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Abstract

Metal foams are solids where the gas is filled inside uniformly in the metal matrix. Blowing agent supplies air inside the
parent metal, and metal foam has emerged to be a promising material because of its low density, high absorption capacity, low
thermal conductivity and high strength which finds its huge applications in automobile components. The present work deals
with the application of the aluminium metal foam with different densities 200 and 400 kg/m® in automobiles. Various tests
such as toughness, hardness, bending and compression are carried out for four chosen densities, and the values are compared
with the aluminium base metal. The result showed that the hardness value increased significantly by 24.48% with the rise in
the density from 200 to 400 kg/m>. Maximum modulus of resilience for the low-density specimen is found to be 2.21 MJ/m°.
Surface topography showed irregular pore shapes with discontinuity, resulting in a loss of cell integrity with the neighbouring
cell walls. This affected the performance of the foam significantly. Thermal experiments were carried out to determine the
thermal conductivity where thermal conductivity increased by 122% with the rise in the density from 200 to 400 kg/m?.
Based on the results, it is concluded that aluminium foam with density 400 kg/m> can be recommended for use in automobile
applications due to its lightweight properties, which contribute to improving fuel efficiency, impact absorption capacity and
the vehicle’s speed. Additionally, the air trapped within the foam cells serves as a sound barrier and insulator in cars.
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Chemical Formulas

TiH, Titanium hydride
CaCO3  Calcium carbonate
CO, Carbon dioxide gas
H; Hydrogen

1 Introduction

Metal foam is a cellular structural material that is lightweight
and naturally aesthetic. Metal foam holds enhanced proper-
ties such as high permeability, high stiffness, low thermal
conductivity, low specific weight, better insulation and
absorption capacity. The mechanical properties of the metal
foam make it appropriate to use them in the automobile and
aerospace sectors. Among them, aluminium foam exhibited
good potential to be used in automobile industries because
of its lightweight, shock-absorbing capacity and durability
[1]. The use of light metallic foam minimizes the weight
of the vehicle to increase the speed and hence to achieve
fuel efficiency. It also absorbs the noise and shocks. The
low thermal conductivity helps to minimize the heat trans-
fer rate. Therefore, it is used in the design of automobile
internal parts. In automobiles, parts such as trunk lid, slid-
ing roof, engine hood, structural parts, bumper, etc. are built
using metal foams [2]. Therefore, the damage caused by the
collisions are reduced [3].

The structure of the foam is classified into open-cell foam
and closed-cell foam. In open-cell foam, all the pores are
joined to allow the matter to pass through it. They are used
in heat exchangers, filters, catalyst supports, etc. In closed-
cell foam type, the cells are separated by a thin film material,
which provides remarkable energy absorption capacity, stiff-
ness and damping properties [4]. It is utilized in noise and
sound insulators, shock absorbers, foam filled tubes, etc.
Mechanical properties such as compressive strength and the
capacity of energy absorption depend on the cell structure,
density and the porosity [5]. Increase in the porosity values
increased the plateau stress and energy absorption capac-
ity. Addition of the TiB; particles in an aluminium foam
increased the foam expansion significantly that increased
the yield strength, proof stress and energy absorption capac-
ity [6]. Some of the merits of aluminium foam with 60 to
90% porosity are good insulator, flame retardant, absorber of
energy, lightweight and durable. It also permits the machin-
ing process like drilling, sawing, welding, etc. at a lower the
machining cost.

