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Abstract
In recent years, hybrid composite materials are of increasing interest during the search for 
new materials to be used as ballistic barriers (shields) and kinetic energy absorbers. The 
main objective of this study is to test the energy absorption capacity of Zn-Al alloys filled 
with various polymer materials (epoxy resin, polyurethane resin and silicone). The bal-
listic resistance of modern hybrid materials to direct firing of a 5.56 × 45 mm SS109 pro-
jectile and during quasi-static piercing test is examined. Next, a numerical simulation in 
the ABAQUS environment is performed. In order to accurately reproduce the foam struc-
ture, a computed microtomography (CT) system is used. In the simulation of deformations 
of viscoplastic bodies, the Lagrange and Smoothed Particle Hydrodynamic (SPH) meth-
ods are applied. The obtained results from numerical analyses are verified with experi-
mental results. Metallic foams are proven to have only a remote influence on the impact 
load, while, when filled with polyurethane resin, they show resistance to the overshoot. 
Performed simulation supports the detailed analysis of the impact energy dissipation for 
each of the samples.
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1 Introduction

Continuous development of firearms has led to a search for modern solutions and materials 
for the personal protection of life and strategic military facilities. In recent years, hybrid 
composite materials have become increasingly popular, entering the trend of seeking new 
solutions as ballistic barriers (shields) or kinetic energy absorbers. For personal protection, 
it is common to use composites reinforced with Kevlar or Twaron aramid fabrics as well as 
those based on ultra-high molecular weight polyethylene fibres of the Dyneema or Spectra 
type. Multi-layered ballistic shields are used both for personal and object protection. Com-
plex solutions using metals, ceramics, and polymers have been described in several publi-
cations [1–3, 5]. Also, the authors of this work took up the subject of layered composites as 
ballistic shields [1, 4]. The topic of metallic foams as layers in composite armour, includ-
ing their ballistic effectiveness, was described, among others, in the works of Garcia-Avila 
et al. [2, 6] as well as other authors [3, 7, 8]. Metallic composite foams are light, porous, 
high-strength materials that can absorb significant amounts of energy. Garcia-Avila et al. 
[2, 6] tested metallic foams produced by powder metallurgy method based on 2 mm hol-
low steel balls and steel powder with 44 μm particle size, which was a matrix material. The 
produced metal foams in combination with the ceramic fluid were tested under ballistic 
loading using 7.62 × 51 mm M80 and 7.62 × 63 mm M2 projectiles. The authors proved the 
ability of the tested material to absorb ballistic energy. Other ballistic resistance tests con-
cerned polyurethane foams with aluminium cladding, in which the authors [9] tested resist-
ance to firing with cylindrical and conical projectiles in the 170–240 m·s−1 range. Another 
work [10] is devoted to the main problems of dynamic loading of sandwich structures.

Jhaver R., Tippur H., et al. [11] investigated the energy absorption of IPC foam (inter-
penetrating phase composites). They have obtained IPC foam by infiltrating an open-celled 
aluminium foam with an uncured epoxy resin containing glass microspheres. In order to 
increase the adhesion between the open cell aluminium preform and the polymer, some of 
the preforms were coated with silane. The authors noticed increased adhesiveness between 
aluminium and epoxy resin as well as an increase in energy absorption by IPC foam with 
the addition of silane [11].

One of the crucial problems in the design of sandwich panels is their delamination dur-
ing impact, which results in loss of material consistency. In order to prevent this effect, Ji 
et al. used a composite material reinforced with a metallic foam embedded in a polymer 
matrix of epoxy resin. The metallic foam in this case was composed of aluminium tubes 
arranged transversely (type I) or longitudinally (type II) to the surface of the composite 
material. It was shown that type II is a more favourable configuration that reduces strain 
during impact and allows absorption of impact energy [12].

Hou et al. investigated the impact resistance of sandwich panels with a spacer of alu-
minium foam with closed porosity (CYMAT) in static studies and for shot-through. Two 
foam thicknesses were used: 25  mm and 50  mm. External walls of various thicknesses 
were attached to the foams by epoxy binder. It was shown that as the cover thickness 
increases, the deformation and delamination of the rear zone after shooting are increased 
[13]. Attempts to model the phenomenon of shot-through of panels made of Al foam with 
closed porosity were made by Babakhani et al. (ABAQUS environment) [14].

