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Abstract

The deformation and failure mechanisms in syntactic foams with different metal matrices were investigated in this
study. The syntactic foams were produced by the infiltration method using lightweight expanded clay particles
(LECA) as a space holder and commercially pure Al or eutectic Al-12%Si alloy for the matrices. The samples were
compressed at room temperature; simultaneously, the acoustic emission (AE) response and the surface deformation
were monitored and collated with the deformation curves. In the case of the Al foam, ductile behavior with long
plateau stress was observed. During this plateau regime, multiple active shear bands were detected. In contrast, the
AISi12 foam exhibited more brittle deformation behavior. At the end of the quasi-linear stage, the localization of the
strain started within one large shear band, accompanied by a significant stress drop. The AE analysis revealed that
the deformation was mostly governed by the fracture of LECA particles and the plastic deformation of the matrix
material for both types of foams. After strain localization, in the case of the AlSi12 foam, the fracture of the matrix
became significant, causing the deterioration of the sample. As for the Al foam, besides the fracture of the LECA
particles, the plastic deformation of the matrix played an important role in preventing the foam from falling apart.
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1. Introduction

In recent years, research on the mechanical properties of metal matrix foams and metal matrix syntactic foams (MMSF)
have received extensive attention since these materials are lightweight structures with high strength-to-weight and
stiffness-to-weight ratios, with good damping and energy absorption properties [1-3].

There are different strategies for improving the strength and the energy absorption capacity of a foam. One option is
to increase the strength of the matrix material. This can be achieved by a) heat treatment, b) adding alloying elements
to generate intermetallic phases or ¢) using micro- or nano-sized reinforcing particles such as SiC or alumina particles,
or carbon nanotubes [2]. However, there is another way to enhance the mechanical properties of a foam by
incorporating low density, stiff and porous particulates (filler material) into the matrix. The materials produced in this
way are referred to as syntactic foams [4].

The most frequently used additions for manufacturing syntactic foams are the hollow spheres. Mostly, ceramic hollow
spheres are used [5-7], however, recently, MMSF with steel hollow spheres have also been produced [8]. Although
hollow spheres enhance the plateau stress of the foam considerably, due to the high cost of producing new low-cost
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filler materials are needed. Up to now, syntactic foams with expanded glass [9], pumice [10], expanded perlite [1], and
fly ash [4] fillings have been investigated.

Recently, lightweight expanded clay (LECA) as a filler material has also been designed as it features high porosity,
low density, and good thermal/acoustic insulation properties [11,12]. So far only the effect of the LECA particle
diameter has been investigated [12]. Puga and co-workers have found that with increasing LECA particle diameter
both the yield strength and the densification strain increase. They found a change in deformation mechanism: for foams
containing large LECA particles the deformation is less uniform [12].

In this paper, the effect of the matrix material on the failure mechanisms and compressive strength of MMSF containing
LECA particles was studied. The changes in deformation mechanisms were also investigated by the acoustic emission
(AE) and digital image correlation (DIC) techniques.

2. Experimental

The matrix materials of the investigated syntactic foams are commercially pure aluminum (Al) and an AlSi12 alloy.
The syntactic foam was produced by low-pressure infiltration, as follows. In a closed profile crucible of a cross-section
of 50 mm x 50 mm first sieved LECA particles having a diameter of 6-7 mm, then a stainless steel grid (to hold them
in position during infiltration) and a block of metal (AISi12/Al) were placed. Next, the crucible (closed by welding)
was heated up and held at 750 °C for Al and 650 °C for AlSil2 for 30 min. To complete the infiltration, inert gas (He)
was applied for 120 s at 1 bar pressure. Subsequently, the block was quenched into water of ambient temperature.
Finally, 4 mm of the side parts and the bottom of the obtained foam block were mechanically removed to ensure a
homogeneous foam structure.

An MTS810 type servo-hydraulic universal testing machine (MTS Systems Corporation, Eden Prairie, MN, USA) was
used to carry out the uniaxial compression tests with cyclic loading at room temperature. Three cube-shaped foam
specimens of each type with a side length of 30 mm and a density of 1.55+0.05 g/cm® were compressed at a crosshead
speed of 0.01 mm/s. Teflon strips were applied between the foams and machine grips to reduce interface friction. The
deformation of the surface was recorded by a video camera. The digital image correlation (DIC) technique was applied
to determine the strain localization during deformation by using the ncorr script implemented in Matlab [13].

