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ABSTRACT

THE EFFECTS OF SiC PARTICLE ADDITION ON THE FOAMING
AND MECHANICAL BEHAVIOR OF ALUMINUM CLOSED-CELL
FOAMS PRODUCED BY FOAMING OF POWDER COMPACTS

The maximum and linear expansions of a large number of SiC particle/Al
powder compacts of varying average SiC particle size (0.03-67 um), weight percentage
(wt%) and size distribution and Al compacts without particle addition were
experimentally determined. The powder compacts showed varying expansion values
depending on the size, wt% and size distribution of the particles. The linear and
maximum expansions for small size SiC particle additions were found to be relatively
high at relatively low wt%'s (5 wt%) and decreased with increasing wt% of the particles
from 5 wt% to 10 and 15 wt%. The compacts with small average particle size but wider
particle size distribution showed higher expansions than the compacts with the similar
average particle size but narrower particle size distribution, showing the importance of
the particle size distribution on the expansions of Al compacts. The foam expansions
were further shown to increase with SiC particle addition until about a critical
cumulative particle surface area; however, the expansions decreased significantly at
increasingly high cumulative particle surface areas due to the excessive increase in the
compact viscosity. For the investigated powder compacts, the optimum wt% of SiC
addition was determined, as a function particle size, based on the critical cumulative
particle surface area. Compression tests showed that the density of the foam was the
most effective parameter in increasing the plateau stresses. Microscopic analysis
showed that the main deformation mechanism in Al and SiC/Al foams was the cell wall
bending, i.e. cell edges buckled over cell walls. This resembled the deformation
characteristics of the open cell foams. It was finally shown that SiC particle addition
increased the foam plateau stresses over those of Al foam without particle addition,

which was mainly attributed to the reduced fraction of the metal on the cell edges.
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OZET

TOZ TABLETLERIN KOPUKLESTIRILMESI ILE URETILEN
ALUMINYUM KAPALI HUCRELI KOPUKLERDE SiC PARCACIK
KATKISININ KOPUKLESME VE MEKANIK OZELLIKLERE
ETKILERI

Farkli SiC parcacik boyutu (0.03-67 um), agirlik¢a pargacik yiizdesi ve parcacik
boyut dagilimina sahip ve katkisiz Al kopiiklerdeki maksimum ve dogrusal genlesme
degerleri, ¢cok sayida numune ile deneysel olarak saptanmistir. Basilmis tozlar eklenen
par¢acigin boyutu, agirlik¢a oranm1 ve boyut dagilimina gore degisen genlesme
davraniglar sergilemislerdir. Kiiciik tane boyutlu SiC parcacik eklenen numunelerde
maksimum ve dogrusal genlesme degerleri diisiik pargacik katkilarinda (%5) daha
yiiksek saptanmistir. Bu degerler parcacik yiizdeleri %5 ten %10 ve %15 ciktikca
azalmislardir. Daha genis pargacik boyutu araligina sahip toz eklenen kopiiklerde, ayni
ortalama parcacik boyutuna sahip fakat daha dar bir boyut aralifindaki pargacik
katkisindan daha yiiksek genlesme degerlerine ulasildigi gézlenmistir. Bu bize pargacik
boyut araliginin énemini gostermistir. Kopiik genlesmeleri SiC parcacik katilmasi ile
belirli bir pargacik toplam ylizey alani degerine kadar artmistir. Bu degerden daha
yiiksek toplam parcacik ylizey alanina sahip katkilarda ise eriyik viskositesindeki artis
nedeni ile genlesme degerlerinde belirli diislisler gozlenmistir. Kritik toplam pargacik
ylizey alanina dayanarak, calisilan pargacik boyutlari i¢in optimum SiC katki oranlari
belirlenmistir. Kopliklere uygulanan ezilme deneyleri, kopiik yogunlugunun plato
gerilme degeri icin en etkili degisken oldugu bulunmustur. Mikroskobik caligsmalar
sonrasinda, Al ve SiC/Al kopiiklerde asil deformasyon mekanizmasinin hiicre duvari
biikiilmesi oldugu goriilmiistiir. Bu agik hiicreli  kopiiklerin ~ deformasyon
mekanizmalariyla benzemektedir. Son olarak da SiC pargacik katkisinin kopiik plato
gerilme degerlerini  katkisiz kopiiklere gore artirdigt goriilmiistiir. Bu  hiicre

koselerindeki metal oraninin azalmasina baglanmistir.
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CHAPTER 1

INTRODUCTION

Foam is a substance characterized by regularly distributed arrays of cells,
formed by trapping gas bubbles in a liquid or solid. It is an extremely complex system
consisting of poly-sized gas bubbles separated by films. The cells are formed by the
liquid phase while the gas phase fills the space in between the cells. This way of
structuring of liquid and gas phases is also referred as to cellular and often observed in
natural materials such as bone and wood. If the cell material is replaced with a solid
metal, the resultant structure is usually referred to as “metal foam” or “foamed metal”.
The solid foams can be categorized into two groups according to their pore structure:
open cell and closed cell. The pores in open cell foam are connected to each other,
whereas the pores in closed cell foam are separated by a cell wall (Figure 1.1).

Metal foams have unique mechanical and physical properties, which make them
attractive materials in structural and functional applications. They are very light,
possessing densities as low as one tenth of the density of the metal of which they are
made. They crush under compressive loads almost at a constant load until about very
large strains, allowing the absorption of a great deal of deformation energy. The energy
absorbing capabilities of metal foams make them attractive materials to be potentially
used in crash and blast protections. Application of the foams includes such as the core
materials in between the metal plates in sandwich structures for blast protection of
buildings and military vehicles and filler for the bumpers and empty spaces in the car
body to prevent shock wave passage through the passenger compartment in accidents
involving collisions.

The mechanical properties of the metal foams are mainly dictated by the
distribution of the cell material in the cell walls (surface), edges and nodes. In open cell
foams, the metal phase is distributed at the cell edges and vortex, where 3 and 4 cells
meet, respectively. While in the closed cell foams, additional metal phase forms the cell
walls, where two cells meet. The final foam structure including the relative distribution
of the metal phase in the cell walls, edges and nodes is formed by the foaming process,

which is usually conducted in liquid state at relatively elevated temperatures. The
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structure of liquid foams changes constantly over time by various types of events
including drainage, cell wall rupture and coarsening. If the change in the foam structure
is relatively slow, the foam is said to be kinetically stable. In other words, stable foam
shows negligible changes in the structure with time. The foam stabilization plays a key
role in forming of controllable homogeneous foam structures. In aqueous foams, the
stabilization is achieved by means of (a) surfactants and (b) small particles, which act as
elastic separator between the cells. It is noted that only the later can be used for the

metal foam stabilization.

{:(a) G B X (b)

Figure 1.1. Pore structure of (a) an open cell and (b) a closed cell metal foam.

Al closed-cell foams are currently manufactured by several different processes,
in which the liquid foam is stabilized by the addition of ceramic particles to the liquid
metal either in-situ or ex-situ. In Alcan foaming process, in which the liquid metal is
foamed by gas injection, the liquid foam stabilization is achieved by adding SiC
particles (Banhart 2000a). In the Alporas foaming process, the viscosity of the liquid
metal is adjusted by Ca-addition into the melt, which results in the formation of oxide
particles by internal oxidation (Miyoshi, et al. 2000).

The ceramic particle addition in the foaming of powder compact process was
subjected to several studies. TiB, addition, although, increased the plateau stresses of Al
foams, it was not effective in long-term foam stabilization (Kennedy and Asavavisitchai
2004). Contrary to TiB,-addition, SiC,-addition of 3 wt% was shown to improve the
foam stability of Al powder compacts (Kennedy and Asavavisithchai 2004). The
compact expansion is expected to vary with the size and wt% of the particle addition,
along with some other important process parameters, while a comprehensive study of
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the effect of particle size on the expansion of the powder compacts is still absent in the
literature. The present thesis is therefore conducted as a further, but a more
comprehensive investigation of the effect of SiC-particle addition on the foaming
behavior of Al powder compacts in the foaming powder compact process. For that
purpose, a large number of SiC/Al composite and Al powder compacts having the
similar relative densities were prepared and foamed. SiC powder average particle size
investigated ranged between 30 nm and ~67 um with the particle additions of 0.05-15
wt%. The effect of SiC particle addition on the foaming behavior was determined by
comparing the expansions of SiC/Al and Al compacts without particle addition
processed under the same condition. The effect of SiC particle addition on the
mechanical properties was further assessed by the compression testing of the foams
with the similar densities. The experimental study presented in this thesis was part of a
TUBITAK project, which was aimed to optimize foam structures with respect to the
particle addition in order to increase the foam energy absorption in certain applications

such as foam filled crash boxes for the automobiles.



CHAPTER 2

MANUFACTURING METHODS AND APPLICATION
AREAS OF CLOSED CELL ALUMINUM FOAMS

2.1. Manufacturing Methods of Closed Cell Aluminum Foams

There are essentially nine distinct process-routes for the production of the
cellular metals (Ashby, et al. 2000). Each of these processes is applicable to certain type
of metals and they result in different foam structures and properties mainly dictated by
the nature of the process (Figure 2.1). Closed cell Al foams are manufactured by five
different methods. These are 1) foaming of melts by gas injection, 2) foaming of melts
with blowing agents, 3) foaming from powder compacts, 4) accumulative roll-bonding
technique and 5) laser assisted foaming. The first three methods are currently used to
produce commercial closed cell Al foams, while the others are still in the development
stage. The process technique used to produce foam is noted to be very effective on the
final structure of the foam including cell size and the density of the foam (Figure 2.1).
Therefore every process technique results in different foams that are suitable for
different applications.

The production methods of closed cell Al foams can also be basically divided
into two main groups according to their processing strategies as direct and indirect
foaming (Table 2.1). Direct foaming method starts from molten metal containing
uniformly dispersed non-metallic particles with either gas is injected into the melt or a
blowing agent is used to lead to the foam structure (Banhart 2001). On the other hand,
indirect foaming methods start from the solid precursors which consist of an aluminium
matrix containing uniformly dispersed blowing agent particles. These are mostly
titanium or zirconium hydride. Upon melting, this precursor expands and forms cellular

structure of the foam.



Table 2.1. Foaming routes and current manufacturers for aluminum based metal foams
(Source: Banhart 2007).