Ryan et  al. conducted comparative studies for ballistic covers filled with aluminium 
honeycomb core or aluminium foamed metal with an open porosity (PPI 10). Both of the 
used cores were 40 mm thick. At high and low speed of the impactor, the material filled 
with foam showed increased impact resistance – by 3% and 15%, respectively [15].
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Klavzar et  al. considered the possibility of using a core of nickel (Ni)-coated alu-
minium foam with open porosity (PPI 45, 30, 10) in ballistic shields. The addition of 
Ni provided a reduction of the deformation zone after shooting in relation to the refer-
ence samples without coating [16]. As the thickness of the nickel layer increased, an 
increase in the stiffness and strength of the foam was observed. In order to optimise the 
strength parameters along with the lowest possible mass of foam, the thickness of the 
Ni 50–75  μm coating was chosen as the most favourable [17]. Raviprasad et  al. [18] 
analysed a group of materials comprising aromatic thermosetting co-polyester (ATSP) 
foam core sandwich and aluminium foam core sandwich, in order to compare their 
impact resistance within the speed range 240–540 m·s−1. Li et al. [19] analysed pierc-
ing of systems with an aluminium foam core with three types of impactors: flat ended; 
hemispherical nosed, and conical nosed, in the speed range up to 30 m·s−1. The impact 
of some key parameters on the overall behaviour of the tested materials in terms of 
energy absorption, such as impact energy, core thickness, core density, and impactor 
shape, were investigated. Dynamic tests on closed-cell aluminium alloy foams were ana-
lysed in the paper [20], where the mechanism of damage for different stress variants was 
examined by means of quasi-static tests. Damage surfaces under shock load conditions 
were determined experimentally.

As cores used in sandwich composites for ballistic applications, honeycomb sheets, 
metallic foams, or structures made by 3D printing are used [21–23]. Metallic foams are 
characterised by high specific stiffness and the ability to absorb impact energy.

The ability to absorb impact energy is conditioned, among others, by the structure 
of the honeycombs, as shown in [24, 25]. Using a fragment simulating projectile (FSP) 
[26] weighing 1.1  g at a speed of 350  m·s−1, according to the study [24], the relation-
ship between the structure of the honeycomb core and three types of unit cell configuration 
(regular hexagons, rectangular, and in-depth) and the ability to absorb energy depending on 
the load were determined. However, in [25] the mechanisms of damage and deformation of 
sandwich honeycomb structures reinforced with functionally stepped faceplates under bal-
listic impact were examined. The ballistic performance for specific types of honeycombs 
(hexagonal, in-depth, square, triangular, and round) was studied in [27].

An interesting trend is the use of metal syntactic foams in vehicle construction and 
armour. These foams are synthesized by dispersing the hollow particles in the matrix 
material, resulting in a density of less than 1 g·cm−3. According to the authors [28], future 
trends in these materials will include, among others, the development of syntactic foams 
for dynamic loading conditions.”

Metallic foams can be divided according to the method of manufacturing into cast ones 
and those obtained by powder metallurgical methods with the addition of blowing agents 
[29–31]. The above-mentioned studies described foams made by powder metallurgy. 
Meanwhile, the metallic foams for ballistic tests proposed by the authors of the work were 
made using the casting method, which is a different method than in the works mentioned 
above. The properties of metallic foams, apart from the type of metal, depend to a large 
extent on the production method. Variously manufactured foams differ in structure (open-
cell or closed-cell), wall thickness, pore size, and thus their density and mechanical, ther-
mal and electromagnetic properties [32–34].

Based on the experience of other authors regarding the use of metallic foams as bal-
listic shields, in this paper it was decided to study the energy absorption capacity of Zn-Al 
alloys filled with various polymer materials. For comparison, three polymers with different 
mechanical properties, showing different mechanisms of energy absorption, were chosen. 
The selection of a foundry production method for the described applications of metallic 
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foams, including their combination with polymer cores, supplements the knowledge in this 
field, as the synergy effect ensured by the filling material reinforces the ballistic resistance.

