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Dynamic response of aluminium matrix syntactic foams subjected to high strain-rate loadings

M. Alteneiji'”, K. Krishnan', Z. W. Guan'?#*, W_J. Cantwell®, Y. Zhao*, G. Langdon>®
! Advanced Materials Research Centre, Technology Innovation Institute, Abu Dhabi, United Arab Emirates.
2School of Mechanical Engineering, Chengdu University, Shiling Town, Chengdu 610106, China
3 Department of Aerospace Engineering, Khalifa University, Abu Dhabi, United Arab Emirates.
4School of Engineering, University of Liverpool, Brownlow Hill, Liverpool, L69 3GH, United Kingdom.
SDepartment of Civil and Structural Engineering, University of Sheffield, Sheffield, S10 2TN, United Kingdom
6 BISRU, Department of Mechanical Engineering, University of Cape Town, Rondebosch 7701, South Africa.

Abstract

This paper presents experimental work to characterise the dynamic behaviour of aluminium matrix
syntactic foams subjected to compression, Split Hopkinson Pressure Bar and terminal ballistic impact
tests as well as blast loading. Numerical models have also been developed to simulate the dynamic
response of the composite foams. The effect of strain-rate on their compressive crush behaviour has
been investigated, given that the rate-dependent characteristics of these materials are required for
designing dynamically loaded structures. Characterisation of the behaviour of the foam under high
strain-rate loadings and the identification of the underlying failure mechanisms were also undertaken to
evaluate their effective mechanical performance. The results show that the aluminium syntactic foam is
sensitive to strain-rate in terms of initial stiffness, peak stress and plateau stress and show a pronounced
high-rate dependence at a strain rate above 1000 s'. The concrete damage plasticity model with rate-
dependent features were used to simulate the dynamic behaviour of the foams, with the failure modes
being captured. The model was verified and validated against the experimental results, and predictions
were made for the normal and oblique ballistic impact response. Overall, the level of agreement between

the numerical simulations and the experimental results is encouraging.

Keywords: metal matrix syntactic foam; blasts; impact; strain-rate; finite element.
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1. Introduction
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The resistance of engineering structures to blast and impact loads is currently of great interest
within the engineering community. This is primarily due to the need for protective systems against
possible terrorist attacks. The development of lightweight, strong and impact-resistant materials to
manufacture special vehicles is a challenging task facing the materials community. When subjected to
blast or impact loading, a structure usually undergoes large plastic deformations, possibly leading to
partial or total failure. The important characteristics of such a structural response are related to: (1) the
impulse generated from explosion and the shock wave transferred, and (2) the deformation mode and
associated failure mechanisms, and (3) the energy absorption through plastic deformation and
progressive damage [1].

A relatively new classification of materials, known as metal matrix syntactic foams (MMSF),
has played an increasingly important role in the category of energy-absorbing materials [2-9]. These
syntactic foams can be considered as two-phase composite materials, where the primary material is
mostly a metal, and the secondary material is of a porous nature. These porous particles exhibit foam-
like properties, thus making them ideal candidates for energy-absorption applications [2]. MMSF
overcome some of the disadvantages of polymeric foams such as low heat resistivity, low modulus and
strength. MMSF have the potential to be used as low weight structural parts in automotive industry,
protective panelling in aerospace, naval, and deep-sea pipelines as well as in the packaging industry.

Aluminium alloys are the most commonly used matrix materials in metal matrix syntactic
foams, due to their light weight [3-6, 10-22]. Other common matrix materials used for such applications
are iron [8, 9], magnesium [23], titanium [24] and zinc [25-27]. Ceramic hollow spheres, usually made
of ALLOs [12, 15, 18, 28-31] or SiC [32], are used as the porous phase in such syntactic foam structures.
Recently, structures known as bimodal syntactic foams are being manufactured with mixed fillers of
varying sizes and materials to produce the porous structures [19, 33]. The effects of functionally graded
syntactic foams under dynamic loading have also been studied and are reported to have superior
properties compared to non-graded foams [34-36]. These MMSF are manufactured using a variety of
novel techniques such as dispersion, infiltration, powder metallurgy and additive manufacturing

methods [22]. The pressure infiltration technique is by far the most employed process for manufacturing
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MMSF as it can incorporate a large range of reinforcement volumes compared to other methods [37,
38].

Metal matrix syntactic foams have been tested under dynamic compressive loading by a number
of workers [3-5, 7, 8, 14, 23, 27, 32, 34, 36, 39-45]. It was observed that at high strain-rates, aluminium
matrix syntactic foams experience higher plateau stress and peak stress values relative to those measured
through quasi-static tests [36, 39, 45]. This indicates that the dynamic energy absorption capability of
the aluminium foam is higher than the quasi-static value [4, 46]. Balch and Dunand [6] reported that the
rate sensitivity of the aluminium matrix induces a rate-sensitivity in the aluminium syntactic foam. They
found that the dynamic compressive strength of the aluminium syntactic foam was about 30—45 % higher
than that of its quasi-static counterpart. In contrast, Luong et al. [32] reported that A356/SiC syntactic
foam is insensitive to strain-rate. However, micro-inertia effects influence the rate-sensitivity of
syntactic foams [6]. In addition, Goel et al. [40] inferred that both the size of the ceramic micro-spheres,
as well as the fabrication method that was used, have an effect on the rate-sensitivity of a syntactic foam.
Wang et. al. [45] studied the impact resistance of Aluminium syntactic foams, highlighting the effect of
bio-inspired nacre like structure to mitigate damage propagation under impact loading. Aluminium foam
has also been investigated under blast loading using a ballistic pendulum [1]. Radford et al. [47] studied
the effect of the density of an aluminium foam core and the thickness of the cover plate on the blast
response of sacrificial cladding panels.

