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Abstract

In this study, the consequence of cell-size, cell-wall-thick-
ness and cell circularity together on the compressive per-
formance of closed-cell aluminum foam was analyzed
experimentally and with FEM simultaneously. The closed-
cell metal foams (CAFs) with varying cell sizes of 55%
porosity were synthesized through stir casting technique.
The granular metallic calcium is used as a stabilizing/
thickening agent, and TiH2 powder used as a foaming
agent. The uniaxial compression tests were performed to
investigate the compressive deformation behavior of CAFs.
The simulation studies were carried out by taking the
assumption similar to experimental constraints. The cir-
cular-shaped cells were created in FE half symmetrical
model of varying cell sizes (in 2-Dimensional). The cell
sizes used in FE models are 1.5 mm, 2.5 mm, 2.8 mm and
of 3.5 mm. While in experimental samples, different cell

sizes obtained are 1.65 mm, 2.47 mm, 2.88 mm and
3.59 mm. In both of the investigations, it is observed that
the energy absorption capacity and plateau strength
decrease with an increase in cell sizes or vice versa. A
similar effect was also observed with an increase in cell
wall thickness. The obtained FE results are acceptable and
comparable with the experimental for each cell size model.
The deformation mechanism was analyzed using deformed
sample images, which were captured during the deforma-
tion as well as during the different stages in the FEA
models.

Keywords: porous material, finite element analysis,
simulation, deformation structure

Introduction

Aluminum foams are lightweight, porous materials in

which the aluminum matrix are separated by gas-filled

pores. Due to the presence of these gas-filled pores, the

specific properties (strength to weight ratio) of aluminum

foam are very high compared to dense aluminum. The

exceptional combination of physical and mechanical

properties makes aluminum foams useful in various engi-

neering applications, such as the automotive and aircraft

industry.1,2 Commonly, metal foams are classified based on

their cell morphology and based on that, metal foam can be

categorized into two main groups known as closed-cell

foam and open-cell foam.3 In closed-cell metal foams, the

cells are isolated by cell walls. Whereas in open-cell foam,

the cells are interconnected with each other by its cell

edges only.4 Day by day, the researcher’s inclination

toward the fabrication of closed-cell aluminum alloy foams

are increased, and many advanced fabrication techniques

were developed. This may be due to lightweight, the

combination of exceptional structural properties and lower

fabrication temperature.5–10 The shock absorption capacity

of aluminum alloy foams is comparatively higher than the

parent material due to extended plastic deformation

behavior.11,12 Therefore, aluminum alloy foams can be

employed as a shock absorber in the automobile and

aerospace industry. It can absorb a substantial amount of

energy at very low stress during an accident that transfers

the minimum shock to the passenger and mitigates the

chance of injury.13–20 Although numerous fabrication and
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characterization investigations have been reported, the

aluminum foams still are imperfectly characterized.21,22 It

is required to investigate metal foams in more detail with

different parameters. It is observed that there are many

other parameters apart from the porosity or relative density

that affects the compressive behavior of foam. Gao et al.23

worked to understand the change in aluminum properties

concerning repeated impacts. This study observed that with

increase in the quantity of impacts, enhanced energy

absorption elastic limits stress, transmission rate, degree of

damage and the respective strain. It was discovered pre-

viously that cell shape, cell size, materials composition,

production technique, and foaming agents might affect the

compressive behavior of CAFs.24–34 Binesh et al.35 found

that the cell arrangement has an important role in the

compressive behavior of aluminum foam. In this work,

they have used a hollow ceramic sphere for the production

of metal foam. The proper distribution of cells has an

important role in the properties and behavior of aluminum

foam. The previous investigations are not a clear clue about

the direct or inverse result of cell sizes (CS) on the com-

pressive performance of meta foams. In the different

studies, there is different observations such as higher

strength reported with an increase in cell size, strength rises

with a decline in cell size or mid-size cell gives maximum

strength of MF.24,36,37 Recently, Nammi et al.38 examined

the cell-size effect on the energy absorption (Eab) capa-

bilities of AFs using the finite element method. For the

numerical analysis, they developed the micro-mechanical

model along with repetitive unit cells (i.e., small, medium

and large sizes) of the ‘tetrakaidecahedron’ structure. The

stress-strain response of the FE model shows three different

regions of deformations; linear-elastic, constant plateau

and densification reign, which represent the mimicking of

actual aluminum foam. They reported that the smaller cell-

size foam exhibits greater capability energy absorption.

