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Abstract. Metal foams are cellular solids with high stiffness, high strength and superior energy 
absorption capacity. In liquid metallurgy, foams are processed by foaming the molten metal with 
the addition of foaming agents and stabilized by the presence of particles which also strengthen 
the cell walls. An analysis of the deformation behaviour of foams in the presence of these 
stabilizing particles is essential to the mechanism of energy absorption. In the present study, the 
effect of the particle distribution on the deformation behaviour of the closed-cell aluminium foams 
was investigated using Finite Element Analysis (FEA) in Abaqus© software. The experimental 
data were used to model the distribution of particles in the matrix and the foam model. The 
simulation results were validated with the experimental results. The uniform distribution of 
particles in the matrix resulted in lower stress concentration and enhanced the mechanical 
performance of composite material and the metal foam. 
Introduction 
Metal foams are lightweight materials with high stiffness, high specific strength-to-weight ratio 
and superior specific energy absorption capacity [1–3]. Processing of metal foams through the 
liquid metallurgy route involves, melting and foaming of molten metal or alloy by the addition of 
foaming agents such as TiH2 or CaCO3 in the presence of stabilizing particles to obtain a uniform 
foam structure. The properties of foam mainly depend on the structure of the foam, distribution of 
pore size and cell wall thickness, and the type of particles used and their distribution for 
stabilization [4, 5]. The particles used for the foam stabilization were added externally (ex situ) or 
generated internally using in situ chemical reaction with the matrix material. It is well known that 
in situ particles exhibit superior bonding strength, wetting behaviour and nucleation potency with 
the primary phase over the ex situ particles and efficiently stabilise the foam structure [6–8]. 
Nevertheless, the particles tend to form clusters near the cell walls and plateau borders when the 
metal foams are processed through the liquid metallurgy route. Studying the role of these particle 
clusters on the properties of foam is necessary to understand the deformation behaviour of foam.  

FEA is a numerical technique widely used to analyse the elastic-plastic behaviour of 
heterogeneous materials such as Metal Matrix Composites (MMC) and metal foams [9]. Ma et al 
numerically investigated the mechanical and fracture behaviour of particle reinforce A356 
composite with 2D representative volume element (RVE)  models and reported that, the simulation 
results closely matched the experimental results with the use of damage evolution criteria [10, 11]. 
Antunes et al developed a new model for estimating the flexural properties of epoxy and polyester 
resin-based syntactic foams and concluded that the flexural stiffness decreased with the filler 
volume fraction and epoxy-based foams outperformed polyester foams [12]. Nammi et al analysed 
the quasi-static loading of closed-cell aluminium foams using the repeating unit cell method based 
on the tetrakaidekahedral model and accurately estimated the crushing resistance of the foam 
[13]. Perez et al estimated the properties of CNT-reinforced aluminium metallic foams and found 
that Young’s modulus prediction using FEA analysis was within the theoretical values and smaller 
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pores lead to lower values of elastic modulus [14]. Karan et al predicted the compressive 
deformation behaviour of LM 13 aluminium foam in accordance with the experimental results. 
However, the role of particle distribution on the properties of metal foams has not been studied in 
detail in the past which is essential to understand the deformation of behaviour of metal foam 
during mechanical testing in turn to optimise the process parameters.  

In the present study, the effect of particle clusters on the deformation behaviour of metal foams 
was investigated using 2D FEM (Finite Element Method). 2D FEM was widely used to study the 
stress and strain distributions for multi-scale simulations, especially for MMCs [15], but it was 
limited to planar deformations with a strong dependency on the domain size. However, it will 
provide insights into the initial approximations of stress-strain behaviour of multi-scale models. 
Among various types of in situ particles that were analysed in the previous studies, in situ Al3Zr 
particles that possess low density (4.11 g/cm3), high stiffness (150 GPa) and high melting point 
(1580 oC), have shown better stabilisation of the foam with uniform pore distribution and good 
nucleation potency with the primary phase [16–18] and are employed in the present investigation. 
2D RVE models were used to analyse the fracture behaviour of MMC with in situ Al3Zr particles. 
The constitutive behaviour of MMCs was used to perform the deformation simulations of foam 
structures.  
Numerical methodology 
The numerical investigation was carried out in two stages. Initially, the properties of MMC with 
uniform and clustered distributions of particles were analysed. In the later stage, the constitute 
behaviour of MMCs obtained from the simulation was used to study the deformation behaviour of 
metal foams with compression simulation.  
 