2  Methodology

The metallic foams used for ballistic tests were produced using investment casting technol-
ogy, which is based on the lost-wax method. As a model, a polyurethane filtration foam 
with an open porosity of 10 PPI produced by Interchemall (Poland) was used, coated with 
Freeman Ruby Red casting wax. The foam has a wax gating system and two side plates of 
1 mm thickness. Subsequently, the prepared model was covered with casting mass based 
on Gold Star XXX plaster. The mould was further subjected to a firing cycle in the fur-
nace during which the model was destroyed, leaving an empty space precisely reproducing 
the shape of the model. The two-stage firing cycle lasted 17  h, and the maximum tem-
perature obtained during it was 730 °C. The mould at 400 °C was filled in the autoclave 
by gravity casting pressure-assisted method with a Zn-Al liquid alloy (ZL5, Al: 3.8–4.2%, 
Cu: 0.7–1.1%, Mg: 0.035–0.06%, Fe: max 0.02%, Pb: 0.003%, Zn: remainder). The plaster 
mass was mechanically removed to obtain a readily cast part. The stages of model prepa-
ration are presented in Fig. 1. An exemplary casting and its structure in enlargement are 
shown in Fig. 2.

Fig. 1  The stages of model 
preparation: a) PUR foam of PPI 
10, b) foam with side-plates after 
covering with wax

Fig. 2  Exemplary casting of metallic foam: a) view of the casting, b) open-cell foam structure with visible 
irregularity and continuity defects
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Four metallic foam castings with dimensions of 60 × 60 mm and thickness of 40 mm 
were prepared using the method described above. Three of them were filled with polymers. 
One of the samples was left as a "0" sample, as a reference for the remaining metallic 
foams. The following polymer materials were used: epoxy resin from Havel Composites 
(“EP”), a polyurethane resin from BASF (“PU”), and silicone Gumosil S from Silicones 
Poland (“SI”).

The applied epoxy resin belongs to the group of bisphenol resins, obtained from the 
reaction of polyaddition of bisphenol and epichlorohydrin of glycerol. Its molecule con-
tains reactive epoxide and secondary hydroxyl groups. The resin was cured at room tem-
perature. Primary amine was used as the hardener. The curing process involved opening the 
epoxide ring, connecting the hydrogen atoms of the amine, and forming a hydroxyl group 
while simultaneously incorporating the amine molecule between the resin molecules.

One of the polymeric fillings of metallic foam was a two-component thermoplastic pol-
yurethane resin. Component A, i.e. Elastocoat C, was a mixture of diethylmethyl benzodi-
amine and polyether diamine. Component B was a mixture of 3-isocyanatomethyl-3,5.5-
trimethylcyclohexyl isocyanate and isophorone diisocyanate. In the reaction of isocyanates 
containing more than two isocyanate groups in the molecule or polyhydroxyl compounds, 
cured polyurethanes are formed. The hardening reaction of the resin took place at room 
temperature. Both components were mixed in a 1:1 ratio.

Rubber Gumosil S belongs to the group of hardened polyconductive rubbers. The 
silicone was prepared by mixing the base (part A) with the catalyst (part B) in a ratio of 
5:100 catalyst to rubber system by weight.

Figure 3 shows a view of the manufactured metallic foams with and without polymer 
fillings before ballistic tests. Table 1 presents a more detailed description of the manu-
factured samples.

Fig. 3  Samples of metallic foams before ballistic tests – from the left: a) EP; b) PU; c) 0; d) SI

Table 1  List of the manufactured samples

Sample Polymer Mass of metallic foam
[g]

Mass of metallic foam filled with 
polymer [g]

Density
[g·cm−3]

(1)
(2)
(3)
(4)

0
EP
PU
SI

None
Epoxy resin
Polyurethane resin
Silicone

221
288
259
265

-
352
356
360

1.53
2.44
2.47
2.5
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3  Ballistic Experiment

The samples were manufactured in accordance with the procedure described in point 2 
and were further evaluated for impact resistance on the ballistic track, firing them with a 
5.56 × 45 mm projectile (SS109 bullet) delivered by Mesko (Fig. 4).

The test was carried out according to the criteria contained in the CEN EN 1522 stand-
ard [35]. The performed shootings gave the following results, summarised in Table 2 and 
Figs. 5 and 6.

The figure below shows the results in the form of kinetic energy, where for each sample 
the initial impact energy and residual energy associated with the shot are estimated. Only 
sample number 3 (PU sample) absorbed all the energy of the projectile (see Fig. 7).

As could be predicted, sample 1 ("0") had the worst impact energy absorption parame-
ters. Subsequently analysed strengthening of the core of metallic foams with polymer com-
posite fillers significantly improves this effect.

