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ABSTRACT -

Metal foams have been intensively explored for possible application in many industry
domains like automotive, naval, aerospace and bioengineering due to superior mechanical
energy absorption combined with their lightweight design. The mechanical behaviour of
metal foams that are subjected to impact loads is still challenging and engineering
application of these materials typically requires time-consuming experimental tests. As a
result, numerous numerical models have been developed using the finite element method
(FEM).

In this work, FEM models were built that explain the acting mechanisms that take place
during impact, study the yield properties as well as the energy absorption during the impact
of closed-cell aluminium foams. The simulation results are compared with the ones derived
from respective experimental uniaxial tests. Two different modelling approaches were
applied thus creating two models. The first model relies on a cell-based method where the
initial geometry of the foam was generated based on the Voronoi tessellation algorithm. The
generation of the solid elements for this model was optimized using automated tools of
advanced pre-processor ANSA software package by setting appropriate mesh parameters
and quality criteria in order to keep the exact shape of cells. The second one relies on the
isotropic, strain-hardening, and continuum based model developed by Deshpande-Fleck.
The FE results were visualized and processed in META post-processor. The explicit solver
LS-DYNA was used for both finite element models.

TECHNICAL PAPER -

1. INTRODUCTION

Aluminum foams are widely applied in many industry domains like aerospace (1), naval (2)
and automotive (3) due to superior energy absorption (4),(5) combined with their lightweight
design. Moreover, their use is accompanied by efficient vibration damping as well as sound
absorption capabilities (6),(7),(8). Hence, the study of aluminum foams in compression under
high impact loading is essential for the determination of their mechanical behaviour.

In a quasi-static compression test, the basic influence factors are the base material
properties, relative density and geometrical characteristics (9). However, in a high speed
impact experiment, even if nominal stress-strain relationship is used to characterize the
analysis like in a quasi-static test, other phenomena take place as well. Specifically, the
strain-rate sensitivity of base material, trapped gas and micro-inertia effects are also
considered as major influence factors (5), (9), (10), (11) making the study of metal foams
under impact loading more complex. Moreover, the macroscopic strain-rate behaviour
experienced by the metal foam is significantly different from the respective microscopic
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strain-rate of the base material, due to localized large deformation even in the elastic region
of metal foam.

Many researchers have turned to numerical simulations in order to gain inside the
microscopic mechanisms and to characterize the bulk properties of foams. Two main model
categories are widely used a) cell based models where the base material and internal gas
are considered as different materials and b) continuum mechanics models where mechanical
behavior of the foam material is modeled as a continuous mass since deformation and force
experienced by the cells can be treated in a continuum sense. In this paper, two respective
finite models were generated following the aforementioned two approaches: a cell based
model generated according to Voronoi tessellation technique and the continuum-based
model developed by Deshpande and Fleck.

The generation of a cell based model, using the Voronoi algorithm (12) in order to represent
a cellular structure by evaluating specific parameters of the model compared to respective
ones of the foam specimen, e.g foam porosity, pore ratio, mean pore size distribution, cell
area and circularity in 3d space, is the most common practice (13), (14), (15). In case that
those parameters are close to the real structure, the Voronoi model can depict the random
and complex structure of a cellular structure quite satisfactory as well as perform well in
terms of simulation efficiency (15), (16). In the present study, the generated 3D polyhedral
by Voronoi algorithm were converted into closed-cell porous microstructures, considering
also the ellipsoidal-like shape of the cells of the actual aluminum foam (15). Subsequently,
the final produced geometry is the input in order to create a 3D finite element model
consisted of solid elements.

The basic characteristic of a continuum-based model is a constitutive stress-strain relation.
Several yield functions were proposed by researchers in order to try to describe the
constitutive behavior of metal foams under complex loading. The model proposed by
Deshpande and Fleck (namely D&F model) has been studied in detail and is used in this
study (17).