a). Simulation of MMC  
Different sizes of 2D RVE models were employed to analyse the deformation and damage 
behaviour of A356 with in situ Al3Zr particles. The 2D RVE models were generated using in-
house Python code that was implemented using Abaqus© software. The particle generation takes 
place if the particle was not overlapping with the previously existing particle and in contact with 
the edges of the RVE. This operation was repeated till the desired volume fraction of the particle 
was obtained. The particle distribution varied by varying the coefficient of variation of the nearest 
neighbour distance (COVd) of the particle which is the ratio of the standard deviation of the particle 
size distribution to the mean nearest neighbour distance of the particle [19].   

The MMC samples were prepared for metallography to measure the size distribution of Al3Zr 
particles in the matrix. From the metallography of the Al3Zr particles, the shape of the particle was 
identified as a rectangle of length 11.2± 0.62 µm and width of 7.3±0.61 µm. For modelling cluster 
distribution, a COVd value of 0.325 was used, while for uniform distribution a value of 0.062 was 
employed. The properties of A356 alloy are adopted from the literature [20]. The properties of 
particles are calculated from the reverse solution algorithm proposed by Dao et al [21]. The input 
parameters (Nano-indentation results) required for the algorithm are shown in Table 1, where ʋ is 
Poisson’s ratio, C is the loading curvature, hr/hm is the ratio of residual indentation depth to 
maximum indentation depth, Pave is the average load and Pm is the maximum load. The parameters 
calculated from the reverse solution algorithms are shown in Table 2. Where σ0.033 is actual stress 
at 0.033 strain, E is Young’s modulus, n is strain hardening exponent and σy is yield stress. Fig. 1 
shows the stress-strain behaviour of the matrix and particle implemented in the simulation. The 
periodic boundary conditions and loading on the RVE with uniform and clustered are shown in 
Fig. 2a and 2b respectively. For modelling the damage evolution in MMC, ductile damage criteria 
were assigned for matrix material while brittle cracking criteria were assigned for particle material. 
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The stress-strain behaviour was obtained from the homogenization method proposed by  Okereke 
and Akpoyomare's work [22, 23]. 

 
Table 1. Input parameters for the Al3Zr phase used for the reverse solution algorithm  

ʋ C/GPa hr/hm Pave (GPa) Pm (mN) 
0.185 198 0.757 7.204 10 

 
Table 2. Parameters obtained for the Al3Zr phase used for the reverse solution algorithm  

 
 
 

 
Figure 1. The stress-strain relationship of A356 alloy and Al3Zr particle calculated from the 

reverse algorithm 
 

σ 0.033 (Mpa) E (GPa) n σy (MPa) 
1864.77 146.17 0.651 283.5 
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Figure 2. Boundary conditions on (a) uniform distributed RVE, (b) clustered distributed RVE, 