To date, detailed information on the dynamic response of aluminium matrix syntactic foams
subjected to high strain-rate loading is limited. The advantages of using MMSF structures as protective
panel for vehicular systems under ballistic and blast loading have also been barely investigated. In
response to this lack of information, this paper presents a series of experimental tests on aluminium
matrix syntactic foams subjected to various forms of dynamic loading, including drop-weight impact,
SHPB, ballistic impact and blast. In addition, finite element models are developed to predict the dynamic
responses of aluminium matrix syntactic foams subjected to these loading conditions. Finally, the
resulting numerical models are validated against the corresponding experimental results, in terms of
stress-strain relationships and failure modes. In addition, oblique impact response of the foams are

predicted using the validated model.
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2. Experimental Procedure

In the present work, aluminium matrix syntactic foams based on ceramic spheres in the size
ranges (diameter) of 25-75 um (CM(I)), 100250 pym (CM(I)) and 250-500 um (CM(IIl)) were
produced by pressure infiltration casting. The matrix was based on aluminium alloy Al7075-T. The
volume fraction of the ceramic microspheres within the foam was 66 % (weighing 6 g), with aluminium
matrix material representing the volume fraction of 34 % (weighing 45 g). Figure 1 shows a micrograph
of the aluminium matrix syntactic foam, which indicates that some ceramic micro-spheres were fully

infiltrated with molten aluminium.

SEI 30kV WD18mm S840 — 50um
General Sample 11 May 2010

Figure 1. Micrograph of the aluminium syntactic foam showing regions where the micro-spheres are
partly infiltrated with aluminium.

2.1 Compression tests

Uniaxial quasi-static compression tests were conducted on cube-shaped specimens having
dimensions of approximately 20x20x20 mm?, i.e. with a height to width ratio equal to one. The thickness
of each specimen was therefore greater than seven times the size of the cells. Stress-strain curves were
recorded at a crosshead displacement rate of 1 mm/min. The displacements were measured from the
crosshead movement after the initial engagement of the sample with both the top and bottom platens.
The strain was approximately calculated by dividing the displacement by the original sample length,

whilst the stress was computed by dividing the applied load by the initial cross-sectional area.
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2.2 Split Hopkinson Pressure Bar (SHPB) Tests

The SHPB apparatus employed in this study consists of two long slender bars, a striker and an
output system. The specimen is positioned between the bars and loaded by a transmitted wave generated
by the striker bar through the input bar. As the striker bar impacts the end of the input bar, an elastic
compression pulse is generated which travels through the input bar. At the sample interface of the input
bar, a portion of the pulse is transmitted to the output bar whereas the remainder is reflected. The
dynamic material properties can then be found from the superposition of the incident and reflected
pulses. Integration of the strain-rate in the specimen gives the corresponding strain. The stress in the

specimen can be determined using Kolsky’s relation [48]:

q\,(t):E%gt(t) (1)

where o (t) is stress in the specimen, E is the elastic modulus of the pressure bar, A, is the cross-sectional
area of the output bar, A is the cross-sectional area of the specimen, and & (t) is the transmitted strain.
During Split Hopkinson Pressure Bar testing, a number of factors can affect the test accuracy
[48]. These include the dispersion of the longitudinal waves, the mismatch of the impedance between
the bars and the specimen and the transducer properties. However, the impedance was ensured to be
matched in the SHPB test. A basic rule in selecting bar materials is to use steel bars for the harder
materials (metallic ones) and aluminium bars for the softer materials (polymers, foams, etc.). Also, the
end faces of the bars need to be flat and parallel to each other. Therefore, the steel bar is used in the

current study. The strain in the specimen can be calculated as follows:
2c,
gszJ.gr(t)dt (2)

where c,, &, &, & are the longitudinal wave velocity, the transmitted strain, incident strain and the

reflected strain, respectively.

2.3 Ballistic Impact Tests
The ballistic tests were conducted using the firing range at Cranfield University. The length of

the indoor range is 20 metres. The range is equipped with an MS instrument ballistic computer, located
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in an adjacent control room. A computer is connected to sensors mounted at 6 and 10 metres down the
range, which are used to measure the velocity of the projectiles. Figure 2 shows the views of the small
arms experimental range and the equipment used for the ballistic impact trials. A target disc of
aluminium matrix syntactic foam was fully bonded to peripheral surface of a hole in an aluminium plate,
which was fixed to the stand using a panel clamp.

The labels marked 1 and 2 in Figure 2(a) are the two velocity sensors. The projectiles used in
these tests were the Russian AK47 7.62 x 39 mm Kalashnikov with mild steel core [49]. The bullet
consists of four main components: the projectile, the propellant, the jacket or cartridge case and the

primer or igniter.

