Computational simulations of aluminum foam projectile behavior
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Abstract. The results of experimental tests and computeulsitions of open-cell aluminum foam
behavior under high deformation rates are presefbgoerimental Taylor impact tests showed, that
the open-cell foam projectile deforms already dyrits acceleration in the Taylor barrel. This
behavior was investigated further by use of compusieulations with the LS-DYNA. The
simulations confirmed very high sensitivity of opegll foam projectile to the acceleration.

| ntroduction

Lightweight materials, which have an attractive bamation of physical and mechanical properties,
such as low density and high specific stiffnesselation to their weight, are extremely important
for many branches of modern industry. Metallic welt materials fall into this category and are
particularly suitable for use in impact energy absecs, which are subjected to high strain rate
deformations. Since there are only few researchltseavailable in this regards, it is particularly
important to further study the influence of straate on the deformation behavior of metallic
cellular materials [4].

Strain rate effects on the behavior of cellularenats under compression have been studied by
Rinde and Hoge [11], which analyzed the compressiifimess of Styrofoam (polystyrene) at room
temperature as a function of strain rate. They mefiat the stiffness of the polystyrene only
slightly increases with increased strain rate. Mué&hl al. [9] compared the stiffness of the
polystyrene and closed-cell aluminum foam (ALPORA®&h the same relative density (ratio
between the density of cellular material andind the density of the base matesil They proved
that increased strain rate influence on the plastesses of the aluminum foam is much higher
than for the polystyrene. The strain rate depenelénp to 10008 of material properties of open
cell magnesium foams (AZ91) under compressive laadionditions were examined by Mukai et
al. [10]. Their results show, that the amount adabed mechanical work heavily depends on the
applied strain rate, since the energy absorptica sttain rate of 1400'sis approximately 100 %
higher than the at the quasi-static loading cood#i Christ et al. [3] examined the mechanical
properties of closed-cell cellular materials sutgdado compressive loading (up to the strain of 80
%) under different strain rates, ranging from @ s* to 2 §". The authors concluded that with
increased strain rate closed-cell materials los®r tbharacteristic deformation behavior under
compressive loading conditions (stress-strain diady because increased strain rates also increase
the material stiffness. The result of increasedng$s is also the increase of the absorbed
mechanical work.

The properties of cellular materials strongly depem their structure [6, 14], and using only
experimental methods to study and understand thavii of cellular material under deformation
is not enough. The structure of open-cell matergtgghly irregular, limiting the reproducibilityf
experimental tests. In addition, the measurementertain physical properties of cellular materials
during experimental tests are very difficult or evmpossible. Computer simulations based on the
finite element method represent a viable altereaty advance the studies and with that the
understanding of cellular materials behavior undgract loading.
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Existing constitutive models of cellular materialghich are included in some engineering
computer simulation software systems, do not take account the effects of geometric irregularity
and different strain rates under dynamic loadingsomulating the macroscopic behaviour of
cellular materials. This prompted development ofvHattice computational model of irregular
open-cell material [2], which is able to account fite effects of structural irregularity and effect
of different strain rates on the properties of cpelh materials under large deformations.

The model was validated using experimental quasiesand dynamic uniaxial compressive
experiments of aluminum open-cell foams up to thairs rate of 7 $ [2]. The Taylor impact tests
were carried out to validate the model at higheaistrates and parametric dynamic computer
simulations were carried out to better understarglghenomenon.

Experimental Setup

The Taylor impact test was used to study the behayi open-cell aluminum foam projectile at
high strain rates. During the test a specimen awn dimensions is accelerated to the desired
velocity and then impacted into a rigid wall. Dynanproperties of the used material can be
determined upon plastic deformations of the spegiafter the impact in the rigid wall and using
the theory proposed by Taylor [8].

Taylor impact test was carried out using a devieaa in Fig. 1, which consists of a 3 m long
barrel, a combustion chamber and a target chanfetiaphragm is positioned between the
combustion chamber and the barrel. The diaphragepskéhe combustion gases in the chamber
until it ruptures at a specified pressure. A spate with a diameter of 90 mm and a thickness of
2.5 mm was used as a diaphragm in the presentestiexgnts. Both sides of the target chamber
have a transparent window region, which allows dptical observations of the experiments. A
vacuum pump is attached to the target chambermbowve the air from the target chamber and the
barrel, minimizing the air influence on the movemen the projectile and at the same time
acoustically isolates the chamber [12].

%Chamber ﬁlrrel

Vacuum pu bustion chamber

Figure 1: The Taylor impact test device

The projectiles were made from the open-cell alwmrfoam produced by m-pore GmbH [7]
with a relative density of 6.1 % and a cell size206fppi (mean cell diameter equals 3.8 mm). Pure
aluminum EN AW-1070 was used as the base matdrthbdoam. The projectiles were shaped in a
cylindrical form with a diameter of 35 mm and hdigti 35 mm (Fig. 2). The complete Taylor
impact test projectiles comprised also a coppeeplaith a thickness of 5 mm, which was inserted
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into a plastic sabot (Fig. 3). The projectile w&scpd in the barrel in such way that it was in eont
with the diaphragm.