Direct foaming  Melt alloy Indirect foaming  Prepare foamable
Make alloy foamable precursor
Create gas bubles Remelt precursor
Collect foam Create foam
Solidify foam Solidify foam
Manuifacturers ~ Cymat, Canada (SAF) Manuifacturers alm, Germany (4FS)
(products) Foamtech, Korea (Lasom) (products) Alulight, Austria
Hitte Kleinreichenbach (HKB), Gleich-IWE, Germany
Austria (Metcomb)
Shinko-Wire, Japan (4lporas) Schunk, Germany

(Distributor: Gleich, Germany)

10¢ 1
Melt gas i
injection 7
(closed cell)
1.0 =
'é‘ [ Vapor of electro- | Solidification in open 7
o deposition, on . cell mold g
- open cell polymer | Particle gpen cell) E
] mpe
N foam template ° e s B
o (open cell) R i :
5 in melt B
(&) (iglmb Entrapped
01 Particle 9285 Gas metald]
Hollow sphere/ decomposition SXPANsIon “aitectic 7
consolidation in semisolid  (©1osed el ) ced cally]
(open / closed cells) (closed cell) ]
0.01 . . . R | . . . L
0.01 0.1 1.0

Relative density

Figure 2.1. Effect of metal foam manufacturing process on cell size and relative density
(Source: Ashby, et al.2000)

2.1.1. Foaming of Melts by Gas Injection

Foaming of melts by gas injection is a continuous foam production technique
that was developed by ALCAN International Limited and is currently being used by
Alcan N. Hydro (Norway) and Cymat Aluminum Corporation (Canada) (Banhart
2000a, Banhart and Baumeister 1998). Ceramic particles like SiC, A1203, or MgO are
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added in order to enhance the viscosity of the liquid metal to be foamed. In the second
step, the melt is foamed by injecting gas (air or nitrogen) using rotating air injection
shaft which generates fine gas bubbles and distributes them homogeneously in the melt
(Banhart and Baumeister 1998). The schematic representation of the process is shown in
Figure 2.2. Since the bubbles are stabilized by the ceramic particles, they can be pulled
off melt surface using a conveyor belt. Finally, the foam is cooled down below the
melting point of metal matrix resulting in continuous aluminum foam panels with
various width and thickness values.

Drainage is usually observed in the foamed slabs, which causes density and pore
size gradients. The conveyor belt further induces shearing forces, leading to the
formation of elongated cells (Beals and Thompson 1997). Solidified foams with dense
outer surface layers can be directly used or machined into any desired shape. However,
machining of these foams may be difficult due to the presence of hard ceramic particles
in the metal matrix. The process has the capability for continuous production of large
volumes of low-density metal matrix composite foams at a relatively lower cost. The
main disadvantage of this direct foaming method is the necessity for the secondary
processes such as cutting and machining. The size of the ceramic particles added to the
melt ranges between 5 and 20 micrometers, while the weight percentages of the
particles vary between 10 % and 20 % (Raj and Daniel 2007). Typical density, average
cell size and cell wall thickness are 0.069-0.54 g.cm’3, 3-25 mm, and 50-85 pm,
respectively (Kenny 1996). Average cell size, average cell wall thickness and density
can be adjusted by varying processing parameters including gas injection rate and

rotating shaft speed.
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Figure 2.2. Schematic representation of producing aluminum foams by gas injection to
the melt (Source: Ashby, et al. 2000).

The effects of particle volume fraction and particle size on the viscosity of an Al
melt are shown in Figure 2.3. The viscosity of the molten Al can also be adjusted by
injecting oxygen, air and other gas mixtures through the melt which causes the

formation of A1203 particles. Complicated temperature cycles, difficulty in the

adjustment of variables and the possible need for secondary processing (machining) are

the disadvantages of the process.
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Figure 2.3. Effect of particle volume fraction and particle size on the viscosity of Al
melt (Source: Banhart 2006).



2.1.2. Foaming of Melts with Blowing Agents

The second method of Al closed-cell foam production is to add a foaming or

blowing agent (0.5-2% TiH2 by weight) into liquid metal. As the foaming agent

decomposes, the released gas drives the foaming process (Figure 2.4). This method is
also known as ALPORAS foaming process and has been used since 1986 by Shinko
Wire Co (Japan) for the production of closed-cell Al foams. Before foaming, 1.5 wt%
calcium is added into Al melt and then the melt is stirred quickly. The viscosity of the
melt increases with increasing stirring time because of the formation of oxide and/or

metallic compounds (calcium oxide, calcium-aluminum oxide, or A14Ca intermetallic)

that thickens the metallic melt (Miyoshi, et al. 2000). In a later stage of the process,

after adjusting the viscosity of the liquid metal, TiH2 with an amount of 1.6 wt% is

added into the melt, which releases hydrogen gas in the hot viscous liquid according to

the following reaction
TiH, (s) > Ti(s) + H2 (g) (2.1)

Above reaction results in the expansion of the liquid metal and fills the foaming
vessel with liquid foam at a constant pressure. Finally, the liquid foam is cooled down
below the melting point of the foamed alloy quickly and the solidified Al foam is

further processed for specific applications. Al foams produced by the process,

AlporasTM, is the most homogeneous foams produced currently (Banhart 2000b).

3 3
Typical densities of the cast foams are between 0.18 g/cm and 0.24 g/cm with an

average pore size ranging from 2 mm to 10 mm (Banhart 2000b, Miyoshi, et al. 2000).
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Figure 2.4. The process steps used in the manufacture of aluminum foams by gas-
releasing particle decomposition in the melt (Alporas process) (Source:
Ashby, et al. 2000).

2.1.3. Foaming from Powder Compacts

Foaming from powder compacts is a technique developed by Fraunhofer-
Institute (Germany). The method is based on the foaming of the pressed dense Al/ TiH,
compacts (0.6 % by weight) by increasing the temperature over the melting temperature
(Baumeister and Schrader 1992). Some companies like FOAMINAL (Schunk GmbH)
and ALULIGT (Alulight International GmbH) are producing closed cell foams using
this technique. The process starts with mixing metal powders with a blowing agent
which upon heating releases a foaming gas (Figure 2.5). Metal powder-blowing agent
mixture is then compressed to a dense, semi-finished foamable product via metal
forming processes such as hot compaction, extrusion and rolling. In a final step, the

semi-finished product is heated to a temperature near to the melting point of the metal.
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During heating, the blowing agent decomposes and subsequently releases gas, leading

to the expansion of the molten or mushy metal and the formation of a highly porous

structure.
foaming agent mixing axial compaction foamable
semi-finished
‘. FY product
starti i E / — i\ working foaming
ing materials
metal powder extrusion
P -
P -
R

Figure 2.5. Schematic representation of foaming from powder compacts (Source:
Baumgartner, et al. 2000).

Besides metal hydrides (e.g., TiHZ), carbonates (e.g., calcium carbonate,

potassium carbonate, sodium carbonate and sodium bicarbonate), hydrates (e.g.,
aluminum sulphate hydrate and aluminum hydroxide) or substances that evaporate
quickly (e.g., mercury compounds or pulverized organic substances) can also be used as
blowing agent.

For efficient foaming, it is very critical to form a gas-tight semi finished product
in which the blowing agent is fully entrapped in the metallic matrix. Therefore the
temperature and the pressure of hot compaction must be high enough to bond the
individual metal powder particles and form a gas-tight seal around the blowing agent

particles so that early decomposition of the blowing agent and the escape of H2 gas
before the melting of semi-finished product is avoided. In compaction by rolling, a

temperature range between 350 0C and 400 0C is sufficient for the diffusion between the
particles (Baumeister and Schrader 1992). The weight ratio of blowing agent for
forming of aluminum foam and its alloys has been found to be small. Calculations have
shown that a foamable Al compact which contains 0.6 wt% TiH, would give an
expansion factor of 17; a value almost 4 times higher than the expansion factor (4-5)

experimentally found (Baumeister and Schrader 1992, Baumgartner, et al. 2000). This
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presents that, only 25% of the released hydrogen is effective in forming pores, and the
rest is lost during foaming. The time needed for full expansion of the semi-finished
product depends on the temperature and size of the precursor and ranges from a few
seconds to several minutes. The process is not only restricted to Al and its alloys, but
also tin, zinc, brass, lead, gold, and some other metals and alloys can also be foamed
using appropriate blowing agents and process parameters (Yu, et al. 1998).

If a piece of foamable precursor is foamed in a furnace, the result will be a lump
of metal foam with an undefined shape unless the expansion is limited. This is done by
inserting the semi-finished foamable precursor into a mold having the desired shape of
product and allowing expansion by heating. This process results in near-net shaped parts
with a closed and dense outer skin and a highly porous cellular core. Complicated parts
can be manufactured by pouring the expanding liquid foam into a mold (Figure 2.6 (a)).
Sandwich panels consisting of a foamed metal core and two metal face sheets can be
manufactured by bonding the face sheets to a piece of foam with adhesives. Another
way is to roll clad Al or steel sheets onto a sheet of foamable material and allow the
foamable core to expand while the face sheets remain dense (Figure 2.6 (b)). By this
method, Al foam structures can be combined with steel or titanium face sheets as well
as with Al face sheets. In the latter case, Al sheets with melting points that are higher

than the core material must be used to avoid melting of the face sheets during foaming.

(a) (b)

Figure 2.6. Views of (a) complicated shaped foam parts (Source: Baumgartner, et al.
2000), and (b) sandwich foam panel (Source: Yu, et al. 1998).

It is also possible, with this process by applying suitable heating, to produce

bodies that have continuously or discontinuously changing densities over the cross
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section. If the foaming process is interrupted after a certain time at a constant
temperature, a certain density will be obtained and if the foaming process is continued
further, a higher density value will result. For example, structures having higher foam
densities on the locations exposed to higher external loads could be manufactured by
this method. If the hot compaction process is performed inside a mold, the powder
mixture will be surrounded completely or partially by a blowing agent free metal
powder. Upon foaming, this forms a dense or less porous cover layer and a highly
porous foam core. This offers advantages for joining of similar or different structures
and for the production of foam core structures that require a dense cover such as car
doors and frames.