This may be happening owing to the fact that the closed

foam was having a more consistently scattered system of

small size cells that resist the movement of rigid walls. In

addition to cell size and cell shape cell, circularity is also

an important parameter that may affect deformation

behavior. Y. An et al.39 introduced a dimensionless term

circularity shape factor to mathematically express the cell

circularity. But, till today, there is no work reported in

which the cell circularity cell size, cell and wall thickness

are studied together. In previous investigations, the use-

fulness of TiH2 was explained, and it has been studied that

the cell sizes can be controlled by using TiH2 as the

foaming agent. Ghaleh et al.40 synthesized closed alu-

minum foam of cell sizes ranging between 1.5 and 3.1 mm

by adding 2.5 to 3.5 wt% of CaCO3 as the foaming agent.

These researchers tried to establish the correlation between

porosity, cell size mixing and holding time. They reported

that the optimum foaming is achieved at a mixing time of 4

minutes and a holding time of 10 minutes. Kahani et al.41

investigated that the quantity of TiH2, holding time and

holding temperature affect the pores’ sizes and distribution.

Yang et al.42 have analyzed the mechanism of pores; they

studied the effects of cooling and viscosity parameter on

the foaming. TiH2 was chosen in this work to produce the

desire pores sizes. In another work, the researchers reported

positive results for casting aluminum foam of different

pore sizes.43 Sasikumar et al.44 explained that the alu-

minum powder itself could be used for foaming aluminum.

It was interestingly reported that additionally, there is no

requirement for thickening agent and bubble stabilizer.Al

powder was also used with TiH2, and better results were

obtained. In the current effort, the authors endeavored to

synthesize closed-cell aluminum alloy foam through the

direct foaming (stir casting) method using titanium hydride

as a foaming agent. In the present study, oxidized titanium

hydride (TiH2) powder was used as a foaming agent due to

its higher specific hydrogen content, and its dissociation

temperature (450 �C ) is considerably closer to the melting

point (i.e., 570 �C) of the alloy. Some researchers reported

that the dissociation temperature of TiH2 could be further

increased when it is oxidized at the temperature of

450 �C.45,46 The differential scanning calorimetry (DSC)

studies of TiH2 at various temperatures show the rapid

dissociation kinetic, and it evident as a sharp peak in the

DSC results. Although, the TiH2 powder has some disad-

vantages because it is high cost and due to lower dissoci-

ation temperature (un-oxidized conditions) compared to

other foaming agents, e.g., such as CaH2, CaCO3 and ZrH2.

The importance of cell size, circularity shape factor cell

and wall thickness on the deformation responses was also

calculated. The various cell sizes samples prepared for

experimental investigation and approximately similar rel-

ative density (qrd ¼ 0:45Þ FE models are developed to

undertand the deformation behavior.

Materials and Method

Synthesis and Characterization of CAFs

In the current study, Al-Si alloy (i.e., LM-13 ) used for the

synthesis of foam. The LM-13 is commonly specified as

EN 1706 AC-48000 (Al–Si12CulMg1), which is similar to

AA 336/339 alloys. The alloy foam can be used in the

automobile and defense industries for crashworthiness

applications. Metal foams have a wide range of application

due to their porous structures and high specific properties.

The probable application of metal foams is sandwich

panels, partition walls, foam-filled structures, crashwor-

thiness/shock mitigation in automobiles and sound

absorption. Generally, the application of metal foams

depends on the kind of foams matrix, cell structure

(open/closed porosity) and the different density of the

foam. LM-13 alloy is a heat treatable casting alloy, In the

present study, LM-13 alloy was selected as a matrix

material due to its excellent casting characteristics, wear

resistance and high mechanical properties. The casting

properties such as excellent heat crack resistance and
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excellent workability (casting condition) make them

attractive for foam synthesis. In the LM-13 alloy, the major

alloying element ‘Si’ reduces the thermal expansion coef-

ficient increases corrosion and wear resistance, and

improves casting and machining characteristics of the

alloy. Whereas, the minor alloying elements; Fe, Mg, Cu,

Mn, Ni and Zn. The ‘Fe’ can be tolerated up to a level of

1.5–2.0, and it can modify the ‘Si’ phase by inducing

several Al–Fe–Si phases, and it is often used to prevent die

sticking in die-casting. The chemical composition of Al–

Si12CulMg1 alloy was determined by the optical emission

spectrometry (Model: SPECTRO MAX LMF05, Germany)

as given in Table 1. Firstly, an ingot of Al–Si12CulMg1

aluminum alloy was cut into small pieces, and these pieces

were properly cleaned by using acetone (Figure 1). Cleaned

pieces (charge) kept in a straight cylindrical mold of 150-

mm-diameter and 600-mm-height and was coated by the

graphite. The mold was kept in an electric resistance fur-

nace for the melting of alloy pieces. The temperature of the

electric resistance furnace was maintained at 700 �C. After
the melting of the alloy, the mechanical stirring was done

for 2 minutes in order to ensure uniform melt temperature.