Gun barrel

(a) Photograph of the ballistic range at Cranfield University.
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Cartridge case

(b) The 7.62 x 39 mm (NIJ level III).
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(c) Target clamped to the stand.

Figure 2. Set-up for ballistic testing
2.4 Blast Tests

Blast loads were generated by detonating 20 mm diameter disks of plastic explosive PE4 using
an electrical detonator. The specimens comprised discs of an aluminium syntactic foam of varying
thickness. The blast tests were carried out on samples with a diameter of 90 mm and a thickness between
3 and 20 mm. Here, a ballistic pendulum [50] was used to determine the impulse transferred to the
specimen, as shown in Figure 3a. The explosive was attached to a polystyrene disc (13 mm thick, 90
mm diameter). PE4 consists of 12 % of lithium and 88 % of RDX grease, has a nominal density of 1600
kg/m?, and can generate a wave velocity of 8200 m/s [51]. The blast load was directed along a 90 mm
internal diameter, 180 mm long, steel tube to give a stand-off distance required and to ensure the impulse
inferred from the pendulum swing was entirely directed at the panel, following [52, 53]. Steel clamps
were used to provide a circular aperture and mount the specimen to the pendulum. The loading
arrangement is shown in Figure 3b.

The ballistic pendulum consists of an I-beam that is suspended on 4 spring steel cables, which
are attached by 4 screws that are adjustable in order to level the pendulum. Counter balancing masses
are added to the end of the pendulum to ensure that each spring steel cable carries an equal load. The
explosive charge generates an impulse through the centroid of the pendulum. The charge masses were

1.0, 1.5, 2.0, 2.5 and 3.0 grams with a leader of explosive fixed at 0.5 grams for the blast loading directly
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onto the foam specimens (180 mm stand-off distance), For the panels with steel cover plates, the charge

masses were increased to be 10, 11, 12 and 12.5 g.

Disc shaped PE4 main
charge of diameter 20 mm

Detonator

0.5 g PE4
leader charge

(a) the ballistic pendulum, (b) disc-shaped PE4 explosive with a 0.5 g
leader attached to the detonator

Figure 3. Blast test setup

3. Finite element modelling
The commercial finite element (FE) code ABAQUS/Explicit [54] was used to model the

response of the aluminium matrix syntactic foam under the different loading conditions.
3.1 Plasticity model for quasi-brittle materials

The volume fraction of the ceramic microspheres within the foam was 66 %, corresponding to a
weight fraction of 88 %, which makes the deformation behaviour predominantly brittle in nature. A
detailed investigation of the experimental samples reveals typical damage observed in brittle materials,
such as ceramics, for instance micro-cracks and fracture. Constitutive models, such as Johnson-
Holmquist (JH) or Concrete Damage Plasticity (CDP), can be candidates to be adopted to predict brittle
fracture and the crack evolution observed in the experiments. However, the ability to input the stress-
strain data during compressive behaviour makes the CDP constitutive model a suitable candidate to

study damage in syntactic foams.

The concrete damage plasticity model provides a general capability for modelling brittle materials
using concepts of isotropic damaged elasticity combined with isotropic tensile and compressive
plasticity [26]. The model incorporates the two main failure mechanisms observed in brittle materials,

these being tensile cracking and compressive crushing. The evolution of the yield surface is controlled
by two hardening variables s'f "and s‘f ! linked to failure mechanisms under tension and compression

8
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loading, respectively. The uniaxial tensile and compressive responses of a brittle material as

characterised by damaged plasticity are shown in Figure. 4.
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Figure 4. Uniaxial behaviour in concrete damaged plasticity model under (a) tension and (b)
compression [54]

The total strain-rate ¢ can be decomposed into its elastic and plastic counter parts, ¢! and £P!, i.e.

§= gl 4 P! 3)
The elastic damage constitutive relationship is defined as,

o= (1-d)Dg" (¢ —eP!) = D¢ (e — ePt) 4)
where D¢' is the undamaged elastic stiffness of the material, d is the damage factor with the value of
zero indicating undamaged material and the value of one showing fully damaged one. The concrete
damage plasticity model assumes non-associated potential plastic flow. The flow potential G used in

this model is the Drucker-Prager hyperbolic function:

G(@) =/ (earotanyp)? + * — ptany 5)
where 1 is the dilation angle, o is the uniaxial tensile stress at failure, e is an eccentricity parameter
and ¢ is the equivalent stress. The material properties used in the brittle failure model were density =
2296 kg/m’, Young’s modulus = 4.00 GPa (corresponding to 66 % volume fraction of hollow ceramic
microspheres) and Poisson’s ratio = 0.29, dilation angle = 40°, eccentricity = 0.1, ratio of initial

equibiaxial compressive yield stress to initial uniaxial compressive yield stress is 1.16. These material
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constants were calibrated within the specified range values using the quasi-static compression test
data[54]. The compressive stress-strain data were obtained from experiments as shown in Table 1.
Concrete failure criterion is used to define the material failure based on tensile cracking strain. When it
exceeds a critical value, element deletion will be triggered. Special care needs to be taken, while
inputting the post damage strain values as Abaqus will issue error warning if the calculated plastic strain
values are negative or decreasing with increasing cracking strain.