Foaming from powder compact process has been recently modified by

incorporating TiH2 particles directly into an Al melt instead of using powders to prepare
a foamable precursor material. To avoid premature H2 evolution, the melt should be

quickly cooled down below its melting point after mixing or the blowing agent has to be
passivated to prevent it from releasing gas before solidification. The former technique,

called Foamcast is carried out in a die-casting machine and the TiH2 is injected into the

die simultaneously with the melt (Banhart 2000a, Yu, et al. 1998). The resulting cast
part is virtually dense and could be foamed by re-melting in analogy to foaming from

powder compacts; however, achieving a homogeneous distribution of TiH2 powders in
the die is difficult. The latter route requires that TiH2 powders be subjected to a heat

treatment cycle that forms an oxide layer on each particle, which delays the

decomposition of Tin. TiH2 is then added to the melt and the melt can be cooled at

comparatively slow rates after stirring. Melts containing SiC particles are used to obtain
stable foams. The name Formgrip has been given to this process which is an acronym

of foaming of reinforced metals by gas release in precursors (Gergely and Clyne 2000).
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2.1.4. Accumulative Roll-Bonding Technique (ARB)

This process is recently proposed by Kitazono et al. (Kitazono, et al. 2004) and
based on the dispersion of foaming agent into bulk metal sheets through sequential
rolling. The stages of process are schematically illustrated in Figure 2.7 (a). Two metal

strips are stacked together with blowing agent powder (Tin) in between them. The

stacked strips are then roll-bonded by the reduction of thickness. The bonded strips are
then cut and after surface treatment, they are stacked again and roll-bonded. After
several roll-bonding cycles, rolled foamable precursor composite in which the blowing
agent particles dispersed in a metal matrix is obtained (Figure 2.7 (b)). The composite is

used as the starting material for the following high temperature foaming process.

(a) L/
Blowing agent //'Q

Roll-Bonding ‘)
{50% reduction) ,...-..-.—‘>

Surface Treatment and Stacking Cutting
P
(b)
1steycle 2nd cycle nth cycle

fe—emp i [ ]

Foaming
Figure 2.7. a) Schematic of the manufacturing process of a perform sheet through ARB

process (b) prediction of gradual distribution of added blowing agent
particles (Source: Kitazono, et al. 2004).
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The microstructure of the manufactured preform using ARB method is the same
as the precursor produced by powder metallurgy process. Closed-cell aluminum foams
with about 40% porosity were successfully produced through the ARB process. This
process has the potential to produce a large scale sandwich structure comprising a foam

core and skin plates using conventional cladding techniques.

2.1.5. Laser Assisted Aluminum Foaming

Laser Assisted Foaming of Aluminum was proposed by Kathuria (Kathuria
2001b). The basic principle of laser assisted foaming is shown schematically in Figure
2.8. The precursor material with blowing agent, prepared by P/M process, is foamed by
heating it up to its melting point by a high power laser beam irradiation. The uni-
directional expansion of the foamable precursor material can be observed during the
entire foaming process in the irradiation direction. The expansion in the other directions
is relatively negligibly small.

Besides H2 evolution and foaming, the shield gas Ar is an additional help for the

formation of the porosity and may also become trapped inside the solidified foam. In the
conventional thermal melting process, the average temperature gradient of the interface
varies as the bulk temperature is lower. This is accompanied by a slow cooling rate and
hence a long time for the stabilization of the pores to occur. However, in the case of
laser process the average temperature gradient of the interface is much higher; thus, a
faster cooling rate results in the pore stabilization. Figure 2.8 also illustrates how the
processing speed could affect the cell morphology and the expansion ratio of the
buildup foam. Increasing the processing speed changes the structure of the foam from 3
to 1 as seen presented in Figure 2.8.

The foamable Al-alloy sandwich samples fabricated according to the P/M
procedure are used in this technique. Porous structures with relative densities of 0.33-

0.39 and porosity of (61-67%) can be fabricated by using this method.
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2.2. Applications of Closed-Cell Aluminum Foam

Properties of aluminum foams including high mechanical energy absorption per
unit volume, high stress and stiffness to weight ratio, constancy over time, temperature
and moisture range, good acoustic, vibration and electromagnetic insulation,
recyclability make them usable materials in various applications. These application
areas are also presented briefly in the product datasheets of the companies which
commercially manufacture aluminum foam, like Alulight (Appendix B). Properties and
the applications of the commercially available foams were also investigated deeply in
academic researches like Alporas foam (Miyoshi, et al. 2000). Aluminum foams have

become popular with the potential applications that can be listed as follows:

e Lightweight machine castings with improved sound and vibration damping
e Impact energy absorption components for cars, lifting and conveyor systems

e Stiff machine parts with significantly reduced weight
15



e Housings for electronic devices providing electromagnet and thermal
shielding

e Permanent cores for castings, replacing sand cores

e Isotropic cores for sandwich panels and shells

¢ Fillings in hollow shapes to inhibit buckling

e Heat shields and encapsulates

e Floating structures at elevated temperatures and pressures

e Sound absorbers for difficult conditions

Aluminum Foams have relatively high collapse strength compared to polymeric
foams and very long plateau stress and therefore they are identified as very efficient
energy absorbers. The dynamic deformation of aluminum foam (high strain rate) starts
at the impact face and continues through the foam until the densification strain (Gama,
etal. 2001).

They are very suitable materials to be used in cashboxes of automobiles (Fig. 2.9
(a)) and in composite armor as the intermediate layer which increase the stress wave
passage to backing composite plate (Gama, et al. 2001). The other important properties
of metallic foams such as non-inflammability and good sound absorbability are the
advantages for their use in transport industry. Other application areas of these materials
include railway and ship constructions and space vehicle landing pads. The shape ability
of the metallic foams is a key factor for replacing the honeycomb components in
existing helicopter designs (Banhart 2001).

Because of the porous structure metal foams have higher loss factor than the
ordinary bulk material for sound absorbing properties. This situation makes the sound
wave partially entering and damped out while the other part is reflected back. Figure
2.10 shows the foam panel use under an elevated viaduct. These panels absorb the noise
and therefore reduce the amount of noise produced in viaducts. Properties as fire
resistance and no dangerous gas existence in case of a fire can further make the metal
foams preferred but the sound insulating properties of metal foams are noted to be

worse than existing polymer based foams or glass wool.
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(b)

Figure 2.9. (a) Prototypes of foam filled tubes designed as energy absorbers, (b)
Prototype of a part of an engine mount consisting of foam core and cast
shell (Source: Banhart 2003).

Aluminum foam may be used in aerospace vehicles and all the other
mechanisms where light-weight is an important factor. Aluminum foam cores are
currently used in the tail booms of helicopters (Banhart 2001). They are also used in
elevator systems where reduction of weight can make a significant effect while
absorbing more energy than the ordinary bulk material in case of an impact. Naturally,
aluminum foam can be used in sporting equipments such as helmet or bicycle frame
with some composite materials. Balconies in buildings made of metal foam can be safer

in case of an earthquake.

Figure 2.10. Foam layer used under an elevated viaduct as a noise insulator (Source:
Miyoshi, et al. 2000).
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Aluminum foam in sandwich structures (similar to one shown in Figure 2.11)
are also used in lots of applications due to its high mechanical properties. Aluminum
foam sandwiches were also tested for space applications (Schwingel, et al. 2007). Same
material has also high potential to be used in construction of sea vehicles as it has lower

density then the water besides it is a high strength metal panel.

(b)

Figure 2.11. View of (a) aluminum foam sandwich panel, (b) assembled cone of a space
craft made from sandwich panels, and (c) cone segment with detailed
flange and upper edge (Source: Schwingel, et al. 2007).

18



CHAPTER 3

MECHANICAL PROPERTIES OF CLOSED-CELL
ALUMINUM FOAMS

Closed-cell foam metals show characteristic compressive stress-strain curves;
comprising three distinct deformation regions: linear elastic, collapse and densification
as marked in Figure 3.1. In linear elastic region deformation is controlled by cell wall
bending and/or stretching. The elastic region is followed by a highly localized collapse
region occurring by cell edge buckling, crushing and tearing (Figure 3.2). The repetitive
nature of the process of cell collapse and densification may lead to oscillations in stress
values. The collapse region is characterized by a collapse stress and/or a plateau stress
either with a constant value or increasing slightly with strain, as shown in Figure 3.1.
At a critical strain, g4, cell walls start to touch each other and, as a result of this, the
material densifies (densification region). The stress in this region increases sharply and
approaches to the strength of the bulk aluminum metal. The high energy absorption
behavior of aluminum foams under compressive loads is associated with low plateau
stresses and long collapse regions, which makes them ideal materials for crash and blast

protections where the kinetic energy is absorbed by the plastic collapse.
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Figure 3.1. Compression stress-strain curves of ideal and real Al foam and mechanical
property parameters.

compression axis

Figure 3.2. Compression localized deformation sequence of aluminum closed cell foam
(0.27 g.cm™) at various strain and deformed foam cell structure in the
localized deformed region.
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The elastic moduli of ideal open and closed cell foams can be calculated from
the cell edge bending deflection and the stretching of the planar cell faces and are given

sequentially by the following relations (Gibson 2000)

m)(-
N

—=cp (3.1)

m

and

£
E_=Czp2 TC3p = Cyp (3.2)

S

where E* and E; are the elastic modulus of the foam and the cell wall material,

respectively; ¢y, ¢,, ¢3 and c4 are the constants and p is the relative density which is,
o
p=— (3.3)

where p* and ps are the densities of foam and cell wall material, respectively. For
tetrakaidecahedral: c¢;~1, cy;=c3~0.32. For low density foams, the value of c4 is ~0.32
(Gibson 2000). Experimentally measured moduli values of commercial Al closed-cell
foams were found lower than those predicted by Equation 3.2 particularly at relatively
low foam densities (Figure 3.3 (a)). The moduli degradation is partly due to the thicker
cell edges as compared to cell walls since the surface tension draws the liquid metal to
the intersections during the foaming process. Including material distribution between
cell walls and edges, Gibson and Ashby proposed the following equation for the
modulus of the imperfect closed-cell foams (Gibson and Ashby 1997);

m|m

= =% +(1-0)p (3.4)

S

where ¢ is the volume fraction of the solids contained on the plateau borders. The first
term in Equation 3.4 is due to bending and the second membrane stretching. Equation

3.4 predicts elastic modulus of an open-cell foam, when ¢ = 1, and closed cell foam,
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when ¢=0. The values of ¢ can be approximated using the following relation developed

for tetrakaidecahedral foam (Simone and Gibson 1998):

3t(1-2w, )2 +6t3(1- (2/4/3)w, )2
) 11.31 I

(3.5)

where /, w, and ¢ are the cell wall length, plateau border thickness and cell wall

thickness, respectively.
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Figure 3.3. (a) Relative modulus vs. relative density of open and (b) relative
compressive strength vs. relative density of open and closed cell foams;
comparison with experimentally determined values (Source: Gibson 2000).

