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Abstract - Recently, there has been a high interest in using lightweight aluminum foams for automotive, railway and aerospace
operations. Because of its high ductility and deformability, Aluminum foam is generally used for energy absorption for
crashworthiness applications. To keep safe and avoid occupant injuries, it is necessary to absorb the kinetic energy generated
during impact. Thus, to absorb high kinetic energy, the crash box material needs a special material microstructure, which is
light in weight and can absorb further energy than the being one like CaCo3, CBC, or SiC. B4C etc. In particular, the analysis
of energy absorption of aluminum foam in automotive for energy absorption applications is limited. The main objective of this
exploration is to analyze and optimize the porosity size and voids percentage on impact energy absorption of aluminum foam
using a numerical approach. For this purpose, first, fifteen CAD Al foam samples were developed by using Digimat multi-scale
material modeling software. Second, cubic elements with circular bubble shape at 5, 10 and 15 void percentage and at 1.5 mm,
2 mm,2.5 mm, 3 mm and 3.5 mm bubble sizes were modeled. Finally, the numerical analysis of impact energy by using ANSYS
workbench19.2 Explicit dynamics by applying initial low velocity was performed. The parameters were compared to each
other to optimize the proper percentage composition and cell size for the best energy absorption applications. The effects of
bubble shape, foaming agent and percentage composition on energy immersion were discussed. In this study, the analysis was
fulfilled by determining and comparing the energy absorptions of all the models and, finally, comparing them with existing
foaming agents.

Keywords - Absorption energy, Aluminum foam, Digimat, Fem analysis, Impact, Voids.

Nomenclature

R Radius M Thermal softening constant
nRi n-Void fraction and i-bubble size m mass

A Initial yield stress MF Mean Field

Al Aluminum MPa  Mega pascal

B Hardening constant N Number of cells

C Strain rate constant n Hardening exponent

\Y Volume R Radius

CD Cell density e"pl Equivalent plastic strain
COR  Coefficient of restitution e"(*pl) Equivalent plastic strain rate
E Energy pr* Relative density

FE Finite Element pf Density of the foam

SEA  Specific Energy Absorption

P Porosity

stiffness and improving the passenger safety by reducing

1. Introduction vibration, noise and due to their high strength to weight rate.
Metal foams are a new class of materials of great interest

due to their unique combination of parcels deduced from
their cellular structures and metallic geste as well as a
seductive material for factors of the vehicle in automotive
diligence for rudiments absorbing impact energy, adding

They are excellent impact energy absorbers, and they
can convert impact energy into deformation energy and
absorb further energy than bulk essence during contraction
(2). In particular, aluminum foams demonstrate a number of
interesting parcels due to their featherlight and pervious
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structure, making them usable in a wide range of operations
in automotive diligence. To enhance the performance of
aluminum foam, fine ceramics complements similar to cubic
boron nitride (CBN), silicon carbide (SiC), and boron
carbide (B4C) can be incorporated into aluminum foams to
their performances. LI et al. (2) investigated the mechanical
parcels and the energy immersion capability of the
corroborated aluminum foam under dynamic and quasi-static
contraction loading conditions. Their result shows that the
addition of CBN-modified aluminum foam displayed the
loftiest energy capability under dynamic and quasi-static
contraction tests as compared to the independent SiC and
B4C modified aluminum foams. According to a British
Vehicle Insurance Repair Research Center study on vehicle
impact damage occurs, 65 were frontal impacts, 25 were
hinder impacts, and 10-sided impacts( 2). Thus, the crash
box dissipates crash energy using an energy-absorbing
foamed specimen.