Several researchers worked on the metal foam that can
be used for various applications. Sun et al. [7] worked on
fibre-reinforced plastic (FRP), cellular fillers and metals for
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the foam. This hybrid metal foam reduced the weight by
30% and is recommended to be used in aerospace, auto-
motive and railway applications. Abidi et al. [8] used the
friction stir processing (FSP) technique for manufacturing
foam, which gave a porosity of 16.67% and a pore diameter
of 10.5 pm. Foam was found to be applicable in the vehi-
cle frame components. Su et al. [9] worked on a closed-cell
aluminium foam that was utilized in the shock absorption
layers in high-speed railway tunnels. Results indicated that
closed-cell aluminium foam reduced the dynamic response
in a tunnel and exhibited high shock absorption. Azizieh et al.
[10] studied the effect of FSP on the metal foam where the
metal foam with 40% porosity was used in bumpers of auto-
mobiles. It was found that porosity increased with the rise in
the foam temperature. Aquino et al. [11] adopted an analyti-
cal model for the open and closed-cell foam, which predicted
the mechanical properties. Far-field method and asymptotic
expansion homogenization (AEH) techniques were used and
were found that far-field approach was found to be supe-
rior. Analytical results were compared with the experimental
results and they were found to be close. Nisa et al. [12]
utilized metal foam in an automobile part where the mechan-
ical characteristics of porous aluminium alloy or closed-cell
metal foam were studied. It was found that the composi-
tion of the cell wall and the relative density were the key
factors that affected the mechanical properties. Zhao et al.
[13] determined the major influence factors in a metal foam,
such as pore size, shape, and distribution on the mechani-
cal properties such as compressive strength, elastic modulus
and flexural and fatigue properties. It was found that higher
porosity showed improved mechanical properties such as
compressive strength, elastic modulus, flexural and absorp-
tion capacity. Qiao et al. [14] investigated the effects of the
structure of the foam surface used in the vehicles. A corre-
lation was proposed to relate the pore structure and diameter
of the open-cell foam with the mechanical properties. The
computed tomography characterization method was used to
find the change in the strut and pore network. Results indi-
cated that gradient foam had a larger failure stress compared
to bulk foam samples. This design helped to manufacture
lightweight materials compared used in vehicles.

A few researchers have focused on the different mechani-
cal properties of a metal foam matrix, making them suitable
for different automobile and aerospace-related applications.
Gao et al. [15] combined the polymers with the aluminium
foam, and the properties were analysed. Experimental work
revealed that the combination of polymers with foam, yielded
more stiffness and ultimate strength. Parveez et al. [16]
correlated the compressive strength and energy absorption
properties with the size of the cell and its configuration. It
was found that energy absorption reached maximum value,
when the porosity was increased to 60 to 70%. A similar study
was carried out by Marx and Rabiei [17], where the influence
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of the cell configuration of composite foam was related to the
mechanical properties. An increase in the cell size improved
the shock absorption capacity. Kalpakoglou and Yiatros [18]
carried out the analysis which determined the properties of
the metal foam with varying densities. As the density of the
foam increased, there was a rise in the tensile strength and
the relative shear strength. Li et al. [19] applied the metal
foam in the electronic cooling or as heat sinks. This work
analysed the thermohydraulic property of the metal foam
and was found that metal foam implementation increased
the heat transfer by diffusion. This rise in the heat transfer
was due to the rise in the pore size and its density, orientation
and thermal conductivity. Bisht et al. [20] discussed vari-
ous techniques to obtain the high-quality foam. It was found
that the size and fraction of the blowing agent used, decom-
position temperature and metal matrix were responsible for
the foam quality. Marx et al. [21] tested the ballistic capa-
bility of the composite metal foam (CMF) armours which
was tested experimentally against the 14.5 x 114 mm B32
armour piercing which later compared with the different sizes
of armour piercings ranging from 7.62 to 12.7 mm. One-,
two- and three-layer armours were designed using ceramic,
aluminium and steel sheets. The kinetic energy absorbed by
the various CMF layer combinations was compared, and it
was found that CMF was able to absorb 70 to 83% of the bul-
let’s kinetic energy. Garcia-Avila et al. [22] manufactured the
composite metal foam using the powder metallurgy method
and was subjected to impact loads using 7.62 x 51 mm M80
and 7.62 x 63 mm M2 AP projectiles at different veloci-
ties. Results indicated that energy absorption capacity of the
composite foam increased with the impact velocity. Nawaz
and Rani [23] fabricated aluminium alloy 6063 foam using
stir casting method by adding 2% wt. titanium hydride to the
molten aluminium at 800 °C and then cooled down to room
temperature. Archimedes principle was used to determine the
density of aluminium foam and was found to be 2.43 g/cm?.
This work claimed that, decrease in the density, raised the
porosity and improved the shock absorption capacity. Mova-
hedi et al. [24] conducted research on the functionally graded
metal syntactic foam (FG-MSF) with a density of 2.11 g/cm?.
A compression test was conducted to obtain the mechanical
properties of the fabricated metal foam. It was found that,
metal foam could hold higher stress value and can exhibit
higher volumetric energy absorption. Proof stress, plateau
stress and the energy absorption were found to be 75 MPa,
85 MPa and 36 MJ/m3, respectively. Yuan et al. [25] built
a hybrid foam with a polymer combined with a metal foam
and obtained higher stiffness as compared to the neat poly-
mer. It was found that, aluminium ligament oriented along
load direction yielded higher stiffness, whereas the lateral
direction yielded less strength.