After that, 1 wt% of metallic ’Ca’ (with a granularity of

30 lm) was added into the melt, and simultaneously stir-

ring was performed. The granular ’Ca’ increased viscosity

due to the formation of calcium oxide, calcium aluminum

oxide or Al4Ca intermetallics and provided stability during

foaming.7 Then, 1 wt. % of TiH2 (heat-treated at 450 �C,
with the granularity of 20±5 lm) powder was added in the

melt and simultaneously mixed (for 2–3 minutes) using a

mechanical stirrer at 750RPM. Above 400 �C, TiH2 dis-

sociates in Ti and H2 gas, which is responsible for the rise

in the melt’s viscosity and creation of foam, respectively.

After the appropriate amount of foaming, the mold was

kept outside the furnace using a mechanical crane. The

mold was placed on the copper plate in order to increase

the conductivity of the bottom surface, and rapid cooling

was done with the help of atomized water spray. Due to

this rapid cooling, hydrogen gas entrapped in the melt and

formed the closed pores. After the solidification of foam,

the foam billet was extracted from the mold. Figure 1

shows the mild cylindrical steel (sheet thickness of 8 mm)

mold, which can be assembled and disassembled with the

help of temporary fasteners. Finally, the produced foam cut

into small slices (diameter of 200 mm and a height of

50 mm) with the help of the supercut machine in

mechanical workshop. For uniaxial compression testing,

cubical shape with dimension 25 x 25 x 25 mm3 was cut

using electrical discharge machining (EDM) to avoid cell

damage. The relative density (RD) of the cubical foam

samples was measured, and samples of RD-0.45 were

selected of different cell sizes and microstructural analysis

and compression test carried out for these samples. The

experimental and FE simulation were performed simulta-

neously. Four different cell sizes are obtained for the

experimental sample, i.e., 1.65 mm, 2.47 mm, 2.87 mm

and 3.59 mm of cell diameter. While for FE analysis, four

different cell sizes are chosen of 1.49 mm, 2.5 mm,

2.8 mm and 3.5 mm of cell diameter. The different phases

present in the foam material are investigated, XRD analysis

was performed using the X-ray diffraction machine

(model: Rigaku Mini Flex ii). Scanning electron micro-

scope (SEM, model: Nova Nano SEM 430) and FESEM

(NOVA NANOSEM-430) were employed to see the mor-

phology of the cells and distribution of different phases in

the foam material. EDX analysis and elemental mapping

were also done for the observation of elemental presenta-

tion and their distribution. Uniaxial compression tests were

done at a strain rate of 0.01/s to all samples on the

Universal Testing Machine (model: Instron 8801). During

the compression test, pictures of the samples at the dif-

ferent stages of the deformation were captured to analyse

the deformation behavior of the foam.

FE Simulation

For the finite element analysis of closed-cell metal foam,

different FE models of different cell size are made. FEM

samples are considered to be cubic in size of 25mm 9

25mm 9 25mm. Since the specimen was cubic, the

advantage of symmetry in the analysis was considered, and

half symmetric models were chosen for the analysis. Fig-

ure 2 shows the FE model of different cell sizes of

1.49 mm, 2.5 mm, 2.8 mm and 3.5 mm. These models are

made and analyzed with ABAQUS Simulation software.

For all models, similar methods of FE are used.47 The

model is considered to be deformable, and two rigid bodies

are assembled with the model for compression of the

sample. Three different parts are created in the part mod-

ule, one is deformable, and the other two parts are rigid

bodies. Available properties of Al-Si12CulMg1 aluminum

alloy are assigned to the deformable part, as shown in

Table 2. In the assembly module, the part is assembled in

such a way that one rigid body should be on the top, and

others will be at the bottom side of the deformable body.

The constraints and interactions are applied to this

assembly, assuming similar to the physical experimentation

condition. The dynamic explicit step has chosen for the

analysis, and step time is defined. After the defining, the

step timing, contacts (interactions) are defined in this sur-

face to surface interaction, it is assigned to the surfaces that

are contacting each other, and self-contacts are assigned to

the circular holes that are considered as voids. To perform

the compression behavior, a fixed displacement is used in

Table 1. Chemical Composition of LM13 Aluminum Alloy
(Avg. wt%)

Si Ni Mg Fe Cu Mn Ti Pb Sn Zn Al

13 1.5 1.2 1.0 0.8 0.5 0.2 0.1 0.1 0.1 Remaining
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boundary condition that is assigned to the movable rigid

body. The movable rigid bodies are mounted on the

deformable part and other rigid body assigned to be fixed.

