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Abstract. Metallic foams have attracted attention of all the industries because of
their high strength to weight ratio and long life. Particularly, aluminium foams
have approximately uniform pores in the structure which is responsible for their
higher mechanical properties in comparison to the conventional structure. In the
present work, the aluminium foams were developed by powder metallurgy
technique using the camphor as a space holding and Al6061 powder as a matrix,
mixed using a ball milling machine at 200 RPM for 30 minutes, compacted using a
universal testing machine at 450 MPa pressure and sintered in a muffle furnace at
500°C for one hour, the camphor burns out and aluminium foam developed. With
an increase in the volume fraction of camphor by volume up to 50%, porosity
increases, compressive strength decreases by almost 66%, compressive strain
increases by almost 100%, and the highest strain energy is absorbed by 30%
camphor-based aluminium foam.
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1. Introduction

Aluminium foam is lightweight material characterized by a combination of low density,
higher porosity, higher energy absorbing properties, higher damping & acoustic
dissipation properties, higher heat dissipation and good mechanical strength [1-6].
Because of its great mechanical and natural characteristics, it is preferred as lighter
material for Aerospace, automobile, defence, military vehicles, and bullet trains for
better fuel economy and higher energy absorption during a collision [7-9]. The metallic
foam has two types one is open-cell which allows the fluid to penetrate and flow across
it is mostly used for heat exchange and chemical circulation like as a bipolar plate of a
PEM fuel cell [10]. Another is closed-cell having higher mechanical and energy-
absorbing properties [11-13]. Because of these characteristics, closed-cell foam is used
for structural components in Automotive, Locomotives, Construction and Building [14-
15]. For the development of metallic foam using some different technology like Stir
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casting, Lost foam casting, Injection of gas casting, Sintered fibre, Replication/ Space
Holding technology, Additive manufacturing technology and Powder metallurgy
technology [16-19]. During the production of metallic foam, many points need to
consider like the cast of the production, material utilisation, thermal/electric power
utilisation and easy production technology [20-21]. Also, some production technology
created defects in physical characteristics, such as not uniform pores distribution,
uneven pore size, misrun of materials, space holding materials floated out etc [22-23].
so overcome some problems using powder metallurgy for the development of
aluminium foam, the density of materials can be reduced by adding the foaming agent
in powder form which can be mixed properly and compact and sintered, foaming agent
burnout and generates the pores in the structure which lowers the density hence
reducing the mass of the structure [24-25].

In this present research work, a powder metallurgy technique was used to develop
the aluminium foam by using camphor as a space holding, it shows more uniform pores
in the structure.

2. Experiment
2.1. Materials

In the present research work, fine Aluminium alloys Al6061 powder having size 5-
30um which is verified by figure 1 shows the SEM image of Al6061 powder used as a
base material and camphor (C;yH;4s0) powder as a space holding material its particle
size 5-50pum. Aluminium alloys having composition by weight fraction are Mg-0.8-1.2,
Si- 0.40-0.80, Cu-0.15-0.40, Cr-0.04-0.35, Mn-0.15 max, Fe-0.70 max, Zn-0.15 max,
Ti-0.25 max, Other are 0.05 max each and 0.15 max all and remaining are aluminium
[26-27].

2.2. Aluminium Foam Preparation

This research work used the powder metallurgy technique for the preparation of
aluminium foam that contains Al6061 aluminium alloy powder at 30pm particle size
and camphor (C;oH;c0) powder (1-50um particle size) as a foaming agent. It is mixed
in a ball milling machine at 200 rpm for 30 minutes, here power and steel ball ratio in
the mass fraction is 1:4 [28]. To study the effect of porosity, four different fractions of
camphor and aluminium by volume/volume- 20/80%, 30/70%, 40/60%, and 50/50%
pure Al6061. The mixed powder of aluminium and camphor inserted in the die has a
diameter of 20.20 mm. Then it was compacted by using a UTM machine (Model no-
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7ZD-40) at a pressure of 450 MPa, hence the green compact specimen was prepared [29-
30]. After measuring the dimension and mass of the green compact, it is sintered in the
closed Muffle furnace (Model no- AI-106) at a temperature of 500°C for one hour and
the furnace is cooled to room temperature. During sintering camphor burn-out from the
compact specimen generates pores, due to this process, aluminium foam is prepared
[31-32]. Sample preparation and experimentation process is shown in figure 2.

