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Abstract. Realistic simulations are increasingly demanded to clarify the dynamic behaviour of foam materials, because, on
one hand, the significant variability (e.g. 20% scatter band) of foam properties and the lack of reliable dynamic test methods
for foams bring particular difficulty to accurately evaluate the strain-rate sensitivity in experiments; while on the other hand
numerical models based on idealised cell structures (e.g. Kelvin and Voronoi) may not be sufficiently representative to capture
the actual structural effect. To overcome these limitations, the strain-rate sensitivity of the compressive and tensile properties of
closed-cell aluminium Alporas foam is investigated in this study by means of meso-scale realistic finite element (FE) simulations.
The FE modelling method based on X-ray computed tomography (CT) image is introduced first, as well as its applications to
foam materials. Then the compression and tension of Alporas foam at a wide variety of applied nominal strain-rates are simulated
using FE model constructed from the actual cell geometry obtained from the CT image. The stain-rate sensitivity of compressive
strength (collapse stress) and tensile strength (0.2% offset yield point) are evaluated when considering different cell-wall material
properties. The numerical results show that the rate dependence of cell-wall material is the main cause of the strain-rate hardening
of the compressive and tensile strengths at low and intermediate strain-rates. When the strain-rate is sufficiently high, shock
compression is initiated, which significantly enhances the stress at the loading end and has complicated effect on the stress at the
supporting end. The plastic tensile wave effect is evident at high strain-rates, but shock tension cannot develop in Alporas foam
due to the softening associated with single fracture process zone occurring in tensile response. In all cases the micro inertia of
individual cell walls subjected to localised deformation is found to have negligible effect on the macro strain-rate sensitivity of
Alporas foam.

1. Introduction

Aluminium foams possess unique properties, which are
attractive for various engineering applications such as
energy absorption and sandwich construction. Their
compressive properties are of particular importance when
they are used to absorb energy and attenuate impact/blast
loads. The understanding of their tensile strength is also
important for the design of load-bearing structures (e.g.
sandwich structures). Under dynamic loading, their cell
deformation may be distinct from the one under quasi-
static loading, contributing to macroscopic strain-rate
effect. Strain-rate effect on the mechanical behaviour of
cellular solids is one of the major concerns for their
applications associated with dynamic loads, which has
been studied extensively in recent years. However, the
actual causes of strain-rate effect have not been completely
recognised.

Despite the lack of a general conclusion on the
strain-rate sensitivity of aluminium foams, the strain-
rate hardening of compressive strength of closed-cell
aluminium Alporas foam has been widely observed [1–6].
Meanwhile, a number of explanations have been proposed.
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For instance, Paul and Ramamurty [3] suggested that
the strain-rate hardening is related to both the strain-rate
sensitivity of the aluminium matrix and the micro inertia of
the individual cell walls. Cady et al. [5] argued that many
factors, e.g. the cell-wall interaction, pore architecture and
the rate dependence of the cell-wall material, are involved.
Dannemann and Lankford [2] attributed the strain-rate
effect to the flow of gas through ruptured cell walls. On
the other hand, Elnasri et al. [7] examined the structural
response during high speed impact and proposed that the
strong strain-rate hardening is mainly a shock wave related
phenomenon.

From these previous studies, the rate dependence of
cell-wall material, the micro inertia, the shock wave, and
the trapped gas are identified as the most likely causes
responsible for the macro strain-rate effect. However,
the individual contributions of these factors cannot be
easily distinguished in experiments. Therefore, theoretical
and numerical analyses are needed, which usually use
simplified or idealised cell structures, e.g. cubic cell and
Voronoi structure, but they may not be able to sufficiently
capture the actual structural effect of foam materials,
since some factors such as cell-wall rate dependence
and micro inertia depend on the actual structural
characteristics [8]. This motivates the geometrically
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realistic simulations based on cell structures obtained from
computed tomography (CT) images (so-called image-
based modelling [9]), which has been employed to
investigate the strain-rate sensitivity of open-cell foams
[10,11] and the quasi-static compressive behaviour of
closed-cell foams [12,13]. The dynamic behaviour of
Alporas foam has yet to be examined in this way.

