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Abstract. Metallic foams provide low density, high specific stiffness, high energy absorption and
good damping and are thus interesting alternatives for structural applications. Impact energy is
dissipated through cell bending, buckling or fracture. On the other hand, results of the strain-rate
and inertia effects during dynamic deformation of cellular metals are apparently conflicting. A
better understanding is found in studies that show that the relative importance of the strain-rate
and inertia effects depends on the impact velocity and the geometry of the structure, but still no
particular formulation is generally accepted. In the present paper, computational dynamical
analyses of Representative Volume Elements (RVE) of Metallic Hollow Sphere Structures (MHSS)
and RVE sets are performed considering various geometries, material properties and loading
rates using Abaqus Standard and Explicit versions.
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1. Introduction

Metallic foams and cellular metals are materials composed by a metallic matrix with internal voids
(Ashby et al., 2000). They show mechanical behaviour and physical properties that strongly differ
from those of solid materials and offer interesting combinations of properties as, for example, high
stiffness combined with low specific weight, or permeability to gas flow combined with high
thermal conductivity. Metallic foams offer opportunities in a wide range of applications.
They can be used, for example, to manufacture light-weight structures, biomedical
implants, filters, heat exchangers, sound absorbers, mechanical damping devices,
electrodes, sensors and catalyst substrates. Important characteristics of metallic foams are
their excellent ability for energy absorption (Nemat-Nasser et al., 2007) and high specific stiffness
(Fiedler, 2007; Ochsner et al., 2003). The combination of such mechanical properties with
excellent sound and heat isolation opens for these materials a wide field of potential engineering
applications.

The schematic stress-strain curve of a metallic foam in compression is presented in Figure 1,
showing a large area in the plateau region corresponding to high energy absorption at constant
stress. The high-strain-rate stress—strain response of metallic foams has received increased
attention in recent years because of their potential for energy absorption during deformation under
impact.
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Figure 1. Stress-strain curve for a metallic foam showing large capacity of energy
absorption at constant stress (Ochsner et al., 2003).

A better understanding of the deformation mechanisms present in these materials would enable
designers to more fully utilize their energy absorbing characteristics.

A good energy-absorbing material needs to dissipate the kinetic energy of the impact, while
keeping the force on it below some limit. In the case of a car, it is important to assure that a safe
deceleration rate is applied on the occupants. In Cardoso and Oliveira (2010) finite element
simulations for the concept vehicle “Sabia 5” using Abaqus are given and the results from a crash
test numerically performed are presented. The “Sabias” are hyper-economic vehicles created to
compete in an energy economy racing circuit (Shell Eco-Marathon).

Figure 2. Foam filled Shock-Absorber
(http:/iwww.iwu.fraunhofer.de/schaumzentrum/english/examples-vehicle-
design.htm).

The simulations shown in Cardoso and Oliveira (2010) were generated in association with
SmartTech — SP and the vehicle was impacted against a stiff barrier at a speed of 50 km/h. The
metal foam model suffered the greatest plastic deformation; however, this model had the slowest
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kinetic energy absorption, taking three times longer to reach the same level as the whole
aluminium model. Another application of metal foam to vehicle crash absorbers can be seen in
Figure 2.

In the present paper, Abaqus/Standard and Abaqus/Explicit were employed to analyze the
dynamic compression behaviour of Metallic Hollow Sphere Structures (MHSS), studying the
deformation of a unit cell as well as of cells assemblies under different impact velocities. MHSS
differ from traditional open or closed-cell metal foams because of their more homogeneous
structure (Figure 3).

The authors have already performed experimental and numerical studies (Oliveira et al., 2008;
Oliveira et al., 2009; Oliveira et al., 2009b) on the quasi-static behavior of cellular metals and
MHSS (Figure 9). The analysis of a single sphere behavior showed that damage has little effect on
the load-displacement relation, which depends on boundary conditions. This dependence is
confirmed by the results (Figure 4, Oliveira et al., 2009) with a RVE and a 5x5 cells structure (a
square layer with 5 cells in each direction). The comparison of experimental and numerical results
showed a fairly good approximation. The jumps in the numerical curve, not observed in the
experiments, are probably due to random properties that smooth up such details.

Figure 3. MHSS morphology indicating some typical dimensions in mm (Fiedler,
2007).

The content of the present paper is as follows. In section 2 it is presented a review on some works
related with the present study is presented. Section 3 shows the methods and materials used.
Section 4 presents and discusses the finite element simulations performed and section 5 gives the
conclusions and final comments.
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Figure 4. Macroscopic stress versus normalized displacement plots considering a
confined RVE, a free RVE and the 5x5 cells model (Oliveira et al., 2009).

2 Review and Background

Metal foams can undergo large compressive deformations and absorb considerable amounts of
energy dissipated through cell bending, buckling or fracture and the stress is fairly constant in the
stress-strain curve plateau. Thus, for a given amount of dissipated energy, a foam specimen always
shows a maximum force lower than that corresponding to a solid specimen of the base material
from which the foam is derived.