H Front

H Rear

Side

Fig. 1 Crash statistics [2]

Fig. 2 shows the physical structure of the crash box for
automotive applications.
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Fig. 2 Physical structure of the crash box for vehicle application [3][4]

As the above figure shows, the crash box structure is
assembled in front of the car between the bumper beam and
the front car cabin/structure. As Figure 1 shows, frontal
impacts are the first and ultimate severe car accident crashes.
In the case of a vehicle crash, the occupant's safety is of
prime concern, and this demands that the vehicle form be
designed to withstand high-impact forces [5]. In the case of
impact/crash, the requirement is achieved through a properly
designed high-energy incorporation system. For these

structures, Aluminum foams have the potential to absorb
impact strength during the crashing of a vehicle, either
against another vehicle or a pedestrian. To protect the
occupants of a car, various safety features, such as airbags,
crash boxes, and seat belts, were used for crash box
constructions. Among those, crash boxes are a separate
structure in a vehicle that is mounted between the car's
mainframe and front bumper. The crash box structure is
expected to collapse and absorb crash energy before the other
body parts so that damage in the main cabin frame is
minimized and passengers are saved their lives. The
problems identified to conduct the study are the loss of
passenger life by car crash accidents (51% up to 65% by a
frontal crash), the damage of expensive car components
behind the crash box and limitations of daily investigations
on absorbent Al foam materials for crash box utilizations.

It has been established that the strength and energy
absorption features of closed-cell aluminum alloy foam
possibly improved through tailored microstructure designs.
To keep safe and prevent occupant injuries, it is necessary to
absorb the Kkinetic energy generated during a head-on
collision. Therefore, to absorb high kinetic energy, the crash
box material needs a special material microstructure
improvement, which is good energy absorbing capacity and
is lightweight to save fuel economy. On the other hand, the
distribution of filler and foaming agents for the foam
microstructure greatly plays an important role in the energy
absorption of Al foam. Strengthening a structure is to
dissipate the crash energy to prevent injuries and improve the
crashworthiness of the structure; an optimum combination of
the material's microstructure (bubble distribution, bubble size
and porosity percentage) throughout the entire model are
needed. Therefore, in addition to all investigations on Al
foam, it is necessary to analyze energy absorber specimen
from lightweight closed-cell aluminum foam capable of
absorbing high-impact energy. Generally, this paper focuses
on evaluating and optimize the effects of pore size, foaming
agent and voids percentage composition on the energy
absorption of Aluminum foam using the numerical approach.

1.1. Aluminum Foam

Aluminum foam is a porous metallic material created by
adding a foaming agent in the way that air for bubbling
molten aluminum during production. The density of Al foam
varies from 0.2 to 0.4 g/cm?®[7], less than 94.8% and 85.2%
density of steel and solid Al, respectively. Because of its
specific strength and high resistance under compressive
loading, it is suitable for lightweight structures and the
absorption of impact energy. the capability of absorbing the
impact energy during a car crash is one of the ultimate
interesting properties of aluminum foams.
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2. Methodology

The general summarized methodology used for this paper is shown in

below.

Review of related Literatures
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Data collection

CAD modelina of Al Foam bv usina

Finite Element analvsis usina ANSY'S workbench

Add material constraints and input boundarv conditions

Solution

Result [— Yes

Result comparison and Justifications

End

Fig. 3 Summarized methodology for the study

1.2. Description of FEA Methods

The DIGIMAT multi-scale material modeling is used to
develop the CAD Al foam with uniform cell diameter and
randomly distribute the voids inside the cubic element.
Explicit dynamic simulations are best performed on
prismatic rectangular and cubic specimens of foam with a
specimen dimension at least seven times greater than the unit
cell of pore or air void size according to the ASTM standard.
In modeling the specimen, the minimum dimension of the
specimen is greater than seven times the pore size. This
avoids the porosity size effect[8][9]. In impact simulation,
decreasing and increasing the number of bubble cells leads to
analyzing, evaluating and characterizing the foam's
mechanical properties.

1.2.1. Material properties of Aluminum 7075-T6 Alloy

This category of aluminum alloy is typically found in
automotive, aviation, marine and
other transport applications because of its extremely high
ratio of strength to density[10]. Aluminum foam developed

from Al 7075-T6 alloy is the best material for blast and
impact energy absorption applications because of the

following mechanical properties.
Table 1. Physical and mechanical properties of Al7075-T6.