Table 1. Concrete compression and tension data for the brittle failure model

Compressive Behaviour Tensile Behaviour
Yield Stress Inelastic Yield Stress Cracking Damage
(MPa) Strain (MPa) Strain Parameter
184.79 0 75 0 0
185 0.012717 70 0.00156 0.0010
186 0.061272 62 0.00257 0.0018
186.2 0.067052 56 0.00357 0.0025
186.4 0.077457 40 0.00453 0.0035
186.6 0.116763 44 0.00549 0.0050
191.977 0.216185 38 0.00645 0.0060
195.398 0.261272 32 0.00741 0.0070
196.6 0.285549 26 0.00837 0.0085
204.357 0.322543 20 0.00933 0.1000
222.092 0.378035 14 0.01029 0.2000
191.977 0.216185 8 0.01125 0.3000
195.398 0.261272 2 0.017 0.6500
260.725 0.440462 0 0.04 0.9000
307.025 0.493642
363.203 0.542197
409.452 0.576879
457.883 0.60578
380 0.63
320 0.65
260 0.67
180 0.69
90 0.71
40 0.72
10 0.73

3.2 Finite element model setup
3.2.1 Modelling of the compressive behaviour of the syntactic foam

The setup for the compression test used for the simulations is shown in Figure 5. A 20x20x20 mm®
cubic model was created, similar to the test sample. Very fine 8-noded hexahedral elements (C3D8R),
with reduced integration and an element size of 0.2 mm, were used to capture the crack formation and

damage evolution within the sample. The refined mesh, though computationally expensive, helps in
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capturing crack propagation due to tensile failure without leading to any instabilities. The stress-strain
values for the syntactic foam CM(I) were obtained from the compression test. Displacement was applied

to the top rigid plate while the bottom rigid plate was fully constrained.

Rigid Plate —»

______

“—Foam

Rigid Plate —»

<+«— 20mm —>:

Figure 5. Finite element model for the compression test

3.2.2  Modelling ballistic impact

Simulations of the ballistic tests were carried out to identify the minimum thickness of foam
required to prevent perforation of a bullet. Boundary conditions similar to the experiments were used in
the model. The mesh density in the central area of the sample was higher than that in the outer regions.
The failed elements were removed during the penetration process. Figure 6(a) shows the finite element
setup for the ballistic impact simulations. The outer surface of the sample was fully constrained. An
initial velocity was applied to the projectile, equal to the impact velocity measured in the test. The
residual velocity and depth of penetration were predicted using the model. The detailed bullet model is
shown in Figure 6(b). The steel core, copper jacket and lead filler are modelled using Johnson-Cook
constitutive model [55] and the parameters are summarised in Table 2. Effective plastic strain is used as
the damage criterion with element deletion enabled in order to avoid excessive distortion.

Table 2. Johnson-Cook material properties for projectile components[56]

A (MPa) B (MPa) C n m
Steel Core 234.4 413.8 0.0033 0.25 1.03
Copper Jacket 448.2 303.4 0.003 0.15 1.00
Lead Filler 10.30 41.3 0.001 0.21 1.03

11
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Figure 6. Finite element model setup for terminal ballistic impact (a) FE mesh for the setup (b)
Projectile mesh and components

3.2.3  Modelling blast behaviour

The numerical model was developed to simulate the blast response of the foam subjected to
such the extreme loading condition. The mesh generation, shock pressure distribution and boundary
conditions are shown in Figure 7. The model is subdivided into two separate zones over which different
impulse pressures were applied. The outermost circular ring is clamped to simulate the boundary
conditions used in the blast experiments. The pressure distributions for the two zones were proposed by

the authors [57] and were adopted here.

0.851 0.151
P, = P P, = my —m 6
total 1+ P o + T (6)

where I, is the impulse obtained from experimental measurements, A; + A is the total pressurised area
and ¢ is the blast time in microseconds. A highly refined mesh (0.1x0.1x0.1mm) is used in the zone A;
in order to capture the damage evolution of cracks during blast loading (Fig. 7). The area close to the
clamped boundary was also locally refined to capture the damage observed in the adjacent regions, due

to the high stress concentration there.
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SECTION A-A

Figure 7. The finite element model setup showing the mesh generation, shock pressure zones and

boundary conditions.

4. Results and Discussion

4.1 Experimental results
4.1.1 Compression test results

The compressive stress-strain curves of the different syntactic foams for the quasi-static and
dynamic compression tests are shown in Figure 8. The stress values are normalized with respect to the
plastic collapse stress to ensure consistency between the different material densities. There are three
typical phases observed during the compression response of cellular solids. Initially, a linear elastic
phase is observed, where the strain is less than 3 % and the stress—strain relationship follows Hooke’s
law. The slope of the first part is defined as the Young’s modulus. This is followed by a section where
the peak stress is reached, plastic deformation of the matrix starts and the load transfer between the

matrix and ceramic micro-spheres reaches its maximum. This is where the compressive strength is

13



274

275

276

277

278

279

280

281

282

283

284

285
286

287
288
289

measured. Next, there is a small reduction in stress, due to the reduced load-bearing capacity caused by
crushing of the ceramic micro-spheres and global instability. The second phase occurs between strains
of 10 % and 43 %, characterised by a relatively constant plateau stress, where the micro-porosity in the
ceramic micro-spheres densifies through crushing. Energy absorption is significant in this region, as the
stress remains constant with increasing strain. The final phase is associated with densification, where
the stress increases to a high value very quickly, while the strain increases slowly. The densification
strain is located at the intersection between the tangents of the densification phase and the plateau phase.
The mechanical properties of the syntactic foams are listed in Table 3, which are based on three repeated
test results of each specimen.