After conducting an extensive literature survey, it is nec-
essary to analyse the variation of structural and thermal

properties of foam with differing density values in order to
recommend suitable foam for a particular automobile appli-
cation. The available literature currently does not offer much
information on how the mechanical and structural properties
may vary with changes in density and volume. The avail-
able literature on the heat transfer characteristics for varying
densities of aluminium metal foam is also insufficient to pro-
pose a suitable aluminium foam configuration for automobile
applications. This lack of research highlights a significant
gap in the understanding of aluminium metal foam’s poten-
tial in automotive engineering. Specifically, there is a need
to determine the ideal density of aluminium metal foam that
would result in optimal structural and heat transfer capabil-
ities for automotive components. By identifying the optimal
density, it would be possible to enhance the performance
and efficiency of various automotive systems, ultimately con-
tributing to the larger goal of reducing fuel consumption and
carbon emissions. Therefore, there is a pressing need for
further research in this area to unlock the full potential of
aluminium metal foam in automotive engineering.

The study aimed to bridge the gaps by conducting exper-
imental testing to determine the mechanical and thermal
properties of foams with varying densities. Through an in-
depth analysis of the microstructure, pores and cell walls,
the study aimed to understand their influence on density,
mechanical and thermal properties. As a result, the study
recommends the use of aluminium foam with the appropri-
ate density for automobile applications, as it offers optimal
structural, mechanical and thermal properties. This rec-
ommendation is a novel finding and has the potential to
significantly improve fuel efficiency, reduce fuel consump-
tion and minimize carbon emissions.

Accordingly, objectives include.

1. Varying-density aluminium foams are manufactured
and tested for compressive strength, impact resistance, hard-
ness and bending.

2. Thermal analysis is performed to determine how con-
ductivity varies across different density foams.

3. Scanning electron microscope (SEM) and optical
micrography (OM) are used to examine the microstructure
and its influence on the mechanical properties with varying
densities.

2 Methodology
2.1 Manufacturing Technique of the Metal Foam

Initially, aluminium powder of granule size of 60 pm
selected. To obtain the appropriate foam with required den-
sity, powder of precise property is chosen with a regulated
particle size and dispersion. Moulding tool to form an appro-
priate shape of the foam product is used. It allows the blowing
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agent to be injected inside through the vents or channels
inside the mould. Mould is filled with aluminium powder
and blowing agent, and it is heated to the required tem-
perature. Titanium hydride (TiH>) and calcium carbonate
(CaCOs3) are used as the blowing agents in the current gas
injection technique of foam production. The gas injection
technique enhances the distribution of the blowing agent
evenly throughout the aluminium powder. Calcium carbonate
decomposes into carbon dioxide gas (CO;), whereas titanium
hydride decomposes into hydrogen gas (Hj). Depending
upon the foam temperature range requirement, decompo-
sition temperatures are adjusted. The gas injection method
enhances the gas to dissolve into the melt and when the pres-
sure is released, dissolved gas forms the bubbles within the
metal which creates the foam structure. With the control of
temperature and pressure, the composition and density of the
aluminium foam are obtained. In the present case, density of
foam is varied from 200 to 400 kg/m?.