On the other hand, the mechanical behavior of metal foams, particularly under dynamic loading is
still not well understood. Important questions to be answered are:

1. Dependence of the higher values of stress (peak and plateau values) on impact velocity;
2. Dependence of the above stresses on foam topology and base material,
3. Analytical bases for approximate or numerical calculations.

The available experimental research shows desirable properties but not well established
quantitative results. For example, in Balch et al. (2005), results for syntactic foams fabricated by
liquid metal infiltration of commercially pure 7075 aluminium into preforms of hollow ceramic
microspheres are given. The foams exhibited peak strengths during dynamic loading exceeding in
10-30% the corresponding quasi-static value, with strain rate sensitivities similar to those of
aluminium—matrix composite materials. X-ray tomographic investigation was used to reveal
differences in deformation modes. The foams displayed pronounced energy-absorbing capabilities,
suggesting potential in packaging applications and impact protection.
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In Cady et al. (2009), the compressive constitutive behavior of closed-cell aluminium foam
(ALPORAS) was evaluated under static and dynamic loading conditions as a function of
temperature. A small change in the stress-strain behavior as a function of strain rate was measured.
The deformation behavior of the Al-foam was found to be strongly temperature dependent under
both quasi-static and dynamic loading. In Montanini (2005), the structural performance of
aluminium alloy foams was investigated under both static and dynamic compressive loads. Three
foam typologies (M-Pore, Cymat, Schunk) in a wide range of densities (from 0.14 to 0.75 g/cm®),
made by means of different processes (melt gas injection, powder metallurgy, investment casting)
were analyzed to assess their strain rate sensitivity and energy absorption capability and to point
out the correlation between the mechanical behavior and the physical and geometrical properties
of the foam. Impact tests showed that the dependence of the plateau stress on the strain rate can be
considered negligible for M-Pore and Cymat foams while it is quite remarkable for Schunk foams.
Moreover, it was found that the peak stress of Cymat foams has a quite large sensitivity on the
loading rate. The review of other experimental reports on dynamic deformation of cellular metals
also shows results apparently conflicting .

In Su et al. (1995) a structural model which consists of four compressible elastic-plastic bars
connected by four elastic-plastic "hinges" of finite length was proposed and its dynamic behavior
under impact loading was analyzed in detail. The analysis shows that inertia appears to be the
dominant factor in the entire deformation process and that strain-rate enhances the load-carrying
capacity of these types of structures during their entire dynamic deformation.

In another important work (Lee et al., 2006), the quasi-static and dynamic compressive behavior
of pyramidal truss cores made of stainless steel were investigated using a combination of
numerical and experimental techniques. Quasi-static tests were performed using a miniature
loading frame. A Kolsky bar apparatus was used to investigate intermediate deformation rates and
high deformation rates were examined using a light gas gun. A finite element model was used for
simulations intended to understand the roles of material strain rate hardening and structural micro-
inertia. Comparison of force-deformation histories under quasi-static and low deformation rates
revealed a moderate micro-inertia effect as manifested by a small increase in peak compressive
stress. At high deformation rates, a major increase in peak compressive stress was observed. In
this case, the inertia associated to the bending and buckling of truss struts played a significant role.

It is a common computational practice (i.e. Nemat-Nasser et al., 2007) to model micro-
heterogeneous materials as homogenous solids, describing the averaged motion and ignoring the
local motion of RVE’s. This representation may be adequate for low rates of loading, but for high
rates of loading, the inertia effects associated with local motion may become significant.

The aim of our research (of which the present work represents an initial part) is to study the
dynamical behavior of MHSS by means of detailed computational analyses that take account of
the microstructure, using cells and cell aggregates, and studying separately the effects of material
rate sensitivity, inertia and wave propagation.

3 Materials and Methods

Representative cells (RVE) and small cell aggregates were used in order to keep computational
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time under control. The models used in the numerical simulation of the MHSS behavior were
made to fit the global density for the set resin-metal of 0.6 g/cm®. The metal spheres have an
external radius of 1.5 mm and the resin thickness between spheres is 0.36 mm, according the
structure of the specimen of MHSS, shown in Fig 3. Three thickness values are employed: 0.0575
mm, 0.115 mm and 0.23 mm. The boundary conditions on the vertical faces reproduce symmetry
conditions on the left face and periodic boundary condition on the right face, maintaining the right
face plane and vertical, but allowing horizontal displacements (Figure 5), in order to represent the
average behavior of the foam, when a vertical displacement is applied to the top side and the
vertical faces must continue vertical while the distance between them may change.

Materials constants used were elastic modulus E = 110 GPa, Poisson’s ratio v = 0.30, initial yield
stress ayo =300 MPa and density p = 6.95 g/cm® for the metal of the sphere and E = 2.46 GPa, v=
0.34, compression yield stress o-yo'C =113 MPa and density p = 1.13 g/cm? for the resin. Both the
metal sphere and the matrix were modeled as elastoplastic. Damage was considered only for the
metallic spheres using the Gurson damage model (Gurson, 1977). To consider rate-dependency

effects a power law is employed £P = A(%y —1)p with A =40 and p = 5. These values were

chosen close to the maxima adequate for the spheres material.

