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Featured Application: The article establishes the potential of ultra-light, closed cell aluminum
foam to attenuate shocks when interfaced with air-cavities. The specific aim of the work is to
capture the pressure signatures inside small cavities in steel end-walls of a shock tube when
exposed to shocks, without and with foam shields of various densities.

Abstract: It is important to protect assets located within cavities vulnerable to incident shock waves
generated by explosions. The aim of the present work is to explore if closed cell aluminum foams can
mediate and attenuate incident shocks experienced by cavities. A small cavity of 9 mm diameter
and 2 mm length was created within the steel end-wall of a shock tube and exposed to shocks,
directly or after isolating by aluminum foam liners. Shock waves with incident pressure of 9–10
bar travelling at a velocity of 1000–1050 m/s were generated in the shock tube. Compared to the
no-foam condition, the pressure induced in the cavity was either equal or lower, depending on
whether the foam density was low (0.28 g/cc) or high (0.31 to 0.49 g/cc), respectively. Moreover,
the rate of pressure rise, which was very high without and with the low density foam barrier, reduced
substantially with increasing foam density. Foams deformed plastically under shock loading, with
the extent of deformation decreasing with increasing foam density. Some interesting responses
such as perforation of cell walls in the front side and densification in the far side of the foam were
observed by a combination of scanning electron microscopy and X-ray microscopy. The present work
conclusively shows that shocks in cavities within rigid walls can be attenuated by using foam liners
of sufficiently high densities, which resist densification and extrusion into the cavities. Even such
relatively high-density foams would be much lighter than fully dense materials capable of protecting
cavities from shocks.
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1. Introduction

Closed cell aluminum foams are known to absorb a significant amount of energy during quasi-static
compression by undergoing a large amount of plastic deformation at low transmitted stress [1].
Plastic deformation occurs in bands of cells by cell wall bending and buckling, causing cell collapse
and foam densification [2]. Mazor et al. [3] and Ben-Dor et al. [4] carried out mathematical analyses
and limited experiments of head-on collisions of planar shock waves of Mach 1.08–1.41 in a rectangular
shock tube with ultra-low density, (0.03 g/cc) polyurethane foams placed against the end-wall of a
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shock tube. They found that the reflected pressure from the front face of the foam was less than that
from the end-wall of the empty shock tube, which was termed as “shock attenuation”. However,
the pressure generated by the wave after transmission through the foam, reflection from the end-wall,
transmission back through the foam, and re-emergence from the front face was found to be more
than the reflected pressure off the end-wall of the empty shock tube, which was termed as “shock
amplification”. According to the authors, shock amplification occurs while the foam deformation is
restricted to the plateau domain, i.e., the region in the compressive stress–strain relationship of foams
in which large strains occur at low and near-constant stress, since under such conditions compression
waves inside the foam can transform into shock waves.

Rempel and Schmidt [5] studied the compaction behavior of high density (0.7 to 1.4 g/cc) porous
aluminum and found the permissible momentum and minimum areal density of porous aluminum
required to prevent the plastic waves from reaching the anvil. Linde and Schmidt [6] studied the
behavior of high relative density (0.4–0.8, i.e., in the absolute density range 1.1–2.2 g/cc) porous
aluminum under shock loading and calculated the Hugoniot conditions, which are shown to be
dependent on strength and coherence of the solid matrix. The porous aluminum was shown to
condense to its full density after exposure to about 10 kbar of shock pressure, generated using impact
of projectiles on targets.

Petel et al. [7] studied the elastic-plastic behavior of polyurethane foams on blast wave and shock
tube loading. They observed that a compaction wave induced in the foam due to shock loading exerted
a greater stress on the end-wall of the shock tube, than the incident shock wave in the absence of the
foam (the baseline case). In other words, a shock-exposed polyurethane foam amplified the stress
on the posterior object. They noted that if several interfaces with increasing impedances exist in the
path of a compression wave, the stress generated at each interface gets added, and results in stress
amplification. Thus, in an air-foam-steel system, where the foam has an impedance value intermediate
to those of air and steel, a higher amount of stress is expected on the steel when a shock wave generated
in air impacts the foam.