Fig. 4  Conditions of the ballistic test: a) mounting of samples; b) ballistic barrel

Table 2  Summary of results

Sample Projectile 
velocity 
[m·s−1]

Overshoot Inlet 
diameter 
[mm]

Outlet 
diameter 
[mm]

Remarks

0 889 Yes 8 8 Severe brittle fracture of the 
foam

EP 887 No 8 - Extensive damage, visible brittle 
fracture

PU 882 Yes 8 None No perforation, no visible 
damage

SI 885 Yes 8 20 Visible tearing of the silicone 
matrix from the sample
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Fig. 5  View of filled foams after shooting: a) EP sample—brittle fracture, tearing off the opposite wall, b) 
PU sample—no perforation

Fig. 6  View of filled foams after shooting: a) SI sample – projectile inlet, diameter 8 mm, b) PU sample – 
projectile inlet, diameter 8 mm, c) SI sample—projectile outlet, diameter approx. 20 mm, d) PU sample, no 
perforation, change of the projectile trajectory
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4  Perforation Test

The aim of the quasi-static piercing test was to estimate the maximum force to destroy the 
samples when piercing them with a punch with a geometric shape identical to the shape of 
the projectile. For this purpose, the MTS machine was adapted to pierce at the maximum 
speed that can be obtained in this type of test. The test stand was modified for the needs of 
the test, as shown in Fig. 8.

The piercing speed was set at 30 mm·s−1 and sampling was set at 4 kHz. During the test 
time, the displacement and force were recorded.

The result of these studies was to obtain graphs, which are presented in the drawing 
below (Fig. 9).

From Fig. 9a, b it can be seen that for the puncture of the sample in quasi-static condi-
tions the value of the maximum force to destruction was 114 N. At this force, with the diam-
eter of the penetrator equal to 5.7 mm, the diameter of destruction of the sample damage was 
25 mm (Fig. 9a), while in ballistic tests it was only 8 mm. Analysing the piercing of sample 
2 (see Fig. 9c, d), the core of which was reinforced with epoxy resin (see Table 1), the nec-
essary force for destruction was 573 N. In this case, the area of the destroyed part of the 
sample from the piercing entry side already had a diameter of 17 mm. It can be concluded 
that there was a slightly different mechanism of energy absorption in relation to sample 1.

Fig. 7  Graph of impact energy 
and residual energy when firing 
samples with 5.56 mm SS 109 
projectile

Fig. 8  Test stand for pierc-
ing samples: (a) adapted MTS 
machine, (b) punching sample, 
(c) punch dimensions
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The results obtained during quasi-static piercing of sample 3, which in ballistic tests 
stopped the projectile, are depicted in Fig. 9e, f.

A maximum force of 336 N was recorded for this sample. The obtained force value was 
41.4% lower than for sample 2, and yet in ballistic tests it proved to be much more effective 
in absorbing impact energy. Also, damage from the side of the entrance hole had a larger 
diameter of 20 mm.

The piercing mechanism of sample 4, which was strengthened with silicone, see 
Table 2.

In this case, the damage process from the piercing side is characterised by the formation 
of a crack on the cladding surface; furthermore, the punch penetrated the sample by push-
ing the core of the material. The maximum force registered was 335 N.

It is well known that an impact initiates elastic waves propagating from the point of 
impact. Material attenuation and energy dissipation are related to wave propagation [36, 
37]. In this case, the duration of the load is much longer than the time of the transverse 
waves reaching the structure limits, and this is characteristic of a quasi-static load, so the 
damage mechanism differs in the case of the impact load [38–40]. The differences are 
shown in Fig. 10.

The result of these studies was the determination of the maximum forces that were used 
in the further sections of the study, namely in the development of numerical models of 
punctured samples which is a reflection of similar assumptions from the literature on the 
subject [41, 42].

However, the conclusion that results from this part is that the strengthening of the core 
of metallic foams by polymers causes differentiation of the mechanisms of their damage. 
This can be explained by the fact that the force–displacement curve (see Fig.  9b, d–h) 
recorded during this test will be the reference for estimating the absorbed impact energy in 
terms of ballistic limit estimation from residual velocity.

After the change of penetration force with displacement is identified, as shown in Fig. 9 
(right side), the behavior is linear to point A, where the deformation is irreversible. The 
stiffness of the samples suddenly drops from point A to B and the load increases again to 
point C, then, as the punch advances, it drops back to point D to increase again to point 
E, where shear stress causes the samples to perforate. The included area under the curve 
between the points A-E represents the energy stored during the qusi-static sample perfo-
ration tests. In point E, there is a rapid decrease in the load with the displacement of the 
punch, i.e. the sample is completely punctured. Based on the course of the idealized curves, 
it can be noticed that these regions are different for the analyzed samples. The curve for 
sample 3 shows the largest area (see Fig. 9f). This sample also showed the greatest dis-
sipation of impact energy during firing (see Fig. 7). On the other hand, sample no. 1 has a 
slightly different nature of the curve between points A and E. This is due to the fact that the 
sample core was not additionally filled with polymer, but was only aluminum foam.