.

Figure 5. Finite element mesh and boundary conditions employed.

In addition to the unit cells, columns formed by up to 5 cells stacked together were analyzed to
determine the advance of the compressive shock wave (see Figures 9 and 10).

4 Finite Element Simulations

Results are shown as macroscopic stress (defined as the ratio between the sum of the reaction
forces in the loading direction and the square surface corresponding to the projection of the
undeformed sphere radius onto a plane) versus normalized displacement (defined as the relation
between the imposed displacement to the top plane and the original height). The numerical results
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presented correspond to quasi-static loading and to dynamic loading for impact velocities of 0.14,
1.39, 2.78 and 13.89 m/s. It must be noticed, that in the case of dynamic (as opposed to quasi-
static) loading, the value of the load depends on whether it is measured at the top or at the base of
the cell, as shown in Figures 6 and 7. The differences between the top and bottom reactions are
related to the propagation of the stress wave produced by the dynamic loading and are
substantially reduced when the density assigned to the material is reduced, as shown in Figure 8.
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Figure 6. Macroscopic stress obtained with a velocity of 0.28 m/s.
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Figure 7. Macroscopic stress obtained with a velocity of 13.89 m/s.
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Figure 8. Reactions measured on top and bottom with an artificially reduced
density (1% from the original one) and a velocity of 13.89 m/s.

The effect of the propagation of the stress wave may be seen also when analyzing a set of stacked
cells, as indicated in Figures 9 and 10. For this geometry, an effect already noticed in an
experimental research (Nemat-Nasser, 2007) is confirmed: under lower speeds, most of the plastic
deformation takes place at the bottom cells, while at higher speeds, the cells at the top, in contact
with the loading plane, are the most deformed.

Figure 9. Deformation of a cells column at 10, 25 and 50% ratios of the target final
normalized displacement, obtained with imposed loading velocity of 0.28 m/s.
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Figure 10. Deformation of a cells column at 10, 25 and 50% ratios of the target final
normalized displacement, obtained with imposed loading velocity of 2.78 m/s.

The influence of cell thickness (that determines inertia effects) is shown in Figures 11 to 13 for
several rates of loading.
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Figure 11. Macroscopic stress considering three thicknesses for a quasi-static
analysis.
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Figure 12. Macroscopic stress considering three thicknesses for a velocity of 2.78
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Figure 13. Macroscopic stress considering three thicknesses for a velocity of 13.89

m/s.

Finally, Figures 14 to 16 show the influence of base material strain-rate dependency.
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Figure 14. Macroscopic stress with and without rate dependence for a velocity of

0.28 m/s.
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Figure 15. Macroscopic stress with and without rate dependence for a velocity of

2.78 m/s.
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Figure 16. Macroscopic stress with and without rate dependence for a velocity of

13.89 m/s.

It can be observed that dynamic loading modifies the value and the localization of the peak load.
The higher the velocity the higher are the peak stress and the normalized displacement value for its

occurrence, as shown in Figure 17.
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Figure 17. Macroscopic stress plots showing experimental and numerical results
for the quasi-static case and numerical results for the dynamical analyses.
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Figure 18. Macroscopic stresses evaluated from the top reaction using Butterworth
filter with three different low cut-off frequencies.
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Figure 19. Macroscopic stresses evaluated from the top reaction using Butterworth
filter with three different high cut-off frequencies.
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Some of the oscillations that appear in the results corresponding to higher loading rates could be
due to numerical effects, although similar oscillations are observed in experimental results. In
order to erase parasitic oscillations, numerical filters may be used. The results obtained through
the use of these filters are, however, unwarranted, unless additional information (experimental
results, for example) is available.

Figures 18 and 19 present macroscopic stresses evaluated considering the top reaction in a model
compressed with a velocity of 13.89 m/s. The top reaction was filtered with the Butterworth filter
available in Abaqus before to evaluate the macroscopic stresses. The filter was applied with
different cut-off frequencies. The results presented in Figure 18 shows that the filtering procedure
applied with wrong parameters can lead to obviously erroneous results. If a higher cut-off
frequency is employed, filtered results become closer to the unfiltered ones. In the present work,
we choose to present the numerical results as given by ABAQUS, without the use of filters.

5 Conclusions and Final Remarks

The load-deformation history of MHSS under different conditions of dynamical loading, including
the effect of damage and rate-dependency was numerically determined. The Gurson model was
used for damage and a power law model to introduce rate-dependency.

The results of the numerical examples presented show that both strain-rate and inertia play an
important role in the dynamic behavior of this kind of energy-absorbing structures if the material
of the structures is rate-sensitive, e.g. made of mild steel. When compared with the corresponding
values in the quasi-static case, the combined effects of strain-rate and inertia make the peak load
much higher. The effect of rate-dependency is more remarkable in higher velocities. In this case,
the first peak load can be severely increased, and also the plateau stress level.
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