Properties Values
Density (kg/m?®) 2800
Poisson'’s ratio 0.33
Elastic modulus (GPa) 71.7
Yield strength (MPa) 503
Elongation (%) 11
Hardness (HB500) 87
Shear strength (MPa) 331

3. Material Modeling
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Johnson Cook plasticity model is used for impact
numerical modeling of the Al foam using finite element
ANSYS. The Johnson-Cook plasticity model (Equation 1)
describes the dependency of plastic flow stress (o) on
equivalent plastic strain (¢"pl), equivalent plastic strain rate
(e"(*pl)) and temperature (T)[11]. The material model for the
Al 7075-T6 is modeled by means of the Johnson-Cook
material model contained in the FEA ANSYS code.

o =[a+B(e)"|[1+ (/) )| A =T i1

Where the first term represents the strain hardening of the
yield stress, the second term indicates the increase in the
yield stress at elevated strain rates, and the final term
represents the decrease in the yield stress due to local thermal
effects. A, B, C, n and m are constants. (¢"ple”(*pl) ) is the
normalized equivalent plastic strain rate.

* (T - Tref)/
T = Y N 2
(Tmelt - Tref)

Where T~* is the temperature, Tmelt is the melting
temperature of the material, and Tref is the reference
temperature.

Table 2. J-C material model parameters for Al Alloy 7075-T6[12]
Constants A(MPa) B (MPa) N c m

AAT7075-T6 546 678 0.71 0.024 1.56

4. CAD Modeling and Finite Element Analysis
4.1. CAD Geometry Modeling Process

Digimat-FE is a micromechanical material modeling
software that generates a representative  volume
element(RVE) of the cubic aluminum foam microstructure at
different percentages of porosity. A total of fifteen CADs is
developed using Digimat multi-scale material modeling.
Those are fifteen cubic boxes with circular bubble (cell)
shape at cell radius of (1.5, 2, 2.5, 3 and 3.5) mm with 5%,
10% and 15% volume void fraction. According to [13][14],
recommended pore sizes for aluminum foam elements for
energy absorption purposes in different application areas and
at the industrial level are between 1.5 mm to 35
mm[15][16]. For example, in the ALPORAS aluminum foam
investigation, an average cell size of 3.5 mm was used[17].

The 3D Voronoi technique generates closed-cell
aluminum foam with randomly distributed cells and uniform
cell diameters. The 3D Voronoi model is constructed using
Digimat multi-scale material modeling software. To
minimize possible boundary and size effects (Gibson and
Ashby, 1997), the length of the cubic Voronoi foam is set at
30 x 30 x 30 mm for a cubic model with a circular unit cell
[18]. It is shown in Figure 5 below.

The number of cells (N) in a Voronoi foam can be
calculated by

N=VAGI3) 3 Yoo, 3

Where V- is the volume of the cubic box, which is equal to
27,000 mma3.

r- Radius of the cell or bubble, ranging from 1.5 mm —
3.5 mm.

Table 2. Number of bubbles with respective radius

For the entire analysis, five different radius values are
used. Now, the number of cells or bubbles can be calculated
as follows by inserting all the r- values in equation 3.

Parameters Radius (R) Number of
(mm) bubbles (N)

R1 1.5 1910

R2 2 806

R3 25 413

R4 3 239

RS 35 150

Based on the above calculation, a total of fifteen models
were developed.

The following are 3D CAD models developed based on
Equation 3 above calculations at volume fractions of 5%,
10% and 15% of air voids in which the air bubbles are
randomly dispersed or distributed in the aluminum foam
boxes; this is for forming aluminum foam as shown in the
figure below.
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©) d)

€)

Fig. 4 Geometrical Representation of voids inside Al metal foam box at the radius of:
a) 1.5 mm b) 2mm c) 2.5 mm d) 3 mm and e) 3.5 mm

d)

As shown in Error! Reference source not found.
above, as the radius size increases from 1.5 mm to 3.5 mm,
the number of bubbles decreases from 1910 to 150.