Gas filtration through granular layers during weak shock wave impact was studied by Britan
et al. [8]. Sensors placed in front of the granular medium showed an initial steep rise in pressure,
the amplitude of which was inversely proportional to the permeability of the medium, followed by
gradual rise reaching up to a steady value, which is attributed to gas filtration and reflection of the
compaction wave from the rigid wall at the end of the shock tube. The pressure at the rigid wall,
measured by an unprotected sensor inserted into the granular medium, shows an unsteady steep rise
in pressure, attributed to the effect of compaction wave on the gas pressure, followed by a drop and
attainment of a steady value due to gas filtration.

Effect of length of a granular material medium on attenuation of blasts was studied by Britan
et al. [9]. They showed that the relative exit overpressure decreased with increase in length of the
granular medium and decrease in Mach number of the shock wave. They further showed that the
presence of an air gap (of the order of 106 mm) between the granular filter and the protected surface
prevents direct contact between the particles composing the granular medium and the protected
surface, which eliminates unsteady peak pressures/stresses on the protected surface that are seen in the
absence of the air gap.

Hosseini et al. [10] studied the shock wave interaction with materials having different acoustic
impedances. They found that an underwater shock wave, which was expected to reflect totally as
an unloading wave at the water–air interface due to acoustic impedance mismatch, was observed
transmitting across the interface to air.

Schenker et al. [11] carried out full-scale field explosion tests on concrete slabs, with and without
aluminum foam cover. They studied the dynamic response of an elementary concrete structure to
blast wave loads, and the ability of aluminum foams to mitigate the blast loads. They reported that
the aluminum foam could modify the response of the slab to the blast load but stated that further
investigation would be required to predict its efficiency for practical purposes.
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Goel et al. [12] showed that the reflected shock pressure measured in front of simply supported
aluminum foams placed at the end of a shock tube cavity was higher (2.9× the incident pressure) than
that produced by a rigid aluminum plate (2× the incident pressure). The shock speed used was greater
than Mach 2 while the incident pressure was 3.5 bar, which gives reflected pressures of about 10 bar.
Reddy et al. [13] showed that, for higher values of reflected pressure (52 and 69 bar), radial cracks and
core crushing occurred in simply supported closed cell aluminum foams. Kazemi-Kamyab et al. [14]
studied interactions between shock and open porous aluminum foam in the elastic loading range
(with ~3.5 bar incident shock pressure) and showed shock attenuation in foams. They attributed shock
dispersal to subsonic gas flow inside the aluminum foam where drag forces become the dominant
factor in the solid–fluid interaction. Liu et al. [15] conducted comparative studies on blast attenuation
by mild steel plates versus sandwich materials with mild steel face plates and aluminum foam core.
They found that the peak transmitted load reduced by more than 50% for the sandwich compared to
mild steel plates. Foam cracking and multiple reflections in the foam cavities were cited as mechanisms
of shock attenuation.

Hanssen et al. [16] carried out full-scale field tests to investigate the behavior of aluminum foam
panels in the density range 0.15–0.35 g/cc subjected to blast loading. It was observed that the energy
and impulse transfer to the pendulum increased by adding a foam panel.

Liang et al. [17] experimentally demonstrated the occurrence of shock attenuation in two-layer
graded density foam-core sandwich structures exposed to blasts. They showed by numerical modeling
that the deformations in the low and high density layers were different between the positive and
negative density gradient configurations, but that the compaction wave propagation always progressed
from the blast side to the distal side. They further showed that the energy absorbed as well as the
impulse of the force acting on the protected structure increased with increasing density gradient,
which are conflicting requirements of protective structures, and hence a balance needs to be achieved
by selecting an optimum density gradient.