In the case of sample 1, the linear stiffness up to point A was also registered. As the 
punch advances, the load drops to point B and increases rapidly again to point C. From 
point C, the punch moves, which pushes the foam material to be cut in the direction of 
movement, to point D. From point D the lower lining of the sample begins to perforate to 
reaching the range of point E. From point E, the resistance of the punch is probably only 
the resistance due to friction at the periphery of the punch material and the punch.

The destruction behavior of specimens in quasi-static punching can be divided into three 
areas: I—shear failure of the upper cladding (skin), II—tensile failure of the polymer-foam 
core, III—shear and crack failure of the lower cladding (see Fig. 11). In the case of sample 
no. 1, area II—the material is primarily radially pushed and stretched.
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In the case of overshooting the samples, the damage mechanism is similar, with the dif-
ference that the damage areas mentioned are limited to the local (minor) range and depend 
on the strain rate. This can be successfully seen from the entry holes (see Table  2 and 
Fig.  9a, c and e). The obtained results largely correspond to the results of the literature 
[43–46].

5  Numerical Analysis Using the EFM and SPH Methods

5.1  Description of the Preparation of Geometric Models of the Samples 
and Projectile

The three-dimensional foam model was reconstructed using the technical microtomogra-
phy method. The CT system used in the foam test was equipped with an X-ray tube with 
a focused micro-beam with a minimum focal spot of 7 μm and a maximum acceleration 

Fig. 9  Results of piercing of samples: (a) force versus time plot for specimen No.1, (b) force versus dis-
placement plot for specimen No.1, (c) force versus time plot for specimen No. 2, (d) force versus displace-
ment plot for specimen No. 2, (e) force versus time plot for specimen No. 3, (f) force versus displacement 
plot for specimen No. 3, (g) force versus time plot for specimen No. 4, (h) force versus displacement plot 
for specimen No. 4

▸

Fig. 10  Comparisons between different impact responses: (a) wave controlled, (b) boundary controlled
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voltage of 225 kV. The lamp was equipped with a tungsten target and generated a beam of 
radiation formed into a cone with an aperture angle of 15.5°. A 16-bit detector with a reso-
lution of 1024 × 1024 pixels (pixel size 400 μm) was placed at a fixed distance of 1501 mm 
from the radiation source. Due to the low level of disturbance in the case of CT recon-
struction of low-density reconstruction objects, polyurethane foam was chosen for studies 
(Fig. 12a). The measurement parameters are listed in Table 3.

The scheme of the process of obtaining a three-dimensional foam geometry based on CT 
reconstruction is shown in Fig. 12. The obtained results of the reconstruction were segmented 
using the local adaptive method of data thresholding. The volume of the volumetric model 
acquired in this way is approximated by a surface model (triangle mesh). Then, the mesh of 
triangles was processed to improve its quality, eliminate surface interference, and reduce the 
number of triangles. The surface grid thus prepared was converted to a three-dimensional 
"tetra" grid, allowing it to be loaded into the FEM simulation software. A bullet model 
5.56 mm SS109 was prepared. The projectile was implanted as a deformable element with a 
jacket (Fig. 13).

Fig. 11  Idealized load–displacement 
diagram showing the various stages 
of specimen response

Fig. 12  Scheme of CT data analysis allowing the simulation of reconstructed geometry
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6  Numerical Simulation and Results

The ballistic simulation was carried out in the ABAQUS environment. The speed was ini-
tially set at 850 m·s−1. For metallic materials, the Johnson–Cook (J-C) destruction model 
was used, taking into account the deformation rate [47–49]. The yield stress in the J–C 
model is a function of effective plastic deformation, strain rate, and temperature:

where σ is the equivalent stress, and εp is the equivalent plastic strain. The material con-
stants are A, B, m, n, and C. A is the yield stress of the material under reference conditions, 
B is the strain hardening constant, n is the strain hardening coefficient, C is the strengthen-
ing coefficient of the strain rate, �̇�p is a ratio equivalent plastic strain rate, �̇�0 is the reference 
strain rate, m is the thermal softening exponent, T is the actual temperature based on plastic 
work, Tm is the melt-point temperature, and 298 K is the reference temperature accepted by 
convention as this value (such as room temperature).