The objective of this work is to investigate the strain-
rate sensitivity of closed-cell aluminium foam (Alporas)
and the associated mechanisms. 3D finite element (FE)
model is developed using the actual cell structure obtained
from CT image. Then compression and tension are
simulated at the applied nominal strain-rates ranging from
1 × 10−3 s−1 to 3 × 103 s−1. The numerical prediction of
the strain-rate sensitivity of the compressive strength is
also compared with test data reported in the literature.

2. Image-based 3D FE model
2.1. Geometrical characterisation and meshing

A cylindrical Alporas foam sample with dimensions of
Ø15.0 × 14.4 mm was scanned using a Nikon Metris
CT system housed in a customised bay at the Henry
Moseley X-ray Imaging Facility (HMXIF, Manchester,
UK). The accelerating voltage and current of the X-rays
were set as 75 kV and 125 µA, respectively. The effective
voxel size was 10.9 µm and the reconstruction of the
X-ray radiographs (2000 projections) was accomplished
using Nikon Metris CT-Pro software. To eliminate the
surface damage incurred by machining during sample
preparation, the central portion of the foam sample with
dimensions of Ø11.0 × 13.5 mm was selected as the
region of interest (ROI). Greyscale-based segmentation
was used to extract the solid phase in ROI. The tiny
pores having diameters smaller than 400 µm are neglected,
which greatly simplifies the meshing and reduces element
number. In addition, the cell walls were slightly dilated
(by 44 µm in this case) to facilitate image down-sampling
(i.e. increasing voxel size) without losing thin walls. The
down-sampled CT image has a voxel size of 50.0 µm. The
number of voxels is significantly reduced by the down-
sampling, such that the number of elements in the mesh
can be greatly reduced.

Figure 1 shows the transverse CT slices at the mid-
height of the virtual foam sample after reconstruction and
image processing, which manifests the extremely complex
cell morphology and topology. In Fig. 1b the colours
indicate the local thickness of cell walls measured in
3D [14]. The cell structure constructed here maximally
preserves the actual cell morphology and topology,
although some fine features (e.g. extremely tiny pores and
thin walls) are neglected to restrict complexity.

Table 1 lists the statistic data of the cell size and local
cell-wall thickness, for which the maximum value is about
one order larger than the minimum value. The high scatter
in cell size and cell-wall thickness is also clearly seen in
Fig. 1. The thickness of the walls at the junctions is much
larger than that at other locations, and many small cells are
located in the thick walls.

The FE discretisation of the foam sample was carried
out by using ScanIP (Simpleware Ltd, UK), which is a

Figure 1. (a) Transverse slice CT image of the scanned foam
(Ø15.0 × 14.4 mm, voxel size is 10.9 µm); (b) corresponding
slice CT image of the ROI (Ø11.0 × 13.5 mm, voxel size is
50.0 µm) after the image processing with the local cell-wall
thickness (measured in 3D) represented as a colour-scale.

Figure 2. 3D FE mesh (493150 quadratic tetrahedral elements
and 957697 nodes) of the foam sample created from the CT
image and enlarged view of the surface cells to show the mesh
density and quality.

Table 1. Geometrical data of the foam sample (unit: mm).

Mean ± SD Max. Min.
Cell size 2.01 ± 1.25 5.01 0.43
Cell-wall thickness 0.28 ± 0.30 0.81 0.10

commercial software for directly converting CT images
into high quality 3D meshes [15]. The 3D profile of the
foam sample after meshing is shown in Fig. 3. Quadratic
elements were used for meshing since they have high
numerical precision which is necessary to capture the
bending and buckling of thin walls which are unlikely to
be very finely meshed due to the geometrical complexity
and the limited mesh density that can be adopted. The
relative density (RD, i.e. the ratio of the cell wall volume to
the foam volume) of the meshed sample is 0.109, around
11% larger than that of the scanned sample. This mainly
results from errors introduced by the image processing and
meshing steps. A similar volume increase of closed-cell
foam model also occurred when other image processing
and meshing techniques were used (e.g. around 21%
volume increase occurring in the model by Jeon et al. [12]).