Although there is a reasonable amount of literature on shock attenuation/amplification and gas
filtration through open pore foams of high density, there are no reports on low-density closed cell
aluminum foam mediated shock attenuation in cavities in high impedance materials exposed to shocks.
Similarly, there have not been adequate studies examining modes of deformation and failure in closed
cell aluminum foams under shock loading, and their influence on shock attenuation and gas filtration.

2. Materials and Methods

A single diaphragm shock tube with a circular section was used in the present investigation.
The shock tube has a 50 mm inner diameter× 2 m long driver section, and a 36.5 mm inner diameter× 3 m
long driven section, separated by 1.2 mm thick (t) aluminum diaphragm with a ‘t/3’ deep cross notch
at the centre. Helium gas was pressurized in the driver section until the diaphragm ruptured. Air at
atmospheric pressure was maintained in the driven section, through which the shock wave propagated
on rupture of the diaphragm. The shock tube was instrumented with piezoelectric pressure sensors of
model 102B04 and 102B of PCB Piezotronics (Depew, NY, USA), which had a rise time of less than a
microsecond. A high-speed data acquisition system (NI PCI-6115 S, National Instruments, Austin,
TX, USA) was used to acquire the pressure data. Sensor-1 (102B04) was mounted flush to the inner
diameter of the shock tube at 94 mm distance from the front surface of the foam to measure the incident
as well as reflected pressures (see Figure 1a,b).

Closed cell aluminum foams were prepared in the form of cylindrical blocks by the melt route
described elsewhere [18]. Since shock–foam interaction is sensitive to foam density [12], foams of
incrementally varying densities from 0.28 to 0.49 g/cc were selected to capture the differences in their
response to incident shock. Due to the inherent variability of foam density within the starting blocks,
the density varied from sample to sample. Consequently, one experiment was done for each density
but collectively, the samples covered a wide range of densities. Foam samples having a diameter of
40 ± 0.5 mm and thickness 25 ± 0.5 mm (Figure 2a), were mounted within a Teflon bush resting against
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the end-wall such that the back face of the foam was in full contact with the end-wall (see Figure 1b).
The diameter of the foam was kept larger (by about 10%) than the shock tube ID to ensure that no
material other than the foam lies in the path of the shock.
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The end-wall of the shock tube was made of stainless steel having a centreline axial cavity of
9 mm dia running through the entire thickness of the flange. Sensor-2 (102B) was inserted through the
axial cavity from behind the end-wall, resting about 2 mm away from the back surface of the foam.
The hole allows the sensor to be recess-mounted such that it is not damaged during foam deformation
on shock loading. Further, it is known that, if the end-wall has a hole of size smaller than a third of the
shock tube diameter, the shock reflection at the end-wall is unaffected [19]. Due to this, and the fact
that the sensor is placed very close to the exit (back/rear) face of the foam, the pressure-time history
recorded by sensor-2 is expected to reveal the effects of compaction wave and flow filtration through
the foam, on the ambience behind the foam [8,9]. A baseline experiment was carried out in the empty
shock tube to measure the reflected pressure off the end-wall.

In a separate experiment, the speed of the shock wave was measured by recording the incident
wave pressures at two locations separated by a distance of 474 mm in the driven section, and was
found to be 1000–1050 m/s (more than Mach 3).

A scanning electron microscope (SEM) (Zeiss, GEMINI 300, Oberkochen, Germany) was used to
examine the foam before and after the shock exposure. A 3-D X-ray microscope (3D CT) (Zeiss, VERSA
520, Oberkochen, Germany) was used to examine the internal structure of the foam before and after
the shock tests.

