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Abstract: In the present work, aluminium foam has been falteid by sintering an
aluminium and NaCl powder mixture followed by asdlation process. The aim of this
research was to study the effect of NaCl spaceehatdntent on the morphology and
compression properties of aluminium foam. Aluminfoem with porosity in the range of
20-70% and an average pore size of between 400580d:m was produced. Foam
produced using 60 wt% NaCl exhibits the highestgnabsorption because the foam
structure collapsed at higher strain during comgies loading. However, 80 wt% NaCl
resulted in the foam with the lowest compressiveperties and energy absorption
because residual NaCl particles caused brittleness.
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1 INTRODUCTION

As a new class of structural materials, metal foamge a good potential
in automotive, railway, aerospace and chemical iegjibns, where weight
reduction, chemical pollutant minimisation and imy@ment in comfort and
safety are demandédMetal foams have an extended stress plateau in the
compressive stress-strain curves, which is effectior absorbing energy.
Currently, there is an increasing interest in usahgminium foams because of
their advantages, such as relatively high stiffraespite very low density, high
corrosion resistance, excellent noise absorptiah \dabration suppression and
ease of recycling. Thus, aluminium provides environmental and ecomomi
benefits to communities and industries across thumicy. Moreover, aluminium
foams that consist of 20-95% pores exhibit supguenformance in terms of
energy absorption with respect to polymeric foadespite their greater weight
per unit volumé. For example, aluminium foams have a range of aller
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temperatures that is five times larger than thgpalfymer foams, which have a
maximum temperature limit of approximately 10d°C.

Several methods exist for the manufacture of aliumnfoam, namely
melt-gas injection, melt-foaming, powder metallyrggvestment casting and
melt infiltration> Driven by cost effectiveness and flexibility thkgads to
designer foams, powder metallurgy has been comsidarsuitable method for
aluminium foam fabrication and has attracted masgarchers.’ Zhao and Sth
introduced a new development in the powder melyarocess for aluminium
foam fabrication called the sintering dissolutiaogess (SDP), which involves
milling, compaction, sintering and dissolution pgeses. SDP is a process that
uses a space holder, which produces an open-cafhiium foam after
dissolving the preform.

Zhihua et af® reported that the elastic modulus and compressieagth
of foams depend on the relative density and celk.sDensification strain is
sensitive to the relative density; the value desgeawith the increase in relative
density. Consistent with the findings of Zhihuaakf'® Yu et al** observed that
the effect of cell size on the compressive and gnabsorption properties of
aluminium foam can be clearly observed when foaitis karge cell sizes exhibit
an extended plateau in their stress-strain cuwkish indicates a higher energy
absorption capability. From these studies, it ieaclthat the compressive
properties are influenced by the cell size as agllensity of foams.

One of the most difficult tasks in fabricating mktafoams using the
SDP method is to obtain a good distribution of parethe foam structure. The
distribution of pores is important because the prtgs of foam materials depend
on their pore structure. Another problem faced mwrialuminium foam
fabrication using SDP is the inhomogeneity of peinapes because of the strong
relationship between morphology and mechanicalgntigs. Jiang et dlclaimed
that aluminium foams made by SDP may have weakathamécal properties
compared with those fabricated using other techesqsuch as infiltration or
casting methods. Generally, pore shape is reflebtethe shape of the space
holder. For example, Mu et af.who investigated the compressive deformation
and failure process in aluminium foams, concluded pore shape influences the
mechanism pore deformation.

Many researchers have investigated the effect o ghape and seem
more interested in rounded space holders to avoedssformation between the
space holder and metallic powder. The amount ofespelder used will affect
the morphology of foam structures when intercoreggtores are formed, which
make the pore size become larger. To obtain a fetotture with a tailored
morphology distribution, an appropriate space hoidast be selected to control
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the shapes of pores. Jiang ef &bricated open-cell aluminium foams with
porosities between 50% and 80% using carbamidey Ttwend that the pore
shape obtained depended on the shape and sizébudistr of carbamide.
Michailidis and Stegioudialso applied the same method using crystalline raw
cane sugar to produce open-cell metal foams witbgities in range of 40—-70%.

