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Abstract 11 

This paper presents experimental work to characterise the dynamic behaviour of aluminium matrix 12 

syntactic foams subjected to compression, Split Hopkinson Pressure Bar and terminal ballistic impact 13 

tests as well as blast loading. Numerical models have also been developed to simulate the dynamic 14 

response of the composite foams. The effect of strain-rate on their compressive crush behaviour has 15 

been investigated, given that the rate-dependent characteristics of these materials are required for 16 

designing dynamically loaded structures. Characterisation of the behaviour of the foam under high 17 

strain-rate loadings and the identification of the underlying failure mechanisms were also undertaken to 18 

evaluate their effective mechanical performance. The results show that the aluminium syntactic foam is 19 

sensitive to strain-rate in terms of initial stiffness, peak stress and plateau stress and show a pronounced 20 

high-rate dependence at a strain rate above 1000 s-1. The concrete damage plasticity model with rate-21 

dependent features were used to simulate the dynamic behaviour of the foams, with the failure modes 22 

being captured. The model was verified and validated against the experimental results, and predictions 23 

were made for the normal and oblique ballistic impact response. Overall, the level of agreement between 24 

the numerical simulations and the experimental results is encouraging. 25 
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The resistance of engineering structures to blast and impact loads is currently of great interest 31 

within the engineering community. This is primarily due to the need for protective systems against 32 

possible terrorist attacks. The development of lightweight, strong and impact-resistant materials to 33 

manufacture special vehicles is a challenging task facing the materials community. When subjected to 34 

blast or impact loading, a structure usually undergoes large plastic deformations, possibly leading to 35 

partial or total failure. The important characteristics of such a structural response are related to: (1) the 36 

impulse generated from explosion and the shock wave transferred, and (2) the deformation mode and 37 

associated failure mechanisms, and (3) the energy absorption through plastic deformation and 38 

progressive damage [1].  39 

A relatively new classification of materials, known as metal matrix syntactic foams (MMSF), 40 

has played an increasingly important role in the category of energy-absorbing materials [2-9]. These 41 

syntactic foams can be considered as two-phase composite materials, where the primary material is 42 

mostly a metal, and the secondary material is of a porous nature. These porous particles exhibit foam-43 

like properties, thus making them ideal candidates for energy-absorption applications [2]. MMSF 44 

overcome some of the disadvantages of polymeric foams such as low heat resistivity, low modulus and 45 

strength. MMSF have the potential to be used as low weight structural parts in automotive industry, 46 

protective panelling in aerospace, naval, and deep-sea pipelines as well as in the packaging industry. 47 

Aluminium alloys are the most commonly used matrix materials in metal matrix syntactic 48 

foams, due to their light weight [3-6, 10-22]. Other common matrix materials used for such applications 49 

are iron [8, 9], magnesium [23], titanium [24] and zinc [25-27]. Ceramic hollow spheres, usually made 50 

of Al2O3 [12, 15, 18, 28-31] or SiC [32], are used as the porous phase in such syntactic foam structures. 51 

Recently, structures known as bimodal syntactic foams are being manufactured with mixed fillers of 52 

varying sizes and materials to produce the porous structures [19, 33]. The effects of functionally graded 53 

syntactic foams under dynamic loading have also been studied and are reported to have superior 54 

properties compared to non-graded foams [34-36]. These MMSF are manufactured using a variety of 55 

novel techniques such as dispersion, infiltration, powder metallurgy and additive manufacturing 56 

methods [22]. The pressure infiltration technique is by far the most employed process for manufacturing 57 
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MMSF as it can incorporate a large range of reinforcement volumes compared to other methods [37, 58 

38]. 59 

Metal matrix syntactic foams have been tested under dynamic compressive loading by a number 60 

of workers [3-5, 7, 8, 14, 23, 27, 32, 34, 36, 39-45]. It was observed that at high strain-rates, aluminium 61 

matrix syntactic foams experience higher plateau stress and peak stress values relative to those measured 62 

through quasi-static tests [36, 39, 45]. This indicates that the dynamic energy absorption capability of 63 

the aluminium foam is higher than the quasi-static value [4, 46]. Balch and Dunand [6] reported that the 64 

rate sensitivity of the aluminium matrix induces a rate-sensitivity in the aluminium syntactic foam. They 65 

found that the dynamic compressive strength of the aluminium syntactic foam was about 30–45 % higher 66 

than that of its quasi-static counterpart. In contrast, Luong et al. [32] reported that A356/SiC syntactic 67 

foam is insensitive to strain-rate. However, micro-inertia effects influence the rate-sensitivity of 68 

syntactic foams [6]. In addition, Goel et al. [40] inferred that both the size of the ceramic micro-spheres, 69 

as well as the fabrication method that was used, have an effect on the rate-sensitivity of a syntactic foam. 70 

Wang et. al. [45] studied the impact resistance of Aluminium syntactic foams, highlighting the effect of 71 

bio-inspired nacre like structure to mitigate damage propagation under impact loading. Aluminium foam 72 

has also been investigated under blast loading using a ballistic pendulum [1]. Radford et al. [47] studied 73 

the effect of the density of an aluminium foam core and the thickness of the cover plate on the blast 74 

response of sacrificial cladding panels.   75 

To date, detailed information on the dynamic response of aluminium matrix syntactic foams 76 

subjected to high strain-rate loading is limited. The advantages of using MMSF structures as protective 77 

panel for vehicular systems under ballistic and blast loading have also been barely investigated. In 78 

response to this lack of information, this paper presents a series of experimental tests on aluminium 79 

matrix syntactic foams subjected to various forms of dynamic loading, including drop-weight impact, 80 