2. FOAM MATERIAL AND IMPACT TEST

2.1. Foam Material

The samples used to conduct the experiments were extracted from a commercially available
plate. They were cut by wire Electrical Discharge Machining (WEDM) in cylindrical shape with
diameter d = 20 mm and height h = 30 mm. The porosity of the samples was measured 80%
1 1%. In order to characterize their microstructure, energy dispersive spectroscopy (EDS) as
well as X-ray diffraction analysis (XRD) were performed, Figure 1a.
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Figure 1 — (a) Identified phases from XRD analysis. (b) Sample image from optical
microscope
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Different phases of aluminum were identified as a result of production process of the foam.
Aluminum reacts with Al,Ca phase and produces eutectic structure (laminate morphology),
as shown in the optical microscope, Figure 1b. The white regions correspond to the Al;Fe,
phase, while the gray areas to AlTi,.

2.2. Impact Test

Impact compression tests were performed on an impact tester apparatus fabricated in order
to carry out dynamic load tests (15), according to the description of ISO 17340 (18). The
impact velocity of the striker was measured by an accelerometer as well as a high speed
camera, while the force was measured by a piezocrystal. Signals’ noise was removed using
the low pass filtering CFC600 (18). The experimental impact velocity was set at 7 m/s.

3. GEOMETRY GENERATION

The Voronoi foam geometry was realized using the Rhino software in combination with the
Grasshopper add-on, a visual programming environment that allows building shape
generators using generative algorithms (15). A cylinder with a diameter of 20 mm and height
of 30 mm was obtained in order to match the dimensions of the Al-foam specimen used in
impact experiments. Figure 2 shows the results of the geometric features as well as the
shape for both Voronoi and real geometry. The main differences are found in cell area and
pore size since a higher percentage of microporous is present in real geometry, a
characteristic feature that could not be produced by Voronoi algorithm.

Yoronoi Al Foam Evaluation Voronoi Al Foam
Geometry Geometry  Parameters Geometry Geometry

oy

Porosity 80 %% 20 £1%
Cellarea 3,65mm 296 mm
by Poresize 62mm 4.74mm
Circularity 0.69 .72

Pore ratio 1.7 1.54

B
10 mm 10 mm
Figure 2 - Evaluation parameters of Voronoi and real foam geometry

4. FE MODELLING

4.1 Voronoi Model

First order, tetrahedral elements were selected for the Voronoi geometry. The total number of
generated elements was 217200, the selected element formulation one-point nodal pressure
tetrahedrons and the average element length was ~0.48 mm. The generation of the solid
elements was optimized using automated tools of advanced pre-processor ANSA software
package by setting appropriate mesh parameters and quality criteria in order to keep the
exact shape of cells (19). LS-DYNA explicit solver was used for the solution of FE model
(20).

A rigid plate was created, consisted of shell elements with a total weight 850 g which crashes
into the sample with velocity of 7m/s, similar to the experiment. Fixed zero displacement
were imposed on the nodes at the bottom of the sample along x,y, and z axes and also zero
rotation with respect to the same axes. Contact of type surface-surface was defined between
the plate and the sample. The coefficients of friction, static and dynamic, were determined at
ps = 0.3 and uD = 0.23 respectively. Contact was also defined between the elements of the
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foam itself with a static coefficient of friction us = 0.18. The type was single surface. Figure 3
shows the final meshed model with the applied boundary conditions.

Impact Discretization
rigid plate

detail
Gl

Boundary
conditions

Figure 3 - The developed FE model for simulating the impact response of aluminum foam

The material selected was pure aluminum with Young’s modulus E = 69 GPa, Poison ratio v
= 0.33 and density p = 2.7 Kg/cm®. The corresponding elasto-plastic LS-DYNA material, MAT
PIECEWISE LINEAR PLASTICITY was selected in order to describe the plastic area. In
addition, a nonlinear material law was applied, depending on the rate of deformation as
shown in Figure 4.
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Figure 4 — Stress-strain curves of base aluminum used for the simulation
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In order to simulate the collapse of the cells under impact loading due to high plastic strain
values, the element erosion method was used so that highly distorted elements are removed.
In order to achieve this, different Strain Fail Criterion (SFC) was set and respective solutions
were performed. Specifically, strain values of 0.5, 0.6, 0.7, 0.8 and 0.9 were defined. At the
time when one element reaches the SFC, is removed from the structure. In practice, this
means that the porosity increases as much as the percentage of data that fails at each time
step. Figure 5 shows the percentage of elements that failed, in terms of displacement for
each SFC. It is clear that the increase of the SFC increases the number of failed elements,
almost linearly to displacement. Most of the failed elements are located at the thin beams of
the structure, which is in line with the experimental observations. Finally, the SFC of 0.8 was
selected, which actually represents the local breaks of the structure during impact. The
selected SFC value is greater than the respective strain value that corresponds to UTS of
aluminum. The reason is that in experiment even if the base material exceeds UTS in some
cases, remains to foam structure. In contrary, the failed elements are directly removed from
the structure as the simulation continues.
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Figure 5 - a) Failed element percentage and number according to element SFC. b) Failed
element distribution at the plateau region (strain 0.2) using 80% SFC