Table 3. Average mechanical properties of aluminium matrix syntactic foams

ID Density Plastic Compressive  Steady State Stress,  Densification
(kg/m?) Collapse Modulus Gss strain,
Stress, Gpi (GPa) (MPa) ep (%)
(MPa)
CM(D) 2388 179 3.22 175 36
CMI) 2321 167 2.83 150 41
CM(IID) 2250 160 2.45 148 43
CM1V) 1790 130 2.40 128 43
CM (V) 1680 101 2.25 78 44
CM(VI) 1585 75 2.10 65 50
2

" —8—-CM(I) 2388 kg/m3

S 1.8 I —&—CM(I) 2321 kg/m?3

B CM(IID) 2250 kg/m3

) 1.6 —0—CMIV) 1790 kg/m3

&, —#—CM(V) 1680 kg/m3

= L4 CM(VI) 1585 kg/m?

o 12

ER

2 08

% 0.6 ’

S 04 i

3 e

S 02 §

0 ¢
0 0.2 0.4 0.6 0.8

Strain (mm/mm)
Figure 8. Quasi-static stress—strain curves of the compression tests on the aluminium matrix syntactic
foams

4.1.2 Impact response from Split Hopkinson Pressure Bar (SHPB) tests

14
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The dynamic properties of the aluminium syntactic foams are listed in Table 4. The failure
modes observed in the aluminium syntactic foam at high strain-rates were associated with compressive
failure, rather than shear failure. It is possible that the high strain-rate during the test hindered the
formation of shear band. A strain-rate sensitivity parameter (D) was used to evaluate the effect of strain-

rate on the material under dynamic loading, which can be calculated using the following equation [9]:

Y=l ®)

where o is the flow stress, 6" is the static stress at 5% strain at a strain-rate of 10~ s™ for foam materials,
& is the strain-rate and d and ¢q are subscripts that refer to dynamic and quasi-static testing, respectively.
The peak stress reached in compression is used to calculate the sensitivity parameter, although these
peak stresses appear at slightly different strains. The strain-rate sensitivity parameters of various
aluminium alloys are varied between 0.006 and 0.06. Table 4 shows that the sensitivity parameter of the
aluminium syntactic foams lies between 0.018—0.204, which indicates that this type of the aluminium
syntactic foam is sensitive to strain-rate. Figure 9(a) shows the strain pulses obtained from the incident
and transmitted bars used to compute stress, strain and strain rate. The combined reflected and
transmitted strain pulses are plotted along with the incident pulse, as shown in Figure 9(b), to identify
any potential losses in the specimen while testing. The close match ensures that the losses are not

significant during the tests.
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Figure 9. Split Hopkinson Pressure bar test results for a representative Aluminium syntactic foam
showing (a) strain signals from incident and transmitter bars (b) comparing strain signals to analyse
losses in the specimen

Table 4 Average high velocity impact properties of the aluminium matrix syntactic foams (CM (I),
CM (II) and CM (I1I).

ID Young’s Dynamic Dynamic Relative Relative  Relative  Sensitivity
Modulus compressive strainrate  density, yield Young’s parameter
(GPa) strength (1/s) (p/ps) strength, modulus, >
(MPa) (o/os) (E/Es)
CMI) 14.22 601.4 1578 0.891 0.752 0.151 0.204
CM() 13.95 574.9 1547 0.890 0.719 0.148 0.192
CMI), 13.16 487.9 1517 0.889 0.609 0.139 0.151
CM(D), 12.87 461.0 1273 0.880 0.922 0.184 0.140
CM (11I), 11.93 265.0 1263 0.797 0.650 0.099 0.043
CM(ID), 9.04 203.0 882 0.755 0.490 0.057 0.018

“Es, o and ps of aluminium Al 7075-T6 are 94.4 GPa, 646 MPa and 2810 kg/m”, respectively [20].
*, 2 refer to the same type of material at different strain rates.

Figure 10 shows the dynamic compressive stress—strain curves for materials CM (1), CM (II)
and CM (III). The stress values are normalized with respect to the dynamic compressive strength to
ensure consistency between the different material densities. The results highlight the rate-sensitivity of
the foams. For example, the peak stress for CM (III), increased from 203 MPa at 882 s™! to 601 MPa at
1578 s CM (I);. The peak stress is shifted to lower strains at higher strain-rates, as are the fracture
strains, primarily due to the strain-rate sensitivity of the foam matrices (change of foam densities also
plays some role). It was found that those syntactic foams with a higher percentage of metal matrix were
more rate-sensitive. The results presented in Figure 11 show the influence of strain-rate on specific
energy absorption, the plateau stress and the peak stress, respectively. The results confirm the
dependency of the properties of the syntactic foam on strain-rate. An increase in the strain-rate leads to
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327  anincrease in the specific energy absorption, peak stress and plateau stress. In addition, the peak stress
328  appears to be more sensitive to strain-rate than the plateau stress, which is likely due to the prolonged
329  plateau stage. However, the strain-rate dependence is not significant until values of 1000 s and above,

330  where both the plateau and the peak stresses exhibit a strong rate-dependence (Figure 11(b)).
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Figure 11. Strain-rate dependence of CM (I) foams (a) The variation of specific energy absorption
with strain-rate (b) the variation of plateau and peak stress with strain-rate.