4.2. Boundary Conditions

The CAD model is also fully constrained at the right,
and the steel plate is rigid and fixed support condition. This
speed is used at the left rigid moving steel plate and on Al
foam, as presented in Figure 6 above. The CAD model and
the contact are assumed to be frictionless. The material data
used all the while numerical evaluation on ANSYS
workbench of aluminum foam is Explicit materials,
aluminum 7075-T6 alloy for foam specimen and structural

e)
Fig. 5 Models Representation of RVE with 10% void, at the radius of: a) 1.5mm b) 2mm

c)25mm d)3mmand €)3.5mm

steel for left and right plates. Johnson Cook plasticity model
is used. The failure evaluation for this nonlinear aluminum
foam is plastic strain failure with the maximum equivalent
plastic strain of 0.75. For reduced speed impact simulation, 7
m/sec initial velocities are used.

The total mass of the impactor and the Aluminum foam
is 12.0003923 kg for 5%, 12.003138 kg for 10% and
11.996352 kg for 15%. The same impactor square shape of
dimension 46 mm X 46 mm is used for all models. The
material model for the impactor has been chosen to be rigid,
and the foam is crushable foam.
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Impactor « o
- rigid wall

Fixed support rigid wall

Moving bodies with velocity V
Fig. 6 Specimen for impact simulations

4.3. Cell Density Calculation
The cell density for this Al foam can be calculated as
follows:

Cell density (Co) = fevvesseessnesnrssnnnenns 4

Where: N-Number cell and V- Volume of Al foam cube
This cell density calculation is used to know the distribution
of the cells/bubbles on the entire Al foam model per volume.
As expressed in the equation above, when the number cell
decreases, the probability of distribution of the bubbles also
decreases because of the volume of the Al foam constant. It
is more clearly indicated in Error! Reference source not
found. below.

Table 3. Cell density distribution for all models

Radius R (mm) Cell Density (CD)
R1 15 0.7074
R2 2 0.298
R3 25 0.153
R4 3 0.0885
R5 35 0.05556

As a result, shown in Error! Reference source not
found. and Table 3, the distribution of bubbles is highly
dense for smaller radii and less dense for higher radii. Error!
Reference source not found. shows the dense distribution of
the bubbles with a smaller radius and the sparse distribution
of bubbles with a higher radius. This is because the analyses
are conducted on the same dimension (30mm x 30mm X
30mm) of the models. Look at the following diagrams for
detail.
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Fig. 7 Graphical representation of the position of voids distributions Y - Z plane
inside the Al metal foam specimen at the radius of 1.5 mm
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Fig. 9 Graphical representation of the position of voids distributions Fig. 10 Graphical representation of the position of voids distributions

inside the Al metal foam specimen at the radius of 2.5 mm
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Fig. 11 Graphical representation of the position of voids distributions
inside the Al metal foam specimen at a radius of 3.5 mm

The above diagram shows the random distribution of the
voids in cubic elements in three different coordinates. The
above distribution diagrams show that the distribution of air
bubbles is randomly distributed throughout the entire foam
element partsat R1, R2, R3, R4 and RS5, respectively.
Again, this diagram shows that the distribution of bubbles is
densely populated at the minimum radius, and at a large
radius, low bubbles appear. The distribution of the bubbles
for all fifteen models at 5%, 10% and 15% void fractions are
in the same fashion.

Percentages Void Density Relative
(%) fraction (kg/m3) density
5 0.05 2664 0.951
10 0.1 2523.6 0.901
15 0.15 2383.4 0.851
4.4. Porosity

Porosity is known as the percentage of void spaces
present in solid aluminum. Porosity plays a very important
role as the density in deciding the foam quality. As the
density of the foam decreases, the porosity increases.
However, the increase in porosity not helps; instead, for the
foam, uniform porosity is the important parameter. In the
cast parts, porosity is a problem, but in this aluminum foam
synthesis, the main objective is to develop uniform porosity.
The simple concept of evaluating the % porosity, which is
given by:

% of Porosity = %xwo ....... 5
Al

In order to determine the porosity of the aluminum
foam, the density of the foam is calculated by the volume and
mass of the samples. Later, the foam specimen's porosity (p)
is calculated using the following relation.

p=1-2a 6

Where p,r — density of the Aluminum foam

pai — density of the pure aluminum

Or the porosity of the aluminum foam can be calculated from
the equation

Porosity % = (1 — p*)x100 ... ........7
Where p* - the relative density of aluminum foam.