SHPB, ballistic impact and blast. In addition, finite element models are developed to predict the dynamic 81 

responses of aluminium matrix syntactic foams subjected to these loading conditions. Finally, the 82 

resulting numerical models are validated against the corresponding experimental results, in terms of 83 

stress-strain relationships and failure modes. In addition, oblique impact response of the foams are 84 

predicted using the validated model. 85 
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2. Experimental Procedure 86 

In the present work, aluminium matrix syntactic foams based on ceramic spheres in the size 87 

ranges (diameter) of 25–75 µm (CM(I)), 100–250 µm (CM(II)) and 250–500 µm (CM(III)) were 88 

produced by pressure infiltration casting. The matrix was based on aluminium alloy Al7075-T. The 89 

volume fraction of the ceramic microspheres within the foam was 66 % (weighing 6 g), with aluminium 90 

matrix material representing the volume fraction of 34 % (weighing 45 g). Figure 1 shows a micrograph 91 

of the aluminium matrix syntactic foam, which indicates that some ceramic micro-spheres were fully 92 

infiltrated with molten aluminium. 93 

 94 

Figure 1. Micrograph of the aluminium syntactic foam showing regions where the micro-spheres are 95 

partly infiltrated with aluminium. 96 

 97 

2.1 Compression tests 98 

Uniaxial quasi-static compression tests were conducted on cube-shaped specimens having 99 

dimensions of approximately 20×20×20 mm3, i.e. with a height to width ratio equal to one. The thickness 100 

of each specimen was therefore greater than seven times the size of the cells. Stress-strain curves were 101 

recorded at a crosshead displacement rate of 1 mm/min. The displacements were measured from the 102 

crosshead movement after the initial engagement of the sample with both the top and bottom platens. 103 

The strain was approximately calculated by dividing the displacement by the original sample length, 104 

whilst the stress was computed by dividing the applied load by the initial cross-sectional area.  105 
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2.2 Split Hopkinson Pressure Bar (SHPB) Tests 106 

The SHPB apparatus employed in this study consists of two long slender bars, a striker and an 107 

output system. The specimen is positioned between the bars and loaded by a transmitted wave generated 108 

by the striker bar through the input bar. As the striker bar impacts the end of the input bar, an elastic 109 

compression pulse is generated which travels through the input bar. At the sample interface of the input 110 

bar, a portion of the pulse is transmitted to the output bar whereas the remainder is reflected. The 111 

dynamic material properties can then be found from the superposition of the incident and reflected 112 

pulses. Integration of the strain-rate in the specimen gives the corresponding strain. The stress in the 113 

specimen can be determined using Kolsky’s relation [48]: 114 

  0( ) ( )s t

A
t E t

A
          (1)                                   115 

where σs (t) is stress in the specimen, E is the elastic modulus of the pressure bar, Ao is the cross-sectional 116 

area of the output bar, A is the cross-sectional area of the specimen, and εt (t) is the transmitted strain. 117 

During Split Hopkinson Pressure Bar testing, a number of factors can affect the test accuracy 118 

[48]. These include the dispersion of the longitudinal waves, the mismatch of the impedance between 119 

the bars and the specimen and the transducer properties. However, the impedance was ensured to be 120 

matched in the SHPB test. A basic rule in selecting bar materials is to use steel bars for the harder 121 

materials (metallic ones) and aluminium bars for the softer materials (polymers, foams, etc.). Also, the 122 

end faces of the bars need to be flat and parallel to each other. Therefore, the steel bar is used in the 123 

current study. The strain in the specimen can be calculated as follows:  124 

2
( )o

s r

c
t dt

L
          (2)                                   125 

where co, εt, εi, εr are the longitudinal wave velocity, the transmitted strain, incident strain and the 126 

reflected strain, respectively.  127 

2.3 Ballistic Impact Tests 128 

The ballistic tests were conducted using the firing range at Cranfield University. The length of 129 

the indoor range is 20 metres. The range is equipped with an MS instrument ballistic computer, located 130 
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in an adjacent control room. A computer is connected to sensors mounted at 6 and 10 metres down the 131 

range, which are used to measure the velocity of the projectiles. Figure 2 shows the views of the small 132 

arms experimental range and the equipment used for the ballistic impact trials. A target disc of 133 

aluminium matrix syntactic foam was fully bonded to peripheral surface of a hole in an aluminium plate, 134 

which was fixed to the stand using a panel clamp. 135 

The labels marked 1 and 2 in Figure 2(a) are the two velocity sensors. The projectiles used in 136 

these tests were the Russian AK47 7.62 × 39 mm Kalashnikov with mild steel core [49]. The bullet 137 

consists of four main components: the projectile, the propellant, the jacket or cartridge case and the 138 

primer or igniter.  139 

 140 

(a) Photograph of the ballistic range at Cranfield University. 141 

 142 

(b) The 7.62 x 39 mm (NIJ level III). 143 

Projectile 

Igniter 
Cartridge case 

2 

1 

Target 

Gun barrel 
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 144 

(c) Target clamped to the stand. 145 

Figure 2. Set-up for ballistic testing 146 

 147 

2.4 Blast Tests 148 

Blast loads were generated by detonating 20 mm diameter disks of plastic explosive PE4 using 149 

an electrical detonator. The specimens comprised discs of an aluminium syntactic foam of varying 150 

thickness. The blast tests were carried out on samples with a diameter of 90 mm and a thickness between 151 