Powder Materials Ball Milling Compaction Green Compact Sintering

Compression Test (UTM) Optical Microscopy XRD Al-Foam

Figure 2. Sample preparation and experimentation process.
2.3. Characterization and Testing

To identify the different phases that are present in the crystalline sample, as well as to
determine the size and strain, an X-ray diffraction study of the sample with a thickness
of (3 mm) was performed. X-ray diffractograms are taken using an X-ray
diffractometer which is installed in CIR lab MNNIT Allahabad.

The material's physical, mechanical, and other characteristics are influenced by the
size of the grains, the presence of phases, and the interparticle adhesion. Therefore,
optical microscopy is highly helpful for figuring out the differences in mechanical and
other properties. Omnitech Optical microscopy is available in MS lab MNNIT
Allahabad. An optical microscope uses visible light and a system of lenses to magnify
images to observe the porosity of the aluminium foam.

Compression testing of samples was performed to know the compressive strength
of the material. The compression test of the aluminium foam sample is prepared
according to ISO 1314 standards. Small samples with a length-to-diameter ratio (L/D)
of 0.8 were prepared. The compression test for different compositions was performed
on a hydraulic Universal Testing Machine (UTM) [33-34].

3. Result and Discussion

The physical and mechanical properties of the aluminium foam are examined by the
numerical and experimental techniques which are the following:

3.1. XRD of Aluminium Foam

The X-ray diffraction analysis image is shown in figure 3 which shows the different
phases present in the aluminium foam. This XRD analysis observed that the phases of
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Al, and AIMg, reveal the strengthening of metal foam and the oxide of aluminium like
AlL,O5 enhances the viscosity and reduction of intensity in terms of counts as per the
porosity increases.

3.2. Scanning Electron Microscopy

Figure 4 shows the SEM image of aluminium foam pores distribution. For the
development of aluminium foam after mixing the A16061 powder and C,oH;cO powder,
compaction and sintering were done. During sintering, camphor burns out and creates
the pores and agglomeration of aluminium particles in the sintered specimen which can
be observed at the microscopy level by the SEM.
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Figure 3. XRD of Aluminium Camphor based foam. Figure 4. SEM of Sintered compact Aluminium
foam.

3.3. Optical Microscopy

Figure 5 shows the optical microscopy of C;oH;s0-based Aluminium foam. Here A
denotes an optical microscopy image of the Pure Al6061 100Vol% and A’ porosity.
Similarly, B indicates Al6061+ CoH;sO 20Vol%, C- Al6061+ C1,H;s0 30Vol%, D-
Al6061+ CoH O 40Vol%, E- Al6061+ Ci,H;sO 50Vol% and A’, B’, C’, D’, & E’
indicate the porosity in the green colour of the Al-foam which was measured by the
Omnitech optical microscopy software as per the grey level available at pores. Porosity
is more uniform at the particle size level and also at some position agglomeration of
aluminium which reduces the porosity level.
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Figure 5. Optical microscopy of CioH;60 based Aluminium foam.
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3.4. Density and Porosity Relation

After compaction by using a UTM machine the green compact specimen is produced
by using the numerical formula technique (density is equal to mass divided by volume
of the specimen), to find out the density and porosity deviation with a standard value.
From the bar chart of the green compact aluminium foam which is shown in figure 6
for the pure Al-foam, the density is about 2.59 g/cm® and its porosity is about 3.997%
only but camphor was added, the density of the green compact gradually decreases and
porosity was increased. As per the volume fraction of camphor added at 20%, 30%,
40%, and 50% volume fraction of aluminium and camphor, the density reached the
2.338 g/em’, 2.233 g/em’, 2.078 g/em’, and 1.979 g/em® and porosity are 13.39%,
17.30%, 23.023%, and 26.261%.