5. Results and Discussion

The result from the analysis includes the energy
absorption, effects of pore size, effects of Percentage
composition, comparison of different foaming agents and
weight reduction of Al foam.

5.1. Energy Absorption Analysis for Aluminum Foam

To assess the crashworthiness of the studied Al foam or
compare the performance of different foam structures, it is
necessary to establish proper criteria. These criteria must
correlate the numerical results with the quality of the
structures in several fields[19]. Energy absorption (EA) is
used to evaluate the crashworthiness in determining the
crashworthiness.

The specific energy absorbed (SEA) shows the
capability of a structure to absorb the deformation energy.
Specific energy absorption (SEA) is represented as the
absorbed energy (EA) per structure mass[20]. In other words,
it denotes the energy absorbed per unit mass of the absorber,
which can be calculated as:

SEA(J/kg)=(Energy (J))/Mass of the moving structure
SEA=EA/M.................. 8

Where M — Total mass of the moving structure

EA — Energy absorption during impact.

By rearranging equation (8) above from this formula, we can
calculate total Energy absorption, which is given by:

EA(J)=SEAXM................ 9
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Fig. 12 Energy Absorption comparison for models at 5%, 10% and
15%, respectively
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Fig. 13 Total overall Energy Absorption comparison for all models

Figure 13 compares the total overall energy absorption
for all fifteen Al foam models. The energy absorption for the
model with 10% composition is at the higher region with
optimum deflection time compared with 5% and 15%
models. This shows that the increase of percentage
composition of air voids beyond 10% decreases the
material's stiffness relatively compared to 10% air voids
foamed Aluminum foam.

In the same manner in C)

Fig. 12 a, b and c, as porosity increases, the energy
absorption decreases, except for models at 1.5mm.

C)

Fig. 12 and Fig. 13 show that the elastic properties
decrease with increasing porosity and percentage
composition of the Al foam. This decrease in results is
because higher porosity elastic deformation may easily
occur, resulting in a reduction in energy absorption rate.

This leads to selecting the optimum air voids composition for
the best energy absorption.
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5.2. The Effect of Percentage Composition on the Impact of
Energy Absorption

Fig. 13 shows the model at 10% void fractions are
maximum in energy absorption capacity compared to other
models with 5% and 15% voids percentage. The
characteristics of the material to absorb good impact energy
for automotive applications should exhibit slow and
progressive collapse bubbles (voids with air) and a smooth
energy absorption graph. As in C)

Fig. 12 and Fig. 13, the percentage composition also
highly affects the impact energy absorption rate of Al foam.

5.3. The Effect of Pore Size on the Impact of Energy
Absorption

As shown in all the graphs above and Fig. 14 below, the
increase of pores from 1.5 mm to 3.5 mm leads to a decrease
in the stiffness characteristics of the Aluminum foam. This
implies that low-stiffness material results in low-impact
energy absorption.

As shown in Fig. 14 for the model, at 5%, 10%, and
15%, the energy absorption decreases when the bubble radius
(pore size) increases from 1.5 mm to 3.5 mm. However, the
models shown in Figure 14 give the parabolic shape, which
means that it is minimum at starting for the minimum bubble
radius and increases with an increase in radius up to 2mm,
then decreases for a higher bubble radius. Therefore, these
show the optimum bubble size with respective percentage
composition of Aluminum foam for the best impact energy
absorption applications is the model at 10% composition
with 2mm pore size. Because herein this figure model with
10% at radius R2 = 2 mm bubble size absorbs energy by
44.18% more than models at 5% and 53.41% more than
models at 15% composition.
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5.4. The Effect of a Foaming Agent on the Impact of
Energy Absorption