The symmetric boundary condition is assigned to the ver-

tical axis. Structural meshing is used with quadrilateral

elements. After passing through these stages, the model is

ready for the compressive analysis and now created job in

FE software is submitted for the analysis. The calculate

values of plateau strength, densification strain and energy

absorption from the obtained data from ABAQUS explicit

Figure 1. Schematic Diagram for the procedure of making metal foam (a) Procedure
of making metal foam through stir casting techniques (b) Mold and Foam billet
(c) Foam samples.

Figure 2. Different cell sizes FE models.

International Journal of Metalcasting/Volume 16, Issue 2, 2022 801



solver are used for further analysis. To obtain 70% defor-

mation of the model, distance traveled by the movable

plate is set as 17.5 mm for the 25-mm-length of the model.

Material Properties

The properties of Al-Si12CulMg1 Al-alloy as given in

Table 2 used in this analysis. These properties are obtained

after the experimentation of a dense sample of the base

metal of desire metal foam material.

Modeling

The FE models are created by the incorporation of the

circular voids in the 2-Dimensional half symmetric model.

The voids of equal size and in a particular pattern, these

voids are arranged. For different FE model, the cell of

different sizes, 1.49 mm, 2.5 mm, 2.8 mm and 3.5 mm cell

diameter used.

Selection of Step Time

When the explicit solver is used for quasi-static analysis, a

higher step time needs to be chosen to diminish the

dynamic effect and approach the static condition. Con-

versely higher step time require more solution time. So

optimum step time needs to be selected so that the com-

putation time is suitable, and meanwhile dynamic effect in

the simulation is insignificant. In this work, three different

step time (0.0001s, 0.001s and 0.01s) are used and kinetic

energy calculated for each step time. The kinetic energy

calculated in Millijoule is shown for different step times, in

Figure 3a showing for 0.0001s, Figure 3b showing 0.001s,

Figure 3c 0.01s. Much less fluctuation was observed for the

step time 0.01s. In step time 0.01s, there is tolerable fluc-

tuation which deviates from 0.2 to 0.3 Millijoule. So for

this analysis, the step time 0.01s is chosen for further

examination.

Mesh Density

It requires to study the mesh density sensitivity on the

results. Finer mesh gives more accurate results than a

coarser mesh. As mesh density increases the solution time

is also increased, so it is required to find an accept-

able element size. Model of different mesh density is used

with elements size of 1554,3295,8547 and 12467. It was

observed that with a change in the number of elements

obtained results are also changed. Element size increases

until the similar results are not obtained, and when it is

observed that the same results are repeating this value of

element size consider as optimum. In the previous publi-

cation, the stress-strain behavior for the variation in the

number of an element is analysed.48 A similar method is

used for conversation study, and the change in plateau

stress concerning the element size is shown in Figure 4.

This analysis is carried out for 3.5 mm cell diameter FE

model of 0.45 Rd. The similar procedure repeated for all of

the FE models.

Results and Discussion

Morphology and Size Distribution of Cells

The cell size of AFs was measured using ImageJ software

tool, and the procedure for measuring the cell size by the

software is depicted in Figure 5. Firstly, the digital images

(shown Figure 6) of various cell sizes were imported into

the software, and after that, the image was cropped as well

as it changes in the 8-bit type image. The dimension of

image size is given with the help of set scale command

through a known dimension. The software converts pixels

of the picture into the distance which is used for further

computations. Subsequently, the image adjusts the thresh-

old (STEP-II) and then analyzes the particles size (STEP-

III). And at last, the data (STEP-IV) were analyzed.

Arbitrarily, 200 distinct cells were chosen for each kind of

AFs, and individual cell information was collected. And,

AFs cell sizes frequency distributions are presented by

histogram as given in Figure 7. The calculated average cell

size of AF1, AF2, AF3 and AF4 is 1.65 mm, 2.47 mm,

2.88 mm and 3.56 mm. Similarly, the average cell wall

thickness for each kind of AFs was measured and listed in

Table 2.

