h¥nueayana nyzveuinfaanazih

DEVELOPMENT OF ALUMINIUM FOAM PANEL FOR SOUND
ABSORPTION IN ROAD VEHICLES

I!HWIINIHM

PHADUNGKIAT PHEWOQON

i 4 ]
LAY eecepee X0 @i |0
l‘ﬂ’i]'ﬂw&'!.lﬂlp :.7 8 0 9.--.-
358, 2959 i
'Ju,Lﬂ .....................

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
MASTER OF ENGINEERING IN AUTOMOTIVE ENGINEERING
(INTERNATIONAL PROGRAM)
INTERNATIONALCOLLEGE
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
2015

KMITL-2015-1C-M-004-02



COPY RIGHT 2015

INTERNATIONAL COLLEGE

KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG

NATIONAL SCIENCE AND TECHNOLOGY DEVELOPMENT AGENCY



ABSTRACT

Thesis Title Development of aluminium foam panel for sound absorption in
road vehicles

Thesis Credits 12
Candidate Mr. Phadungkiat Phewoon
Thesis Advisors Asst. Prof. Dr. Panya Kansuwan

Dr. Sompong Srimanosaowapak

Prof. Dr. Naoto Ohtake

Program Master of Engineering
Field of Study Automotive Engineering
Department Mechanical Engineering
Faculty Engineering
B.E. 2558

Abstract

Open cell aluminium foams made from AC2A aluminium alloy were produced using
vacuum pressure to assist molten metal to fill into space of preforms of sizes 4.1, 5.0 and
6.3 mm to obtain aluminum foams with combines properties, such as lightweight, good
energy absorption, sound absorption and heat transfer. In this research, influence of
production parameters affecting foam structure, mechanical properties and sound
absorption, and foam installation affecting efficiency of sound absorption was
investigated. The properties of aluminium foam prototype are aimed to overcome those
of current sound absorptive materials which are still in limit of use.

The results indicate that gas permeability coefficient of mold affected density of
aluminium foams and characteristic of molten metal filling at infiltration zones of mold.
It was found that the use of pouring temperature of molten metal at 720°C and molds with
gas permeability coefficient of 31.26 x 1012 m?, while vacumm pressure was kept
constant, gave aluminium foams with a high percentage of molten metal filling resulting
in high density and uniform structure. The use of molds with higher. gas permeability
coefficients resulted in aluminium foams with lower percentages of molten metal filling
and density, thinner cell walls and less uniform structure. Level of vacuum pressure was
found to directly proportional to both percentage of molten metal filling and density.

For sound absorption performance of aluminium foam samples with three sizes of
spherical perform, it was found that sound absorption as a function of sound absorption
coefficients against frequencies increased with increasing thickness and density of
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samples, especially at low frequencies in the ranges of 125 — 1,000 Hz. Decreasing
preform sizes, while density and sample thickness were kept constant, resulted in
aluminium foams with lower energy absorption capacity but higher sound absorption
performance. Moreover, installation by having air gap behind an aluminium foam sample
enhanced sound absorption coefficient at frequencies depending on the size of the air gap.
Predictions of sound absorption coefficients based on structural parameters of aluminium
foam gave relatively good agreement with those of measurements. Less disagreement in
predictions was obtained when aluminium foams with more thickness and cell number
were used. The lowest level of disagreement in predictions in this work (10% — 33% at
the range of frequencies of 125 — 250 Hz) was obtained with aluminium foams having 46
— 63 unit cells.

Keywords: Aluminium foam, Space holder, Production parameters, Sound absorption
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CHAPTER 1 INTRODUCTION

1.1 Background

Noise pollution is one of the primary concern in automotive design. The hearing of too
loud noise for a long time can deteriorate the hearing ability and the mental health of
humans. Consequently, one should avoid hearing too loud noise, otherwise, some
preventive method should be taken into account. Daily communication requires an
enormous number of journeys which undoubtedly make noise pollution to some extent
depending on the type of vehicles.

In addition to surrounding sounds from outside, loud noise could occur from several
components of a vehicle, such as power train, exhaust system, tyres and wind, which
generate noise to a vehicle compartment. The vehicle compartment is similar to a living
room where calmness is highly desirable for a driver and passengers. Automotive
manufacturers have attempted to make a car as quiet as possible in order to satisfy their
customers. The calmness within the compartment is one of the selling points of a car.
Sound absorption is a prime solution for acquiring the low sound requirement. Competent
materials eligible for sound absorption purpose are those of which contain porous
structure such as polyester, glass fiber, urethane and aluminium foam. The last porous
material has excellent properties especially suitable for sound absorption applications due
to its good capability and stability of sound absorption, environmentally friendly
property, and human harmlessness during both production and usage. These properties of
aluminium foam are better than those of fiberglass and poly-urethane foams which are
most used sound absorption materials. The use of aluminium foam, however, has limited
due to its high sale prices. A combination of product cost and sound abserption property
of a sound absorption material is a selective criterion for crucial decision made by a car
maker.