In the process of foaming Aluminum foam for impact
energy absorption applications in automotive and aerospace
engineering, fine ceramic Silicon Carbide (SiC) and Boron
Carbide (B.C) foaming agents were used as additions to
enhance the performance of Al foams. Results indicated that
the additions of the ceramic particle, such as SiC, showed a
moderate effect, whilst the B4C showed a minor effect on the
energy absorption enhancement of Al foam[16][21] [22].

However, now this research introduces another foaming
agent called bubbles (void with air) for Aluminum foaming
for impact energy absorption purposes.

5000
4500
4000

5 3500

S 3000

S 2500
2

£ 2000
§ 1500
2 1000

11]

500
0

e A| Foam with air bubbles
——— Al foam with CaCo3
Al foam with B4C

e Al foam with SiC

0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006

Time (Sec)
Fig. 15 Comparison of Al foaming agents for energy absorption

As shown in Fig. 15 above, the maximum energy
absorbed by the models is 4676.937 J, 1653.84 J, 1540.2 J
and 1476.69 J for Al foam with bubbles (voids with air), Al
foam with SiC, Al foam with CaCos and Al with B4C
respectively. As indicated in this figure, using bubbles (voids
with air) for Al foaming enhances or increases the energy
absorption capacity of the candidate materials from 1653.84
J, 1540.2 J and 1476.69 J to 4676.937 J than using SiC,
CaCos, and B4C respectively. In addition to these, when the
new Al foam at 10% void fraction is compared to the other
existing foaming agent called silicon carbide, its energy
absorption was increased by 92.8% from 17.33 MJ/M? to
24277 MJM® and 86.4% from 33MJ/M® to 24277
MJ/M3[6][21]. On the other hand, Fig. 15 shows that using
air bubbles (voids with air) as a foaming agent makes the
candidate material lighter in weight than other foaming
agents. This intern uses for fuel economy for vehicles.

6. Conclusion

In the numerical analysis of closed-cell Aluminum foam
for energy absorption purposes, specifically for wvehicle
frontal impact condition applications, the energy absorption
capacity of Al foam should be kept high, and the weight of
the foam material should be as low as possible for fuel
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economy. Therefore, from the previous results and
discussions, the closed-cell Aluminum foam model with a
10% void fraction at a bubble size radius of 2mm is selected
as a new material to manufacture impact structures for
automotive and aerospace engineering companies.

The following conclusions are drawn from this paper.

e The energy absorption capacity of closed cell Al foam
at a pore size of 2 mm with 10% porosity percentage
composition was 4676.937 J.

e To absorb 4676.937 J of impact energy during a
collision, the candidate closed cell Al foam deforms a
maximum of 1.4493 mm.

e The mass of the closed cell Aluminum foam with air
bubbles was reduced by 7.3% from 0.14104 kg to
0.068138 kg and 6.8% from 0.13618 kg to 0.068138
kg than using CaCo3 and B4C foaming agents,
respectively. These obviously show that using air as a
foaming agent makes the specimen lighter than other

The energy absorption capacity of closed cell Al foam
with bubbles (void with air) was increased by 74.77% from
1653.84 J to 4676.937 J, 76.5% from 1540.2 J to 4676.937 J
and 77.4% from 1476.7 J to 4676.937 J than using SiC,
CaCo3 and B4C foaming agents respectively, and increased
from 17.33 MJ/M3 to 242.77 MJ/M3 and from 33 MJ/M3
than using Silicon Carbide as a foaming agent and
Aluminum foam filled steel. These results indicate that the
foaming of closed cell Al metal with randomly and finely
distributed pores (voids with air) increases the materials'
stiffness to absorb more energy with optimum time.

Finally, the pore size, percentage composition and
foaming agent (particles) highly affect the impact energy
absorption of Al foam in addition to its microstructure
arrangement.
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