After sintering the green specimen, the sintered compact specimen was produced.
In the pure Al-foam, it was observed that sintering swollen specimen so the density is
reduced and porosity is increased and Al-foam-camphor compacts during sintering and
camphor burn out generates the pores in the specimen, hence foam is developed. With
increasing the volume fraction of camphor 20%, 30%, 40%, 50% and pure aluminium
the density of sintered compact is observed as 2.021 g/cm’, 1.798 g/em’®, 1.59 g/em’,
1.34 g/em’ and 2.374 g/em’ and the percentage of porosity is observed as 25.128%,
33.385%, 41.092%, 50.344 and for pure aluminium 12.056%. Density and Porosity of
the sintered compact specimen are shown in figure 7.

50
B * g B £
) > CX N =
" g g
4 H £, =
& 10 0 a 5
& & & # & & e & v &
ar@ o %jre e"F e‘U@ & *Ul? ¢ ¢ eG&
b bl 2
¢
v‘f & rﬁé} & v‘j r‘ﬁu ?*f &
Composition Composition

Figure 6. The Green Compact density and porosity. ~ Figure 7. Density and Porosity of the sintered
compact specimen.

3.5. Compression Test

The compression test performs on UTM machine model no- ZD40 at the strain rate of
0.01 to analyse the stress and strain behaviour of aluminium foam prepared using
Al6061 & CoH;O at the volume fraction of 0%, 20%, 30%, 40%, and 50% of
CioH160 by powder metallurgy technique shown in figure 8. The highest stress value
obtained during the crushing of pure aluminium foam was 165.542 MPa, 20 Vol.%
C,oH 60 aluminium foam 154.420 MPa, 30 Vol.% C,yH;s0 Al-foam 135.738 MPa, 40
Vol.% C,oH;cO aluminium foam 104.560 MPa and 50 Vol.% C,,H;s0O Al-foam 64.384
MPa at the percentage of strain are 40.117, 58.449, 67.980, 53.603 and 46.406. With an
increase in the volume fraction of camphor by Volume up to 50%, porosity increases
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and compressive strength decreased by almost 66%, and compressive strain increases
by almost 100%.
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Figure 8. Stress-Strain curve of camphor-based closed cell Aluminium foam.
3.6. Compression Energy Absorption

After the compression test of different compositions of aluminium and camphor of
aluminium foam, the stress-strain was obtained. The area occupied under the stress-
strain curve is called toughness energy in the form of Jule. That is also known as the
amount of strain energy absorbed by the samples during compression shown in figure 9.
The highest amount of strain energy absorbs by the 30 Vol.% C,0H;¢O aluminium foam
is 59.5 Jule and for pure Al6061, 20%, 40%, and 50% volume fractions of camphor
aluminium foam compression strain energy absorption are 41.5 Jule, 55.8 Jule, 54.1

Jule and 39.5 Jule.
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Figure 9. Compression Energy absorption of different composition of aluminium and camphor aluminium
foam.

4. Conclusion

In the present work, aluminium foams have been successfully prepared using C,oH;s0
by powder metallurgy techniques.

Due to high reactivity, aluminium reacted with oxygen to form alumina. XRD
analysis confirmed the presence of Al,Os.

SEM analysis confirmed the formation of uniformly distributed close-cell porosity.
In only a few places, the space holder didn’t mix properly because the aluminium
particle agglomerated and diffused together.

Optical microscopy also confirmed the formation of close cell porosity.
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With an increase in the volume fraction of camphor, porosity is increased. The
highest porosity 51.23% was obtained for the foam fabricated using 50% camphor.

With an increase in the volume fraction of camphor up to 50%, compressive
strength is decreased by almost 66%.

With an increase in the volume fraction of camphor by 50%, compressive strain is
increased by almost 100%.

The highest strain energy absorbing property was observed by the 30 Vol.% of
camphor-based aluminium foam.
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