3 and 20 mm.  Here, a ballistic pendulum [50] was used to determine the impulse transferred to the 152 

specimen, as shown in Figure 3a. The explosive was attached to a polystyrene disc (13 mm thick, 90 153 

mm diameter). PE4 consists of 12 % of lithium and 88 % of RDX grease, has a nominal density of 1600 154 

kg/m3, and can generate a wave velocity of 8200 m/s [51]. The blast load was directed along a 90 mm 155 

internal diameter, 180 mm long, steel tube to give a stand-off distance required and to ensure the impulse 156 

inferred from the pendulum swing was entirely directed at the panel, following [52, 53]. Steel clamps 157 

were used to provide a circular aperture and mount the specimen to the pendulum. The loading 158 

arrangement is shown in Figure 3b. 159 

The ballistic pendulum consists of an I-beam that is suspended on 4 spring steel cables, which 160 

are attached by 4 screws that are adjustable in order to level the pendulum. Counter balancing masses 161 

are added to the end of the pendulum to ensure that each spring steel cable carries an equal load. The 162 

explosive charge generates an impulse through the centroid of the pendulum. The charge masses were 163 

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 164 
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onto the foam specimens (180 mm stand-off distance), For the panels with steel cover plates, the charge 165 

masses were increased to be 10, 11, 12 and 12.5 g.  166 

 167 

  168 

(a)  the ballistic pendulum,                          (b) disc-shaped PE4 explosive with a 0.5 g 169 

                                                                   leader attached to the detonator 170 

Figure 3. Blast test setup 171 

 172 

3. Finite element modelling 173 

The commercial finite element (FE) code ABAQUS/Explicit [54]  was used to model the 174 

response of the aluminium matrix syntactic foam under the different loading conditions.  175 

3.1 Plasticity model for quasi-brittle materials 176 

The volume fraction of the ceramic microspheres within the foam was 66 %, corresponding to a 177 

weight fraction of 88 %, which makes the deformation behaviour predominantly brittle in nature. A 178 

detailed investigation of the experimental samples reveals typical damage observed in brittle materials, 179 

such as ceramics, for instance micro-cracks and fracture. Constitutive models, such as Johnson-180 

Holmquist (JH) or Concrete Damage Plasticity (CDP), can be candidates to be adopted to predict brittle 181 

fracture and the crack evolution observed in the experiments. However, the ability to input the stress-182 

strain data during compressive behaviour makes the CDP constitutive model a suitable candidate to 183 

study damage in syntactic foams.  184 

The concrete damage plasticity model provides a general capability for modelling brittle materials 185 

using concepts of isotropic damaged elasticity combined with isotropic tensile and compressive 186 

plasticity [26]. The model incorporates the two main failure mechanisms observed in brittle materials, 187 

these being tensile cracking and compressive crushing. The evolution of the yield surface is controlled 188 

by two hardening variables 𝜀�̅�𝑝𝑙 and 𝜀�̅�𝑝𝑙 linked to failure mechanisms under tension and compression 189 

Disc shaped PE4 main 
charge of diameter 20 mm 

Detonator 

0.5 g PE4 
leader charge 



9 

 

loading, respectively. The uniaxial tensile and compressive responses of a brittle material as 190 

characterised by damaged plasticity are shown in Figure. 4. 191 

 192 

 193 

Figure 4. Uniaxial behaviour in concrete damaged plasticity model under (a) tension and (b) 194 

compression [54] 195 

 196 

The total strain-rate 𝜀̇ can be decomposed into its elastic and plastic counter parts, 𝜀̇𝑒𝑙 and 𝜀̇𝑝𝑙, i.e. 197 𝜀̇ =  𝜀̇𝑒𝑙 + 𝜀̇𝑝𝑙               (3) 198 

The elastic damage constitutive relationship is defined as, 199 𝜎 = (1 − 𝑑)𝐷0𝑒𝑙: (𝜀 − 𝜀𝑝𝑙) =  𝐷𝑒𝑙: (𝜀 − 𝜀𝑝𝑙)   (4) 200 

where 𝐷0𝑒𝑙 is the undamaged elastic stiffness of the material, d is the damage factor with the value of 201 

zero indicating undamaged material and the value of one showing fully damaged one. The concrete 202 

damage plasticity model assumes non-associated potential plastic flow. The flow potential G used in 203 

this model is the Drucker-Prager hyperbolic function: 204 𝐺(�̅�) = √(𝑒𝜎𝑡0𝑡𝑎𝑛𝜓)2 + �̅�2 − �̅�𝑡𝑎𝑛𝜓     (5) 205 

where 𝜓 is the dilation angle, 𝜎𝑡0 is the uniaxial tensile stress at failure, e is an eccentricity parameter 206 

and q is the equivalent stress. The material properties used in the brittle failure model were density = 207 

2296 kg/m3, Young’s modulus = 4.00 GPa (corresponding to 66 % volume fraction of hollow ceramic 208 

microspheres) and Poisson’s ratio = 0.29, dilation angle = 40o, eccentricity = 0.1, ratio of initial 209 

equibiaxial compressive yield stress to initial uniaxial compressive yield stress is 1.16. These material 210 
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constants were calibrated within the specified range values using the quasi-static compression test 211 

data[54]. The compressive stress-strain data were obtained from experiments as shown in Table 1. 212 