The destruction in the J–C model is associated from the εf parameter is described by the 
following equation:

where: d1, d2, d3, d4, andd5 are material parameters, σ* is a dimensionless ratio expressed 
as the pressure P and σ is the effective stress (von Mises equivalent stress), and T* is the 
homologous temperature.

In the analysed case, the damage in the J–C model was described by a progressive 
model according to the material, which was the aluminium alloy. It should be emphasised 
that the parameters used to identify damage initiation are largely simplified [50, 51]. This 

(1)𝜎Y =

(

A + B𝜀n
p

)

[

1 + Cln

(

�̇�p

�̇�0

)][

1 −

(

T − 298

Tm − 298

)m ]

,

(2)𝜀f =
(

d1 + d2e
d3𝜎

∗
)

(

1 + d4ln
�̇�

�̇�0

)

(

1 + d5T
∗
)

Table 3  Parameters used during CT reconstruction of polyurethane foam

Parameter Tube
voltage

Tube
current

Integration time Image
averaging

No. of
projection

Voxel
size

Unit [kV] [µA] [ms] [-] [-] [µm]
Value 100 200 2000 2 × 800 50.56

Fig. 13  Methodology of model preparation: a) physical model, b) geometrical model, c) cross-section of 
physical model, d) quarter of numerical model
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is due to the fact that for the three-axis state of stress, the values   in all directions are dis-
tributed evenly. Stiffness matrices are symmetrical, and 1/3 values   can be taken. Also, the 
temperature flow can be omitted because there is a high temperature inertia in relation to 
the phenomenon of damage (piercing). It was assumed that the damage related to the accu-
mulation of plastic deformation for the aluminium alloy was reduced to the form:

where �f  is the strain at damage initiation, �̇� is the strain rate corresponding to aluminium 
alloy, and �̇�0 is the reference strain. The reference strain rate value ( �̇�0 ) in the calculation 
was adopted on the level 0.0001  s−1.

To discretise the metallic foam, a CAD model was used from a computed tomograph 
(see Fig. 12). Simulations were modelled as a double symmetry with respect to the X and 
Z axes. Preliminary simulations describing the tested composite with the Lagrange equa-
tions are insufficient and not very precise because the mesh distortions are too large (see 
Fig. 14). The next step was to model the pierced armour with the smoothed-particle hydro-
dynamic (SPH) method using a free-points technique [52].

In the SPH method, the material is divided into subareas, and each of them is replaced 
by an element of material [53, 54]. These elements are described by the position vector 
ri, mass m, and corresponding physical properties. The considered elements of material 
are not discrete points, but they are characterised by reflection. The material constants are 
included in Table 4 and Table 5.

Preliminary results from the FEM numerical simulations are summarised in Fig. 14. As 
can be seen, the deformation of the mesh is unreliable.

The proposed solution to this problem was to use a hybrid method Arbitrary Lagrangian 
Eulerian (ALE) [61, 62] to model the process of shooting a sample with a foamed alu-
minium core.

The bullet structure and sample linings were modelled using the Lagrangian method, 
while the Euler technique was mainly applied to the soft body, which is metallic foam. 
Euler’s space contains liquid material and also some void. This space for samples 2, 3 and 
4 was filled with polymeric material as stated in the Methodology section. The fill fac-
tor for sample 2 was 18.2%, in sample 3 this factor was 27%, and in sample 4 the filling 
with polymeric material was 26.4%. The model of the polymer with the aluminum foam 

(3)𝜀f = d1

(

1 + d4ln
�̇�

�̇�0

)

,

Fig. 14  FEM simulation results
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was presented in the form of a cubic geometry, which was digitized with solid elements. 
The interaction between the core and the facings has been assigned to the function "hard" 
contact.

Applied method of modelling the process of piercing metallic foam qualitatively repro-
duces the effects obtained during ballistic tests. Comparing both results (see Fig. 15) it can 
be assumed that the model was correctly developed. In comparison with the results of the 
quasi-static piercing (Fig. 15c), the destruction mechanism is quite different. In this case, 
the cladding is destroyed as a result of its cracking. The core filled with silicone causes the 
cladding support to be elastic, and hence elastic deflection of the sample occurs, which 
affects the mechanism of its destruction. As can be noticed, the speed of impact has a very 
large impact on the destruction process. The phenomenon of piercing at ballistic speeds is 
local, and piercing at low speeds is considered globally. This conclusion was confirmed in 
the literature [63].