The heating unit supplies heat energy to a mixture of alu-
minium powder and blowing agent, causing a reaction. The
mixture is heated over melting point of the aluminium. The
reaction between powder and blowing agent allows the bub-
bles to develop inside the aluminium matrix, and the metal is
formed when the required temperature is attained. The pres-
sure control unit regulates the pressure inside the mould and
controls the expansion and development of gas bubbles. Den-
sity, cell size and configuration depend on the pressure inside
the mould. Controlling the pressure helps to ensure a con-
sistent and even foam distribution, resulting in high-quality
products. Finally, the aluminium foam is rapidly cooled using
air to avoid deformation or collapse. Both natural and forced
type convection air flow is adopted for cooling the foam. Air
flow rate varies from 0.40 to 0.55 kg/s and at a temperature
range of 30 to 35 °C. It is allowed to solidify naturally. Air
flow rate is regulated using the blower. Proper cooling is crit-
ical to retain the ideal form, dimension and characteristics of
foam. Figure l1a shows the components and steps involved
in the foam manufacturing process, and Fig. 1b shows the
product.

2.2 Metal Foam with Varied Densities

The gas injection method supplies the gas into the melt, and
when the pressure is released, dissolved gas forms the bub-
bles within the metal, which creates the foam structure. By
appropriate control of temperature and pressure, the com-
position and density of the aluminium foam are obtained.
Aluminium foams of four different densities 200 kg/rn3,
260 kg/m?, 330 kg/ m? and 400 kg/m? are manufactured by
appropriately controlling the pressure and temperature and
are subjected to mechanical characterization.
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Fig.1 a Steps involved in the manufacturing of metal foam.b Metal
foam

3 Testing of Mechanical Properties

The gas injection method involves introducing gas into the
melt. Upon releasing pressure, the dissolved gas forms bub-
bles within the metal, thus creating the foam structure.
Through precise control of temperature, pressure and com-
position, the desired density and composition of aluminium
foam can be achieved. Aluminium foams of four different
densities 200 kg/m3, 260 kg/m3, 330 kg/ m? and 400 kg/m3
are considered, and experiments are conducted to determine
the mechanical properties for varying loading conditions.
The results are compared with that of the conventional
aluminium of density 2700 kg/m>. Compression, bending,
hardness and shock resistance tests are conducted using the
equipment as shown in Fig. 2.

A hardness test is conducted by applying a load on a spec-
imen using an indenter, which is either made of a steel ball
or a conical diamond having a rounded point called ‘brale’.
It is shown in Fig. 2a. A universal testing machine (UTM)
(Fig. 2b is used to carry out compression test). Impact tester
as shown in the Fig. 2c has a swinging mass with greater



Arabian Journal for Science and Engineering

Fig.2 a Hardness tester b
Universal testing machine
(UTM) ¢ Charpy Impact tester

kinetic energy, ruptures the given specimen, which is sup-
ported using an anvil. The energy absorbed by the specimen
is recorded by the movement of the dial pointer. The test
specimen is a square cross section with a length. A notch is
cut perpendicular to the longitudinal axis of the specimen.

Aluminium foam specimen is placed between the jaws
and the force is applied as shown in the Fig. 3a. Figure 3b
shows the specimen after compression. Maximum stress in
the material is calculated by taking a ratio of force by area and
the elasticity is determined by the ratio of the stress by strain.
Bending test is conducted on the rectangular cross-sectional
simply supported foam and is bent till it undergoes fracture.
The assessment is conducted as per ASTM standard which
is an “standard test for flexural strength of Advanced Ceram-
ics at Ambient Temperature.” Figure 4a and Fig. 4b shows
the bending test of the aluminium foam and conventional
aluminium specimen. Bending test gives the relationship
between the deflection and load. Bending moment at yield
point is given by Eq. (1).

FyL
Mypy = 4 ()

Elastic strength is given by Eq. (2) is a ratio of product
of bending moment and centre of gravity to the moment of
inertia.

MbyC

@

Modulus of resilience is given by the ratio of the product
of vertical force and deflection to the volume of the metal
foam.

FyAL
u= 3)
2AL

My, = =2 @)

Modulus of rupture is given by product of maximum bend-
ing moment and centre of gravity to the moment of inertia.
It is given by Eq. (5).

My, C
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1
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Modulus of toughness is defined as the ratio of the product
of maximum force and maximum deflection to that of the
volume.

_ 2Fmax8max

T,
¢ 3AL

(6)

Elasticity modulus can be calculated by taking the slope
of stress and strain. It can also be determined by the Eq. (7).
3

_ FyL
4814,

)

Thermal conductivity of a material determines the amount
of heat flow through a material. A specimen of length L and
the cross-sectional area A. is considered. It is heated at one
end with a heat source that supplies energy and maintains a
temperature of T at one end. Four foam specimens and an
aluminium specimen are considered, and the temperatures at
its tip for each minute are recorded for 15 min after steady
state is reached. By using Fourier’s law, thermal conductivity
k of the specimen is determined using Eq. (8). d7/dX is the
temperature gradient.