In this present study, the cell structure of aluminum foam

was evaluated via a dimensionless parameter named as

circularity shape factor (CFS), and mathematically it can be

expressed by the following relationship 25:

Table 2. Material Properties of Solid LM-13 Aluminum
Alloy

Density- 2.6 X 10-9 ton /mm3

Young’s modulus–69.5 GPa

Poisson’s ratio – 0.3

Plastic stress (MPa) Plastic strain

203 0

222.3445 0.03338

282.3782 0.06066

308.6511 0.09304

320.3056 0.12432

325.5975 0.15719

327.8742 0.21564
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CFS ¼
1

Nc
�
X 4p � Ap

Pp
Eqn: 1

Where Nc is the total number of cells; Pp is the perimeter

and Ap is the area of the pth cell respectively. The estimated

values of CFS was 0.855, 0.883, 0.837 and 0.813

corresponding to AF1, AF2, AF3 and AF4 respectively

(Table 2).

XRD, Microstructure and EDX Analysis

X-ray diffraction patterns for the AFs samples are depicted

in Figure 8 a, b separately. In these patterns, peaks of a-Al,
Si and Mg2Si were detected. The peaks are similar for both

samples of foam AFs. LM 13 alloy contains a small amount

of Mg that reacts with Si and forms intermetallic magne-

sium silicide (Mg2Si). However, suppressed peaks of

Mg2Si indicates its small quantity in the foam material.

The microstructure of the cell wall of AF is shown in

Figure 9a. The matrix of material of the cell wall of the

foam is composed of two distinct phases of Al and Si. Al

forms the thick dendritic structure, while silicon particles

are located along the grain boundaries of the Al grains. The

microstructure at higher magnification reveals that this

silicon also formed the dendrites having the needle shape

(Figure 9b). The elemental mapping was also performed to

investigate the elemental distribution of the different ele-

ments. From the elemental mapping, it can be seen that the

content of Al and Si is higher than other elements. A small

amount of Mn, Mg and Ni were also detected in the ele-

mental mapping. For more visualize image FESEM images

were taken. The microstructure of foam samples was given

Figure 10. From the figure, it appears that the cells are

nearly spherical in shape. Figure 10a, b and c shows the

Figure 3. Presence of Kinetic energy in the model during compression with different step times (a) 0.0001s
(b) 0.001s and (c) 0.01s.
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microstructure of alloy foam at different magnification. In

Figure 10a, the flat surface at cell wall and no presence of

particles confirm the microstructure of alloy foam (also one

can be observed in Figure 10b). Furthermore, it is also

observed that secondary dendrites are relatively coarser in

size (110-130 lm). The eutectic silicon needles and den-

drites of a-Al formed during solidification on the cell walls

alloy foam are easily observed in Figure 10c.

Stress-Strain Behavior

Compressive Behavior of Solid AL-SI12CULMG1 Alloy

To investigate the mechanical properties of AFs, firstly, we

have to determine the properties of the matrix material. So,

a dense cylindrical sample (L/d = 1.5) of Al-Si12Cu1Mg1

Al-alloy was prepared. The density of this dense sample

was considered by measuring the weight and volume, and it

Figure 4. Convergence of FE results with an increase in the number of elements.

Figure 5. Procedure for determining the cell size of metal foam.
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is found about 2.65 g/cc. The compressive stress-strain

diagram of the dense sample was shown in Figure 11. The

compressive proof stress (rpf) at 0.2% strain was measured

230 MP, while ultimate compressive stress (ruc) was found
as 425 MPa. The strains at proof stress and failure point

were observed as 0.035 and 0.26, respectively. The noted

results of compressive behavior of Al-Si12CulMg1 alloy is

used in simulation analysis.

Compressive Behavior of AFs

Figure 12a depicts the compressive stress-strain response

of AFs. From the figure, it is observed that the stress-strain

graph mainly has three different regions of deformation;

(I) approximately linear-elastic region (III) nearly constant

plateau region and (III) the densification region. In the

linear-elastic region (I), the compressive stress and com-

pressive strain increased approximately linear up to a

maximum value of stress, i.e., plastic collapsible stress.

The second deformation region (II) is the nearly constant

plateau region; this region is observed between the col-

lapsible plastic stress and the densification strain.

Figure 6. Different cell size samples, (a) 1.65mm
(b) 2.47mm (c) 2.65mm (d) 3.59mm

Figure 7. Cell size distribution of AFs.

Figure 8. X-ray diffraction pattern of AFs.

Figure 9. Microstructure and EDX elemental mapping of
AFs.