2.2. FE model setup

The material properties of the cell walls were assumed
isotropic and homogeneous. A power-law was adopted
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to describe the strain hardening of the yield stress, and
von Mises plasticity was used. The elastic modulus, yield
strength and hardening exponent are 68 GPa, 35.5 MPa and
8.5, respectively [16]. The rate dependence of the yield
stress was determined by the Cowper-Symonds equation
with parameters of ε̇∗ = 6500 s−1 and m = 4 [11] for
typical aluminium. The case where the cell-wall material
is rate-independent was also considered for comparison.
The loading processes were treated as dynamic in order to
incorporate inertia effects at various strain-rates, and the
cell-wall density was taken to be 2710 kg/m3.

The foam sample was loaded on the top surface by
applying a constant velocity to the associated nodes, while
for the bottom surface the displacement was fixed in the
vertical direction. In-plane motion was allowed on the end
surfaces and no constraints were exerted on the lateral
sides of the sample. The nominal strain ε and stress σ

were defined as the displacement divided by the original
height and the end-surface reaction force divided by the
original cross-sectional area, respectively. The nominal
strain-rate ε̇ was defined as the ratio of the loading speed
to the original height and varied from 1 × 10−3 s−1 to
3 × 103 s−1 in the simulations. To compare with previous
experimental results [1–4], the compressive strength was
defined as the first peak stress (i.e. collapse stress), while
the 0.2% offset yield point was used to characterise tensile
strength.

The general purpose FE code, Abaqus, was employed
to perform the simulations considering large deformation
effect. The Abaqus/Implicit solver capable of highly
accurate stress solutions was adopted for the dynamic
simulations so as to take account of inertia effect.

3. Results and discussion
3.1. Stress-strain relationship

The high strain-rate can lead to force imbalance between
the two end surfaces. For instance, at a strain-rate of 3 ×
103 s−1, as shown in Fig. 3, the stress at the loading end is
significantly larger than that at the supporting end for both
compression and tension, whether the cell-wall material is
rate-dependent or not. This phenomenon is known as shock
enhancement for cellular solids subjected to compression
[7]. For tension, the inertial force associated with the
propagation of plastic stress wave also produces higher
stress level at the loading end. However, it is not a
shock phenomenon since the tangential modulus of the
tensile stress-strain curve decreases continuously with the
strain, and eventually, the deformation is dominated by
the softening mechanism due to the formation of single
fracture process zone [17]. The shock phenomenon in
dynamic compression is caused by the localised dynamic
densification of the collapsed cells leading to the overall
increase of compressive stress and shock discontinuity
[18]. Another observation from Fig. 3 is that both the
loading and supporting stresses for the foam with rate-
dependent cell walls are larger than those for the foam with
rate-independent cell walls.

To exclude the inertial force occurring at the loading
end (i.e. behind shock or plastic wave front), the stress
measured at the supporting end is used to characterise
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Figure 3. Stress-strain curves at a strain-rate of 3 × 103 s−1: (a)
compression; (b) tension.