. dT
0= kAo @®)
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Fig.3 a Specimen placed
between Jaws of UTM.b
Specimen after compression

Fig.4 a Bending of aluminium
foam specimen using of UTM.b
Aluminium specimen bent
model.c Determination of
thermal conductivity

e
e

(b)

Heat source

4 Results and Discussion

Various structural and non-structural tests have been con-
ducted with the variation of density for the metal foam struc-
tures. The results are compared with the standard aluminium
material. Impact, hardness, compression and hardness tests
were conducted as structural, whereas the thermal analysis
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determined by the heat flow variation through the prepared
specimens.

4.1 Impact Test

Aluminium metal foam of four different densities was
considered along with the solid aluminium. Two sets of
specimens, that are notched and un-notched, are considered.
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Figure 5(a) shows that the energy absorbed by the metal foam
with un-notched specimens are higher than the notched spec-
imen. This is because of the stress concentration factor in the
region of uneven point of the solid. In case of notched speci-
men, whole stress acts on the point and decreases the energy
absorbing capacity [26]. It was found that with the rise in
the density of the material, the impact energy absorption is
greater. For lower density foams, lower impact strength may
also be due to large voids in the fibre which leads to crack ini-
tiation easily [27]. The material distribution in an aluminium
foam is scattered which is a non-uniform fibre orientation.
This leads to lower energy absorption in the aluminium foam
compared to the solid aluminium. Also, it has been found that
the expansion of foam cells resulted in the displacement of
fibre in terms of translation and rotary motion [28]. However,
considering the weight consideration, aluminium foams are
better than the standard alumimum metal even though their
impact strengths are marginally lower.

The percentage difference between impact strengths for
notched and un-notched specimens is depicted in Fig. 5b. It
is found that the impact strength difference between notched
and un-notched specimen is higher for the low-density spec-
imen and as the density increases, the percentage difference
drops from 57.14 to 40% among foamed specimens. For the
solid aluminium metal with density of 2700 kg/m?, the per-
centage difference drops to 23.07%. Higher density of the
foam increases the structural arrangement of metal fibres
and atoms, and hence impact absorption capacity. Therefore,
higher density foam material (400 kg/m>) gave high impact
resistance in automobiles.
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Fig.6 Hardness number with the variation of density

4.2 Hardness Test

Hardness refers to the ability of the material to withstand
indentation or scratches. The hardness number is found to
increase with the rise in density, as shown in Fig. 6. The rea-
son for the increase in the hardness number with the rise in
the density is that the arrangements of the atoms in the highly
dense material are closer, which increases the bond lengths
and hence it, offers a high hardness level. Lesser dense metal
foam has more porosity. As the porosity decreases, the deflec-
tion on the cell wall also minimizes, which means the indenter
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needs to be pressed harder or, in other words, its larger hard-
ness level. With more dense material, the pores get narrower,
and the cell walls support one another to increase the over-
all rigidity across fibres [29]. When the metal foam density
increased from 200 to 400 kg/m3 , there was areduction in the
intercellular space and therefore the hardness value increased
from 34.55 to 45.75 which is 24.48% difference in the value.
Also, the aluminium metal with minimum voids gave a hard-
ness value of 92.33. It is shown in Fig. 6.