International Journal of Metalcasting/Volume 16, Issue 2, 2022 805



According to the ISO13314 standard, the plateau stress is

termed as an average value of stresses in between strain

values of 0.1 to 0.4. The densification region (III) is the last

most deformation region (III) in the stress-strain graph. At

the densification strain, the value of stress boosts suddenly

without much increment in the strain value. The densifi-

cation strain of AFs can determine with the help of tangent

on the stress-strain graph (see Figure 12a). The junction

point of two tangents; one is related to the plateau stress

(i.e., analogous to X-axis) and second is in the densification

region (for the greatest radius of curvature) of the stress-

strain graph. The compressive stress-strain responses of

different kind of AFs and its FEA outcomes are shown in

Figure 12b, c.

Effect of Cell Size on the Deformation Behavior of AFs

Onck et al.25 proposed a model for cellular materials to

examine the result of sample size on the uniaxial com-

pression test. According to that the plastic collapse strength

(rpcÞ of closed-cell aluminum foams are related to the cell

size of foam and mathematically it can be represented by

the following relationship:

rpc
r�pc

¼
L
d

� �
� 1

2

� �2

L
d

� �2 Eqn: 2

Where r�pc is the plastic collapse strength of a bulk sample

or sufficiently big dimension after that the effect of sample

size is considerably less. L and d is the sample length and

cell size of specimens, respectively. In the present

investigation, the specimen length (L) is constant for

various kinds of AFs, but the cell size is variable. Figure 13

shows the variation of
rpc
r�pc

with L
d

� �
of AFs. From the figure,

it is observed that the ratio of plastic stress of foam follow

the polynomial kind of trend and the values are decreases

with increase an increase in cell size. This may be due to

the fraction of material present in the cell face and volume

of the fraction of material exists in the cell wall, which

resists the deformation of AFs. Similar trends were

observed (in Table 2) for experimental and FE outcomes.

The circularity shape factor is also an important factor

which influences the mechanical and energy absorption

properties. This may be due to that as the cell circularity

increase the number of stress concentrations junctions were

reduced. The cell size and cell wall thickness effects of

strength of CAF are discussed in this section. The cell sizes

are varied for a sample of 0.45 Rd in experimentation and

FE simulation. The different cell sizes are obtained in the

experimental sample are of 1.65 mm, 2.47 mm, 2.87 mm

and 3.59 mm of sizes. While in FE results, the measured

cell sizes are of 1.49 mm,2.5 mm, 2.8 mm and 3.5 mm. In

experimentation, the uniaxial compressive test was done on

a strain rate of 0.01s, and the obtained results are plotted in

the stress-strain curve, as shown in Figure 12b. From the

compressive stress-strain curve, properties such as plateau

strength, energy absorption, densification strain are

calculated. The calculated results are tabled in Table 2.

Plateau stress noted for experimental results are

35.55MPa,32.02MPa, 28.49MPa, and 25.66 MPa for

1.65 mm, 2.47 mm, 2.87 mm and 3.59 mm cell size

respectively. Also for the FE results, plateau stress is

36.93 MPa, 32.89 MPa, 30.45 MPa and 27.58 MPa

Figure 10. FESEM Image of Microstructure of Aluminum foam.

Figure 11. Compressive Stress-Compressive strain
response of LM13 alloy.
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obtained for 1.49 mm, 2.5 mm, 2.8 mm and 3.5 mm cell

sizes respectively. From these observations, it is noted that

maximum plateau stress obtained for 1.65 mm and

1.49 mm cell size in experimental and FE results

correspondingly. At the same time, the minimum plateau

strength is obtained at 3.59 mm and 3.5 mm cell size of the

experimental sample and FE models individually. In this

investigation, it is investigated that the cell size has a

significant effect on plateau strength of AFs and the

strength monotonically changing with an increase or

decrease in the cell sizes. Cell wall thicknesses are also

measured to corresponding cell size samples/models. The

maximum cell thickness measured 0.568 mm and

0.571 mm for an experimental sample of 3.59 mm and

FE model of 3.5 mm cell sizes, respectively. The cell wall

thickness is also increased with a rise in the cell sizes, and

similar behavior is reported concerning the increase in cell

wall thickness on properties of AFs.

Figure 13 shows the variation of plateau stress (Experi-

mental and FE) with cell size and circularity shape factor

of different AFs. From the figure, it is found that the pla-

teau stress decreases with an increase in cell size either in

experimental or FE analysis. It is also observed that the

experimental outcomes are closed to FEA outcomes. But,

the difference in the experiment and FE plateau stress is

minimum in case of AF2 (i.e., cell size = 2.47 mm). This

may be due to the high value of circularity shape factor

(i.e., 0.883). The circularity shape factor in the case of FE

analysis of different AFs models is 1.0.