Concrete failure criterion is used to define the material failure based on tensile cracking strain. When it 213 

exceeds a critical value, element deletion will be triggered. Special care needs to be taken, while 214 

inputting the post damage strain values as Abaqus will issue error warning if the calculated plastic strain 215 

values are negative or decreasing with increasing cracking strain.  216 

Table 1. Concrete compression and tension data for the brittle failure model 217 

Compressive Behaviour Tensile Behaviour 
Yield Stress 

(MPa) 
Inelastic 
Strain 

Yield Stress 
(MPa) 

Cracking 
Strain 

Damage 
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 

 218 

3.2 Finite element model setup 219 

3.2.1 Modelling of the compressive behaviour of the syntactic foam 220 

The setup for the compression test used for the simulations is shown in Figure 5. A 20×20×20 mm3 221 

cubic model was created, similar to the test sample. Very fine 8-noded hexahedral elements (C3D8R), 222 

with reduced integration and an element size of 0.2 mm, were used to capture the crack formation and 223 

damage evolution within the sample. The refined mesh, though computationally expensive, helps in 224 
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capturing crack propagation due to tensile failure without leading to any instabilities. The stress-strain 225 

values for the syntactic foam CM(I) were obtained from the compression test. Displacement was applied 226 

to the top rigid plate while the bottom rigid plate was fully constrained. 227 

 228 

Figure 5. Finite element model for the compression test  229 

3.2.2 Modelling ballistic impact 230 

Simulations of the ballistic tests were carried out to identify the minimum thickness of foam 231 

required to prevent perforation of a bullet. Boundary conditions similar to the experiments were used in 232 

the model. The mesh density in the central area of the sample was higher than that in the outer regions. 233 

The failed elements were removed during the penetration process. Figure 6(a) shows the finite element 234 

setup for the ballistic impact simulations. The outer surface of the sample was fully constrained. An 235 

initial velocity was applied to the projectile, equal to the impact velocity measured in the test. The 236 

residual velocity and depth of penetration were predicted using the model. The detailed bullet model is 237 

shown in Figure 6(b). The steel core, copper jacket and lead filler are modelled using Johnson-Cook 238 

constitutive model [55] and the parameters are summarised in Table 2. Effective plastic strain is used as 239 

the damage criterion with element deletion enabled in order to avoid excessive distortion. 240 

Table 2. Johnson-Cook material properties for projectile components[56] 241 

 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 

 242 
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 243 

Figure 6. Finite element model setup for terminal ballistic impact (a) FE mesh for the setup (b) 244 

Projectile mesh and components 245 

 246 

3.2.3 Modelling blast behaviour 247 

The numerical model was developed to simulate the blast response of the foam subjected to 248 

such the extreme loading condition. The mesh generation, shock pressure distribution and boundary 249 

conditions are shown in Figure 7. The model is subdivided into two separate zones over which different 250 

impulse pressures were applied. The outermost circular ring is clamped to simulate the boundary 251 

conditions used in the blast experiments. The pressure distributions for the two zones were proposed by 252 

the authors [57] and were adopted here. 253 𝑃𝑡𝑜𝑡𝑎𝑙 =  𝑃1 +  𝑃2 = 0.85𝐼𝑚2𝐴1𝑡 +  0.15𝐼𝑚2𝐴2𝑡            (6)  254 

where Im is the impulse obtained from experimental measurements, A1 + A2 is the total pressurised area 255 

and t is the blast time in microseconds. A highly refined mesh (0.1×0.1×0.1mm) is used in the zone A1 256 

in order to capture the damage evolution of cracks during blast loading (Fig. 7). The area close to the 257 

clamped boundary was also locally refined to capture the damage observed in the adjacent regions, due 258 

to the high stress concentration there. 259 
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 260 

Figure 7. The finite element model setup showing the mesh generation, shock pressure zones and 261 

boundary conditions. 262 

4. Results and Discussion 263 

4.1 Experimental results 264 

4.1.1 Compression test results 265 

The compressive stress-strain curves of the different syntactic foams for the quasi-static and 266 

dynamic compression tests are shown in Figure 8. The stress values are normalized with respect to the 267 

plastic collapse stress to ensure consistency between the different material densities. There are three 268 

typical phases observed during the compression response of cellular solids. Initially, a linear elastic 269 

phase is observed, where the strain is less than 3 % and the stress–strain relationship follows Hooke’s 270 

law. The slope of the first part is defined as the Young’s modulus. This is followed by a section where 271 

the peak stress is reached, plastic deformation of the matrix starts and the load transfer between the 272 

matrix and ceramic micro-spheres reaches its maximum. This is where the compressive strength is 273 
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measured. Next, there is a small reduction in stress, due to the reduced load-bearing capacity caused by 274 

crushing of the ceramic micro-spheres and global instability. The second phase occurs between strains 275 

of 10 % and 43 %, characterised by a relatively constant plateau stress, where the micro-porosity in the 276 

ceramic micro-spheres densifies through crushing. Energy absorption is significant in this region, as the 277 

stress remains constant with increasing strain. The final phase is associated with densification, where 278 

the stress increases to a high value very quickly, while the strain increases slowly. The densification 279 

strain is located at the intersection between the tangents of the densification phase and the plateau phase. 280 