4.2 Deshpande and Fleck Model

The Deshpande and Fleck model takes into account the effect of hydrostatic pressure on
yielding based on the von Mises effective stress o, and the mean stress o, and is described
by a yield surface of elliptical shape in o,,— 0. plane (17), (21).

Equation (1) describes the yield surface of Deshpande and Fleck model (17).

1+(;

$=6G-Y= |—=nlo?+a%a,2|-Y (1)
[

where @ is the yield function, Y the yield strength and ¢ the equivalent stress. Parameter a is
the shape factor that defines the aspect ratio of the ellipse and is related to the plastic
Poisson’s ratio vy, which can be determined by:

1

a=3("=2) ()

1+vpg

In contrary to tetrahedrons used in Voronoi model, first order hexahedral elements were
selected. The element formulation was one-point corotational as suggested for foam
structures (20) and the total number of elements: 78780. Same boundary conditions as in
Voronoi model were applied. A similar contact was defined between the rigid plate and foam.
Although it is a continuum model, an interior contact was also applied to hexahedral
elements themselves in order to avoid negative volumes and error terminations during
solution since high pressure values are developed (20). The constituve Deshpande and
Fleck model has been implemented in LS-DYNA taking into account strain hardening effects
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and the variation of foam density per element (22). The yield stress function can be
formulated as:

Y =0, +jr5i+azln (—15 (3)
D

1- i]
£p

Materials parameters: plateau stress o, y, az, B can be obtained from the stress—strain data
of the uniaxial impact test by fitting them to a curve described by equation (3). Figure 6
illustrates the experimental stress strain data and the curve fit of the yield stress function,
used to obtain the material parameters.
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Figure 6 - Deshpande-Fleck yield function curve fit to experimental stress-strain data

Finally, the densification strain €p in equation (3) is defined as:

Ep = —2 (p—f) 4)

3a? Pfo

where a defines the shape of yield surface, equation (2). Plastic Poisson’s ratio v, can be set
equal to 0 in closed metal foams since it does not influence significantly the results (23), (24).
All the parameters of Deshpande-Fleck material model are summarized in table 1.

E P Y a
[MPa] [kg/mm? © [MPa] &P ['\z/lpa] B o,

1800 541e-7 212 458 1.61 46 53 6.4
Table 1 - Deshpande-Fleck parameters used for material model

Deshpande-Fleck model was much simpler in terms of geometry and therefore the time
solution was only 45 minutes compared to ~12 hours of Voronoi model.

5. RESULTS AND DISCUSSION

FE results from both models were visualized, processed and compared with the experimental
ones derived from uniaxial tests in META post-processor (25). The overall workflow is

demonstrated in figure 7.
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Figure 7: Workflow showing the generation, modeling, solution and post-processing of FE
models

Stress - strain curve obtained by the force — displacement curve of the FE analysis as well as
the experimental one are illustrated in figure 8b. The experimental curve of this figure
represents the average evaluated by three experiments. There is a satisfied correlation of
experimental results with those derived from FE analysis. In the linear region, the slope of
both curves is quite similar. However, the plateau area of Voronoi model starts 2.6 MPa
lower than the experimental one but they converge as the displacement increases and reach
almost the same values at 0.2 strain.