4.3 Compression Test

Compression tests have been conducted on the metal foam
specimens with the dimensions 50 mm x 50 mm x 100 mm
with the load ranging from 0.3 to 7.65 kN. Higher deflection
was noticed as the load on the specimen was increased as
shown in the Fig. 7a. Due to the presence of larger voids
and fewer molecular bonds in low-dense foams, there is
more deflection observed. Also, low-dense material offered
higher collapsibility and lower elastic strength [30]. Alu-
minium metal gives a minimum deflection of 0.5 mm since
the molecules are closely bonded. Figure 7a shows that stress
and strain are related and form a plateau regime, which is
associated with the collapse of the cell of the foam. As the
cells collapse, the opposite walls touch to raise the strain val-
ues significantly with the increase in the stress. The plateau
regime increased with the rise in the density under compres-
sive condition. It is because of the decrease in the pore size
that affected the compressive stress of the foam. The col-
lapse of the aluminium foam is initiated from the top point
and leads to a collapse to the bottom. This deflection is due to
the compressive energy absorption. The nature of the curve
is mainly due to the pores and complex arrangements of the
voids [31]. For any density value, there is a drop in the strain
value in the range of 10 to 11% for each step rise in the stress
values as shown in the Fig. 7b. As the stress increased from
0.12 to 3.06 MPa, there was a drop in the strain by 53.68% for
the foam material density of 400 kg/m3, whereas the drop in
the strain value for aluminium material was 0.4%. The cur-
rent experimental results concluded that there is a rise in the
energy absorption behaviour of foam, which is desired for
components used in automobile applications.

4.4 Bending Test

The prepared specimen with the dimension 120 mm x 50 mm
x 30 mm is fixed at both the ends and subjected to a shear load
in the range of 17.55 kN to 26.35 kN. Deflection due to the
load is noted down till the fracture point and using the gen-
eral Egs. (3), (6) and (7), Modulus of Resilience, modulus of
toughness and modulus of elasticity are determined and rep-
resented graphically for foam of varying density. Figure 8a
shows that, with the rise in the load application at the centre of
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the simply supported beam, the specimen deforms uniformly.
From the load of 17.55 kN to 26.35 kN, the foam material
with different densities gets deflected by almost 28 mm which
leads to a failure afterwards.

Three point bending test was conducted and it was found
that the deflection with the load variation was linear until
it reached the yield point and after that the nonlinear trend
was observed as shown in the Fig. 8a. Sample failed after-
wards due to the brittle cracking when it reached the tensile
stress at the bottom surface of the tested beam. For the given
length to the depth ratio, moderate crushing was found in the
specimen. Lower density foam specimen gives larger deflec-
tions because of the discontinuity in the specimen because of
the larger voids associated with it [32]. Foam structure can
be used in automobile bodies because of the higher bend-
ing capability with the absorption of shocks, which is very
well justified by the results shown in Fig. 8a. Term resilience
represents the capacity of material to absorb the energy and
recover from the deformation without a failure. It can be
evaluated by the ratio of the product of the load and its deflec-
tion to the total volume of the specimen. Higher resilience is
vital in aerospace and automotive applications. Resilience is
directly dependent on the deflection and is found that there
is a rise in the value from 0.087 to 2.21 N/mm? for minimum
to maximum load variation for the low-density specimen. It
is equivalent to the energy absorption of 2.21 MJ/m?3. For
higher density values, the energy absorption reduces signifi-
cantly because of the increase in the stiffness because of the
higher intermolecular bonding. Solid aluminium specimen
has a resilience of 0.21 MJ/m> which fractures with lower
deformation value. The values for the foam are compara-
tively higher than the standard aluminium showing the better
suitability of aluminium foam for automobile and aerospace
industrial components.

Modulus of elasticity can be evaluated by finding the slope
of the stress strain curve or can be determined using Eq. (7).
Modulus of elasticity increases with the rise in the density of
the foam because the capacity for the foam to regain its orig-
inal state increases with the rise in the molecular bonding.
It is shown in the Fig. 8b. In terms of theoretical equation,
elasticity is directly proportional to force and the length, and
inversely proportional terms such as inertia and the deflec-
tion. Force, lengths and the inertia remain constant, whereas
the deflection varies for varying densities. This is the reason
why there is a rise in the elasticity modulus with the rise
in the density of the foam material. Another reason being
the phase density, which is defined as the number of atoms
present in a plane of a material to the total area of the plane.
It is responsible for the mechanical properties of each plane.
With the rise in the density of plane, the atomic movements
with the dislocation motion mechanism need high force. The
rise in the force means, there is an increase in the elasticity
[33]. With the rise in the density, the modulus of elasticity
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increased by 7.16%for the highest load applied. The above
behaviour suggests that foam with density 400 kg/m> can be
suitable candidate for its use in automobile and aerospace
industries.