4.1.3 Ballistic impact behaviour

The ballistic response of different thicknesses of aluminium matrix syntactic foams was

investigated using ballistic impact tests. A summary of the results from the ballistic tests is shown in

Tables 5 and 6. The penetration resistance of foam CM (I) follows a linear relationship with velocity,

which can be expressed as

DOPa7075-16 (75 pm) = 0.5627+0.4187 v,

(€))

where DOPa17075-16 (75 um) 1 the depth of penetration (DOP) into the foam and vs is the impact velocity.

Table 5. Average properties and DOP for the aluminium matrix syntactic foam subjected to impact
velocities up to 20 m/s.

ID Thickness (mm) Impact velocity DOP (mm) Areal density
(m/s) (ke/m?)

Gl 13.2 20 8.94 18.35

G2 14 17 7.60 19.46

G3 15 14 6.50 20.85

G4 15.6 11 5.24 21.68

G5 15.6 8 3.27 21.68

Table 6. Average terminal ballistic properties of the aluminium matrix syntactic foam with same
density but different thickness.

ID Thickness of Impact velocity Residual velocity
the sample (mm) (m/s) (m/s)

T1 6 812 740

T2 6 815 742

T3 6 845 760

T4 8 850 830

TS 8 750 727
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367

368

369

370

371

372

373
374

T6 8 650 625

T7 10 550 520
T8 10 450 415
T9 10 350 310
T10 12 250 203
T11 12 150 81
T12 12 120 33

The penetration of a target by a projectile depends on the material properties, impact velocity,
projectile shape and target position. In addition, the prediction of target and projectile failure is required
in order to design a target with the minimum areal density to defeat the projectile. The parameters that
control perforation include the thickness of the target, the radius of the projectile and the impact velocity.
If the ratio of the target thickness to the radius of the projectile is greater than one, the target plate is
considered to be thick, whereas if the ratio is less than one, it is considered to be thin.

4.1.4 Blast response

A summary of the blast tests is given in Table 7, detailing the mass of explosives used for each
test, the impulse measured and the permanent resulting displacement. The results show that the measured
impulses lie between 3.09 Ns and 6.12 Ns. These results are lower than those reported by Teeling-Smith
and Nurick [58] for steel, due to the longer stand off distance employed in the experiments. Many of
samples fractured or exhibited small permanent displacements, reflecting the extremely brittle nature of
aluminium syntactic foam materials. The foam failed by radially cracking in several locations. This is
discussed more fully in relation to the finite element modelling results in Section 4.2.3. The results also

indicate that the charge mass increased the damage on the target, as expected.

Table 7. Summary of the blast tests (the stand-off distance was 180 mm).

ID Sample thickness Mass of PE4 Impulse Mid-point
(mm) (g) (Ns) deflection (mm)

B1 3.07 1.5 3.82 *

B2 5.8 1.5 3.36 *

B3 9.12 1.5 3.09 0.45
B4 9.18 2.0 4.50 *

B5 10.0 1.0 4.20 0.50
B6 10.2 2.0 4.30 0.35
B7 10.5 2.0 4.32 *

B8 12.5 2.0 3.72 0.48
B9 12.8 2.5 54 *
B10 14.0 2.5 4.82 0.50
B11 16.0 2.5 4.79 0.45
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376
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380
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383

384
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387

388

389

390

391

392

393

394

395

396

397

B12 20.0 3.0 6.12 0.60
* Sample completely failed

4.2 Finite element modelling results

The concrete damage plasticity (CDP) material model is mostly used to study the compressive
behaviour of concrete and other reinforced brittle materials. The implementation of the CDP model to
study syntactic foams needs to be justified through a series of verification and validation simulations in
order to use it as a predictive tool for further studies. The verification study is conducted by comparing
the compressive test results obtained from the finite element models with the experimental stress-strain
curves. The finite element model is then verified using ballistic test results from tests on 6 mm thick
syntactic foam sample as well as the blast response of a 10 mm thick foam. The validated model is then
used to predict the impact response of different thicknesses of syntactic foam subjected to normal and

oblique impacts.

4.2.1 Modelling quasi-static compression behaviour of the syntactic foam

The comparison between the finite element results and the experimental compression stress-
strain curve is shown in Figure 12. The FE model is capable of capturing the predominant features of
the compressive behaviour, such as the plastic collapse stress, the compressive modulus as well as the
steady state stress. Furthermore, the contour plots for tensile damage, as shown in Figure 13, show a
good degree of correlation with the damage observed in the tested sample. The cracking occurs along a
characteristic shear plane at 45° to the loading direction, which is consistent with the damage observed
in metal matrix syntactic foams subjected to compression [59, 60]. Comparisons of the experimental
and predicted compressive stress-strain curves, as well as the failure mode can be used to verify the
numerical model as well as the input parameters. The plateau and peak stress values for the quasi-static
stress-strain data can be scaled for testing at strain-rates related to dynamic loading using the strain-rate

dependency shown in Figure 11(b).
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Figure 12. Verification of the FE model using the compression test experimental data
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Figure 13. Crack propagation during the compression test (a) FE results showing tensile damage
contour (b) Experimentally failed sample.