This comparison can only be assessed in visual terms. Validation of numerical models 
in the field of impact energy dissipation is presented in the discussion section.

On the example of numerical simulations, the bullet deformation was estimated 
(Fig.  16). The bullet piercing through the analysed samples is deformed only in the 
apical part. This is understandable, because this part includes only the material of the 
jacket. The steel core as shown in Fig. 13c is offset by approx. 2.5 mm. This part of 
the projectile is susceptible to plastic deformation. However, the entire core structure 
remains intact, as illustrated in Fig. 16.

The final part of the numerical simulations was to obtain the projectile speed over 
time for individual samples (Fig. 17). As shown in Fig. 17, sample 3 stopped the projec-
tile. In sample 1, the outlet velocity was estimated at 800 m·s−1. For sample 4, the outlet 
velocity was estimated at 635 m·s−1, whereas for sample 2 it was approx. 530 m·s−1.

As can be seen in scientific studies, most of the numerical analyzes are related to 
the low penetration speeds of aluminum foams [64, 65], so comparing the results is 
quite difficult. On the other hand, the similarity in the course of the procedure in the 
development of numerical models and initial-edge assumptions of the process of pierc-
ing materials with cores made of aluminum foams should be emphasized.

Table 5  Parameters for (J–C) 
failure model for ZL5 [60]

Parameter Value

d
1
[-] 0.112

d
4
[-] 0.007

Fig. 15  An example of a puncture of sample 1 with a 5.56 mm SS109 bullet: (a) puncture in the ballistic 
test, (b) puncture in the numerical analysis, (c) puncture on the testing machine
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7  Discussion

From the experimental tests carried out on firing samples made of metallic foams that 
were filled with polyurethane (PU) resin, epoxy resin (EP), and SI silicone, it can be 
concluded that sample 3 (PU) absorbed the total energy of the impact (see Fig.  7). 
Unfortunately the remaining samples are not a promising solution for dissipating energy 
against firing with indirect ammunition (5.56 × 45 mm). A comprehensive analysis using 
the residual velocity determination for a 5.56 mm SS109 shell of domestic production 
was carried out based in studies [66, 67]. The measured initial (vi) and residual (vr) 
velocities were used to construct the residual velocity curve according to the following 
relationship [68, 69]:

where a and b are the coefficients, and vbl is the ballistic limit velocity. Based on the 
assumptions of Recht and Ipson, a and b can be expressed analytically as follows [67, 70]:

where mp is the projectile mass, mpl the plug mass, ρt the target density, rp the projectile 
radius, and ht the target thickness.

The results obtained are summarised in Table 6.
In the analysis of the results, it was taken into account that when piercing the tar-

get material, this phenomenon is characterised by spalling or plugging. Therefore, the 
knock-out and chipped material has a certain speed. The speed in the analysed case was 
adopted as the speed of the bullet after penetration. This made it possible to estimate 
parameter a based on the relationship in (10). Residual speed diagrams were made for 
individual samples with specific parameters a and b (see Table 6) (see Fig. 18).

It should be noted that sample 1 has the worst energy consumption parameters. This 
is to be expected because the aluminium alloy from which the core was made has aver-
age parameters in the field of impact resistance, as demonstrated in earlier studies by the 
authors [44, 45]. Reinforcing the analysed alloy brought measurable effects. Therefore, 
in this case the core was further strengthened, as was included in the Methodology sec-
tion. The analysis of the above results showed that the polyurethane-reinforced metallic 
foam fulfilled its task.

(4)vr = a
(

vb
i
− vb

bl

)
1

b ,

(5)a
mp

(

mp + mpl

) ,mpl = �t�r
2

p
ht, and b = 2,

Fig. 16  View of the core of the 
projectile after passing through 
the material, in the numerical 
simulation
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On the basis of residual energy diagrams, the energy absorption characteristics are 
clearly visible. Sample 1 (no filler) showed the worst ballistic parameters. Above speed 
vr = 60 m·s−1, the nature of changes in residual speed as a function of initial speed took 
on a linear shape. For the remaining samples (EP and SI), the range where vi = vr was 
shifted well above 200 m·s−1 for vr. The PU sample in the analysed case absorbed the 
total impact energy, i.e. vi = vbl.