The purpose of this study is to develop a low cost aluminium foam panel for sound
absorption applications in road vehicles. Cheaper raw materials, which can be used for
producing aluminium foams with controllable pore sizes, optimised manufacturing
conditions and proper installation will be the key elements of this research. The results
from this work will benefit for both car makers and customers.

1.2 Objectives

e To optimise manufacturing conditions to receive a determinative control of
aluminium foam structure for good sound absorption at a specified range of
frequency.

¢ To determine the effect of different installation on sound absorption properties of
aluminium foam panels.

e To evaluate the use of aluminium foam panel for sound absorption in road
vehicles.



1.3 Scope of Research

¢ To produce aluminium foams with different pore size, porosity and thickness
using a vacuum infiltration method.

e To measure sound absorption coefficients of aluminium foams having different
structure and installation, and compare them with theoretical models.

1.4 Thesis Outline

The thesis is arranged in 5 chapters, the contents of which are summarised as follows.

Chapter 1: Introduction

This chapter introduces the general background of noises in road vehicle including noise
sources and absorbent materials. The crucial idea of car manufacturer designs and a
quality of car for customer satisfaction are presented. In addition, objectives of this study,
and scope carrying out into research are presented in this chapter.

Chapter 2: Literature Review

This chapter explains the fundamental theory of noises, noise control methods in vehicle,
and sound absorption characteristic of porous materials. The production parameters,
influencing on sound absorption, of open cell aluminium foams are summarised from
previous studies. Furthermore, prediction models of production parameters and sound
absorption performance are presented for comparing results of experiments and
predictions.

Chapter 3: Experimental Procedure

This chapter explains in details the space holder method for open cell aluminum foam
production. The aluminium foam production parameters including gas permeability
through mold drainage, initial infiltration pressure and melt temperature are varied in
order to investigate the correlation between production parameters and foam structures.
Sample characterisation methods including related equations to calculate, specifications
of equipment and operating methods are also explained in this chapter.

Chapter 4: Results and Discussion

This chapter shows the results of open cell aluminium foam structures produced in various
investigation parameters including their mechanical and acoustical properties. Some
aluminium foam specimens are chosen to measure acoustical properties and optimise
sound absorption performance with varying installation methods. Their results are
compared with prediction models and physical equations.

Chapter 5: Conclusions and Suggestions

The obtained results from this research are concluded. Suggestions of experiments that
are benefit in the future research are recommended in this chapter.



CHAPTER 2 LITERATURE REVIEW

2.1 Noises in Vehicles

2.1.1 Type of Noises in Vehicles

Figure 2.1 Transfer paths of airborne noise in a car [1].

Noise in vehicles can be divided into two types: airborne and structure-borne noises.
Airborne noise is a sound pressure level which can be transferred only via the air as
shown for example of airborne noise in a car in Figure 2.1 [1]. It can be reduced by
installation of absorptive materials.

Figure 2.2 Transfer paths of structure-borne noise in a car [1].

Structure-borne noise in a car occurs by vibration sources of structure or automotive
components transmitting into a passenger compartment. Figure 2.2 shows an example
of the structure-borne noise occurred during driving by suspension components
excitation [1].

2.1.2 Noises and Their Sources in Vehicles

Figure 2.3 shows various sound sources producing noises transmitting through the
passenger compartment of a car [2]. They can be classified according to type, source
and frequency of noises as shown in Figure 2.4 [3]. Lu [4] measured noise in sound
pressure level which transmitted through a passenger compartment at the front
passenger right ears versus frequency. A range of high sound pressure levels of 50 — 90
dB occurs at frequencies 0 — 2,000 Hz and gradually decreases at higher frequencies,



as shown in Figure 2.5 [4]. Similar results of high sound pressure level occurring at
frequencies less than 2,000 Hz were reported [5-8]. Putner et al. showed that the highest
sound pressure level occurred at the engine and the rear axle of a car [5].
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Figure 2.4 Noises in an automotive vehicle classified by type, source and frequency

[3].
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Figure 2.5 Interior sound pressure level at the front right ear (Dark and light traces
represent for vehicles with standard and acoustic windshield, respectively) [4].

