composite struc-
ture where carbon fibre bundles are placed unidirection-
ally inside MMSFs filled with expanded glass particles. 
The  main goal through this method is to create a com-
posite structure in which the fibre bundles can effectively 
handle tensile load and improve the tensile mechanical 
properties of the MMSFs without increasing (at least sig-
nificantly) the density of the structure – further improv-
ing the specific properties.

2 Materials and methods
2.1 Materials and their characterisation methods
Al99.5 aluminium was used as the matrix material owing 
to its high ductility, low density, relatively low price and 
availability. The chemical composition of the matrix 
was measured with a WAS PMI-MASTER SORT spec-
trometer (Worldwide Analytical Systems AG, Uedem, 
Germany). The  chemical composition was found to be 
99.5 wt% Al, containing 0.335 wt% Fe and a negligible 
amount of common trace elements for Al alloys (Sn, Si, 
Ni, Zn, Cu, Cr, Mn, Mg and Ti).

As reinforcement, aluminium-silicon  (AlSi12) alloy 
pre-infiltrated carbon fibre bundles, with a diameter of 
Ø1.00±0.05  mm were applied. The bundles are shown 
in Fig. 1(a). The bundles were manufactured in the lab-
oratory in the framework of a previous research  [32]. 
The  partially infiltrated composite wires were made of 
Al99.5 matrix and Thornel  P4K type carbon fibres by 
liquid state continuous pressure infiltration, or so-called 
Blücher's method. The matrix was overheated to 700 °C, 
and the applied pressure difference to infiltrate the tow 
was 1 MPa. The pulling velocity was 15 m/min, conse-
quently, the exposure time (the time that the fibres spent 

in molten metal) was approximately 0.2 s. Further details 
about the  process in general are available in  [33–35]. 
The cross section of the bundle is shown on Fig. 1(b). 

The image shows that the bundles are only partially 
infiltrated (creating a special coating) but not completely 
infiltrated with the AlSi12 alloy. The electron microscopic 
images of the surface of the bungle are shown in Fig. 2. 
Fig.  2(a) shows a representative site within the partially 
infiltrated zone of the carbon fibre bundles, proving com-
plete filling of the small spaces between the individual 
carbon fibres by the  AlSi12 matrix. Fig.  2(b) shows the 
structure of the partially infiltrated bundles in the coated 
zone, revealing the close connection of the constituents 
and the microstructure of the matrix. The chemical com-
position of the AlSi12 material used to partially infiltrate 
the carbon bundle was measured with Energy Dispersive 
Spectrometry (EDS) on a Zeiss EVO MA 10 Scanning 
Electron Microscope (SEM) (Carl Zeiss AG, Oberkochen, 
Germany) with an EDAX Octane Elect EDS/EDX detec-
tor (Gatan Inc., Pleasanton, United States of America). 
The chemical composition was found to be 86.100 wt% Al, 
12.830 wt% Si and the remaining trace elements.

As filler material, expanded glass from Stikloporas 
(Stikloporas UAB., Druskiniknkai, Lithuania) with a 
diameter range of Ø3.02 ± 0.96 mm was chosen owing to 

Fig. 1 (a) Partially infiltrated carbon fibre bundles and
(b) their structure in the cross section
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its low density (the particle density is 0.41±0.02  g∙cm-3 
while the bulk density is 0.23±0.05  g∙cm-3), availabil-
ity, and price. The chemical composition of the fillers 
was acquired from the manufacturer and it was reported 
as 71.0-73.0 wt% SiO2, 13.0-14.0 wt% K2O + Na2O, 8.0-
10.5 wt% CaO + MgO, 1.5-2.0 wt% Al2O3. <0.3 wt% Fe2O3 
and <0.5 wt% other oxides. The filler material is shown in 
Fig. 3(a), and its inner porous structure in Fig. 3(b).

2.2 Production of the composite and testing methods
The reinforcement fibre bundles (42   bundles) were 
placed in an S235JR orienting frame that measured 
56 × 56 × 150 mm. The distance of the bundles was set by 
1.4307 (X2CrNi18-9) stainless steel meshes with an open-
ing of 2.4 mm at both ends of the orienting frame. A bun-
dle was placed at every second opening. A bundle was 
placed at every second opening. Then the frame was placed 
inside an S235JR made mould with outer dimensions of 
60 × 60 × 320 mm and a wall thickness of 2 mm. The inner 
surface of the mould was previously coated with graphite 
(N 77, Dueci Electronic, Italy) emulsion.