Comparing the values   obtained from the ballistic and numerical experiments, slight dif-
ferences were observed. The results are summarised in Fig. 19. The findings compiled in 
the graph show that the ballistic limit for sample 1 ranged from 50 m·s−1 to 60 m·s−1. As 
can be seen, there is a good correlation between experimental and numerical results. This 
discrepancy is caused, among others, by the fact that from the very beginning the simula-
tion assumed an initial speed of 850 m·s−1, and in the experiment the measured speed was 
889 m·s−1, already causing a difference of 39 m·s−1.

The correlation of results for sample 2 is presented below (Fig.  20). The differences 
result from the adopted calculation method. While the mathematical model itself provides a 
good approximation, the applied numerical method for polymer filling – the Euler method 
– shows no convergence. This method works very well for modelling the phenomena of 
media with high deformation. For epoxy resin, where the relative deformation is small, 
this method shows discrepancies in the results. For this sample, the obtained numerical and 
experimental results show a slightly worse correlation compared to sample 1. It should be 
noted that the sample core was additionally reinforced with epoxy resin. This slight dis-
crepancy may have been caused by inaccuracies in the accepted boundary conditions of the 
numerical simulation.

Fig. 17  Piercing speed chart for numerical simulations

Table 6  Ballistic model and 
ballistic velocity parameters for 
the analysed samples

Parameter Unit Samples

″0″ EP PU SI

a [-] 0.9998 0.9996 0.9996 0.9996
b [-] 2 2 2 2
vbl [m·s−1] 60 263 882 190
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The results for sample 4 and the numerical results also correlate very well. Slight dis-
crepancies result from errors at the beginning, as was mentioned earlier. The results 
obtained for this sample are shown in Fig. 21.

The summarized results of the residual velocity, compiled on the basis of the experi-
mental results and numerical simulations of the authors, correspond with the studies of 
other authors. As can be seen in [71], the presented models based on the puncturing of an 
aluminum alloy were implemented at low conical velocities, which are characterized by 
the similarity of the drift results with the analyzed sample no. 1. Based on the work [70], 
a group of aluminum alloys was analyzed. In this work, an impactor with a spherical and 
blunt tip was analyzed. The main goal of the analysis was to determine the detailed mecha-
nisms of material destruction based on the impact of the projectile on the target.

In summary of the discussed results, when assessing the residual speed, it was assumed 
that the initial velocity vi measured after the outlet of the barrel over a distance of 10 m was 
constant, i.e. the correction of the air resistance effect was omitted. The velocity correction 
is based on the exponential distribution law with a constant resistance coefficient Cd. No 
deformation of the bullet core was observed. Visible pulling of the jacket caused by the 
inertia of the lead core acting on the steel part was present. In the simulation, the friction 
between the jacket and the core was omitted. The simulation showed that the zone of elas-
tic and plastic deformation in the pure foam is relatively small.

Fig. 18  Residual velocity graph 
based on the Recht-Ipson model 
for the analysed samples

Fig. 19  Comparison of residual 
velocity for sample 1
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8  Conclusions

Open-cell metallic foams have only a remote influence on the impact load. Only the sample 
filled with polyurethane resin showed resistance to the overshoot. Quasi-static piercing tests 
were performed to provide a better insight into the destruction mechanisms. The numeri-
cal methods used in the process of firing materials with metallic foams were conducted for 
comparison with experimental results. As noted, the simulation proved to be helpful in the 
detailed analysis of the impact energy dissipation by individual material samples. It should 
be noted that two methods (FEM, SPH) were used to evaluate the effectiveness of numeri-
cal simulations, which consequently compared the final effect in a qualitative way.

Summing up, the use of unreinforced cast open-porous metallic foams as fillers in bal-
listic shield structures subjected to point damage is an inappropriate solution, as demon-
strated by the results obtained herein (Table 2). The observed foam’s plastic deformation is 
relatively small, therefore its full energy absorption potential is not utilized. Nevertheless, 
the combination of hereby proposed foams with polyurethane resin cores improved the bal-
listic resistance to the sufficient level that the overshoot could be avoided. In the next stage 
of the research, attention will be focused on assessment of the possibility of using metallic 
foams in the structures of composite spacers to absorb the impact of the detonation wave 
over a large area.

Fig. 20  Comparison of residual 
velocity for sample 2

Fig. 21  Comparison of residual 
velocity for sample 4
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