4.2.2 Modelling the ballistic impact response of the syntactic foam

The finite element models developed were validated against the ballistic impact and blast test
results. The objective was to compare the results obtained from the finite element simulations with the
experimental data without changing any of the material parameters. The syntactic foam samples with a
thickness of 6 mm, were impacted at velocities of 800, 750 and 700 m/s and the corresponding residual
velocities were predicted using the model. The FE simulations are compared with the experimental
results in Figure 14. The predicted damage modes of the foam as well as the projectile exiting the panel

are shown in Figure 14(b). As there are only two measured residual velocities, three predicted residual
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velocities are obtained using the validated FE model. The method of least squares using the Lambert-
Jonas equation (Eqn 10) [61] is used to apply a curve fit to the FE results, as shown by a solid line in
Fig 14(a). The experimental results are then superimposed on the fitted curve generated from the

simulations, which indicates reasonable correlation.
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Figure 14. Validation of the FE model using ballistic limit tests on 6 mm thick syntactic foam samples:
(a) residual velocity, (b) the simulated failure modes (Vi = impact velocity, Vr = residual velocity).

4.2.3 Modelling blast response

The simulations for blast tests were performed for the syntactic foams with two different
thicknesses in order to predict different damage patterns observed during experiments. The validation
was carried out on the damage profiles on the front and back face of the foam panels. Firstly, a thin
sample (thickness = 3 mm) subjected to an impulse of 2 Ns was simulated to validate the model for the
target experienced a complete failure. The front face and side views of the failed foam panel after the
blast simulation are shown in Figure 15. The thin target exhibits a complete failure in the central high-
pressure zone as well as the area around the clamped boundary. The failed target is compared with the
corresponding experimentally failed sample in Figure 16. The FE simulations shows good correlation
with respect to the size of the crater and the radial cracks that are evident in the test sample. The
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431  simulations show more uniform damage compared to the tests due to the uniformly applied boundary

432  conditions and loads and homogenous modelling of the syntactic foams.
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434  Figure 15. Front face and side views of the damage profile of a 3 mm thick syntactic foam subjected to

435 an impulse of 2 Ns detonated at a stand-off distance of 180mm at different time steps.
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il
436
437 Figure 16. Failure mode of a 3 mm thick syntactic foam subjected to a blast impulse of 2 Ns
438 detonated at a stand-off distance of 180mm (a) Experimental and (b) FEA.
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Secondly, the blast response of a thick foam panel (thickness = 14 mm) subjected to an impulse
of 4.82 Ns was modelled for validation of the model to capture the related damage profile without the
total failure. The simulated failure mode is compared with the experimental one, as shown in Figure 17.
The front face shows the damage initiated in the centre with a few cracks propagating radially towards
the clamping boundary, as shown in both the experimental and FE results (Fig. 17a). A circumferential
crack can also be observed on both the tested and simulated panels where the specimen was clamped.
The simulated damage profile on the back face (Fig, 17b) is similar to that on the front face, but with
more radial cracks, which captures the experimental failure profile reasonably well. The foam panels
tested, with non-homogenous nature, exhibit more random crack patterns in the damaged zones, whereas

the homogenous FE models predict damage in a more uniform manner, as expected.

DAMAGE
(Avg: 75%)

(a) the front face

DAMAGET
(&vg: 759%)

(b) the back face

Figure 17. The predicted and experimental damage profiles of the 14 mm thick syntactic foam
subjected to an impulse of 4.82 Ns detonated at a stand-off distance of 180mm.
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4.2.4 Prediction of ballistic response of syntactic foams subjected to normal and oblique impacts

The validated FE model was used to study the ballistic impact response of an AK47 projectile
impacting on syntactic foams with four different thicknesses. The ballistic limits for these panels were
determined to predict the thickness required to stop the projectile for NIJ III standard velocity (750
m/s)[62]. The results for the ballistic limit studies are shown in Figure 18(a), the method of least squares

using the Lambert-Jonas equation [61] is used to apply a curve fit to the FE results.