The collapse stress or plateau stress is an indication for the progression of the
inelastic and inhomogeneous deformation and determines the amount and the efficiency
of plastic energy absorption. For ideal open and closed-cell foams, the plastic collapse

is expected to occur by the plastic hinges at the bent cell edges and cell wall stretching
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in a direction perpendicular to compression axis. The plateau stresses for ideal open-cell
and tetrakaidecahedra closed-cell foams (Simone and Gibson 1998) are given

sequentially by the following relations,

(e}
P =0.3p3/2 (3.6)
Oys
and
Op _ 2
=0.33p2 +0.44p (3.7)
Oys

where o, and oy are the plateau stress and yield strength of the cell wall material
respectively. By including material distribution between cell edges and cell walls
following relation is proposed for a closed-cell foam plateau stress (Gibson and Ashby

1997),

Opl 3/2
2~ 0.3(4p)""% +(1-0)p (3.8)

ys

The first term in Equation 3.8 correspond to plastic hinge formation and the second to
the membrane stretching of the cell walls. Again, ¢=1 and ¢=0 represent the collapse
stresses of open-cell and closed-cell foam, respectively.

A high value of ¢ is generally found in commercially available Al closed-cell
foams. The values of ¢ changes with density and were reported 0. 65 and 0.85 for Alcan
foams of 0.15 and 0.32 g.cm™, respectively (Valente, et al. 2000) and 0.57, 0.7 and 0.6
for Alulight, Alporas and Alcan foams of 0.37 g.cm™, respectively (Elmoutaouakkil, et
al. 2002). High values of ¢, together with imperfections such as curved, wrinkled and
missing cell walls, voids on the cell edges and cell walls and non-uniform density
degrades the plateau stresses of commercial Al closed-cell foams to the levels of those
of open-cell foams (Figure 3.3(b)). Alporas foams show monomodal cell size
distribution and hence exhibit the most homogeneous cell size distribution; whereas,
Alulight and Alcan foams show bimodal cell size distribution (Elmoutaouakkil, et al.
2002). Although Alulight and Alporas foams’ cells are nearly spherical, the cells are

mostly elongated in Alcan foams due to shear forces acted during the transporting of the

23



liquid foam on the conveyer belt. The minimum cell wall thicknesses that basically
support the cell edges and cell walls depend on the size and content of the ceramic
particles and alloying elements and found to range between 40 and 100 pum in Alulight
foams (Banhart 2006).

The densification strain (Figure 3.1) is generally defined as the strain at which
the slope of the tangent of stress-strain curve in densification region is equal to that of
the elastic regime, while some reserachers considered the intersection of the tangents to
the stress plateau regime and densification regime as the densification strain (Chan and
Xie 2003, Paul and Ramamurty 2000). The densification strain determines the extent of

energy absorption behaviour and is given as,
gq =1-14p (3.9)

The densification strains of commercial Al closed cell foams range between 0.4 and 0.9
with the density range of 0.07-0.3 g/cm™ (Ashby, et al. 2000).

The foam section under the indenter crushes as in the compression and the
indenter tears the foam around the perimeter (Figures 3.4 (a) and (b)). Considering the
indentation crushing load is the sum of the compression crushing load and the shearing
load at the perimeter, the following relation is given for the indentation strength of Al

closed cell foams (Andrews, et al. 2001),

Sind _ 1+ Kk (i)

d
5 (3.10)

where 1, k, d and D are the shear plateau stress, a constant (~4), cell diameter of the
foam and diameter of the indenter, respectively. As the indenter size increases, the
indentation strength decreases until indentation strength reaches the plateau stress and
therefore metal foams show indentation strengths slightly higher than uniaxial collapse
strength (Andrews, et al. 2001, Kumar, et al. 2003).

The foam mechanical properties are also size dependent: the bulk modulus,
plateau stresses-reached above the specimen size/cell size aspect ratios of 5-6

(Andrews, et al. 2001, Onck, et al. 2001, Rakow and Waas 2005).
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Aluminum foams absorb relatively high amount of deformation energy
associated with the low plateau stresses and large densification strains. The energy-
absorption-diagrams are widely used to optimize the foam density choice for the energy
absorption applications (Maiti, et al. 1984). The area under the stress-strain curves gives

the absorbed energy per unit volume,

€

SAE, = tfc(a) de (3.11)

The maximum useful energy absorption normalized with the modulus of foamed metal

up to densification is given for closed-cell foam as

SAEmax,v Op Op \2/3
£ = - BAE) ) (.12)

where op is the stress corresponding to the shoulder in stress-energy absorption curve

constructed from stress-strain curve (Figures 3.5 (a) and (b)).

Figure 3.4. Deformed cross-sections of Al foams using (a) spherical and (b) flat-end
indenters (Source: Kumar, et al. 2003).
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Figure 3.5. Schematic of foams (a) stress-strain curve of various relative densities and
(b) corresponding normalized specific absorbed energy vs. normalized stress
curves.

3.1. Crash Energy Absorption

The crash energy absorbing structures have been generally constructed in
tubular/columnar forms of materials that absorb the deformation energy nearly at a
constant load. The constant load energy absorption results from the progressive folding
mechanism of thin walls, which was first analytically formulated by Alexander in 1960
(Alexander 1960). The area under the load-displacement curve of a crushable element
of tubular structure with a total length of / is shown in Figure 3.6 (a) gives the total
absorbed energy (E) until about a displacement of 6. The mean crushing load (P,,) and
the specific absorbed energy per unit mass (SAE,) the capability of a structure to

absorb the deformation energy is formulated per unit mass and volume as,

5
de&
p =2 3.13
" 5 (3.13)
and
)
§Pd6
SAE,, = o (3.14)
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where P, 0 and m, are the load, displacement and the total mass of the deformation
element. The efficiency of energy absorption is checked by the total efficiency (Tg) and
crush force efficiency (Ag). The stroke efficiency is defined as the ratio between the
point at which the total efficiency has its maximum value (dma.x) and total length (I) of

the crushing element,

sEzf’mTax (3.15)

The efficiency terms are directly related to the deformation capacity (D¢), which is the
displacement divided by the initial length of the element:

e}
DC=T

(3.16)

Comparison of SAEs of tubes with those of foams on volume and mass basis
gives a ratio of about 3 between tube and foam, showing that tubes are energetically
more efficient than foams. When aluminum and steel metal tubes are filled with light
weight core materials such as Al closed cell foams, there exists an interaction effect
between tube wall and foam filler (Guden, et al. 2006, Hanssen, et al. 2000, Santosa and
Wierzbicki 1998, Seitzberger, et al. 1997). The crushing loads of foam filled tubes are
therefore found to be higher than the sum of the crushing loads of foam (alone) and tube
(alone) mainly due to this effect as shown in Figure 3.7. The interaction may be partly
due to the resistance of filler to the inward and/or outward folding of tube wall and
partly due to the interfacial friction stress between foam and tube wall. The use of
adhesive can contribute to the specific energy absorption of tube by two mechanisms,
namely, increased load transfer from tube wall to the foam core and peeling of the

adhesive. The latter mechanism occurs mainly due to the outward folding of the tube.
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Figure 3.6. (a) Load-displacement, (b) energy-dispacement and (c) crush force and total

efficiency -displacement curves of a crush element (Source: Fuganti, et al.

2000).
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Figure 3.7. Interaction effect in Al foam (0.27 g cm-3) filled tube.

The filler deformation was divided in two parts: a densified region at mid
sections of the tube and extremely densified region next to the tube folds. The extremely
deformed region (above the densification strain of the foam filler) shown in Figure 3.8
(a) was proposed to be the main factor leading to interaction effect in filled tubes (Song,
et al. 2005). The foam filling generally increases the number of folds formed and
decreases the fold lengths in the metal tubes as depicted in Figure 3.8 (b). Further, the
tendency for the axisymmetric (concertina) mode of deformation increased with foam
filling due to the thickening effect of foam filling. Hannsen et al. (Hanssen, et al. 1999,
Hanssen, et al. 2000) developed an equation for the average crushing load of foam
filled (P,f) columns by including contributions of the average crushing load of empty
tube (Pa.), foam plateau stress (op1) and interaction effect. The equation was found to be

well agreed with experimental results and is given as
P =P, +0,b> +C,,./0,0,bt (3.17)

where Cayg, Gy, b and t are the dimensionless constant which is directly related to the

interaction effect, yield strength of the tube material and tube width and thickness,
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respectively. The second term of the right hand side of the Equation 3.17 accounts for
the axial compression of the foam and the last term for the interaction effect. Santosa et
al. (Santosa, et al. 2000b) noted that the bonding between filler and tube wall increased
the average crushing load of filled tube over the unbounded filled tube when appropriate
tube geometry and foam density were chosen. Based on finite element modeling results
the same authors proposed the following equation for the average crushing load of

foam-filled square tubes of length b,

Pat =Pae +Copb? (3.18)

i »
densified
region

(@) (b)

Figure 3.8. View of (a) three deformation region in an aluminum foam filler:
undeformed, densified and extremely densified regions (Source: Song, et
al. 2005), and (b) deformation of aluminum foam filled vs. empty tube
(Source: Hanssen, et al. 2001).

The constant C in Equation 3.18 is considered strengthening coefficient of foam
filling. The values of C for foam-filled single tubes were shown to be 1.8 and 2.8 for the
unbounded and bounded cases, respectively (Santosa, et al. 2000b). The partially foam
filling of length of L-H (where L is the length of the steel section and H is half of the
fold length) showed higher SAE values than full foam filling in single and double hat

sections (Wang, et al. 2005). Bitubal arrangements comprising an outer and an inner
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profile and foam filler might be preferable to monotubal arrangements (Seitzberger, et
al. 2000).