the foam strength at high strain-rates. Nevertheless, it
should be noted that at low and intermediate strain-
rates (1 × 10−3 − 1 × 102 s−1), the loading and supporting
forces (and stresses) are equal. This balancing of forces
at the macro-scale, however, can co-exist with the micro
inertia of individual cell walls. The micro inertia arises
from the nonuniform deformation of the heterogeneous
cell structure and was often surmised to affect the macro
strength. Figure 4 shows the compressive stress-strain
curves at different strain-rates, which are typical foam
responses under uniaxial compression [2,3,19,20], i.e. an
essentially linear relationship at low stress before attaining
a peak stress after which the stress drops to a plateau due
to cell crushing. The quasi-static compressive strengths at
a strain-rate of 1 × 10−3 s−1 obtained for foams with cell-
wall materials being rate-dependent and rate-independent
are 1.61 MPa and 1.57 MPa, respectively, which lie
within the scatter band of the compressive strength (1.3–
2.3 MPa) reported for Alporas foam of similar density
[21,22]. Figure 5 shows the tensile stress-strain curves,
which capture the stress-strain trend observed in tension
experiments [17]. However, as cell-wall cracking is not
considered in the present FE model, the peak stress and the
stresses afterward, which are controlled by single fracture
process zone [17], are expected to be overestimated in the
tension simulations, as shown in Fig. 6. Nevertheless, the
fracture area is small when strain is smaller than 0.01, and
local plastic deformation dominates at small strain [17].
Thus the 0.2% offset yield point (see Fig. 5) is acceptable
to evaluate the tensile strength using present FE model.
For compression, the plastic buckling of cell walls controls
the cell collapse and thus fracture effect is secondary to
determine the collapse stress.

For the foam having rate-independent cell walls
the stress-strain curves are identical at the strain-rates
between 1 × 10−3 s−1 and 1 × 102 s−1 (see Figs. 4a and
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Figure 4. Compressive stress-strain curves measured at the
supporting end at different strain-rates with the yield stress of the
cell-wall material being rate-independent (a) and rate-dependent
(b). Note that the stress-strain curves are identical at the strain-
rates of 1 × 10−3 − 1 × 102 s−1 in (a).

5a), indicating the negligible influence of micro inertia
for Alporas foam in this strain-rate range. By contrast,
differences arise at strain-rates above 1 × 103 s−1 due to
the inertia effect. For instance at a strain-rate of 3 ×
103 s−1, the elastic precursor wave does not arrive at
the supporting end until the nominal strain reaches a
critical value, after which the stress becomes non-zero and
increases rapidly as a result of the transmission of load
through the deforming cell walls. The result is different
if the cell-wall material is taken to be rate-dependent.
In this case, the foam strength generally increases with
strain-rate (Figs. 4b and 5b), but the increase of collapse
stress becomes subtle from 1 × 103 s−1 to 3 × 103 s−1 for
compression and the 0.2% offset yield point decreases
for tension. This is because when shock compression or
plastic tensile wave is initiated at high strain-rates, the
deformation is concentrated at the loading end and the cells
near the support end are much less deformed.

3.2. Strain-rate sensitivities of the compressive
and tensile strengths

To identify the strain-rate effect, the foam strength
measured at the supporting end is normalised by that at
a strain-rate of 1 × 10−3 s−1 (regarded as quasi-static).
The normalised strength is plotted against strain-rate
in Fig. 6, alongside compression test data from the
literature. Reasonable agreement is achieved between the
compression simulations (for rate-dependent cell walls)
and experimental tests although the experimental strain-
rate sensitivity appears higher. Furthermore, the foam has
slightly higher strain-rate sensitivity than the base material
itself (Cowper-Symonds curve in Fig. 7) until the shock
compression or plastic tensile wave occurs. When the
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Figure 5. Tensile stress-strain curves measured at the supporting
end at different strain-rates with the yield stress of the cell-wall
material being rate-independent (a) and rate-dependent (b). Note
that the stress-strain curves are identical at the strain-rates of
1 × 10−3 − 1 × 102 s−1 in (a).
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Figure 6. Comparison of the quasi-static tensile stress-strain
curves obtained from experiments and simulations. The stress is
normalised to eliminate the density effect (the tensile stress is
approximately proportional to relative density [23]).

cell-wall material is rate-independent, the foam strength is
insensitive to strain-rate although a drop in strength occurs
at high strain-rates.