1
Ve = a(VP - Vg, )P (10)

where Vg is the residual velocity, Vi is the impact velocity, Vg is the ballistic limit, a and b are curve
fitting constants. From Figure 18(a), it can be seen that in order to achieve a ballistic limit for an impact
velocity of 750 m/s (NIJ standard), the required thickness is around 20 mm. The residual velocities for
each of the four thicknesses impacted at 750 m/s are shown in Figure 18(b). The simulations of the

ballistic impact behaviour using the validated models for normal and oblique impacts are discussed

below.
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Figure 18. Determining the ballistic limits of different thicknesses (a) Vr — Vi plot for 4 different
thicknesses (b) Vg as a function of thickness for Vi =750 m/s

Normal Impact (90°)

Most standard ballistic tests are conducted with the projectile impacting perpendicular to the
target (normal impact). The FE simulation results for normal impact on the foam panels based on four
thicknesses are shown in Figure 19. The contour plots for tensile damage are shown to help study the
damage evolution through the various time steps. The 6 mm thick sample (Figures19a-19b) was fully
perforated with very little damage to the projectile. The mushrooming of the projectile core can be
witnessed for the 10 mm thick sample (Figures 19¢-19d). The projectile penetrates the target completely
but with a lower residual velocity. Significant deformation of the projectile can be observed during
impact on the foam panels with thicknesses of 15 and 20 mm, where the target is able to completely
blunt and flatten the projectile front (Figures 19e-19h). The bullet is completely arrested in the 20mm
thick sample, even though damage occurs in the back face of the target (Figure 19h). This phenomenon
is common in brittle materials, where tensile damage can be seen on the back face even if the projectile
is completely stopped. Hence, most armour configurations involving a ceramic front face have a ductile

backing material to eliminate damage on the back face.
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Figure 19. Ballistic simulation results for normal impact (90°) for 4 different thicknesses shown at 2
different time steps.

Prediction of oblique Impact (30° and 45°)

Ballistic tests performed under normal impact, though critical in determining the ballistic limit,
fail to capture the ricochet effect when there are slight variations in the angle of impact. These studies
become extremely important when we deal with armour configurations for vehicles and buildings. The
FE model setup for oblique impacts at 30° and 45° are shown in Figure 20. The FE simulation results
for these oblique impacts are shown in Figures 21 and 22. The 6 mm thick samples are easily perforated
in both cases (Figures 21a-21b, Figures 22a-22b), as in the case of normal impact. The angle of impact
causes considerable plastic deformation in the projectile and it starts to deform outwards, as can be seen

for the foam panels with thicknesses of 10 mm and above. This phenomenon is more evident in 45°
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502  oblique impact cases. The projectile completely perforates the 10 mm target in both cases, while in the
503 15 mm target, the angle of impact causes the bullet to rotate within the target material (Figure 21f and
504  Figure 22f). The rotated bullet finally bounces back and comes out from the front face of the foam panel.
505  The ricochet effect can be seen in both the 30° and 45° oblique impacts for a target thickness of 20 mm.
506  The effect is enhanced at higher angles where the bullet slides off the front face resulting in large plastic

507  deformations (Figure 22h).
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511 Figure 21. Ballistic simulation results for oblique impact (30°) on 4 different thicknesses of panel at 2
512 different time steps.
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Figure 22. Ballistic simulation results for oblique impact (45°) on 4 different thicknesses of panel at 2
different time steps.

The parametric studies using the validated FE model have provided interesting predictions of impact
responses of aluminium matrix syntactic foams subjected to normal and oblique projectile impact,
associated with the foams with various thicknesses. The outputs can be used to assisting design of such

the foam panels with the homogenised modelling approach.

5. Conclusions

The dynamic response of aluminium matrix syntactic foams subjected to quasi-static and
dynamic compression tests, Split Hopkinson Pressure Bar impact, terminal ballistic impact and blast
loading have been investigated. Finite element models have been established using Abaqus/Explicit to
simulate the dynamic response of the foam under compression, ballistic impact and blast loading. The

concrete damaged plasticity model is shown to offer potential for modelling the damage evolution in
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such the quasi-brittle materials. The simulations have shown that the FE models capture the essential

features of the response of the foams. The ballistic impact model was capable of accurately predicting

partial and full perforation of the samples. Parametric studies have been carried out to establish the

influence of sample thickness on the ballistic limit velocity. The effect of impact angle on the ballistic

performance of these samples has been studied in order to capture ricochet effects. The predictions from

the blast model are in a good agreement with the experimental tests. The experimental and modelling

studies have led to the following conclusions

®

(ii)

(iii)

(iv)

v)

Experimental and modelling results for the compression test reveals formation of cracks
along a shear plane 45° with the base plane of the specimen consistent with the existing
research.

The SHPB results have shown that the dynamic Young’s modulus and the yield strength
(peak stress) as well as plateau stress of the aluminium syntactic foams are rate-dependent,
with all of them increasing with increasing strain-rate. Such strain-rate sensitivity is even
more significant at strain-rates above 1000 s

The results of ballistic impact tests (normal impact) have shown that 13 mm thick
aluminium syntactic foams can stop a projectile at a velocity of 120 m/s. An aluminium
syntactic foam with a thickness of 20 mm is required to arrest the 7.62 x 39mm projectile
at a standard velocity of 750 m/s. Even though the projectile is arrested within the sample,
there is considerable damage at the back face of the specimen, indicating the requirement
of a backing material.

Finite element simulations of oblique impact at a velocity of 750 m/s on syntactic foams
show that thicker samples (greater than 10 mm) result in partial or complete rebounding of
the projectile, especially at higher impact angles. These studies can be used to identify
different strike/back face materials for ensuring the containment of a projectile within the
target.

Blast test results have shown that foams with a thickness of 14 mm are able to withstand
only low blast loads. The aluminium syntactic foam is too brittle to sustain high blast loads
unless it is used as a core material in a sandwich structure.
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