Al foams have potentials to be used in automobiles as crash energy-absorbing
filling materials in various places. There are two main groups of energy absorbers used
in automobiles: (a) for relatively low impact energies such as bumpers for frontal
collision and for relatively large impact energies such as side beams (B-pillars) to avoid
severe intrusion in the passenger compartment. The foam-filled sections may also be
used in the A-pillar and roof frame structures to reduce the roof crushing in roll-over
accident. Bumpers avoid the chassis plastic deformation up to 3-5km/h and the
introduction of crash boxes placed between bumper and chassis (Figure 3.9(a)) increase
this limit up to 15 km/h (Fuganti, et al. 2000). The function of crash boxes is to absorb
the crash energy in controllable manner to reduce the damage to the passenger cell.
Brain damage can easily occur above the decelerations of 20g, therefore in designing
with crash boxes the resultant force should be below 20g (Ramakrishna and Hamada
1998). The deceleration curve of a medium class car colliding with a concrete wall at a
speed of 35 mph is shown in Figure 3.9 (b). In region A the deformation of bumper and
front panel, in region B the deformation of front section of the car with very large
displacements and in region 3 the deformation of passenger cell occur. The function of
crash boxes is to reduce the damage at low speeds and protect the passenger cell at high
speed collisions. The crash boxes are usually made from square aluminum extrusions
(Figure 3.10) or welded steel sections. The foam filling increases the energy absorbing
capability of the crash boxes and therefore (a) provides weight savings, (b) reduce the
length of the crash box and (c) volume of the crash boxes (Fuganti, et al. 2000).
However, in the filling tubes and boxes with Al foam there exist a critical total
filled tube mass and the corresponding critical foam density above which the use of
foam filling became more efficient than thickening of empty tube (Guden, et al. 2006,
Santosa and Wierzbicki 1998). The foam filling is more efficient if the following

equation is satisfied:

SAEg _
SAE, ~

1 (3.19)
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where subscripts ft and e refer to the filled-tube and empty tube. The critical foam filler
density decreases with increasing tube inner radius or decreasing thickness of the tube,
increasing tube metal density and strength and increasing with interaction effect.

Foam filling may also result in chance deformation mode from progressive
folding to the lower energy absorbing deformation model of global buckling at high
foam density fillers (Seitzberger, et al. 1997).

Foam filling changes the crushing mode of empty beams from localized folding
(Figure 3.10(a)) to multiple propagating folds (Fig. 3.10 (b)) (Chen 2001, Santosa, et al.
2000a, Santosa, et al. 2001). It provides higher bending resistance and momentum by
retarding the inward fold formation and hence increases the crush energy absorption.
Partial foam filling of beams provides significant weight savings without reducing the
energy absorption. Effective foam length (L.s) which would give foam strengthening

effect in beam was predicted using following equation (Santosa, et al. 2000a):
1-n
Ly = L(T) - 4H (3.20)

where, L, ) and H are the beam length, strengthening ratio of the maximum bending of

the fully foam filled top empty beam and the fold length, respectively.

Crash
Elements

(a)

Figure 3.9. (a) The use of crash-boxes in an automobile and (b) ideal deceleration curve
of a medium class car (Source: Ramakrishna and Hamada 1998).

(cont. on next page)
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Figure 3.10. Bending deformation patter of (a) empty and (b) aluminum foam-filled
stainless steel beams (Source: Santosa, et al. 2000a).

The bending deflections of Al foam plate and Al foam sandwich plate were
compared with aluminum sheet material of the same weight. The deflection was shown
to decrease by a factor 5 for Al foam plate and more for Al sandwich structures as
compared with Al sheets (Figure 3.11). Aluminum foam sandwich (AFS) parts may be
used in the construction of body panels, bonnets, boot lids and sliding roofs. The
German manufacturer Karmann, introduced the concept of AFS parts, produces shaped
sandwich panels which replaced the stamped steel sheets. The application reduced the

weight by 25% and increased the stiffness by 700% (Banhart 2001).
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Figure 3.11. Comparison of bending deflection of aluminum foam panels and
sandwiches with the same weight aluminum sheets (Source: Korner and
Singer 2000).

3.2. Sound Absorption

The sound absorption of closed-cell Al alloy foams increases with decreasing
foam relative density. And the hole-drilling and rolling/compression of the foams with
an appropriate air-gap backing improve the sound absorption coefficients by increasing
peak sound absorption coefficients and decreasing the corresponding peak frequencies
(Han, et al. 1998, Lu, et al. 1999). Hole-drilling is more effective in improving the
sound absorption than rolling and compression. The rolled foam samples showed sound
absorption coefficients and peak sound absorption frequencies comparable with that of
glass wool as shown in Figure 3.12 (Miyoshi, et al. 2000). The improved foam sound
absorption behavior was attributed to the viscous flow across the small cracks, which
resulted in passage ways for the in-and-out movement of air. The open-cell Al foams
show higher sound absorption coefficients than closed-cell Al foam within 100-5000 Hz
frequency range.

Sound absorption in metallic foams is mainly due to (a) viscous losses as the
pressure wave pumps air in and out of cavities in the absorber, (b) thermal losses due to
heat transfer to the matrix and (c¢) Helmholtz-type resonators (Lu, et al. 1999). The
Helmbholtz-type resonators in rigid frame cellular solids operate at relatively high

frequencies (20 KHz). The viscous effect increases with increasing frequency and
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decreasing pore size. The viscous effect is comparable with thermal effect for relatively
thin samples (1 cm). The small holes connecting the large pores results in considerable
sound wave dissipation via friction. The increasing sound absorption capacity of the
hole-drilled foam samples are therefore attributed to the viscous flow across the small
holes. The effect is likely to be more pronounced in small size hole-drilled foam
samples since the smaller drill size results in smaller holes connecting the larger pores
(Lu, et al. 1999). While compression and rolling can be easily applied to relatively thin
foam plates, hole drilling is more appropriate for relatively thick samples. In
applications involving the foam filling of tubular structures, a rigid-wall backing is
always present at the back of the foam filler. Therefore, inserting air-gap at the back of
the foam plate may have no practical applications when the foam is used as filler. It
should also be noted that the sound absorption coefficient is a function of the sample
thickness.

Aluminum foams are used to absorb the vehicles sound in elevated viaduct and
subway tunnel as sound absorbing lining with a backing plate to reduce the noise for the
neighboring residents and to damp the shock waves created by the trains in Japan. It is

also used as an impact cushion for railway rolling stock (Miyoshi, et al. 2000).
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Figure 3.12. Sound absorption coefficient of Alporas foam of relative density ~0.09
(Source: Miyoshi, et al. 2000).
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3.3. High Strain Rate Mechanical Properties

The effect of strain rate on the collapse behavior of the cellular materials was
also previously investigated. Deshpande and Fleck (Deshpande and Fleck 2000) found
strain rate insensitive plateau stresses for Alulight closed-cell and Duocell open-cell Al
foams up to 5000 s™. Similar strain rate insensitive plateau stresses were also reported
for Alulight closed-cell Al-Si (Peroni, et al. 2008) and 6061-Al foams (Hall, et al.
2000). On the other hand; Mukai et al. (Mukai, et al. 1999, Mukai, et al. 2006) and Paul
and Ramanmurty (Paul and Ramamurty 2000) found apparent strain sensitive plateau
stresses of Alporas Al closed-cell foams. The strain rate sensitive crushing stresses of
cellular materials may be attributed to the strain rate sensitivity of the material from
which the cellular structure is made, the micro-inertial effects, shock wave propagation
and the compressed air pressure within the cells (Zhao, et al. 2005). Calculations for
adiabatic compression have shown that the compressed air pressure in dynamic loading
contributed less than 1.5% of the quasi-static strength of closed-cell aluminum foams
(Deshpande and Fleck 2000). The calculation used in (Deshpande and Fleck 2000) was
repeated for the tested Metallic Hollow Sphere (MHS) structure with a densification
strain of 0.71. Similar contribution of the compressed air was found for the tested MHS
structure. At increasing deformation velocities, excess of 50 m s'l, shock wave
propagation was shown to have a significant contribution to the strength of the cellular
metallic structures (Reid and Peng 1997). Micro-inertial effects arise due to lateral
inertia which results in increase of the buckling loads at increasing strain rates
(Calladine and English 1984). The columnar structures are mainly classified in two
groups depending on their response to micro-inertia: Type I and Type II structures
(Calladine and English 1984, Su, et al. 1995a, Su, et al. 1995b). Type I structures are
characterized with a flat-topped quasi-static stress strain curves (the stress-strain curve
is flat after yielding), showing limited or no strength enhancement at increasing
deformation velocities. Type II structures are characterized with a strong softening after
yielding at quasi-static strain rates and the lateral inertia forces lead to increased
bending forces at increasing deformation velocities. The increased deformation forces at
increasing strain rates in the compression of aluminum honeycomb structures through
out of plane (Zhao, et al. 2005), metallic columnar structures (Langseth and Hopperstad

1996), aluminum foams (Lee, et al. 2006, Paul and Ramamurty 2000, Zhao, et al. 2005,
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Zhao, et al. 2006) and balsa wood in the axial direction (Reid and Peng 1997, Tagarielli,

et al. 2008) were reported to result from the micro-inertial effects.
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CHAPTER 4

FOAM STABILITY OF CLOSED CELL
ALUMINUM FOAMS

In foaming of aluminum the metal should be in the liquid state; otherwise
foaming process cannot take place due to the high viscosity. Just after the expansion of
the liquid metal starts, several different mechanisms become operative quickly in the
molten metal, and change the cell structure of the foam continuously. The expansion is
a function of several parameters such as the rate of gas evolution, the viscosity and
microstructure of the melt, the stability is a different phenomenon. It emphasizes cell
structures of the stable foam, which do not change over time. This means that, for a
period of time, the liquid foam is stable. The basic principles of the liquid metal
stabilization will be analyzed with the mechanisms of liquid foam stability in different
foaming processes in this chapter.

To understand the foam stability, the forces acting on the liquid foam within the
foaming process should be known. The forces are categorized in two groups as driving
forces and tensile force (Asavavisithchai and Kennedy 2006c, Banhart 2006, Kaptay
2004). Driving forces consist of gravitational forces and capillary forces while the
tensile force is formed from atmospheric pressure and the pressure of the blowing gas.
These forces are effective on the stability of the liquid foams and lead to several
different events to occur in the liquid foam while they change with time.