Simultaneously with the compression test, the AE activity was monitored by a Vallen AMSY -6 System in transient
recording mode with a sampling rate of 1 MHz. The AE signal recorded using the Physical Acoustic Corporation WSa.
sensor was pre-amplified with a gain of 40 dB. The sensor was mounted on the surface of the specimen using vacuum
grease and an elastic band.

The structures of the syntactic foams and the LECA particles were investigated by a Hitachi TM4000 Tabletop
scanning electron microscope.

3. Results and discussion

Representative engineering stress-strain curves with different matrix materials are shown in Fig. 1. In the case of
unalloyed Al-LECA foam, ductile behavior can be observed (Fig. 1a), i.e. after the quasi-linear region the stress
reaches a plateau, after which there is practically no stress drop. In the plateau region, the deformation of the cells in
the shear band(s) takes place. Finally, in the densification stage, the matrix material fills the remaining pores
produced by the crumbling of the LECA particles. Contrary to the Al foam, the AlSi12-LECA foam does not exhibit
distinct plateau stress, but rather peak stress followed by a stress drop occurs. The peak stress of the AlSi12 foam is
roughly twice as large as the peak stress of the Al foam. It is worth noting that even though the samples are quite
small compared to the size of the LECA-particles, the stress-strain response is reproducible for Al-LECA foams (see
Fig. 1a), while for AlSi12-LECA the shape of the deformation curve depends on structure of the foam specimen.
Nevertheless, the variation of the peak stress was less than 10%.
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Fig. 1. The stress-strain curves (black line) for metal matrix syntactic (MMS) foams containing expanded clay with

(a) Al matrix; (b) AlSi12 matrix.

The AE response during compression is dependent on the matrix material. The AE response shows a maximum
around the peak stress in the case of AI-LECA foam, while for the AlSi-LECA foam the maximum AE activity can
be measured before the peak-stress is reached. In both cases, the AE peak is followed by a considerable drop in the
AE activity, especially for the AlSi12-LECA foam (Fig. 2). This drop is due to the localization of deformation. Due
to strain localization, the number of active AE sources decreases and, correspondingly, the AE activity reduces.

The adaptive sequential k-means (ASK) clustering analysis was performed on the AE data to determine the dominant
deformation mechanism as a function of strain. The AE data are sectioned to time windows (in this evaluation 1 ms
time window was used) and the power spectral density function statistical parameters (such as mean frequency, peak
amplitude, energy, kurtosis, etc.) of each time window are determined and grouped into clusters according to the
algorithm of Pomponi and Vinogradov. The detailed description of the method can be found in [14]. For the
identification of the AE sources, complementary methods like digital image correlation (DIC) and scanning electron
microscopy (SEM) were used. It is important to emphasize that if at a given strain multiple different AE sources are
active, the ASK method is only capable of determining the dominant one.

At the beginning of the test, the cluster of background noise should be identified. To that end, the AE measurement is
started prior to the compression. During the test, the ASK algorithm identified four clusters for both, Al and AlSi12
foams. Fig. 2 shows the time evolution of the cumulative number of elements for the different AE clusters. The
following source mechanisms were assigned to the clusters:
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Fig. 2. Representative compressive stress-strain curves (dashed line), acoustic emission (AE) signals (grey line) and
the time evolution of the cumulative number of elements in different AE clusters of (a) Al foam; (b) AlSi12 foam.
Black line—noise; red line—plastic deformation of matrix; green line—fracture of LECA particles; blue line—
fracture of the matrix.

Cluster 1: Noise (color code in figures: black)

The cluster appearing first is always the noise cluster, since the AE test starts prior to the deformation and, therefore,
the noise cluster is not directly related to the deformation processes. This cluster contains low energy AE signals
with low amplitude and no sharp peaks.

Cluster 2: Plastic deformation of the matrix (color code in figures: red)

In both cases, the second cluster appears at very low strain. Similarly to the analysis in our previous work [15] (e.qg.
the drop shape of the cluster (Fig. 3), the shape of the waveform), plastic deformation can be assigned to Cluster 2.