The mechanical properties of the syntactic foams are listed in Table 3, which are based on three repeated 281 

test results of each specimen.  282 

Table 3. Average mechanical properties of aluminium matrix syntactic foams 283 

ID Density 
(kg/m3) 

Plastic  
Collapse  
Stress, σpl  

(MPa) 

Compressive 
Modulus 

(GPa) 

Steady State Stress, 
σss  

(MPa) 

Densification 
strain,  
εD (%) 

CM(I) 2388 179 3.22 175 36 
CM(II) 2321 167 2.83 150 41 
CM(III) 2250 160 2.45 148 43 
CM(IV) 1790 130 2.40 128 43 
CM (V) 1680 101 2.25 78 44 
CM(VI) 1585 75 2.10 65 50 

 284 

 285 
Figure 8. Quasi-static stress–strain curves of the compression tests on the aluminium matrix syntactic 286 

foams 287 

 288 

4.1.2 Impact response from Split Hopkinson Pressure Bar (SHPB) tests 289 
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The dynamic properties of the aluminium syntactic foams are listed in Table 4. The failure 290 

modes observed in the aluminium syntactic foam at high strain-rates were associated with compressive 291 

failure, rather than shear failure. It is possible that the high strain-rate during the test hindered the 292 

formation of shear band. A strain-rate sensitivity parameter (∑) was used to evaluate the effect of strain-293 

rate on the material under dynamic loading, which can be calculated using the following equation [9]: 294 

*

1

ln

d q

d

q

 



 
   
 
 
 

       (8) 295 

where σ is the flow stress, σ* is the static stress at 5% strain at a strain-rate of 10-3 s-1 for foam materials, 296 𝜀̇ is the strain-rate and d and q are subscripts that refer to dynamic and quasi-static testing, respectively. 297 

The peak stress reached in compression is used to calculate the sensitivity parameter, although these 298 

peak stresses appear at slightly different strains. The strain-rate sensitivity parameters of various 299 

aluminium alloys are varied between 0.006 and 0.06. Table 4 shows that the sensitivity parameter of the 300 

aluminium syntactic foams lies between 0.018–0.204, which indicates that this type of the aluminium 301 

syntactic foam is sensitive to strain-rate. Figure 9(a) shows the strain pulses obtained from the incident 302 

and transmitted bars used to compute stress, strain and strain rate. The combined reflected and 303 

transmitted strain pulses are plotted along with the incident pulse, as shown in Figure 9(b), to identify 304 

any potential losses in the specimen while testing. The close match ensures that the losses are not 305 

significant during the tests. 306 
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 308 

Figure 9. Split Hopkinson Pressure bar test results for a representative Aluminium syntactic foam 309 

showing (a) strain signals from incident and transmitter bars (b) comparing strain signals to analyse 310 

losses in the specimen 311 

 312 

Table 4 Average high velocity impact properties of the aluminium matrix syntactic foams (CM (I), 313 

CM (II) and CM (III). 314 

ID Young’s 
Modulus 

(GPa) 

Dynamic 
compressive 

strength 
(MPa) 

Dynamic 
strain rate 

(1/s) 

Relative 
density, 
(ρ/ρs) 

Relative 
yield 

strength, 
(σ/σs) 

Relative 
Young’s 
modulus, 

(E/Es) 

Sensitivity 
parameter 

∑ 

CM(I)1 14.22 601.4 1578 0.891 0.752 0.151 0.204 
CM(I)2 13.95 574.9 1547 0.890 0.719 0.148 0.192 
CM(II)1 13.16 487.9 1517 0.889 0.609 0.139 0.151 
CM(II)2 12.87 461.0 1273 0.880 0.922 0.184 0.140 

CM (III)1 11.93 265.0 1263 0.797 0.650 0.099 0.043 
CM(III)2 9.04 203.0 882 0.755 0.490 0.057 0.018 

* ES, σs and ρs of aluminium Al 7075-T6 are 94.4 GPa, 646 MPa and 2810 kg/m3, respectively [20]. 315 

*1,2 refer to the same type of material at different strain rates. 316 

Figure 10 shows the dynamic compressive stress–strain curves for materials CM (I), CM (II) 317 

and CM (III). The stress values are normalized with respect to the dynamic compressive strength to 318 

ensure consistency between the different material densities. The results highlight the rate-sensitivity of 319 

the foams. For example, the peak stress for CM (III)2 increased from 203 MPa at 882 s-1 to 601 MPa at 320 

1578 s-1 CM (I)1. The peak stress is shifted to lower strains at higher strain-rates, as are the fracture 321 

strains, primarily due to the strain-rate sensitivity of the foam matrices (change of foam densities also 322 

plays some role). It was found that those syntactic foams with a higher percentage of metal matrix were 323 

more rate-sensitive. The results presented in Figure 11 show the influence of strain-rate on specific 324 

energy absorption, the plateau stress and the peak stress, respectively. The results confirm the 325 

dependency of the properties of the syntactic foam on strain-rate. An increase in the strain-rate leads to 326 
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an increase in the specific energy absorption, peak stress and plateau stress. In addition, the peak stress 327 

appears to be more sensitive to strain-rate than the plateau stress, which is likely due to the prolonged 328 

plateau stage. However, the strain-rate dependence is not significant until values of 1000 s-1 and above, 329 

where both the plateau and the peak stresses exhibit a strong rate-dependence (Figure 11(b)). 330 