2.1.3 Interior Sound Design for Vehicles

Sound level is one of car design aspects concerning for health of driver/passenger.
Basically, level of sound inside a vehicle should not exceed permissible levels of noise
as can be seen in Table 2.1 [6]. Moreover interior noise at low level can guarantee
reliability, safety and comfort of the vehicle. Recent automotive manufactures have
designed their component parts or systems in the way to reduce noises in a passenger
compartment. For example, the recent Volkswagen Golf VI car [7], a new soft sound
injection pump and a new sound insulation and damping package were developed for
noise reduction in a common rail engine. In addition, in order to reduce rolling noise,
an engine mounting system was moved to locate near a torque roll axis [5]. The
geometry and material of windshield mirror was also redesigned to attenuate an
aerodynamic noise [4].

Table 2.1 Recommendations for permissible sound level inside motor vehicles [6].



Permissible levels of
Moter vehicle noise, 4B (A) "

Moror vehicles for iransportation of passengers

Categories Miand M
(2) at the driver’s seat 78
(b} in the passenger compartment of class B, I1 and U1 buses 80
(c)} in the passenger compartment of class A and 1 buses 82
Categories Mzand Miwith the eogine located in front of adjacent to the driver's seat,
Including special purpose buses manufactured on the chassls of trucks 80
Motor vehicles for transporiation of goods
Category Ni with a laden mawm ap to 2000 ke 80
Categary Ni with a laden mass from 2800 kg up to 3500 kg 82
Categories Naand N» 82
Categories N2 and Ni {trucks with a sleeping berth) 80
Semitrzilers for transportation of passengers 80
Trolley-buses
(z) =t the driver’s seat 78
(b) in the passenger compartment 82
Vehicles with the poeumatic braking system, when the compressed air is discharged
From the pneumatic valves after the actuation of brakes 70

2.2 Noise Control in Vehicles

2.2.1 Noise Control Mechanisms

ALUMINUM s5TUD
FOAM {AIR APACE} REgMALL

Figure 2.6 Schematic diagram of sound absorption mechanism by aluminium foam
panel [8].

Sound is a mechanical wave which is an oscillation of pressure transmitted through a
solid, liquid or gas. It composes of frequencies within the range of hearing and of level
sufficiently strong to be heard, or the sensation stimulated in organs of hearing by such
vibrations [9].

Sound pressure in a given medium is the difference between average local pressure and
the pressure in the sound wave. As the human ear can detect sounds with a wide range



of amplitudes, sound pressure is often measured as a level on a logarithmic decibel
scale. The sound pressure level (SPL), Lp, is defined as

L, =101 P P (2.1)
p — 0410 | =20 109‘10 )
pref pref

where p is the root mean square sound pressure and pref is a reference sound pressure
[9]. Examples of Lp and corresponding p are shown in Table 2.2 [10]. The sound level
depends on the distance between the sound source and the place of measurement. When
a sound passes through an absorptive material, its energy is converted to heat by the
viscous friction of air in the absorptive material. Figure 2.6 shows, for example, the
absorption of sound by an aluminium foam panel having a wall at the back with an air
space in between [8]. When an incident sound passes through the aluminium foam
panel, a part of sound energy is absorbed by the aluminium foam panel. The remained
sound subsequently reflects the wall and passes through the aluminium foam panel
again. Therefore sound energy is absorbed by the aluminium foam panel two times.

Table 2.2 Sound pressure level and corresponding sound pressure [10].

Sound pressure level| Sound pressure
Ly p

140dBSPL  '200Pa
[ 137.5dBSPL  '150Pa 77
["134dBSPL  100Pa

IREL s i TP P
[ 120dBSPL 20 Pa

2.2.2 Noise Control Methods

There are three main methods for noise control in passenger compartment of an
automotive vehicle: re-design or adjust component parts to reduce noise from noise
sources, use sound absorptive materials and add sound source to noise cancellation.
Figure 2.7 shows noise reduction methods; reduction, absorption and block, in
components at positions of a vehicle in relation to type of noises [11]. Examples of
automotive components having sound absorptive materials installed are shown in
Figure 2.8 [12].



Figure 2.7 Methods of noise reduction in automotive components: reduce, absorb and
block [11].
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Figure 2.8 Installation of sound absorption materials in automotive components [12].