The flow of liquid metal from cell walls to the cell edges is known as drainage.
Drainage leads to thinner cell walls, thicker cell edges and a dense layer at the bottom of
the foam (Figure 4.1). It occurs by the action of gravitational force and capillary forces.
Another problem in foaming process is made up from the diffusion of the gases from
smaller to larger bubbles causing coarsening of the cells in foam structure (Banhart
2006). The rupture (coalescence) is the disappearance of cell walls during the foaming
process due to sudden instability of the pressure (Weaire and Hutzler 1999). These

events happen simultaneously in liquid foam and interrelated. Under capillary forces,
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the liquid metal flows from cell walls to edges and results in cell wall thinning and

under tensional forces the cell walls rupture, which overall reduce the stability of foams.

Figure 4.1. Cross-section of aluminum foam showing thin cell walls, thick cell edges
and dense metal layer at the bottom section.

Gergely and Clyne (Gergely and Clyne 2004) modeled the drainage in the
standing foams of relatively thick cell faces. The model emphasized that the small
initial cell size and high initial porosity level inhibited the drainage; the attention should
be given to the rapid foaming processes and cell wall stabilization using a foaming
agent that would oxidize the cell faces.

X-ray tomography of 2D and 3D characterization of Alulight (IFAM), Alporas
and Alcan foams were performed, for the same density of foams, by Elmoutaouakkil et.
al. (Elmoutaouakkil, et al. 2002). Results have shown that Alporas foam exhibits more
homogeneous cell size distribution with the highest value of fraction of metal
accumulated at the cell edges (¢). The cell size distribution was further shown to be
monomodal for Alporas and bimodal for Alulight and Alcan foams. The values of
¢ changes with the foam density and the typical values were given as 0.57, 0.7 and 0.6
for Alulight, Alporas and Alcan foams of 0.37 g.cm™ densities, respectively. It has been
further shown that although the cells in Alulight and Alporas foams are nearby
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spherical, in Alcan, they are mostly elongated due to shear forces acting during the
transport of the liquid foam on the conveyer belt.

Aluminum closed cell foam production is not a new process: two relating
patents of aluminum foam production appeared in 1940’s and 1960’s. (Allen, et al.
1963, Sosnick 1948). The interest on these materials has recently grown, as the novel
structural to functional applications of these material were exploited.

Aqueous liquid foams and liquid metal foams show resemblances. Aqueous
liquid foams are primarily stabilized by either surfactants or solid particles or both
(Wubben and Odenbach 2004). However, in liquid metal foams only atoms or at most
complexes/clusters made of several atoms can be surface active (Kaptay 2004).
Therefore, the surfactants cannot be used to stabilize metal foams. However, liquid
metal foams can be stabilized with particles. The solid particles accumulate at gas/liquid
interface and prevent the bubble-bursting and therefore stabilize the liquid foam
(Wubben and Odenbach 2004). Commonly used solid particles include SiC, Al,Os,
MgO and alloying elements (Babcsan, et al. 2004, Leitlmeier, et al. 2002, Wang and Shi
2003). The particles in liquid can effectively stabilize the foam, if they are partially
wetted by the liquid metal (Figure 4.2). The non-wetted particle will be found in the gas
phase, while fully wetted particles in the liquid. Partially wetted particles sit at
gas/liquid interface increase the surface viscosity of the cell wall, leading to reductions

in the amount of liquid metal flow from cell faces to the cell edges.
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Figure 4.2. Schematic view of (a) non-wetted particle, (b) partially wetted particle and
(c) fully-wetted particle (Source: Kaptay 2004).

Deqing and Ziyuan (Wang and Shi 2003) investigated the effect of SiC (1, 7, 14
and 20 um) and AL,O3 (3.5, 5 and 10 um) particles, foaming temperature and gas flow
rate on the cell sizes, cell wall thicknesses of Al foams in Alcan foam processing route.
Cell sizes and cell wall thicknesses increased with increasing particle size and particle
volume fractions, while the cell wall thicknesses decreased with increasing foaming
temperature. The cell wall thicknesses varied between 45 to 80 um depending on the
particle size and volume fraction. The cell size increased, while cell wall thickness
decreased with increasing gas flow rates. It was noted in the same study that, the
presence of particles in liquid foam increased the bulk viscosity of the composite melt;
hence, reduced the liquid flow from cell faces to cell edges. The particles at liquid/gas
interface further reduced the capillary pressure difference between cell edge and cell
wall. Both were noted to be effective on the stability of the composite foam. Low
concentration of large particles could not form an adequate coverage of cell surface
hence lead to unstable foam, while high concentration of small particles increase the
viscosity of the melt significantly so that the air injection could not foam the composite
melt.

Yang and Nakae (Yang and Nakae 2000) investigated the foaming behavior of
liquid A356 Alloy with the addition of 0.5 to 4wt% TiH, foaming additions and at
various temperatures. The liquid viscosity was adjusted by Al powder addition.
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Increasing the amount of foaming agent addition increased the porosity until about
1wt% TiH,, while foaming efficiency decreased with increasing foaming agent. The
optimum foaming agent addition was determined as 1wt% by considering cell
uniformity and foaming efficiency. At low foaming temperatures, less than 630 °C,
sufficient gas release from foaming did not occur while foaming at temperatures above
650 °C, resulted in rapid bubble coalescence. The optimum foaming temperature was
given in the range of 630-650 °C for studied melt alloy.

Banhart (Banhart 2006) has recently reviewed stabilization of Al foams in
various processes. It was shown by comparison of various Al alloys that the critical cell
wall thickness (cell wall thickness just before the rupture of the film or the cell wall
thickness that carry the foam structure) was thickest in pure Al foams and reduced with
Si and Cu addition. It was further shown using the following equations that the growth

was accompanied by film rupture in foaming process.

D« 2 \p ™ -1 (for coalescence-free growth) (4.1)
D« 6d_,(p " -1) (growth with rupture ad dei))  (4.2)

It shows that when bubbles are blown in a fixed volume size D of the fixed
number of bubbles increases. If a critical cell wall thickness exists for the foam (Figure
4.3), below which a film ruptures, the number of bubbles will reduce like the mean pore
diameter grow more quickly (Figure 4.4). It was concluded that the stabilization of
foams was accompanied by viscosity enhancing effects and the surface activity of
particles. Effect of the oxide content of the powder used for making precursors on the
maximum expansion value of pure Al foams for six different powder sources is shown

in Figure 4.5.
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Figure 4.3. Critical thickness of cell features of various aluminum alloys made by
foaming a precursor (Source: Banhart 2006).
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Figure 4.5. Influence of oxide content of Al powder on the expansion behavior of the
foam (Source: Banhart 20006).

Kaptay (Kaptay 2004) developed a stabilization criteria for liquid foams based
on the separation pressure acting on neighboring bubbles. Various kinds of particle
arrangements on the cell wall were considered (Figure 4.6). The stability of foams
increased in the following order: loosely packed single layer of particles, closely
packed single layer of particles, loosely packed double layer of clustered particles,
loosely packed ‘double+’ layer of clustered particles, closely packed double layer of
particles and closely packed ‘double+’ layer of particles. The critical wetting angles for

various types of particle arrangement were further developed. It was further shown that

S

foam stability was not possible when > 40 (where P is the pressure that

destabilizes the foam, Ry is the radius of particles and o is the surface tension of the
liquid). It was also estimated that particles smaller than 30 pum stabilized the liquid

metal foams.
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Figure 4.6. Schematic of the different arrangement of the stabilizing particles on the
cell walls (Source: Kaptay 2004).

Kennedy (Kennedy 2002) and Kennedy and Lopez (Kennedy and Lopez 2003)
studied the effect of TiH, heat treatment on the gas release rate foaming of Al powder
compacts. The heat treatment process between 400-500 °C retarded the gas evolution
starting at about 495 °C in untreated TiH, powder to higher temperature. The heat
treatment however did not prevent the gas release before the melting of the compact and
hence had small effect on foam expansions.

Kennedy and Asavavisithchai (Kennedy and Asavavisithchai 2004) investigated
the effect of 10 um and 3 vol% Al,Os, SiC and TiB, addition on the foaming of Al
powder compacts. Although particle addition increased the maximum expansion of the
powder compact, at longer waiting times TiB, and Al,O3; contained powder compacts
showed reduced expansion compared with Al compact without particle addition. The
increased drainage in TiB, and Al,O3 contained powder compacts were attributing to
the non-wetting behavior of the particles, leading increased drainages.

Asavavisithchai and Kennedy (Asavavisithchai and Kennedy 2006b) showed
that the Mg-addition improved the stability of Al/Al,O; powder compacts by improving
the wetting behavior of Al,Oj; particles. With Mg addition particles were found to be
embedded at cell wall surface by the cell wall, leading to reduced drainage and hence
increased expansion values (Figure 4.7). The addition of relatively small amount (0.6
wt%) of Mg particles in powder compacts was found to enhance the wetting of AlLO;

particles (Figure 4.8). It was also shown that there is an optimum oxygen content which
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leads to maximum expansion in compact. The foam made of Al powder containing

0.333 wt% oxygen was shown to be the most stable (Figure 4.9).
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Figure 4.7. Effect of Mg and Al203 additions on the expansion of Al foams (Source:
Asavavisithchai and Kennedy 2006b).

Figure 4.8. SEM micrographs showing the attachment of Al203 particles at the cell
wall surfaces for (a) and (c¢) Al-6 wt%AI203 and (b) and (d) Al-6
wt%AI1203-0.6wt.% Mg foams (Source: Asavavisithchai and Kennedy
2006b).
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Figure 4.9. Cross sections of Al foams made using different Al powders: (a) as-
received, (b) powder heat treated at 500 °C for 60 min, (c) powder heat
treated at 500 C for 180 min, and (d) powder heat treated at 550 -C for 60
min (Source: Asavavisithchai and Kennedy 2006b).

Duarte and Banhart (Duarte and Banhart 2000) and Duarte et. al. (Duarte, et al.
2002) studied effects of hot compaction and the foaming conditions on the foaming
behavior and microstructure of AlSi7 and 6061 Al compacts. It was found that
increasing foaming temperature increased the foam expansion in both compacts within
the temperature range of 600-800 °C. Increasing temperatures reduced the viscosity and
promoted gas evolution, leading to increased foam expansions. It was shown in the
same study that the volume expansion were saturated at 750 °C for AISi7 alloy
compact, while the viscosity of 6061 Al alloy compact was not sufficient for the
efficient foaming until about 800 °C. For the studied Al compacts, the foaming
temperature was held between 700-730 °C and the maximum expansion was found to
vary between 4.13-4.86.