 331 
Figure 10. Compressive stress–strain curves for the aluminium matrix syntactic foam at high 332 

strain-rates 333 

 334 

 335 
(a) 336 
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 338 
(b) 339 

Figure 11. Strain-rate dependence of CM (I) foams (a) The variation of specific energy absorption 340 

with strain-rate (b) the variation of plateau and peak stress with strain-rate. 341 

 342 

 343 

 344 

4.1.3 Ballistic impact behaviour 345 

The ballistic response of different thicknesses of aluminium matrix syntactic foams was 346 

investigated using ballistic impact tests. A summary of the results from the ballistic tests is shown in 347 

Tables 5 and 6. The penetration resistance of foam CM (I) follows a linear relationship with velocity, 348 

which can be expressed as 349 

DOPAl7075-T6 (75 µm) = 0.5627+0.4187 vs    (9) 350 

where DOPAl7075-T6 (75 µm) is the depth of penetration (DOP) into the foam and vs is the impact velocity. 351 

Table 5. Average properties and DOP for the aluminium matrix syntactic foam subjected to impact 352 

velocities up to 20 m/s. 353 

 354 

ID Thickness (mm) Impact velocity 
(m/s) 

DOP (mm) Areal density 
(kg/m2) 

G1 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 355 

density but different thickness. 356 

ID Thickness of 
the sample (mm) 

Impact velocity 
(m/s) 

Residual velocity 
(m/s) 

T1 6 812 740 
T2 6 815 742 
T3 6 845 760 
T4 8 850 830 
T5 8 750 727 
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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 

 357 

The penetration of a target by a projectile depends on the material properties, impact velocity, 358 

projectile shape and target position. In addition, the prediction of target and projectile failure is required 359 

in order to design a target with the minimum areal density to defeat the projectile. The parameters that 360 

control perforation include the thickness of the target, the radius of the projectile and the impact velocity. 361 

If the ratio of the target thickness to the radius of the projectile is greater than one, the target plate is 362 

considered to be thick, whereas if the ratio is less than one, it is considered to be thin. 363 

4.1.4 Blast response 364 

A summary of the blast tests is given in Table 7, detailing the mass of explosives used for each 365 

test, the impulse measured and the permanent resulting displacement. The results show that the measured 366 

impulses lie between 3.09 Ns and 6.12 Ns. These results are lower than those reported by Teeling-Smith 367 

and Nurick [58] for steel, due to the longer stand off distance employed in the experiments. Many of 368 

samples fractured or exhibited small permanent displacements, reflecting the extremely brittle nature of 369 

aluminium syntactic foam materials. The foam failed by radially cracking in several locations. This is 370 

discussed more fully in relation to the finite element modelling results in Section 4.2.3. The results also 371 

indicate that the charge mass increased the damage on the target, as expected.  372 

Table 7. Summary of the blast tests (the stand-off distance was 180 mm). 373 

 374 

ID Sample thickness  
(mm) 

Mass of PE4  
(g) 

Impulse  
(Ns) 

Mid-point  
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 5.4 * 

B10 14.0 2.5 4.82 0.50 
B11 16.0 2.5 4.79 0.45 
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B12 20.0 3.0 6.12 0.60 
                * Sample completely failed 375 

4.2 Finite element modelling results  376 

 The concrete damage plasticity (CDP) material model is mostly used to study the compressive 377 

behaviour of concrete and other reinforced brittle materials. The implementation of the CDP model to 378 

study syntactic foams needs to be justified through a series of verification and validation simulations in 379 

order to use it as a predictive tool for further studies. The verification study is conducted by comparing 380 

the compressive test results obtained from the finite element models with the experimental stress-strain 381 

curves. The finite element model is then verified using ballistic test results from tests on 6 mm thick 382 

syntactic foam sample as well as the blast response of a 10 mm thick foam. The validated model is then 383 

used to predict the impact response of different thicknesses of syntactic foam subjected to normal and 384 

oblique impacts. 385 

4.2.1 Modelling quasi-static compression behaviour of the syntactic foam 386 

The comparison between the finite element results and the experimental compression stress-387 

strain curve is shown in Figure 12. The FE model is capable of capturing the predominant features of 388 

the compressive behaviour, such as the plastic collapse stress, the compressive modulus as well as the 389 

steady state stress. Furthermore, the contour plots for tensile damage, as shown in Figure 13, show a 390 

good degree of correlation with the damage observed in the tested sample. The cracking occurs along a 391 

characteristic shear plane at 450 to the loading direction, which is consistent with the damage observed 392 

in metal matrix syntactic foams subjected to compression [59, 60]. Comparisons of the experimental 393 

and predicted compressive stress-strain curves, as well as the failure mode can be used to verify the 394 

numerical model as well as the input parameters. The plateau and peak stress values for the quasi-static 395 

stress-strain data can be scaled for testing at strain-rates related to dynamic loading using the strain-rate 396 

dependency shown in Figure 11(b).  397 
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 398 
Figure 12. Verification of the FE model using the compression test experimental data 399 