Based on the problems mentioned above, it can iteraged that the
morphology and porosity of aluminium foams dependi®e compaosition of the
space holder used in the fabrication process.ithgaper, aluminium foam with
different cell sizes and densities were fabricateithg a NaCl space holder. The
aim was to correlate the amount of NaCl to the poeogphology and densities of
aluminium foams to improve the compressive propsrind energy absorption
capability of foams.

2. EXPERIMENTAL

Pure aluminium powder with a purity of 99.8% andtigke size of 35
um was used as the starting material. NaCl withvemage particle size of 1 mm
was chosen as the space holder. The aluminium powag mixed thoroughly
with the NaCl particles in a ball mill for 1 houcarding to the composition
ratio listed in Table 1. A small amount of etham@ls added during milling to
prevent powder segregation. The mixture was presge@00 MPa into a
cylindrical compact. The green compact was sintémnes tube furnace at 570°C
under an argon atmosphere for 5 hours of soaking. tThe NaCl particles in the
sintered aluminium were removed by dissolutionabwater at 90°C for 1 hour.

Table 1: Compositions of mixture powder.

Foam Al (Wt%) NaCl (wt%)
Al-20NacCl 80 20
Al-40NacCl 60 40
Al-60NaCl 40 80
Al-80NaCl 20 80

The density and porosity of the produced foams vealeulated from
Equations 1 and 2° The structure of the aluminium foams, includindl ce
morphology and microstructure, was examined usin§tereo Zoom optical
microscope and Supra 35VP field-emission scannifegtren microscope
(VPFESEM).
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Foam density p, ., = _wa o 1)
wC-— Wb liquid
. pf
Foam porosity,p.n= |1- P x 100% (2)

Py = 27g/cni, P = foam densityp,,,, = 1g / cn?

The compressive properties of the foams were medsusing an axial
mechanical testing machine at a crosshead speedl ofm/min at room
temperature. The specimens used for the compredsginwere 13 mm in
diameter and 26 mm in height. The energy absormifotihe aluminium foams

can be calculated from the area under their sB&as: curves using Equation
3:13,14

W = J':st (3)

where W is the energy absorption capability, andnde are the compression
stress and strain, respectively.

3. RESULTSAND DISCUSSION
31 Density and Porosity of Foams

Figure 1 shows the density and porosity of foamth wifferent NaCl
contents. It can be observed that solid aluminia® & higher density compared
with aluminium foam. It is clear that the additimi NaCl particles during
fabrication reduces the density of aluminium fodMith the dissolution process
done in hot water after sintering, the solid aluomm turned into foam through
the removal of NaCl particles, as NaCl dissolvesvater. The spaces that are
created by the NaCl particles become pores, whiakenthe material become
lighter. The AI-80NaCl foam exhibited the lowestndity and highest porosity
compared with other foams. The reduction in densdg caused by the presence
of a high volume of pores.
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Figure 1: Density and porosity of aluminum foam gamed using different content
of NaCl.

3.2 Foam Mor phology

It can be seen from Figures 2 and 3 that the fo@mostructures vary in
pore size and shape. The pore shape replicataditiaé cubic shape of the NaCl
particles. The following sequence of foam composgiwas observed to reflect
the pore size in ascending order: Al-20NaCl, Al-4@\ Al-60NaCl and Al-
80NaCl. From these findings, it is reasonable terirthat by increasing the
percentage of NaCl particles, aluminium foams wakger sizes and higher
guantities of pores can be obtained. The isolatedspare the most obvious in
the Al-20NaCl foam compared with the other foams. the amount of NaCl
increased, interconnected pores were clearly obdemspecially in the 20Al-
80NaCl foam. This observation indicates that higepace holder contents
generate interconnected pores because of the format numerous channels
between cells, which make foams suitable for aligwrpapplications and
components®
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© Isolated pore O Interconnected pore

Figure 2: Optical micrograph of typical microscogitucture of Al foam prepared with
different content of NaCl: (a) Al-20NacCl; (b) Al-B&CI; (c) Al-60NacCl; (d)
Al-80NaCl.