2.2.3 Materials for Noise Control

There are three main types of porous absorptive materials, which are classified by
structure, named as cellular, fibrous and granular, as shown in

Figure 2.9 [13]. Performance of sound absorption of current materials used in some
automotive components is shown in Figure 2.10 [14], [15]. It can be observed that
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sound absorption coefficients at frequency ranges 125 - 1,000 Hz of the materials
currently available in the market in Figure 2.10 is low compared with those at higher
frequencies. Consequently, noises that generating in the range of low frequencies are
still little absorbed by the current absorptive materials, particularly for fibrous

materials.
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Figure 2.9 Three main types of porous absorption materials [13].
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Figure 2.10 Sound absorptive materials in automotive vehicle components.
2.3 Fundamental of Open Cell Aluminium Foam

2.3.1 Parameters of Open Cell Aluminium Foam Structure

Structure of open cell aluminium foams consists of unit cells with interconnectivity.
Each of the unit cells is randomly arranged in different geometries and sizes which
depend on production method. Structural parameters of open cell aluminium foams can
be described as follows: density, porosity, pore size, aperture size (shown in Figure 2.11
[16]), strut shape and strut morphology. Production methods and related parameters of
open cell aluminium foams will be described in Sections 2.4 - 2.5.
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Figure 2.11 Enlargement of cell wall showing the presence of apertures [16].

2,3.2 Applications of Open Cell Aluminium Foam
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Figure 2.12 Main automotive applications of metallic foams [17].

Open cell aluminium foams have multifunctional properties namely noises attenuation,
light-weight construction and energy absorption which can be used in automotive
applications as shown in Figure 2,12 [17]. Open cell aluminium foams have been used
in four main applications [18], [19] and [20] as shown in Figure 2.13. Apart from
automotive applications, open cell aluminium foams can be used in other applications,
for example, acrospace industry, decoration and arts [21]. Four main applications of
open cell aluminium foams are described below.
o Light-weight construction: the structure of open cell aluminium foams having
low density and high stiffness have been used for weight reduction.
» Energy absorption: open cell aluminium foams having like sponge behavior
with mechanical stiffness and energy absorbing have been used as bumpers of
vehicles.
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s Thermal control: open cell aluminium foams having high surface area and unit
cell have been used as heat exchangers.

s Acoustic absorption: porous structure of open cell aluminium foam have been
used for sound absorption particularly in high temperature and outdoor
applications.

Applications

Light-weight construction:
BMW engine mounting
bracket.

Samples

Energy absorption:

crash energy absorber for a
tram built for the COMBINO
vehicle system.

Couriesy of hubner, Schunk,
Siemens

Thermal control:
heat-exchange medium for the
space shuttle atmospheric
control system.

Courtesy of ERG
Acoustic absorption: V‘ 175
sound absorbing underside of
highway bridge h .
p I

Figure 2.13 Applications of open cell aluminium foams [18].

2.4 Production Methods of Open Cell Aluminium Foam

2.4.1 Space Holder Method

There are several methods to produce open cell foams, which are summarised in
reference [17]. The space holder method is one of liquid state processing methods
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whose equipment set-up is simple. Moreover, this method can precisely control pore
size and porosity of foam structure by controlling infiltration of liquid metal into space
locating among specific size of space holder. Garcia and Cordovilla [22] summarised
the important factors of infiltration process on structural parameters which occur from
infiltration phenomenon at different production conditions as described below.

Space holder (size, shape and surface roughness)

Liquid metal (surface tension and viscosity)

Liquid/solid interface (contact angle and reactivity)

Production parameters (applied pressure, pouring temperature and gas
permeability)

These factors influencing on structure and physical properties of open cell aluminium
foams. For example, increasing infiltration pressure provides increased density, while,
higher compact of space holder density decreases density of foams [23], [24]. Although
factors of space holder have all been investigated, some production parameters such as
gas permeability have not yet studied.

reparation of bul infiltration with 1 removal of space
of space holders melt holder

$d_—"4_—"4%
,’{,{1

_ 3 d
space holder metal pore

1,

"Jix,:

Figure 2.14 Production of cellular metallic materials using space-holder fillers [17].

Figure 2.14 shows the schematic diagram of space holder method for producing open
cell aluminum foams [17]. This method can be achieved in three steps:

1.

Preparation of space holders: space holders can be made from organic or
inorganic substances which can withstand the high melting temperature of
metals; moreover, space holders should be leachable in water or solvents. Space
holders are mostly produced in a spherical shape made from different processes
and raw materials [25], [26]. The porosity of a produced foam is an inverse
structure of space holders. Therefore, porosity of the foam is controllable by
controlling the level of packing of the space holders [27]. Both size and number
of aperture in foam structure can be increased by increasing compact density of
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space holder. Chou et al. [28] reported that the porosity of their foams increased
with decreasing space holder diameter as shown in Figure 2.15.

2. Infiltration with molten metal: several metals, such as aluminium, copper,
titanium, steel and stainless etc, can be used. In order to fill a molten metal in
the interconnectivity of space holders completely, pressure has been often used.