and (c) foam model  
b). Simulation of foam  
The structure of foam was generated with a random distribution of pores of 0.8±0.15 mm diameter 
with 50% porosity. The size of the foam model was a square of length 25mm and meshed with ~ 
40000 elements of CPS4R type. The wall thickness (0.08 ±0.012 mm) was varied based on the 
experimental data. The boundary conditions and the load applied on the foam model are shown in 
Fig. 2c. Elastic-plastic model was employed for the foam structure in the compression simulation.  
Results and discussions 
Different sizes of RVE were tested as shown in Fig. 3a and 200 µm with dense mesh (1 µm) with 
~ 50,000 elements (CPS4R) was selected to simulate the properties of all microstructural features 
as well as to minimize the computing time.  The effect of particle distribution for 200 µm sized 
RVE is shown in Fig. 3b, the decrease in stress showed similar behaviour for all the models 
however the strain values vary because of different particle arrangements, however, the change 
was minimal. The flow curves of A356/Al3Zr composite with uniform distribution of particles, 
from the simulation and experimental are shown in Fig. 3c. The simulation results at 5 wt.% Al3Zr 
showed similar deformation behaviour as of experimental results. The results were slightly 
overestimated as a consequence of the work hardening model included in the simulation model, 
which is similar to the work done by Zhou et al [24]. The overestimation of the flow curve may 
also be due to the presence of clusters in the experimental samples, which can hinder the strength 
of the composite. For the cluster distribution of particles, the stress drop occurred at a low value 
of strain when compared with the uniform distribution. At higher particle concentrations the 
distance between the neighbouring particles decreases as a result the change in the failure strain 
for the cluster and uniform distributed case are similar. 
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Figure 3. Simulated stress-strain behaviour of A356/Al3Zr alloy with a). five RVE sizes, b). ten 

models of 200 µm RVE size, and c) different particle volume fractions and comparison with 
experimental results.  

The Von Mises stress distribution and damage evolution of RVE models with uniform and 
cluster distribution of in situ particles was presented in Fig. 4a and 4b corresponding to the flow 
curves in Fig. 3c. For the composite with uniform particle distribution the crack initiated within 
the particle and at the interface with the matrix and propagated at an angle of 45o into the matrix, 
representing a shear type of fracture (ductile damage) in the matrix. For clustered particle 
distribution, the cluster served as a stress concentration and both brittle and ductile type of damage 
evolution is observed. The fracture of the composite occurred at lower strains compared with 
uniform distribution because of higher stress concentrations and lower tortuosity for crack 
propagation. 
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Figure 4. Von Mises stress distribution and damage evolution in A356/Al3Zr RVE models during 

tensile deformation in the horizontal direction with a) uniform particle distribution, and (b) 
clustered particle distribution 

The deformation behaviour of A356/Al3Zr composite metal foam is shown in Fig. 5a, elastic, 
plateau and densification regions were observed in the simulated results. The deformation bands 
were formed at 20% strain followed by collapse of the cell wall and densification. The stress-strain 
behaviour of the composite foam was presented in Fig. 5b. The foam model was validated with 
pure Al foam and A356/Al3Zr composite foam with similar properties adopted from previous 
experimental studies [25, 26]. The experimental and simulation results exhibited similar stress-
strain behaviour.  
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Figure 5. (a). Von Mises stress distribution and deformation behaviour of A356/Al3Zr foam, and 
b). compresive stress-strain curves of simulated results and comparison with the experimental 

data, (c). comparison of plateau stress and energy absorption capacity of foam with uniform and 
clustered distribution of particles.     

The mechanical properties of the composite metal foams were calculated from the simulated 
stress-strain curves according to ISO 13314 standard [27]. The plateau stress and the energy 
absorption capacity of the composite foam with the uniform and clustered particle distribution 
enhanced by 24% and 17% when compared with the base alloy as presented in Fig. 5c. Hence, the 
composite foam shows better properties when the particles are distributed uniformly within the 
matrix. The effect of particle shape and size and pore distribution may be studied in future. with 
two and three-dimensional models of foam to accurately predict the foam properties and optimize 
the process parameters. 
Conclusions 
• Numerical simulation modelling of in situ foam with uniform and clustered distribution were 

performed successfully in this study.  
• In MMC, the particle fracture was observed followed by initiation and propagation of crack 

during plastic deformation. 
• The simulation results indicated that in situ MMCs exhibited improved properties with the use 

of uniform distribution of particles, this was attributed to lower stress concentration and delay 
in crack initiation and propagation. However, the mechanical performance of the composite 
with a cluster distribution with a COVd of 0.325, and severe stress concentrations lowered the 
mechanical performance of the composite. 

• Similarly, the uniform foam model exhibited better performance due to the enhanced properties 
of cell wall material.  
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