The early stage pore formation in AA6061 Al and Al-7%Si powder compacts
(Alulight) was investigated by synchrotron-radiation tomography (Helfen, et al. 2005).
The pores in the former alloy formed dominantly around the blowing agent, while in the
later alloy the pores preferentially initiated around Si particles.

Stanzick et al. (Stanzick, et al. 2002a) observed the foaming behavior of

uniaxially compacted AlSi7 and thixocast AlSi6Cu4 foamable precursors using real
47



time X-ray radioscopy. The anisotropy in compacted precursor was observed in the
early stage of the foaming; the expansion occurred parallel to the compaction direction
and the initial cells formed were crack-like. While the precursor produced by casting
showed no directional expansion and cells were round at all times. The cell wall rupture
time for both types of precursors were determined around 50 milliseconds and cell
rupture occurred at thickness of cell walls below 50 um. The cell rupture time (T) was

further approximated using following relation

_b [e
2\ o

(4.3)
where, b, ¢, p and & are the cell wall length, thickness, liquid metal density and surface
tension, respectively. Using the typical values of Al in above equation, a rupture time of
1.2 ms was calculated. Several types of defects included into the precursor were found
to be not effective in changing the morphology of the fully expanded foams.

Banhart et al. (Banhart, et al. 2001) analyzed the foaming behavior of Al-based
sandwich panels using X-ray radioscopy. The foamable sandwich precursor was
prepared by roll-cladding of AA3103 Al alloy sheets to the extruded Al alloy foamable
precursor. In the early stages of the foaming, crack-like pores were formed normal to
the foaming direction, which was related to the direction of powder consolidation. The
foamable sandwich precursor showed strong dependency on the foaming temperature
and duration. Low foaming temperatures resulted in low expansion of the precursor,
while high foaming temperatures resulted in melting of the face sheet.

Haibel et al. (Haibel, et al. 2006) have recently analyzed the possible
stabilization mechanisms operative in foaming of powder compact processes. The liquid
metal on a film (cell wall) connected to the plateau border (cell edge), under the effect
of the pressure difference, flows from the cell wall to the plateau borders. Pressure

difference is as follows.

)= (4.4)
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Several different stabilization models were considered. The partially wetted
particles on the cell wall form menisci of radius of Rg=Rpp, which reduces the pressure
difference and capillary suction (Figure 4.10 (b)). In another model, small particles sit at
the liquid/gas interface, which gives rise to local menisci between adjacent particles
Figure 4.10(c); hence reduce the melt flow from the film. Another model, which has
become popular recently, is based on the mechanical connection of the particles
covering the opposite film surface, which provides repulsive mechanical forces Fig
4.10(d). The last model is based on the increased viscosity of the melt by the presence
of small particles in the film, which immobilized the liquid metal flow (Figure 4.10 (d)).
These models were investigated by the foaming of a metal matrix composite Al-10wt%
Si-1 wt%Mg/10 vol%SiC (13 um) foamable precursor. It was shown microscopically
from the solidified foam samples that most of the particles were located at the metal/gas
boundaries and only few were found at the interior of the cell walls. X-ray tomography
analysis of cell walls further showed no evidences of mechanical bridges between the
particles of the opposite cell faces. The global distribution of SiC particles in foaming
melt was further determined. The particles were found to be predominately located near
the liquid/gas interface (37%), while at a 40um distance from the liquid/gas interface
the particle concentration dropped to 7%. Finally, a model of foam stabilization
comprising the particle covering of the cell faces and increased apparent viscosity of the

melt (Fig. 4.10(f)) was proposed.

Figure 4.10. (a) Liquid film in a foam (R is the radius of curved films, Ap is the pressure
difference within a film), (b) adsorbed particles with film bridges, (c)
modulated interfaces, (d) particle layers on interfaces connected by particle
bridges, (e) drainage reduction by particles and (f) model for particles
(Source: Haibel, et al. 2006).
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Babcsan et al. (Babcsan, et al. 2005, Babcsan, et al. 2007) analysed ex-situ and
in-situ the stability of aluminum metal foaming processes. In foam prepared by
Formgrip process with 13 um sized SiC particles, the particles were observed to
segregate to the cell surface, while in foams of 70 um SiC particles, only small amount
of particles were observed on the cell surface. The cell wall thicknesses were also found
to be quite different: 85-100 um in foams of 13 pum SiC particles and up to 300 um in
foams of 70 um SiC particles. In Alporas foams, the size and volume of the oxide
inclusions were predicted as 1 um and 1%, respectively. A chart showing particle size
and particle volume fractions that stabilize the 3 foams, namely CYMAT, ALPORAS
and ALULIGHT, was further developed (Fig.4.11). For CYMAT foam, the particle size
and volume fraction for foam stabilization were above 1 um and 1 vol%, while these
were less than 1 pm and 1 vol% in Alporas and Alulight foams. In gas injection
foaming of Al melts, it was found that TiB, particles were not effective in stabilizing
the foam and they were considered as non-wettable. It was also shown that the
composition of the melt alloy was effective in particle distribution. Foaming of an
AlSi10.8Mg0.8/10vol% Al,O3 melt in Alcan process produced thicker cell walls than the
alloy containing lower Si/Mg ratio. In three different foaming processes, Cymat,
Alporas and Alulight, the foamed alloy were considered as, by similarity, suspensions
(50-100 pum), sols (micrometer size particles) and gels (nano size particles),
respectively. These alloys were foamed through external foaming (gas injection) and
internal foaming (blowing agent). Results showed that internal foaming of Alporas alloy
produced longer standing foams than Alulight metal alloy. In external foaming, Alcan
metal showed the highest and Alulight metal shows the lowest foam qualities. In
external foaming of 20vol% SiC (10 um) particle containing melt by argon gas blowing,
a rupture time of cell wall of below 33 ms were found. It was also shown that rupture

increased with increasing foaming duration but after an incubation time of 106 s.
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Figure 4.11. Stability diagram for metal foams relating particle volume fraction and
particle size (Source: Babscan, et al. 2005).

In laser foaming of the foamable compacts produced by powder metallurgy, the
interaction time was found to be effective on the cell size (Kathuria 2001a, Kathuria
2001c, Kathuria 2003a, Kathuria 2003b). Longer laser beam interaction times induced
larger cells and shorter beam interaction led to small size but partial foaming in the
powder compact.

The effect of foaming time on pore size and pore size distribution in Alporas
foam processing method was investigated experimentally and numerically by Song and
Nutt (Song and Nutt 2007). Two forces were identified resisting the foam expansion:
the frictional forces between liquid foam and foaming mold surface and excess surface
pressure arising from the surface tension. The expansion rate was found to increase with
increasing mold cross-section and decrease with increasing foam height and melt
viscosity and pore size and pore size distribution was shown to be a function of furnace
holding time.

The effect of compaction method on the expansion of Al-0.6%TiH, powder
compacts was investigated by (Asavavisithchai and Kennedy 2006a). It was shown that
simple cold compaction of Al powder compacts of >99% dense and containing 0.3-
0.4% oxygen produced foam expansions similar to the ones prepared by hot
compaction forming processes.

The effect of oxygen content of the starting Al powder on the expansion and

stability of Al-0.6%TiH, powder compacts was investigated (Asavavisithchai and
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Kennedy, 2006¢). The oxide content of the powder was increased by the pre-heat
treatment. It was shown that the maximum foam expansion increased by increasing the
oxygen content to 0.333 wt% while increasing oxygen content above 0.333-0.6wt%
level resulted in low expansion but stable foams. The oxide particles formed clusters of
crumpled films, restricting drainage.

Leitlmeier et al. (Leitlmeier, et al. 2002) have modified gas blowing foaming
process by using a new gas bubbling equipment which controls the gas bubble
formation and guiding the particle stabilized foam on the surface of the melt into a mold
(Figure 4.12). The foam prepared in this modified foaming technique is called
Metcomb. It was also shown that smaller depths of immersion gas bubbling equipment
lead to unstabilized bubbles and bubbles burst on the surface of the melt. The minimum
thickness of depth of immersion of bubbling equipments was shown to increase with
decreasing particle content (Al,O3 and SiC). The use of nitrogen as blowing gas resulted
in more frequent bursting of the bubbles before reaching to the melt surface when
compared with air or oxygen blown foams. It was also found that when nitrogen was
used for blowing, SiC covered the surface of the walls, while oxygen blown foams the
cell wall surfaces and SiC particles were covered with thin oxide layer. Stable foam
processing in Cymat method as a function of distance traveled by bubbles and SiC
volume fraction is shown in Figure 4.13. At low traveling distances and low SiC
volume contents, the bubbles are bursted and the stability was lost as depicted in Figure
4.13, while the stability is achieved at long traveling distances and high volume content

of SiC particles.
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Figure 4.12. Schematic presentation of the foaming experiments with blowing gas into a
melt filling a mold (Source: Leitlmeier, et al. 2002).
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Figure 4.13. Criterion to obtain stable Al foams (alloy A356, T = 727 °C) (Source:
Leitlmeier, et al. 2002).

Babcsan et al. (Babcsan, et al. 2004) investigated the foaming behavior of Al
melts containing SiC particles through foaming by gas blowing process. It was noted
that Al melts without particle did not form stable bubbles on the surface of the melt. It
was concluded that a certain concentration of particles were needed for bubble
stabilization formed by blowing and the stabilization is due to the particle segregation at
the liquid/gas interface; the surface oxide layer formed in oxygen containing blowing
gases, provide additional foam stabilization.

The effects of melt (pure Al) viscosity (adjusted by the Ca-addition and melt
stirring time) and holding time on the cell structure of Alporas foams were studied by
Song et al. (Song, et al. 2000, Song, et al.2001). It was observed that pore structure is
affected by the melt viscosity. With increasing melt viscosity, the metal foam stability
increased and the cell size decreased. It was further emphasized that too high viscosity
might prevent the homogenous dispersion of the foaming agent. For large cell size,
holding time increased and the amount of foaming agent decreased. Too low viscosity
always leads to rapid floating of bubbles, and too high viscosity suppresses the
formation and the growth of bubbles. Therefore, it is important to control the viscosity
carefully in the foaming process. Viscosity of aluminum melt was measured by
measuring the voltage of paddle motor during the period of stirring. When a liquid is
stirred, the resistance from the liquid can be signified as the apparent but not the real
concept of viscosity. As the apparent viscosity is high, higher motor power and the
winding voltage of stirring motor is needed. As can be seen from Figure 4.14 below

addition of calcium into aluminum melt can increase the apparent viscosity.
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Figure 4.14. Relation of stirring time and Ca content with apparent viscosity of Al melt
(Source: Song, et al. 2000).