The Taylor impact tests were carried out usingongtulose based explosive. The appropriate
mass of the explosive 8 grams was determined welinpinary testing. A small amount of the
black powder (2 grams) was used for the ignitiohjclv was activated by an electric spark. This
combination of explosives accelerated the progdtitough the 3 m long barrel to the final muzzle
velocity of 400 m/s. A high speed camera Hyper afisHPV was used for optical observations of
projectiles impact into a rigid wall in the targdtamber. The recording frame rate of the camera
was 110° FPS with a resolution of 312 x 260 pixels. A puessgenerated by the impacting
projectile into a rigid wall was measured with m@lm sensor PVF2.

Figure 2: Cylindrical foam sample Figure 3: Sample attached to the copper
(d =35 mm; h =35 mm) plate and the sabot

Experimental Results

Optical recording of projectile behavior before amubn impact into a rigid wall was used to
analyze the deformation behavior of open-cell ahum foam sample (Fig. 4). Because of the high
impact velocity the inertia effects dominate thdodmation behavior and the open-cell material
deforms only in contact with the rigid wall. Thesgperimental results confirm the predictions
based on previous computer simulations of openroaterial behavior under compressive loading
conditions [2].

A more in depth analysis of the samples geometfgrbee¢he impact in the rigid wall (top left in
Fig. 4) showed, that open-cell foam deforms alreattyle accelerating through the barrel. This
deformation was estimated to be approximately ¥4.4The reason for this deformation is a very
high acceleration, which acts on the specimen inatelg after the pressure of combustion gases
causes the rupture of the diaphragm. This defoonatias even higher during experiments where
larger quantities of explosives were used.

Computer Simulations

To analyze the effect of acceleration on the opgh{foam deformation behavior, parametric
computer simulations of accelerated irregular opeglhfoam were carried out. The purpose of
performed computer simulations was primarily toaototan insight into the events occurring during
a Taylor impact test and not a to qualitativelylaate the simulation results, since the used model
of the open-cell foam has not yet been validatestielh high strain rates, which occurred during this
test.
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In general, the time dependence of the acceleratimimg a Taylor impact test is highly non-
linear where the maximum acceleration occurs imatetli after the collapse of the diaphragm.
Since the time dependence of the acceleration wamaeasured, a ramp function was used for the
accelerations in performed computer simulation® &tiect on the acceleration on the deformation
of the open-cell foam in computer simulations waglied by parametric simulations varying the
value of the acceleration. Computer simulationsewdone by means of a finite element method
using the LS-DYNA software.

S T

Fig'ure 4. Imp sequec_('a- of the open-cell fat'ihe into the rigid wall

Numerical model of irregular open-cell material. The open-cell aluminum foam projectiles
were modeled by using newly developed lattice tyypelel of irregular open-cell material, based on
the equilibrium liquid foam model with Weaire-Pheleells. Irregularity was introduced into the
model with a controlled displacements of Voronoedepoints of the equilibrium model [2],
according to the following equation:

X =xLda-d.o-dy @h)

x (k € [x, y, z]) are the spatial coordinates of the seeidt in the equilibrium modefi: is the

representative cell siz®x (€ [-1, 1]) is a random variable with uniform distifion anda (€ [0,

1]) is the amplitude, which determines the levekdgularity - irregularity parameter.
Voronoi lattice models contain the information abthe positions of mesh vertices and their
topology, which represents the cell edges of theegged models. Based on the information
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contained in the lattice model a numerical modetreular open-cell material is built, where each
cell edge of the Voronoi modeled is replaced whiteé to five beam finite elements of the Hughes-
Liu type. The number of finite elements is detemirirom the cell edge length. In order to transfer
the loads in all six degrees of freedom through fthite element mesh, the nodes of all finite
elements sharing the same cell edge joint were edergo a single node [13].

The shape of the cross-section of the beam fitgaents was circular and constant along their
length. The radius of the cross-sectlienwas calculated from the foam relative density from
the volume of the whole mod®land from the total length of all beam finite elensd;,; using the
Equation 2.

(o) - V)
1,] [(1deoe - 7T) . (2)

Ty =

The outer form of the numerical model was cylindriwith a diameter of 35 mm and a height of
35 mm.

Instead of the material properties of the alumirielhAW-1070 (99.7% purity), which was used
in the production of the foam samples, the matgrraperties of the aluminum EN AW-1050
(99.5% purity) were used. The reason is that thenadum EN AW-1050 in much more common in
the industry and hence more accurate data of inardic mechanical properties is available and at
the same time its mechanical properties are paditithe same as those of the aluminum EN AW-
1070 [5].