3. Results and Discussions

Figure 3 shows sensor-1 data for foams of various densities. A certain scatter in pressure values is
seen, which is partly attributed to experimental variations in incident pressure (related to diaphragm
rupture) and to morphological variations in the cell structure of the foam. In each case, pressure rises
to its incident value, stays constant for about 0.3 ms, rapidly jumps to a higher value, and then rises at
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a reducing rate till reaching the maximum before slowly decreasing till the end of the measurement
period. The incident pressure marks the arrival of the incident shock at sensor-1. As discussed by
Britan et al. [8], the initial steep rise in reflected pressure is due to the arrival of the shock reflected
from the foam front face, while the subsequent rise is attributed to additional shock reflections from
the contact surface (driver-driven contact surface). For the empty tube (no foam) condition, the shock
reflects from the end-wall of the tube. Table 1 gives numerical values of the incident pressures (the
“plateau” values) and the reflected pressures measured by sensor-1 for foams of various densities and
the empty shock tube.
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Table 1. Effect of foam density on foam plastic deformation and shock pressures.

Density (g/cc)
Plastic

Deformation
(mm)

Incident Pressure
(Sensor-1) (bar)

Reflected Pressure
(Sensor-1) (bar)

Pressure in the
End-Wall Cavity
(Sensor-2) (bar)

No Foam - 10.3 49.5 51.5
0.28 9.3 10.3 52.1 52.5
0.31 5.9 10.3 51.0 36.0
0.32 5.78 10.7 52.2 35.1
0.36 4.44 9.7 46.6 38.8
0.46 1.75 9.7 48.8 3.3
0.47 0.75 9.8 50.1 2.7
0.49 0.55 9.7 54.4 2.7

The shock exposed foams were seen to deform plastically, as shown in Figure 2b, where the total
deformation (change in foam thickness) decreases with increasing foam density (Table 1 and Figure 4).
Interestingly, the deformation in the foam samples was non-uniform along the length and always
occurred from an intermediate location along the length (which was dependent on the foam density)
extending up to the exit face. Another observation, being reported for the first time in shock–foam
interaction literature, is the formation of perforations in cell walls due to shock exposure. The SEM
image of the shock exposed foam in Figure 5b, when compared with 5a (unexposed) (both foams are of
density 0.31 g/cc) clearly illustrates the perforation phenomenon. Although similar perforations have
been observed in all the shock exposed foams, the perforation severity reduces with increasing foam
density since the thickness of the cell wall increases with increasing density. The observation of the cell
wall perforation is important since it creates the possibility of flow filtration through an otherwise
closed cell foam. Figure 5c,d shows the 3D CT images of an unexposed and shock exposed foam
sample, respectively, of 0.31 g/cc foam. The cell wall puncturing (Figure 5d) can be seen to continue to
the subsurface region, which remains uncollapsed. The 3D CT images confirm that densification occurs
towards the far end of the foam because the exit face is fully supported by the rigid end-wall (but for
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the cavity part). Unlike the observation of reference [13], no disintegration of the central portion of
the foam nor radial cracks around the disintegrated region were observed in the foams after the tests,
possibly because the foams were fully supported in the present work, as opposed to being simply
supported in the referred work.
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Figure 5. The SEM and 3D CT images of the foam of density 0.31 g/cc. (a) SEM SE image of the front
surface before shock exposure, (b) SEM SE image of the front surface after shock exposure, (c) 3D CT
view before shock exposure, and (d) 3D CT view after shock exposure.