Modulus of toughness as shown in the Fig. 8c is defined
by the ratio of the maximum bending moment to its total
specimen volume which is shown in the Eq. (6). Toughness
indicates the ability to absorb shocks without deformation.
For a maximum load of 26.35 kN, the deflection observed
for a highly dense material is high, which indicates higher
energy absorption. As the density increased, there was a
rise in the toughness value by 5.10%. High dense material
has more plastic strain which rises the toughness modulus.
Even though structures are designed to keep stresses with the
region of elastic limit, ductile material with high toughness
modulus is better suited when an overload occurs.

Stress (Mpa)

(d)

4.5 Thermal Analysis

The thermal conductivity of a material determines the amount
of heat flow through the material. In this study, a specimen
with a length of 10 cm and a cross-sectional area of 1 cm
x 1 cm is considered. It is heated at one end with a 4 kW
heat source and maintains a temperature of 3 °C at one end
after reaching steady-state conditions. Figure 9A shows a
photograph of the experimental test rig used to determine
the thermal conductivity of a solid specimen. To minimize
convective heat transfer to the ambient environment, the spec-
imen is covered with thermal insulation. It is connected to a
heat source and wrapped with two layers of 8 mm thermal
tape. Thermocouples are strategically positioned to measure
the temperature at various points on the specimen. Four foam
specimens and an aluminium specimen of equal dimensions
are included in the study. The specimens are subjected to
electrical heating, and after 15 min, temperatures at equal
intervals along the length of the specimen are recorded. The
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Fig. 8 a Deflection & modulus of resilience with respect to load and different density foam.b Modulus of elasticity with respect to density.c Modulus

of toughness with the density of foam

temperature gradient is determined, and using Fourier’s law,
the thermal conductivity of each specimen is evaluated and
presented in Fig. 9B.

It is found that with the rise in the density of the foam
material, the thermal conductivity of the material increases
and reaches the maximum limit for the solid aluminium mate-
rial. When the internal structure of varying density samples is
studied, the internal cell pore diameters are different, and that
sample of expanded cellular pore gave low thermal conduc-
tivity because of lesser connections between the cells. The
heat flow in the larger voided specimen is restricted or the
thermal resistance in these specimens are high [34]. Trend of
the results showed the similar pattern of thermal conductiv-
ity variation from the earlier published literature [35]. Larger

@ Springer

voids have more air space and heat transfer from one point to
the other may be reduced because of natural air convection
taking place within the space. Graphical representation indi-
cated that with the rise in the aluminium foam density from
200 to 400 kg/m?, there is a rise in the thermal conductivity
from 18 to 40 W/m °C, which is a 55% rise in the absolute
value. However, there is a rise of 487.5% in thermal con-
ductivity for a normal aluminium metal from an aluminium
foam specimen. Therefore, foam with a density of 400 kg/m?
can be considered as an insulator on the automobile’s outer
body, which minimizes the heat flow as compared with pure
aluminium justifying the suitability for such applications.
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4.6 Comparison of Material Properties Between
Metal Foam with the Base Metal

After carrying out various tests pertaining to impact, hard-
ness, compression, bending and thermal properties, it was
found that, as the density of the foam increased, the perfor-
mance improved significantly. In the present case, aluminium
foam of density 400 kg/m> gave higher results as compared
to the properties of lower densities. Even though there is a
considerable difference in material properties between the
aluminium foam and the base aluminium material, as seen
from Table 1, the foam is found to be absorbing more energy
due to impact because of higher deflection, is more resilient,
and can act like an insulator due to lower thermal conductiv-
ity. These properties are vital in using the foam material in
automobile and aeronautical application.

4.7 Microstructure of the Foam Material

The optical microscope (BX53M, Olympus) and field emis-
sion scanning electron microscopy (FESEM) (7610FPLUS,
Jeol) were used to examine the surface morphology of the
samples. Figure 10a shows the cell wall, Fig. 10b shows
the pores and Fig. 10c displays the optical and FESEM
micrographs of the aluminium foam sample. The surface
topography shows a combination of smooth and textured
surfaces. Additionally, the micrographs reveal irregular pore
shapes with discontinuity in the cell wall structure. The pres-
ence of these pores with an irregular cell wall structure results
in a loss of cell integrity with the neighbouring cell walls,
thereby compromising the mechanical strength under exter-
nal loads [36]. As the number of pores in a material increases,
the material’s density decreases. When density increases,
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Table 1 Material properties comparison between aluminium foam and
aluminium base material

Properties
tested

Al foam p =
400 kg/m3

Al p =
2700 kg/m?