It was observed by Ravi ef al. that the effective or apparent viscosity rises
markedly above the viscosity of pure (monolithic) melts when the liquid metal contains
a dispersion of particles in their study of investigating fluidity of Al alloys and
composites (Ravi, et al. 2008). For dilute suspensions with particle volume fraction
smaller than 0.1, the effective viscosity, uc, of the suspension can be predicted using

Einstein equation

w1, =, (1+2.5¢0°+10.25¢%) (4.5)

where uc is the apparent viscosity of composite slurries (g/cm.s), po the viscosity of
fluids without any particle (g/cm.s) and ¢ is the volume fraction of the suspended
particles. Literature suggests that the viscosity of aluminum lies between 1.0-1.4 mPa.s
(lida and Guthrie, 1988). In concentrated suspensions, it is necessary to account for the
effects such as hydrodynamic interactions, particle rotation, collision between particles
and agglomerate formation. At high volume fractions, the relationship between
viscosity and concentrations become non-linear. The following equation was developed
by Wang et al. (Wang, et al. 2003) for viscosity of composite melt considering the

influence of particle size, shape as well as volume fraction
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where Dp is the diameter of spherical particles (cm) and € is the factor related to the
particle height—diameter ratio. The melt viscosity can significantly increase for reducing
particle sizes with constant particle volume.

It was observed by Ravi et al. (Ravi, et al. 2008) that increasing angularity of the
particle reinforcements leads to a progressively greater decrease in the fluidity at a
given temperature and volume fraction of particle (Figure 4.15(a)). Fluidity is measured
as the flowing distance of the melt metal in a spiral shaped mold till it solidifies.
Fluidity, besides being dependent on many parameters, is inversely dependent to the
viscosity of the melt. In this study addition of 15 vol% SiC of 9 um diameter had the
lowest flow ability, lower than that of composite containing 20 vol% SiC of 14 yum
diameter, showing that particle size has a strong influence on flow of the melt. The
decrease in the SiC particle size has been attributed to an increase in the total surface
area of particulates causing more resistance to fluid flow as a result of stagnant
boundary layers around the particles (Figure 4.15(b)). It was observed that fluidity
decreased linearly with the total surface area per unit weight of the particles. Fine
particles are more effective in stopping a flowing stream than an equivalent percentage
of coarse particles. Hence, fluidity is expected to decrease with grain refinement.
Similarly, as can be seen from Figure 4.16, for a constant particle size, increasing the
SiC particle percentage in the melt resulted in decrease in the fluidity of different Al
alloys (Ravi, et al. 2008). Generally, fluidity of aluminum alloy increases with
increasing melt temperature for a given alloy composition. However, in some cases,
raising the temperature has a negative effect on the fluidity of Al MMC:s. For instance,
the fluidity of AA6061-15 vol% SiCp composites was found to decrease with

increasing temperature (Ravi, et al. 2008).

55



90

{ =
804

1 * -u____ Spherica
704 —

- =

_ . -~ “
60 e .

| —_Angular ,

E 50 - T \\

£ S N

B 40 e

=) -

. \
304 \*.
204 *
10

L] | T T T T T T T T
15 20 25 30 35
%, Violume fraction of SiC
(a)
48 -
44 N .
40 - I-—._\_-__‘_\_ -
] ——
% _. - _\_H-_\_\_H'.'_‘—H-
E 324
e
£ 284
g
s
BN
‘B 16
w
12 4
P
4 -
u L] L J L] J L L] | J 1
0 100 200 300 400 500
Surface area of alumina particles,m?/100g

(b)

Figure 4.15. Effect of (a) particle shape and (b) total particle surface area of SiC
particles on the fluidity of the melt (Source: Ravi, et al. 2008).
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(Source: Ravi, et al. 2008)
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CHAPTER 5

MATERIALS AND EXPERIMENTAL METHODS

5.1. SiC Powder and Whisker

The average particle size of Al powder used to make compacts was 34.64 um
and the size of TiH, particles was less than 37 um as tabulated in Table 5.1. The
oxygen content of Al powder was measured as ~0.5% using a LECO oxygen analyzer
device. TiH, content was kept at 1 wt% in all foamed compacts. SiC-Aldrich 378097
numbered as powder 4 was sieved between 20-30, 30-45, 45-56 and 56-74 pm using a
Fritsch Analysette 3 PRO type vibratory sieve shaker, while powders numbered as 5,6,7
and 8 were directly used in compact preparation. 10 different SiC/Al compacts were

prepared and foamed.

Table 5.1. Powders used for the compact preparation.

Powder Particle Size

(pm)

1 Aluminum (Aldrich-code 214752) <74 um

2 TiH, (Merck-code 1.12384.0100) <37 um

3 SiC particle (Aldrich-code 357391) <37 um

4 SiC particle (Aldrich-code 378097) 30-74 um

5  SiC particle (Alfa Aesar-code 43884) 30 nm

6  SiC particle (Alfa Aesar-code 40155) 2 um

7  SiC whisker (Alfa Aesar-code 38787) 1.5 pm in diameter, 18 pm in
length

8  SiC particle (Alfa Aesar-code 43332) <44 um

The codes of the compacts foamed are tabulated in Table 5.2 together with the
sieved SiC addition sizes. In Table 5.2, PO refers to the compacts without SiC addition.
P1-P8 refers to the compact with SiC particle addition, P9 whisker and P10 nano
powder addition. Compacts coded between P1-P5 were prepared using sieved particles.
The average sizes of the SiC particles were measured using a Sedigraph device

(Micromeritics, Sedigraph 5100). The corresponding SEM micrographs of SiC
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additions (particles, whisker and nano powder) are also shown sequentially in Figure
5.1 and Figure 5.2. SiC particles used were generally angular in shape, particularly
powders with relatively large particle sizes; therefore, the minor (short) and major
(long) axes of the particles were measured from SEM micrographs using an image
analyzer program to determine the average particle sizes. At least 100 measurements
were taken and the results were averaged and tabulated in Table 5.2. It is noted in Table
5.2 that the sedigraph and SEM measurements show similar average particles sizes. In
the analysis of the particle size effect on the foaming behavior of SiC/Al compacts, the

particle sizes measured using SEM micrographs were used.

Table 5.2. Mean particle diameter values of the powders measured from SEM images.

Compact Powder Mean particle Mean short Mean long Mean
Code interval size (Sedigraph) axis size Axis size  particle size
(pm) (pm) (pm) (pm) (pm)

PO -
Pl 10-20 19 11 17 14
P2 20-30 29 18 29 24
P3 30-45 35 24 43 34
P4 45-56 42 41 73 57
P5 56-74 54 51 82 67
P6 3-40 20 - - 21
P7 26-74 36 - - 36
P8 0.2-2 - - - 1
P9 1.5-18

(whisker) ) ) ) )
P10 30 nm - - - -

Figure 5.1. SEM micrograph of (a) P1, (b) P2, (c) P3, (d) P4, (e) PS5 (f) P6, (g) P7 and
(h) P8 SiC powders.

(cont. on next page)
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Figure 5.1. (cont.)
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Figure 5.2. SEM micrograph of (a) P9 whisker and (b) P10 nano powder.

5.2. Compact Preparation

The stages of the compact preparation and foaming experiments are
schematically shown in Figure 5.3. The process starts with the mixing of appropriate
amounts of basic ingredients (Al powder, TiH, and SiC) inside a plastic container,
which was tightly closed. The powder mixture is then rotated on a rotary mill for /2 h in
order to form a homogeneous powder mixture. For the addition of nano and 1 pum size
SiC particles, the powder mixture was mixed using a ball milling machine. The mixture
was then axially compacted inside a tool steel die (Figure 5.4) with a final compact
relative density of ~98-99% using a hydraulic press. The compacts were 30 mm in
diameter and ~8 mm in height. The applied pressure to the powder mixture varied
between 180 and 260 MPa; higher compaction pressures were applied during the
compaction of SiC/Al powder mixtures in order to increase the relative densities to that
of Al compact without particle addition. The percentage of SiC particles in the prepared
compacts are listed in Table 5.3. The optical micrographs of the polished cross-sections
of the prepared P1-P5 compacts with 5 and 10 wt% are shown sequentially in Figure
5.5. As is seen in these figures, no particle agglomeration is seen both for 5 and 10wt%
SiC/Al compacts and SiC particles were homogeneously distributed throughout the Al

matrix.
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Figure 5.3. Schematic representation of foaming process.

Mixing Compaction Foaming
(rotary mill) [™| (cold axial pressing) |™] (750°Cin a pre-heated mold)

Figure 5.4. Dies used for the compact preparation.

Table5.3. Percentages of SiC in SiC/Al compacts.

Specimen Mean particle Percentage of SiC added
Code Diameter (%)

P1 19 um 5-10

P2 29 um 5-10

P3 35 um 5-10

P4 42 um 5-10

P5 54 um 5-10

P6 20 pm 5-10-15

P7 36 um 5

P8 I um 0.1-05-1-3-5

P9 1.5-18 um (whisker) 0.1-0.5-1-3-5

P10 30 nm 0.01-0.1-0.15-1-3-5
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(d)
Figure 5.5. Microstructure of compacts having 5-10 % SiC from (a) P1 (b) P2 (c) P3
(d) P4 (e) P5 powder.
(cont. on next page)
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Figure 5.5. (cont.)

The density of the prepared compacts (Figure 5.6(a)) and the dimensions
including the diameter and height were measured before the foaming tests. The density
of the compacts was measured using the Archimedes’ method on precision balance
(Figure 5.6(b)). Weight of the compacts was measured in air and in distilled water
(shown with white arrows in Figure 5.6 (b)) and density was calculated according to the
buoyancy force. Then these measured values were used to compare with the calculated
density values of the compacts to understand the relative density of the compacts.

Density values used for Al, SiC and TiH, powders used in calculation of the density of

the compacts are 2.702 g.cm’3, 3.217 g.cm'3 and 3.910 g.cm'3 respectively.

(@)

Figure 5.6. Picture of (a) a cold pre