Cluster 3: fracture of LECA particles (color code in figures: green)

The signals belonging to this cluster exhibit a negligible rise time, furthermore, the energy range of these signals is
wide, suggesting that the origin of AE is the fracture of LECA cell-walls of different thicknesses. The cracking of the
LECA cell walls is visible at low stress in the SEM pictures (Fig. 4a).

Cluster 4: fracture of the matrix (color code in figures: blue)

As for the AE signals in Cluster 3, the signals in Cluster 4 have wide frequency and energy range and a negligible
rise time. The video recording shows that in the case of the AlSi12 foam the role of matrix fracture becomes
significant after strain localization. Fig. 2b shows that the cumulative number of elements in Cluster 4 suddenly
increases when the AE activity decreases. It is indeed expected that due to strain localization the fracture of the
matrix becomes more dominant (Fig. 4c). In the case of the Al foam, the fracture of thin cell walls between LECA
particles is visible after strain localization.
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Fig. 3 The 2D projection of the clusters to the energy-mean frequency space for (a) Al foam; (b) AlSi12 foam.
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Fig. 4. The deformation of the reinforcement and the foam. (a) Cracks in the LECA particle in the deformed foam,
(b) undeformed AISi12 LECA foam and (c) compressed AlSil2 LECA foam (The places where plastic deformation
or fracture of the matrix took place are marked by red circles).

The results of the ASK analysis show that the Al LECA foam first deforms by plastic deformation of the matrix
material. Due to the low strength of the LECA particles, the cracking of the LECA spheres starts at low applied
stress (~5 MPa). The localization of the strain starts at the end of the quasi-linear stage (Fig. 5), and the formation of
deformation bands can be subsequently observed. Contrary to conventional foams, the deformation of the Al LECA
foam is not restricted to only one band (Fig. 5). As a result, the AE activity decreases due to strain localization, but
the drop in AE activity is only moderate since the deformation still takes place in a relatively large volume. After the
appearance of deformation bands, the rate of growth in the number of elements in Cluster 2 decreases, while the
number of elements in Cluster 3 increases linearly as a function of strain. It implies that the dominant deformation
mechanism is the fracture of LECA particles throughout the deformation process.

For small strains the AISi12 foam deforms similarly to the Al foam, i.e. plastic deformation of the matrix takes place
almost as soon as the compression starts, followed by the beginning of fracture of the cell walls of LECA particles at
about 2 MPa applied stress. The lower onset of the LECA particles’ crack is due to the higher back stress of the
AlSi12 foam compared to the Al foam. (The back stress was calculated from the unloading and reloading according
to [16]). After the appearance of the shear band, the rate of growth in the number of elements in Cluster 2 and 4
increases, while for Cluster 3 decreases. This suggests that in the AlSi12 LECA foam after strain localization the
fracture of the matrix becomes important (Fig. 4c).
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Fig. 5. Surface &yy strain maps at different macroscopic strains for LECA foams with different matrixes: Al (left) and
AISi12 (right).

It is worth noting that according to Fig. 2, the fracture of the cell walls of the LECA particles is the dominant
deformation mechanism almost for the entire deformation test. This means that weaker AE signals from other
sources are overlapped. This is most likely the reason why the number of elements in the cluster related to plastic
deformation in the Al-LECA foam is lower than for the Al foam with ceramic hollow spheres [15].

Conclusion

The effect of the matrix material on deformation and failure mechanisms was investigated in two types of syntactic
foams consisting of (i) unalloyed Al matrix or (ii) alloyed Al: Al-12 wt % Si matrix, both reinforced by lightweight
expanded clay particles. The differences in deformation mechanism up to ~6% strain were revealed by the help of



the ASK analysis of AE data supplemented by imaging techniques. We found that regardless of the matrix material,
the identified deformation mechanisms were rather similar, and there was no strain localization in the quasi-linear
stage. This resulted in reproducible peak strength with a variation of less than 10 %, even for samples with small
sample size to LECA particle size ratio. In the case of Al foam, the strain is localized in large volume in multiple
deformation bands, which results in reproducible deformation curves even for small samples. After strain
localization, the fracture of the matrix material became significant for the AlSi12 foam. This explains the difference
in the shape of the stress-strain curves for the AlSi12 foam and the early deterioration of the sample.
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