When the incident shock wave reflects off the surface of the foam, a compaction wave is generated
in the foam. The compaction wave, on reaching the end of the foam, reflects off the end-wall, generating
pressure/stress on the end-wall flange. A strong shock wave generated in water has been shown to
transmit to air [10], and similarly from granular medium to air [8,9]. Figure 6 presents the variation
of pressure in the air cavity in the end-wall of the shock tube, as measured by sensor-2, without and
with the foams of various densities, fully supported against the end-wall. For the “no foam” condition
(baseline value) as well as in the presence of foams of densities less than 0.46 g/cc, there is significant
rise in pressure. In addition, the pressure rises sharply to a peak value indicating compaction wave
transmission, drops to an intermediate value and then remains steady till the end of the measurement
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(1.6 ms). Table 1 gives the numerical values of the post-peak “steady” levels of the pressures behind
the foam. Compared to the empty shock tube condition, the pressure in the cavity is almost the same in
the presence of 0.28 g/cc foam [4], but reduces to 75% of the “baseline value” for 0.31–0.36 g/cc foams.
When foams of density greater than 0.46 g/cc are present, the cavity pressure does not rise sharply,
and the rise drops to 5% of the “baseline value” for 0.46 to 0.49 g/cc foams (shock mitigation). Thus,
the present work shows that it is possible to attenuate shocks in small air-cavities by using closed cell
aluminum foams of adequate density.
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The compaction wave transmission stated above may require an extended explanation.
A protrusion of the foam surface extending into the cavity was observed at the back of the shock
exposed foam, as shown in Figure 5d, which is the means of shock transmission into air in the cavity.
When the compaction wave reaches the back end of the foam, an acoustic impedance mismatch is
realized at the cavity, as the cavity contains air. The mismatch of impedance at the foam–air interface
reflects an unloading wave back into the foam in that region, as a result of which the foam extrudes into
the air cavity. For the lower density foams, the sudden rise in air pressure in the cavity suggests that
the extrusion must have been rapid, generating a piston effect, launching a shock wave. As this shock
wave is generated by the foam by virtue of the compaction front in it, the wave is termed as a foam
transmitted shock. The pressure rise and the rate at which it rises in the cavity depends on whether
(and how quickly) the foam extrudes into the cavity which, in turn, depends on whether the reflected
pressure exceeds the compressive strength of the foam. Since the compressive strength increases
with foam density [1], while the reflected pressure changes only marginally, there is a critical density
(between 0.36 to 0.46 g/cc) above which there is no extrusion and no sudden rise in cavity pressure.

The effect of foam density on the total compression can be explained by comparing the plastic
strength of the foams with the incident and the reflected pressures. The plastic strength of foams under
quasi-static compression is known to vary from about 2 MPa (20 bar) for 0.28 g/cc density to 5 MPa (50
bar) for 0.49 g/cc density [20]. Studies have variously shown that the plastic strength either remains
unchanged [21–24] or increases with strain rate in the range 200–800 s−1 [25]. The pressure behind the
reflected shock (from the foam front face) was of the order of 50 bar, which caused (an instantaneous)
deformation and extrusion in lower density foams, which reduced with increasing foam density.
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The extent of cell wall perforation reduces with increasing foam density. This is to be expected as the
foams of higher density have thicker cell walls and hence, a greater resistance to cell wall perforation.

In the early literature [5,6], plastic wave transmission and shock Hugoniot conditions were studied
in dense porous aluminum with interconnected porosity, which is in contrast to the present work in
which shock loading of closed cell aluminum foams containing 70–90% porosity, made by gassing
liquid aluminum, was studied. Due to the high porosity and the high order of regular isotropic cell
structure, the foam strength was several times lower in the current work. Thus, the behavior of the
foams with respect to shock attenuation was observed to be different in the present study.

Recent work by Liang et al. [17] presented the effects of blast waves generated by 100 g TNT on
two layers of aluminum foams sandwiched between steel plates. In the present work, a shock tube
was used for shock wave generation and direct loading of single layer foams, which was amenable for
the analysis of shock–material interactions and reflection waves. Therefore, here, densification was
observed in the distal region of the foams, which was unseen in previous studies.

4. Conclusions

Aluminum foams of densities equal to or higher than 0.46 g/cc have been shown to attenuate
shocks in cavities exposed to incident shock waves of Mach number 3. Incident shocks result in
cell wall perforation in the front part of foam, bulk deformation in the rear part of the foam, and
foam extrusion into the cavity placed in the end-wall that fully supports the foam, all reducing with
increase in foam density. The shock experienced by the cavity is the foam-transmitted wave, due to the
protrusion of the foam into the cavity, which is similar to the instantaneous acceleration of a piston in
the air that generates a shock wave.
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