Energy Absorption

The energy absorption was calculated by using the area

under the stress-strain curve upto densification strain. The

area under the curve is calculated using the origin 8.5

software tool, and the average plateau stress is calculated

as per the ISO13314 standard.49 The calculated energy

absorption values are further verified using the grid

method. In this method, the grid lines were drawn on the

stress-strain curve and finally count the number of grids(-

covered by vertical and horizontal lines). The area of each

grid was calculated, and it multiplied with the total number

of grids present under the curve up to densification strain.

From both the kind of method, it is found that the calcu-

lated energy absorptions are almost same

The energy absorption (EabÞ in case of closed-cell metal

foam can be calculated using the area under the stress-

Figure 12. Compressive Stress-Strain curve (a) With
different notations (b) FE results for different cell sizes
and (c) Experimental outcomes of different cell sizes.

Figure 13. Variation of rpc
r�pc

vs. cell size (d).
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strain curve, and mathematically it can be expressed by

following relationship.50,51

Eab ¼ r
eD

0

rpl:de Eqn: 3

Where rpl and eD are plateau stress and densification strain

of AFs, which are recorded in Table 3. It is noticed from

the table the densification strain does not follow any

particular trend with cell size but plateau stress decrease

with an increase in cell size.

From the Table 3, it is noted that the estimated average

plateau stresses in the case of FE analysis are 5–13 %

higher than their respective average experimental values.

In the case of experimental investigations, for each kind of

cell size, four different samples were tested, and the

average values are documented for further analysis. In

some cases, it is observed that the experimental plateau

stress is slightly higher than the FE values for the same

relative density and cell size. However, the plateau stress

decreases with an increase in cell size, and this trend

observed in the FE as well as experimental outcomes. The

variations of average plateau stress values with cell size is

shown in Figure 14. From the figure, one can easily

observe that the values of average plateau stress calculated

experimentally are slightly lower than their FE outcomes.

This may be due to the differences in the circularity shape

factor, variations in the cells sizes and their distributions. In

the present paper, the authors developed four different cell

size models with uniform porosities. On the other hand, the

experimental samples with almost the same relative density

were fabricated using the stir casting technique using TiH2

as the foaming agent. Due to fabrication limitations, it is

very difficult to fabricate aluminum foam with uniform

porosity and definite cell distribution. So, in this present

study the authors chose foam samples with nearly the same

relative density, and the average cell size calculated using

ImageJ software is also closed to the FE models. It is quite

true that the FE models are structurally simple but their

relative density is nearly equal to the experimental speci-

mens, giving us an idea about the mechanical properties

when the same foam has a uniform cell size. From this

study, the authors also are trying to understand the defor-

mation mechanism during the FE analysis and experi-

mental compressive deformations. The plateau stress and

energy absorption during the experimental compression

test are not much deviated from the FE outcomes. This may

be due to the differences in the deformation mechanism. In

case of FE, the cells are equal in size, whereas in the case

of the experimental study the foam cells have a range of

variations, and due to these variations, the larger cell start

collapsing first because its cell wall behaves like plastic

hinges. Similarly, the inhomogeneity in the cell wall

thickness is also the reason for the lesser plateau stress

during the compression of experimental specimens. How-

ever, the variation in the cell size and random distributions

resulted in the comparatively higher densification strain as

compared to the FE models. Pandey et al.52 studied

bimodal and trimodal porosities and investigated the pla-

teau stress and energy absorption. They reported that the

different sizes of porosities and their random distribution

increase the plateau stress and energy absorption. Similarly

in the present study, the different cells with different sizes

increase the plateau stress and energy absorption but due to

their low circularity shape factors, mechanical properties

may fall below the predicted properties of the same relative

density foam using FE models. The variation of energy

absorption with cell size is shown in Figure 15. From the

Table 3. Cell size, cell wall thickness, circularity shape factor and mechanical properties of a different kind of AFs

FEA outcomes

Foam
Sign.

Cell
size

Cell wall
thickness

Circularity Shape
factor

Plateau stress
(MPa)

Densification Strain (mm/
mm)

Energy absorption
(MJ/m3)

AF1 1.49 0.272 1.0 36.39 0.45 16.6185

AF2 2.50 0.403 32.67 0.41 13.4849

AF3 2.80 0.482 31.05 0.39 11.8755

AF4 3.50 0.571 28.19 0.38 10.4804

Experimental outcomes

Foam Sign. Avg. Cell size Avg.Cell
wall thickness

Circularity
Shape factor

Avg. Plateau
stress (MPa)

Avg. Densification
Strain (mm/mm)

Energy absorption (MJ/m3)

AF1 1.65 0.324 0.855 34.50±2.71 0.43 14.85

AF2 2.47 0.426 0.883 31.48±1.50 0.42 13.21

AF3 2.88 0.496 0.838 28.34±2.02 0.41 11.43

AF4 3.59 0.568 0.813 25.17±1.35 0.40 10.12
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figure, it is observed that the increase in cell size causes a

reduction in the energy absorption capabilities of foam.