 400 

 401 

Figure 13. Crack propagation during the compression test (a) FE results showing tensile damage 402 

contour (b) Experimentally failed sample. 403 

 404 

4.2.2 Modelling the ballistic impact response of the syntactic foam 405 

The finite element models developed were validated against the ballistic impact and blast test 406 

results. The objective was to compare the results obtained from the finite element simulations with the 407 

experimental data without changing any of the material parameters. The syntactic foam samples with a 408 

thickness of 6 mm, were impacted at velocities of 800, 750 and 700 m/s and the corresponding residual 409 

velocities were predicted using the model. The FE simulations are compared with the experimental 410 

results in Figure 14. The predicted damage modes of the foam as well as the projectile exiting the panel 411 

are shown in Figure 14(b). As there are only two measured residual velocities, three predicted residual 412 
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velocities are obtained using the validated FE model. The method of least squares using the Lambert-413 

Jonas equation (Eqn 10) [61] is used to apply a curve fit to the FE results, as shown by a solid line in 414 

Fig 14(a). The experimental results are then superimposed on the fitted curve generated from the 415 

simulations, which indicates reasonable correlation.   416 

 417 

Figure 14. Validation of the FE model using ballistic limit tests on 6 mm thick syntactic foam samples: 418 

(a) residual velocity, (b) the simulated failure modes (VI = impact velocity, VR = residual velocity). 419 

 420 

4.2.3 Modelling blast response 421 

The simulations for blast tests were performed for the syntactic foams with two different 422 

thicknesses in order to predict different damage patterns observed during experiments. The validation 423 

was carried out on the damage profiles on the front and back face of the foam panels. Firstly, a thin 424 

sample (thickness = 3 mm) subjected to an impulse of 2 Ns was simulated to validate the model for the 425 

target experienced a complete failure. The front face and side views of the failed foam panel after the 426 

blast simulation are shown in Figure 15. The thin target exhibits a complete failure in the central high-427 

pressure zone as well as the area around the clamped boundary. The failed target is compared with the 428 

corresponding experimentally failed sample in Figure 16. The FE simulations shows good correlation 429 

with respect to the size of the crater and the radial cracks that are evident in the test sample. The 430 
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simulations show more uniform damage compared to the tests due to the uniformly applied boundary 431 

conditions and loads and homogenous modelling of the syntactic foams.  432 

 433 

Figure 15. Front face and side views of the damage profile of a 3 mm thick syntactic foam subjected to 434 

an impulse of 2 Ns detonated at a stand-off distance of 180mm at different time steps. 435 

 436 

Figure 16.  Failure mode of a 3 mm thick syntactic foam subjected to a blast impulse of 2 Ns 437 

detonated at a stand-off distance of 180mm (a) Experimental and (b) FEA.  438 
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Secondly, the blast response of a thick foam panel (thickness = 14 mm) subjected to an impulse 439 

of 4.82 Ns was modelled for validation of the model to capture the related damage profile without the 440 

total failure. The simulated failure mode is compared with the experimental one, as shown in Figure 17. 441 

The front face shows the damage initiated in the centre with a few cracks propagating radially towards 442 

the clamping boundary, as shown in both the experimental and FE results (Fig. 17a). A circumferential 443 

crack can also be observed on both the tested and simulated panels where the specimen was clamped. 444 

The simulated damage profile on the back face (Fig, 17b) is similar to that on the front face, but with 445 

more radial cracks, which captures the experimental failure profile reasonably well.  The foam panels 446 

tested, with non-homogenous nature, exhibit more random crack patterns in the damaged zones, whereas 447 

the homogenous FE models predict damage in a more uniform manner, as expected. 448 

 449 

(a) the front face 450 

 451 

(b) the back face 452 

 453 

Figure 17. The predicted and experimental damage profiles of the 14 mm thick syntactic foam 454 

subjected to an impulse of 4.82 Ns detonated at a stand-off distance of 180mm. 455 

 456 
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4.2.4 Prediction of ballistic response of syntactic foams subjected to normal and oblique impacts 457 

The validated FE model was used to study the ballistic impact response of an AK47 projectile 458 

impacting on syntactic foams with four different thicknesses. The ballistic limits for these panels were 459 

determined to predict the thickness required to stop the projectile for NIJ III standard velocity (750 460 

m/s)[62]. The results for the ballistic limit studies are shown in Figure 18(a), the method of least squares 461 

using the Lambert-Jonas equation [61] is used to apply a curve fit to the FE results. 462 

  𝑉𝑅 = 𝑎(𝑉𝐼𝑏 − 𝑉𝐵𝐿𝑏 )1𝑏         (10) 463 

where VR is the residual velocity, VI is the impact velocity, VBL is the ballistic limit, a and b are curve 464 

fitting constants. From Figure 18(a), it can be seen that in order to achieve a ballistic limit for an impact 465 

velocity of 750 m/s (NIJ standard), the required thickness is around 20 mm. The residual velocities for 466 

each of the four thicknesses impacted at 750 m/s are shown in Figure 18(b). The simulations of the 467 

ballistic impact behaviour using the validated models for normal and oblique impacts are discussed 468 

below. 469 
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 472 

Figure 18. Determining the ballistic limits of different thicknesses (a) VR – VI plot for 4 different 473 

thicknesses (b) VR as a function of thickness for VI = 750 m/s 474 

Normal Impact (900) 475 

Most standard ballistic tests are conducted with the projectile impacting perpendicular to the 476 

target (normal impact). The FE simulation results for normal impact on the foam panels based on four 477 

thicknesses are shown in Figure 19. The contour plots for tensile damage are shown to help study the 478 

damage evolution through the various time steps. The 6 mm thick sample (Figures19a-19b) was fully 479 

perforated with very little damage to the projectile. The mushrooming of the projectile core can be 480 

witnessed for the 10 mm thick sample (Figures 19c-19d). The projectile penetrates the target completely 481 

but with a lower residual velocity. Significant deformation of the projectile can be observed during 482 

impact on the foam panels with thicknesses of 15 and 20 mm, where the target is able to completely 483 

blunt and flatten the projectile front (Figures 19e-19h). The bullet is completely arrested in the 20mm 484 

thick sample, even though damage occurs in the back face of the target (Figure 19h). This phenomenon 485 

is common in brittle materials, where tensile damage can be seen on the back face even if the projectile 486 

is completely stopped. Hence, most armour configurations involving a ceramic front face have a ductile 487 

backing material to eliminate damage on the back face.  488 
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 489 