The space between the bundles was evenly filled with 
filler material particles. The frame was designed to cre-
ate space alongside the bundles at both ends of the frame, 
where the filler material cannot flow in. By this, the molten 
matrix could fill out the space around the bundles to create 
a solid part for clamping during tensile tests. For reference 
samples, another mould was filled with the filler material 

only. A piece of stainless-steel mesh was placed on top 
to prevent the filler particles from moving up during the 
infiltration, as their particle density is low.

The compilation was pre-heated to 550  °C in a box 
furnace (Blue M, Lindberg). The melted matrix was 
heated up to 750 °C in an induction furnace (B-70 type, 
Prothermo Hofmann), and was poured into the mould. 
The infiltration was performed with 99.9% pure argon gas 
at a pressure of 0.5 MPa. The crucible was cooled in air 
till it reached room temperature.

Specimens for microscopy and quasi-static tensile 
tests were prepared with conventional cutting methods. 
The specimens meant for microscopy were ground by hand 
with grain sizes from P80 to P4000 and polished with dia-
mond suspension with grain sizes of 3 µm and 1 µm for 
approximately 30 seconds with each grain size, with a rota-
tion speed of 250 rpm. The polished samples were exam-
ined with optical microscopy and SEM. The density of the 
specimens was calculated from mass and volume measured 
with a precision scale (with an accuracy of 0.0001 g) and 
calliper (with an accuracy of 0.01 mm). Energy Dispersive 
Spectrometry  (EDS) was carried out on the reinforcing 
bundles to determine the composition of the coating.

The tensile test was carried out according to 
ISO  6892-1:2019  [36] standard. For the test, cylindrical 

Fig. 2 SEM images of the coating of fibre bundles with different 
magnifications (a) showing the perfect infiltration and (b) the structure 

of the bundles

Fig. 3 (a) Expanded glass filler material; and (b) the inner porous 
structure of the filler material particles
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tensile specimens with a diameter of Ø20 mm and 100 mm 
gauge length were prepared. The tests were carried out 
on a TiraTest  2000 universal material testing machine 
(TIRA  GmbH, Schalkau, Germany) with a crosshead 
speed of 4 mm∙s−1. Three specimens were prepared with 
reinforcement and three specimens without reinforcement 
for reference. Force and elongation data were drawn from 
the test in order to examine the maximum force withstood 
by the specimens.

3 Results and discussion
The samples' placement of reinforcing fibre bundles var-
ied greatly, despite the structure provided by the orienting 
frame. An image of the structure of the fibre reinforced 
metal foam is shown in Fig. 4.

Fig. 5 shows the microstructure of the sample in two dif-
ferent magnifications. The images show that the matrix cre-
ated an adequate bond with the filler particles and the rein-
forcement. There was negligible amount of unintended gas 
porosity in the structure and no unwanted segregation on the 
edge of fibre bundles or filler particles. Fig 5.(b) also shows 
a thin diffusion zone with minimal amount of silicon diffu-
sion between the AlSi alloy coating and the matrix material. 

To further characterise the microstructural features 
of the composite, line EDS measurements were done. A 
representative example, intentionally showing a less infil-
trated carbon fibre bundle, is shown in Fig. 6. The vicin-
ity of the measurement is presented in Fig. 6(a), with a 
measurement line starting from the matrix, crossing a 
partially infiltrated carbon fibre bundle and ending in the 
matrix again. The corresponding element distribution, 
considering the most important Al, C, O and Si elements 

Fig. 4 Microscopic image of the structure of reinforced metal foam, 
showing the matrix, an individual completely infiltrated reinforcing 

carbon fibre bundle and the fillers

Fig. 5 (a) The microstructure of the fibre bundle reinforced metal foam 
and (b) a higher-magnification image of the diffusion layer

Fig. 6 (a) Direction and placement of the line EDS measurement, and 
(b) the chemical composition alongside the line
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is shown in Fig. 6(b). The low amount of aluminium and 
silicon between 600 µm and 800 µm indicate that fibres 
were torn out from the not infiltrated region of the bun-
dles. This phenomenon is shown also in Fig. 5(a).