The contributions of three factors, i.e. micro inertia,
stress wave (i.e. shock compression and plastic tensile
wave) and rate dependence of cell-wall material, to the
macro strain-rate effect are discussed as follows. The
micro inertia, which is related to the local cell-wall motion,
cannot be the cause of the strain-rate hardening, since
if it had any effect the foam strength should depend
on the strain-rate even when the cell-wall material is
rate- independent, which obviously does not occur in the
simulations (see Figs. 4–7). Unsurprisingly, the shock
compression or plastic tensile wave enhances the stress
measured at the loading end, but it results from inertial
force, irrespective of the strain-rate sensitivity of the
cell wall material. However, the stress wave effect on
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Figure 7. Predicted strain-rate sensitivity of the compressive (a)
and tensile (b) strengths of Alporas foam for rate dependent and
independent material models alongside available compression
test data [1,3,4]. The dashed curve corresponds to the rate
dependence of the cell-wall material. The dynamic strength is
normalised by the quasi-static one at a strain-rate of 1 × 10−3 s−1.

the foam strength measured at the supporting end is
complicated. When the cell-wall material properties are
rate-independent, it leads to a discernible reduction in
compressive collapse stress and a significant drop of
0.2% offset yield point for tension. The cause of this
effect is the concentrated large cell deformation at the
loading end and the constrained small deformation at the
supporting end, which arise from the inertia-controlled
load transmission in the cell structure. This effect competes
with the hardening effect of the rate dependence of cell-
wall material when both are operative, which complicates
the observed strain-rate sensitivity of foam strength.

It is evident from Fig. 7 that it is the rate dependence
of cell-wall material that dominates the strain-rate effect
of the foam strength. Furthermore, the foam strength can
exhibit slightly higher strain-rate sensitivity than that of the
cell-wall material at low and intermediate strain-rates (e.g.
< 1000 s−1). This is because the local strain-rate can be
higher than the nominal one. When the related cell walls
act as the critical load-bearing elements, more significant
strain-rate hardening of foam strengths will be observed.
In addition, it is found that the compressive strain-rate
sensitivity is underestimated by the FE model, which is
mainly due to the assumption of the rate dependence of
the cell walls described by the Cowper-Symonds equation
with typical parameters for aluminium. The cell-wall
material may exhibit higher rate dependence than that
assumed in the simulations, since the components and
microstructure of the cell-wall material (with aluminium
matrix) of Alporas foams is complicated due to the

foaming process during which additional elements are
introduced and special processing is applied [24].

Although the effect of internal gas is neglected in
the present FE model, it has been confirmed that the
trapped gas hardly affects the foam strength of aluminium
foams according to the previous analytical estimate [25]
and numerical simulation [26]. However, the gas effect
could be significant at the compression densification stage
[26] or when the initial gas pressure is much higher than
atmosphere pressure [27].

4. Conclusions
Three-dimensional geometrically realistic FE model based
on CT image has been developed to investigate the
strain-rate effect on the dynamic properties of closed-
cell aluminium foam (Alporas). Uniaxial compression and
tension have been simulated at different nominal strain-
rates (1 × 10−3 − 3 × 103 s−1). The simulations show that
the rate dependence of the cell-wall material dominates the
macro strain-rate effect on the foam strengths measured at
the supporting end, whereas micro inertia has negligible
contribution for Alporas foam. At sufficiently high strain-
rates, shock compression and plastic tensile wave occur,
which lead to higher stresses measured at the loading end
but has a complex effect on the stress at the supporting
end, depending on the strain-rate sensitivity of the cell-
wall material. In general, the cell deformation close to the
supporting end is restrained at high strain-rates, thereby
limiting the stress level and the strain-rate sensitivity
there. The numerical results also demonstrate that foams
can be more strain-rate sensitive than their cell-wall
materials.
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