The relationship between pore size, cell walls doam density is
important to explain the properties of the foambe Ttharacteristics of pores
measured from the SEM micrograph shown in Figurares listed in Table 2.
Thinner cell walls and larger pore sizes lead twelofoam densities. Thin cell
walls developed when large amounts of space heldee used, which led to the
formation of closely spaced pores. It has been shitnat the Al-80NaCl foam,
which had the highest percentage of space holder the largest pore size and
the smallest wall thickness. As a result, the foaith the lowest density was
obtained.
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Figure 3: Pore micrograph observation of aluminumanf: (a) Al-20NaCl; (b) Al-
40NacCl; (c) Al-60NacCl; (d) Al-80NaCl.

Table 2: Pores characteristic of aluminum foams.

Foam Al-20NaCl Al-40NacCl Al-60NaCl Al-80NaCl
Density (g/crm) 1.99 1.90 1.69 1.30
Average Pore Sizeu(n) 403.75 42250 446.86 500.25
Average Wall Thicknesgin) 148.33 117.14 98.57 75.07

3.3 M echanical Properties
3.31 Compressive properties

Figure 4 shows stress-strain curves plotted ducioigpression testing
for different aluminium foams prepared using diffier NaCl particle contents.
The stress-strain compression curve can be divickedthree stages: (i) linear
elastic deformation stage, (ii) plateau deformatsteige, and (iii) densification
stage. From the stress-strain curves of the fodmascompressive strength, yield
stress and modulus can be determined as listedbile B. Apparently, increasing
the NaCl particle content causes a decrease iryitid strength.The solid
aluminium reference curve shows the highest yigkehgth. As shown in Figure
4, the elastic modulus, which is indicated by thmpe of the graph, decreases
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with the increasing porosity of the foam. This @&se in results is because high
porosity elastic deformation may easily occur aesutts in a reduction in the

elastic modulus. Solid aluminium has a higher moslildompared to aluminium
foam.
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Figure 4: Compressive stress-strain curves of alumifoam with different percentages
of NaCl.
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Figure 5: Energy absorption curve of aluminum foam.
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Table 3: Stress-strain curve properties of solidmahum and aluminum foam with
various compositions.

Foam Solid Al Al-20NaCl Al-40NacCl Al-60NaCl  Al-80NaCl
Compressive Strength 370.968 271.107 245.692 222.524 19.718
(MPa)

Offset Yield Stress 299.056 176.085 144.421 144.455 134.952
(MPa)

Yield Strain 0.004 0.113 0.199 0.354 0.203
Modulus (GPa) 161.262 1.587 0.732 0.410 0.080

In addition, the modulus of the Al-20NaCl foam isich higher (1.587
GPa) compared with Al-80NaCl foam (0.08 GPa). Xifwg et al'® explained
that the pore size of foams influences the elastdulus in the elastic, plastic
plateau and densification regions. In their redgamdoam with a small pore size
measuring approximately 1.5 mm produced a moduleater than that of a foam
with a larger pore size of 2.5 mm. Similar findingsre also reported by Miyoshi
et al.;” who investigated the mechanical properties of peraluminium. They
revealed that porous aluminium with a small pome sif 1.99 mm showed a
higher stress-strain curve than that with a lapme size of 2.68 mm. In other
words, smaller pore sizes would result in foamshwgreater strengths and
moduli. In the present work, the AI-20NaCl foam, ig¥h has the lowest
composition of NaCl particles showed the highesidyistrength and modulus
compared with the other foams.

However, the stress-strain curve of the Al-80Nagzini does not show
the typical compression behaviour of foam. The BIN&CI foam had the lowest
stress-strain curves and failed at lower strairan® with high porosity have
larger pore sizes and thinner cell walls. Becadighis, the Al-80NaCl foam had
a weak structure. Thus, the Al-80NaCl foam may hailed because of its thin
cell walls. These thin walls could not afford tgport the load and caused the
structure to collapse, which resulted in failurelav stress. This behaviour is
related to the presence of the high density ofréotenected pores in the Al-
80NaCl foam, which acted as initial cracks in tisisture and easily propagated
throughout the framework. The plateau stress is thpe of foam declines
sharply, corresponding to brittle foam behaviour eeplained by Bafti and
Habibolahzadeh.