This stress peak observed on the experiments can be explained in the presence of Al;Fe,
phase, which during loading induces a local stress increase around it. These local stress
fields interact with the surrounding phases as deformation increases. Micro inertia
phenomena also appear during material flow since the mass of the phase is different from
that of the base aluminum (26). The above, reduces the mobility of Al;Fe, phase leading to
increased strength.

In order to analyze further this experimental stress peak, a new low energy experiment was
performed, having a much lower initial velocity as input so that the elastic region is not
exceeded, until strain ~ 0.025. At this strain value in the elastic region, fractures of the Al;Fe,
phase were identified using SEM, as shown in Figure 8a. The smaller dimension phase
results to reduction of local stress fields, thus the mobility of Al;Fe, phase becomes higher in
the aluminum matrix leading to decrease of total strength as entering the plateau region. This
observation can give the reason why the convergence of the FEM diagrams and
experimental one (Figure 8b), is achieved at 0.2 strain. In conclusion, a considerable
percentage of the impact energy is consumed for the fracture of Al;Fe, phases. This
percentage is estimated at 8% of the total deformation energy (shaded region Figure 8b).
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Figure 8 - a) SEM: micro-scale changes in the structure of sample after impact loading at the
end of linear region. b) Stress-strain curve of experiment and Voronoi model

Furthermore, FE analysis revealed the development of high local stresses in linear region
that exceed the yield stress of aluminum. Figure 8b demonstrates the distribution of local von
Mises stress at the end of the linear region which exceeds 45 MPa. They are concentrated in
the thin beams of Voronoi model, as expected.

Figure 9 shows the macroscopic forms of deformation for the impact experiment as well as
Voronoi model at strain value of 0.025 and at strain value of 0.3.
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Figure 9 - Macroscopic forms of deformation of impact experiment and Voronoi model at
0.025 and 0.3 strain respectively.

Similar forms of deformation are observed. At the end of linear region (strain 0.025), the main
deformation mechanism is the plastic buckling of cell walls whereas the total collapse and
crushing of cells in plastic region (strain 0.3).

Finally, Figure 10 summarizes the derived stress-strain curves of both FE models, Voronoi
and Deshpand-Fleck, as well as the average one determined by the experiments. As
expected, since constitutive Deshpand Fleck model has as input experimental material
parameters, is very close with the experiment, both in elastic and plastic region. The main
differences were found between Voronoi model and experiment as explained in Figure 7b.

8 Impact velocity: 7 m/sec
o, _-'__.::f -
% 0 -—ﬂrain fail = 0.8
o 4 —|Voronoi model
& 5 —|Despande Fleck model
< —{Experiment
% 0.1 0.2 0.3
Strain

Figure 10: Stress-strain curves of experiment, Voronoi and Deshpande-Fleck models

6. CONCLUSIONS

In this work, two FE models were generated in order to study the overall behavior of closed
cell aluminum foam under impact loading. The first one was based on the Voronoi algorithm
as approximation of the actual geometry. The results obtained by FE analysis are consistent
with those obtained by the respective experiments.

Specifically, a satisfied convergence of stress-strain curve between Voronoi model and
experiments was achieved. A significant difference was found at the end of linear area where
the stress found in the experiments was ~20% greater than the one calculated on FE
analysis. Then, the two curves converged as the deformation increases and entering the
plateau region. This stress peak was explained by studying the microstructure of the sample.
The Al;Fe, phase contained in the foam structure was a reinforcing factor at the early stages
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of deformation. Thus, a considerable percentage of the impact energy was consumed for the
fracture of Al;Fe, phase.

The deformation mechanisms that take place during the impact were also investigated.
Similar deformation forms of Voronoi model and foam samples were found both in elastic
and plastic region. Moreover, the Voronoi model was used in order to find the areas where
the stress exceeds the yield point in elastic region and thus local plastic deformation occurs.
As expected, these areas were mainly in the thin beams of the cells. For all the
aforementioned reasons, the FE model generated by the Voronoi algorithm can be used to
characterize mechanical properties of aluminum foam.

The isotropic, hardening FE model, developed by Deshpande and Fleck was also examined.
The derived stress-strain curve was very close with the experimental one. The main
advantage was the simplicity of the model in terms of pre-processing and solution compared
to Voronoi model.
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