Figure 19. Ballistic simulation results for normal impact (900) for 4 different thicknesses shown at 2 490 

different time steps.  491 

 492 

Prediction of oblique Impact (300 and 450) 493 

Ballistic tests performed under normal impact, though critical in determining the ballistic limit, 494 

fail to capture the ricochet effect when there are slight variations in the angle of impact. These studies 495 

become extremely important when we deal with armour configurations for vehicles and buildings. The 496 

FE model setup for oblique impacts at 30o and 45o are shown in Figure 20. The FE simulation results 497 

for these oblique impacts are shown in Figures 21 and 22. The 6 mm thick samples are easily perforated 498 

in both cases (Figures 21a-21b, Figures 22a-22b), as in the case of normal impact. The angle of impact 499 

causes considerable plastic deformation in the projectile and it starts to deform outwards, as can be seen 500 

for the foam panels with thicknesses of 10 mm and above. This phenomenon is more evident in 45o 501 
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oblique impact cases. The projectile completely perforates the 10 mm target in both cases, while in the 502 

15 mm target, the angle of impact causes the bullet to rotate within the target material (Figure 21f and 503 

Figure 22f). The rotated bullet finally bounces back and comes out from the front face of the foam panel. 504 

The ricochet effect can be seen in both the 300 and 450 oblique impacts for a target thickness of 20 mm. 505 

The effect is enhanced at higher angles where the bullet slides off the front face resulting in large plastic 506 

deformations (Figure 22h). 507 

 508 

Figure 20. FE model set up for oblique impact (a) 30o impact (b) 45o impact 509 

 510 

Figure 21. Ballistic simulation results for oblique impact (30o) on 4 different thicknesses of panel at 2 511 

different time steps.  512 
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 513 

Figure 22. Ballistic simulation results for oblique impact (45o) on 4 different thicknesses of panel at 2 514 

different time steps.  515 

 516 

The parametric studies using the validated FE model have provided interesting predictions of impact 517 

responses of aluminium matrix syntactic foams subjected to normal and oblique projectile impact, 518 

associated with the foams with various thicknesses. The outputs can be used to assisting design of such 519 

the foam panels with the homogenised modelling approach. 520 

5. Conclusions 521 

The dynamic response of aluminium matrix syntactic foams subjected to quasi-static and 522 

dynamic compression tests, Split Hopkinson Pressure Bar impact, terminal ballistic impact and blast 523 

loading have been investigated. Finite element models have been established using Abaqus/Explicit to 524 

simulate the dynamic response of the foam under compression, ballistic impact and blast loading. The 525 

concrete damaged plasticity model is shown to offer potential for modelling the damage evolution in 526 
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such the quasi-brittle materials. The simulations have shown that the FE models capture the essential 527 

features of the response of the foams. The ballistic impact model was capable of accurately predicting 528 

partial and full perforation of the samples. Parametric studies have been carried out to establish the 529 

influence of sample thickness on the ballistic limit velocity. The effect of impact angle on the ballistic 530 

performance of these samples has been studied in order to capture ricochet effects. The predictions from 531 

the blast model are in a good agreement with the experimental tests. The experimental and modelling 532 

studies have led to the following conclusions 533 

(i) Experimental and modelling results for the compression test reveals formation of cracks 534 

along a shear plane 45o with the base plane of the specimen consistent with the existing 535 

research.  536 

(ii) The SHPB results have shown that the dynamic Young’s modulus and the yield strength 537 

(peak stress) as well as plateau stress of the aluminium syntactic foams are rate-dependent, 538 

with all of them increasing with increasing strain-rate. Such strain-rate sensitivity is even 539 

more significant at strain-rates above 1000 s-1.  540 

(iii) The results of ballistic impact tests (normal impact) have shown that 13 mm thick 541 

aluminium syntactic foams can stop a projectile at a velocity of 120 m/s. An aluminium 542 

syntactic foam with a thickness of 20 mm is required to arrest the 7.62 x 39mm projectile 543 

at a standard velocity of 750 m/s. Even though the projectile is arrested within the sample, 544 

there is considerable damage at the back face of the specimen, indicating the requirement 545 

of a backing material.  546 

(iv) Finite element simulations of oblique impact at a velocity of 750 m/s on syntactic foams 547 

show that thicker samples (greater than 10 mm) result in partial or complete rebounding of 548 

the projectile, especially at higher impact angles. These studies can be used to identify 549 

different strike/back face materials for ensuring the containment of a projectile within the 550 

target.  551 

(v) Blast test results have shown that foams with a thickness of 14 mm are able to withstand 552 

only low blast loads. The aluminium syntactic foam is too brittle to sustain high blast loads 553 

unless it is used as a core material in a sandwich structure. 554 
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