3.3.2 Energy absorption
The energy absorption of aluminium foams can beutaied according

to Equation 3 for strain ranges between 0.05 abdt@e results are shown in
Figure 6. It can be seen that the energy absorpapability of the foams grows
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with increasing strain, though this trend was nbsesved for the Al-80NaCl
foam. This phenomenon shows that the cell strustimethe Al-20NaCl, Al-

40NaCl and Al-60NaCl foams could support higheesdr during mechanical
loading before they fractured.
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Figure 6: Total energy absorption of aluminum foam.

Figure 6 shows the total energy absorption of tbhanfs during
compressive testing. The results were calculatech fihe area under the stress-
strain curves in Figure 4. The AI-80NaCl foam clgagxhibited the lowest
energy absorption compared with the other foamty itg value similar to that of
solid aluminium. In addition, this foam exhibitedttbe behaviour, as indicated
by the small area under its stress-strain curvechwborresponds to low energy
absorption. This trend may be related to the pasehresidual NaCl particles in
the Al-80NaCl foam, which were not completely digsd during the dissolution
process. Observation showed that 1 hour of digsolutas not adequate to fully
dissolve the amount of NaCl particles in the Al-8@N foam. NaCl is an ionic
compound that is brittle because of the rigid iatdpons between charged ions
that hold the charged particles in fixed positibhés a brittle material, the
remaining NacCl in the aluminium foams affected piheperties of the foams. In
addition, excessive space holder content causedédheavalls of the foams to
become too thin and thus weak. Referring to Tablen2the morphology
observation, AI-80NaCl shows the thinnest cell wtdickness (75.07um)
compared with the other foams. The weak cell walllthe Al-80NaCl foam did
not support further loading during the compressast.

Although the height of the stress-strain curvehef Al-20NaCl foam was
the highest, as shown in Figure 4, Figure 6 shdws the cell structures of the
Al-20NaCl foam could not support higher loads tiiamse of the Al-40NaCl and
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Al-60NaCl foams. According to Figure 6, the eneapsorption increased with
increasing porosity except for the foam with 80%cspholder. This result clearly
shows that energy absorption increased from soligmiaium to foams
possessing 20%, 40% and 60% space holder, resglgctithis result further
demonstrates that the AI-60NaCl foam had the highlesergy absorption
compared with the other foams. This is becaus@adhesity and cell walls of this
foam formed a more homogeneous pore structuretttenther foams as shown
in Figure 3. During compression, a large amourgradrgy was absorbed during
the stages of bending and collapse of the wallthenrfoam, which occurred
mainly along the long stress platéaherefore, the microstructure resulted in
the AI-60NaCl foam exhibiting better compressived aanergy absorption
behaviours.

4, CONCLUSION

Using a sintering dissolution process, the fabiocaodf aluminium foam
with porosity in the range of 20—70% can be achdevsing NaCl particles with
average pore sizes ranging from 400 to 6@ Increasing the amount of NaCl
powder increases the foam porosity and decreagefotim density due to an
increase in the density of interconnected poreg Gdmpressive stress-strain
curve of the foam comprises of three regions: linekastic, plateau and
deformation region. The compressive stress-straimes of the foams fabricated
in this study show that there was a decrease inpEssive strength with an
increase in the amount of incorporated NaCl patiels follows: Al-20NaCl, Al-
40NaCl, AI-60NaCl and AI-80NaCl, respectively. Thigsult is due to the
presence of residual NaCl particles in the foam&rddver, because NaCl
particles are brittle, they can decrease the cossjye strength properties of
aluminium foams. However, higher energy absorptioas achieved by
increasing the amount of NaCl powder, as evidenbgd the extended
deformation plateau of the foams’ stress-strairvesir This result indicates that
the Al-60NaCl foam has the highest energy absamptimmpared with the other
foams because of its larger pore size, which supgbe Al-60NaCl foam from
collapse and thus allows for longer strain duringipression loading. However,
the AI-80NaCl foam exhibited the lowest compresspreperties and energy
absorption because of its excessive NaCl partidatent, which induced
brittleness in the foam.
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