The cross section of the specimen is shown in Fig. 7. 
The number of reinforcement bundles was examined after 
tensile tests on each specimen.

After the structural features, the physical properties 
were examined. The density of the unreinforced refer-
ence samples was 1.21 ± 0.01 g∙cm−3 while the density of 
the reinforced samples was 1.52 ± 0.10 g∙cm−3. This corre-
sponds to a 20% increment. The explanation of this is that 
the bundles make the flow of filler material particles more 
difficult. This led to lower filling percentage around the 
bundles. The higher deviation in the density of the rein-
forced samples correlates with the number of reinforce-
ment bundles in the sample.

In order to investigate the load-bearing capacity of 
the samples, tensile tests were conducted on three sam-
ples. After testing, the specimens were cut and polished to 
enable the number of fibre bundles in a sample to be deter-
mined. The numbers varied between 4 and 6. The place-
ment of the bundles is greatly affected by the way the spec-
imens are machined. The force-elongation curves of the 
tensile tests are shown in Fig. 8.

As shown in the diagram, the specimens' ability to with-
stand force increased with reinforcement. The reference 
specimens showed 0.69 ± 0.07 kN load-bearing capacity. 
Meanwhile, the maximum force withstood by the rein-
forced specimens was 1.80  ±  0.15  kN (~260% capacity) 
and 1.27 ± 0.10 kN (~180% capacity) in the case of 6 and 4 
reinforcing bundles, respectively. The reinforced samples 

had a more brittle behaviour and reached lower elongation 
values. The correlation between the load-bearing capacity 
increment and the number of fibre bundles can be exactly 
described by a second-order polynomial function (Eq. (1)).

F N N� � �0 069 0 054 0 022
2

. . . ,	 (1)

where F is the load-bearing capacity, expressed in kN, and 
N is the number of the reinforcing carbon fibre bundles. 
The relationship can also be estimated by a simpler linear 
relationship (Eq. (2)).

F N R� � �0 067 0 17 0 975
2

. . ( . ) ,	 (2)

where F and N have the same meaning as in the case 
of Eq. (1). Both relationships have been visualised in Fig. 9.

Fig. 7 Macroscopic structure of the specimen in the cross section, with 
the reinforcement fibre bundles marked

Fig. 8 Force-elongation curves of the tensile tests in the case of
(a) reinforced and (b) reference samples

Fig. 9 Relationship between the load-bearing capacity and the number 
of reinforcing fibre bundles
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The characteristic failure behaviour of the specimens 
is shown in Fig.  10. It can be seen that both specimen 
types produced the characteristic 45° shear crack. While 
the placement of the crack varied greatly in the case of 
the reinforced samples, it was quite uniform in the case of 
the unreinforced reference samples. In that latter case, the 
fracture was close to the middle of the specimens.

Last, but not least, the fracture surface was investi-
gated under SEM and a representative example is shown 
in Fig.  11. The SEM image shows the brittle fracture 

surface of the expanded glass filler particles and proves 
the ductile behaviour of the Al99.5 matrix. The reinforc-
ing bundle remained intact in the crack surface and pull-
out can be observed from the upper (counterpart – not 
shown) of the sample.

4 Conclusions
In this study, the effect of longitudinal partially infiltrated 
carbon fibre bundle reinforcement on the tensile behaviour 
of syntactic metal forms was investigated. 

The following conclusions were drawn from the 
experiments:

•	 Low-pressure infiltration (0.5 MPa) is a suitable 
method for the production of longitudinally rein-
forced syntactic metal foams.

•	 The reinforcement increases the density of the metal 
foam by 20%, while increasing the tensile load-bear-
ing capacity to ~260% and ~180% in the case of 4 
and 6 reinforcing carbon fibre bundles, respectively.

•	 The relationship between the load-bearing capac-
ity (peak force) and the number of reinforcing car-
bon fibre bundles can be exactly described by a 
second-order polynomial function and can also be 
estimated by a simpler linear relationship.

•	 Only minimal diffusion of alloying elements 
occurred between the matrix material and the coat-
ing material of the fibre bundles.

•	 The fibres are easily torn out of the uninfiltrated 
regions of the bundle. This indicates that only the 
fully infiltrated parts of the bundle handle the load.

•	 Both specimen types have a brittle behaviour, which 
can be attributed to the inner cellular structure.
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