Percentage
difference

Impact 0.004 0.0104 61.53
strength

un-notched

Impact 0.0024 0.008 70
strength

notched
Hardness test 45.75 92.33

Deflection due 56 0.5
to
compression

Strain due to 0.44
compression

Deflection due  28.2 3
to bending

Modulus of 2.21 0.21
resilience
due to
bending

Modulus of 299
elasticity due
to bending

Modulus of 2.94
toughness
due to
bending

Thermal 40 235
conductivity

50.44
99.10

0.995 55.71
89.36

90.49

2810.6 89.36

27.66 89.37

82.97
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Fig. 10 Micrographs of aluminium foam (p = 400 kg/m3) sample a Optical micrographs with the cell wall b Optical micrographs with the pores
indicated.c FESEM micrograph with a square box highlighting the magnified image

wall thickness also increases and hence porosity decreases.
It exhibits good mechanical properties like impact absorp-
tion and resilience. Slices of the structural form of the model
are considered, and the cells and the air units were counted,
which determined the porosity, and a porosity of 80% was
found for the present study samples. Thus, in comparison to
a solid aluminium sample, the shape, size and distribution of
pores in an aluminium foam sample are crucial in determin-
ing its mechanical, absorption and thermal properties [36].

5 Conclusions

In the present study, aluminium foam with different densi-
ties have been prepared and subjected to characterization to
evaluate the various mechanical and thermal properties. After
conducting an extensive study, the following conclusions are
drawn by varying the density of the foam and load acting on
it.

1. When the foam density increased from 200 to
400 kg/m?, the hardness value increased significantly by
24.48%. For more denser material, the pores get narrower,
and the cell walls support one another to increase the overall
rigidity across fibres.

@ Springer

2. Impact strength difference between notched and un-
notched specimen is higher for the low-density specimen.
As density increases, the percentage difference drops from
57.14 to 40% among foamed specimens.

3. Due to the presence of larger voids, less molecular bond,
high collapsibility and lower strength in low-dense foams, the
deflection observed during compression is maximum. As the
stress increased from 0.12 to 3.06 MPa, there is a drop in the
strain by 53.68% for the foam material density of 400 kg/m?,
whereas the drop in the strain value for solid aluminium mate-
rial is 0.4%

4. The sample with the expanded cellular pore gave low
thermal conductivity because of lesser connections between
the cells. The heat flow in the larger voided specimen is
restricted because of higher natural air convection. With the
rise in the aluminium foam density from 200 to 400 kg/m?,
there is a rise in the thermal conductivity from 18 to
40 W/m °C, with an increase by 55%.

5. Maximum modulus of resilience observed for the low-
density specimen and is found to be 2.21 MJ/m?3. For higher
density values, the energy absorption reduces significantly
because of the increase in the stiffness due to the higher
intermolecular bonding. Solid aluminium specimen has a
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resilience of 0.21 MJ/m? which fractures with lower defor-
mation.

6. The elasticity of the material increased by 7.16% when
the density of foam increased from 200 to 400 kg/m?

7. Micrographs of the aluminium foam sample surface
topography show a combination of smooth and textured sur-
faces. Irregular pore shapes with discontinuity results in a
loss of cell integrity with the neighbouring cell walls, thereby
compromising the mechanical strength under external loads.

8. For a maximum load of 26.35 kN, the deflection
observed for a high dense material is high which indicates the
higher energy absorption. As the density increased there is
arise in the toughness value by 5.10%. High dense material
has more plastic strain which rises the toughness modulus.

Aluminium foam with density 400 kg/m> possess good
stiffness at the lower densities and absorbed the high impact
energy regardless of the direction of the impact load. It acted
as an insulator with its lower thermal conductivity. Being
lightweight, it is efficient in absorption of sound, acts as
vibration dampers, and electromagnetic shielding makes it
an ideal material to be used in automobiles and aerospace
applications.
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