The base material in the developed foam model wadetad using a constitutive model
developed by Cowper-Symonds with a bilinear elgéastic characteristic based on measurements

made by Berski et al. [1]. Young's modulus of etitst wasE = 70 GPa, yield strengifv = 59
MPa and tangent modulds= 84 MPa, while the Cowper-Symods coefficients wageal toC =
6500 & andp = 4. The density of the aluminum was estimateglas= 2700 kg/m.

Boundary conditions. Numerical model of the irregular open-cell foamswadaced on a rigid
support plate, modeled by shell finite elementssTilate had a similar role as the copper plate
during the experiment, namely to transfer the loaldthe combustion gases to the foam. These
loads were transferred through a contact, which dedisied between the plate and the foam model.
Since the contact between cell edges of the opémwserial is essential mechanism of load
transmission by larger deformations of the mateaalother contact definition was used for the
contact between the beam finite elements of thenfoaodel. The load was prescribed as an
acceleration of the support plate, acting normah&plane of the plate in the direction of thenfloa
model. Eleven different accelerations betweet0’land 910° m/s’ were used for the conducted
parametric study. Twenty simulations with diffelgngenerated models of irregular open-cell
foams were carried out for each of the selecteélartions, in order to exclude from the results
the impact of randomness, which was used in thegpation of the geometry (Equation 1).

AR

The engineering deformation was calculatedgaas ha , whereAh represents the change in the
height of the specimen, afg represents the initial specimen height. The charighe specimen
height was calculated from the difference betwéenposition of the support plate and the average
displacement of all nodes on that surface of ttremfanodel, which is opposite from the support
plate.

Computational Results

Deformation behavior of one open-cell foam modealceterated with an acceleration of
310° m/< is shown in Fig. 5. For easier comparison betwteerdifferent deformation stages, the
images were rotated in such way, that the suppate ps always above the foam model (the
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direction of the motion is therefore downward)isiseen from the figure that the deformation of the
open-cell foam occurs only at the contact with shpport plate. This is due to the distribution of

inertia force within the material, which increade®arly in the direction towards the plate. This

means that on the layer closest to the support @lets the inertia force of the whole foam mass,
while on the cell layer in the middle of the foamlyothe inertia force of the half of the foam mass

act. As the maximum load in the foam occurs rightha support plate, this is also the place where
the largest deformations occur and where the fcaluré starts.

Figure 5: Deformation behavior of the open-cellnfoat an acceleration of B° m/s

The engineering strain of the open-cell foam west tomputed for each of the twenty computer
simulations with the same acceleration individuadigd then the average strain values were
calculated. The time and acceleration dependendbeohiverage engineering strain is shown in
Fig. 6. The calculated dependence shows that thge strains increase with time up to the point,
where the system reaches a dynamic equilibriumthAtstate of equilibrium the average strains
range from 1.7 % at the minimum acceleration up8%3 % at the maximum acceleration.
Interpolation of the results shows that the acedilen of 1.5210° m/s’ is needed in order for the
foam model to reach the deformation of 11.4 %, Whécthe deformation that was measured during
the experimental Taylor impact test.

Analysis of the acceleration effects on the avesigen of the open-cell foam shows significant
differences between the strains at the accelesatimiween 1:00° and 3.010° m/<, while by
higher accelerations the differences in strain bexonuch smaller. The cause for these large
differences is the behavior of the open-cell foamlar compressive loading conditions. Namely,
open-cell materials reach a plateau stress redtentae initial elastic and transition region [2).
this stress region a small increase in load, & ¢ase the acceleration, greatly increases tha stra
the open-cell material. Further increase of thel loauses the open-cell material to transition from
the plateau region to the region of increasedn&ff§, where the voids in the cells of the matareal
filled up and contacts between cell edges occue Esults are smaller differences between the
deformations at higher accelerations.
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Figure 6: The effect of the acceleration on therfateformation

Summary

Performed Taylor impact tests showed that the @adifoam projectile deforms even before the
impact in a rigid wall. These deformations are tbsult of high accelerations, which act on the
projectile during the test. Computer simulationstloé open-cell foam behavior under different
accelerations show that the acceleration of appratély 1.5210° m/s is needed to deform the
open-cell foam to the same engineering deforma®mmvas measured during the experiment. The
simulations also confirmed the assumption thantlagerial collapse only in the vicinity of the rigid
plate is the result of the uneven distributionled mass inertia force. A high sensitivity of theast
of open-cell material from the accelerations in #rea of plateau stresses was also confirmed.
Future Taylor impact tests, where the acceleratiohshe projectile during the tests will be
measured, will enable a more detailed analysib®fdam behavior during a Taylor impact test and
allow a validation of the developed open-cell matenodels at high strain rates.
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