This phenomenon occurs due to decrease in plateau stress

and approximately similar densification strain. It is also

detected the Eab in case FE analysis is more than the

experimental consequences. This may be a fact because of

the irregularity in cell size distributions, cell shape,

microstructure of matrix and portion of material existing in

the cell edges.

Deformation Mechanisms

The deformation of different FE models of different cell

sizes at the different strains is shown in Figure 16. As

discussed and mention in Table 3, the maximum strength is

observed in 1.49 mm cell size and minimum strength is

seen at 2.8 cell size in FE results. This can be understood in

Figure 16 that the FE model of 1.49mm cell diameter at 0.2

strain reached to maximum von Mises stress while at

2.8mm cell diameter model it did not reach to the maxi-

mum von Mises stress. So models reached to maximum

von Mises stress in the different region before compressed

to next stage will resist more force while a model that

compressed to next stage at lower von Mises stress will

resist less force. It is known that the stress is a resistive

force against the external force per unit area. So the models

which resist more external forces gives higher strength

compared to the lesser one. In this figure, the legend shows

the range of von Mises stress denoting from blue to red.

Blue color shows lesser von Mises stress while red color

shows higher von Mises stress, in ascending order from

blue to red color. The deformation mechanism of closed-

cell AFs of 0.45 relative densities with 1.65 mm cell size

was investigated through its stress-strain graphs (Fig-

ure 12b) and respective images that represent the different

deformation stages as shown in Figure 16 (a-d). For a better

understanding of deformation, the mechanism marked cells

at a different location using numbers ’1’, ’2’ ’3’ and ’4’,

respectively. Figure 17a depicts the preliminary state (i.e.,

Figure 17a 0 %) of deformation, in which a specimen was

mounted on UTM machine and then the compression test

proceeded. Due to the gradual compression loading, the

stretching of cell faces and bending of cell edges takes

place. As a result of that linear-elastic region (I) was

observed in the stress-strain graph. The bending of cell

walls begins with larger cell sizes, and cells that are close

to the loading surface. In this manner, the coarser cells get

Figure 14. Variation of plateau stresses with cell sizes and circularity shape factor.

Figure 15. Variation of energy absorption with cell sizes.
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deformed, and cracks (marked by arrow) were initiated and

propagated in the middle section of the specimen, as shown

in Figure 17b. The deformation layer is on the top and

bottom end of the specimen. This layer by layer (from both

the ends) failure of specimen reached toward the mid-

section of specimen (Figure 17c). The AFs specimen was

nearly crushed (Figure 17d) and a small number of cells

were present in the middle section of the specimen. It is

observed that the foam cell walls during the deformation

get sheared and crushed into the small flakes or debris,

which is evidence that the AFs fails in a brittle way.

Similar kind of deformation mechanism is observed for

AF2, AF3 and AF4 irrespective of its cell sizes.

Conclusion

The metal foam can be cast into any complex shape, but

cylindrical mold is used in this study. As per the common

understanding, casting in more complex shapes may induce

more number of casting defects in the foam due to non-

uniform cooling. It required process parameters optimiza-

tion according to shape as well. In future work, it can also

try to fabricate foam with different complex shapes. From

the above discussion, following points are concluded:

(i) AFs of 0.45 relative density with different cell

sizes are successfully synthesized through stir

casting technique using TiH2 as a foaming agent.

(ii) FE models of different cell sizes of 55 %

porosity are fruitfully simulated, and desirable

results are attained by the use of 2-Dimenstional

half symmetric models.

(iii) For different cell size /cell wall thickness,

different properties like Eab, rpl; and eD are

investigated in experimentation and FE

simulations.

Figure 16. Deformation of different cell sizes FE models in different strains.
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(iv) Maximum plateau strength obtained by 1.49mm

cell size and 1.65mm cell size in FE simulation

and experimental results. While the least results

are observed in the FE model of 3.5 mm and an

experimental sample of 3.59 mm.

(v) Significant effects of cell size on the Eab and rpl;
are noted. Better results are found for these

properties by the decrease in cell sizes.

(vi) The results obtained in the FE simulation are

satisfactory and comparable with the experi-

mental results.

(vii) The circularity shape factor influences plateau

strength and energy absorption of AFs. The

experimental samples with the high value of

circularity shape factor exhibit more close

results to the FE results.
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