3. Removal of space holders: space holder can be removed after the solidification
of molten metal using ultrasonic vibration, hot water, water jet, or solvent
depending on the type of space holders. Jinnapat [23] reported that high density
of space holder made from salt dissolved rapidly at low pressure, but higher
infiltration pressure decreased dissolution rate significantly.

00 |
< —— Nl
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Figure 2.15 Effect of space holder size on porosity of Al foams [28].

2.4.2 Investment Casting Method (Duocel® aluminium foam)

The key of this method is to fill molten metal instead of mold pattern in a mold. Mold
pattern produced from polymer material in arbitrary shape and size is coated with
casting slurry, such as sand, and placed in a casting mold. Heat was used to decompose
the polymer, dry the casting slurry and enhance casting slurry strength. Pressure is then
applied for assisting molten metal to fill into the mold as shown in Figure 2.16 [19].
This technique is expensive in preparing mold pattern and slurry casting mold.
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Figure 2.16 Schematic diagram of investment casting method for open cell
aluminium foam production such as Duocel® aluminium foam) [19].

2.4.3 Honeycomb Casting Process (Alvéotec)

Cubiz cells

Figure 2.17 Photographs of cell structures: modified and cubic cells [29].

Figure 2.17 shows a unique aluminium foam with cell diameter of 10 mm made from
pure Al of 99.7% by Alvéotec company. This foam structure was claimed to have an
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excellent thermal behaviour which can be used as a heat sink to improve heat
dissipation up to 40%. Production method of this aluminium foam is shown in Figure

2.18 [29].
1-Cores 2-Preform 3-Placing the preform
otesssssnte
possscssearsel
NS

We produce cores which are o
mix of silicc and resin

4-Casting

We put cores in ploce We pioce the preform inside o
mould

together in crder to reciize
o preform

5-Solidification

the preferm

We shed the metal into the grid of  Solidifying ond cooling metal
phases

6-Finished
product

Executiva of removing
tire preform ond
finglization phoses

Figure 2.18 Schematic diagram of direct casting method for open cell aluminium

foam production (Alvéotec process) [29].

2.4.4 Styropor Granules Sintering Method (Globomet®)

Figure 2.19 Photographs of aluminium foams produced from hollow spheres [30].

077809
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Figure 2.19 shows novel aluminium foams produced from hollow spheres which are
made from polymer balls coated with metal and ceramic powder as shown in Figure
2.20 [30]. The foams produced by this method is very thin and uniform cell wall
thickness. These aluminium foams are suitable for energy absorption application.

Powder
(metall & corarng)

Sintaring

Haillow sphore gtructuras

Figure 2.20 Schematic diagram of (globomet® process) [30].

2.4.5 Replica method

In this method, an open cell foam is produced using sponge or PU foam, as a mold
pattern. The mold pattern having specific cell sizes and shapes is coated with metal
powder slurry and dried. Mold pattern together with metal powder slurry is heated to
decompose polymer material. The structure of the obtained foam is a duplication of
mold pattern structure as shown in Figure 2.21 [31]. Optimal properties of metal
powder slurry for coating or impregnation are still practical limitation. The foam
produced by this method contains strut cells having hollow in their center as shown in
Figure 2.22 [32].



19

Figure 2.21 Schematic diagram of replica method for open cell aluminium foam
production [31].

Figure 2.22 Photographs of stainless steel foams with ligament of cell structures
having hollow inside [32].

2.5 Production Parameters Influencing on Foam Structure

2.5.1 Degree of Drainage

The degree of drainage is the level of the fluid that can permeate through a mold during
applying forces to the fluid by either applied pressure or vacuum. Permeability of fluid
flow has been studied for filter and pneumatic silencer applications [33] and for
describing thermo physical properties of aluminium foams [34]. However, permeability
of mold drainage has never been determined in producing aluminium foams using the
space holder method. Level of fluid permeability depends on medium characteristics as
can be described by Darcy’s law. Degree of drainage of mold is one of important
parameters influencing on aluminium foam production by vacuum infiltration method
because the structure of a produced foam is directly related to its level.

Permeability of a fluid flowing through a mold is characterised based on the type of
fluid flow which is described by the Reynolds’s number [35], [36]. When the fluid flow
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is laminar in which the Reynolds’s number is in the ranges 1 — 10, permeability of the
flowing fluid can be determined by Darcy’s law as given in equation (2.2) [37]. For
higher Reynolds’s numbers, the fluid flow is turbulent, and hence the permeability
cannot be determined by the linear Darcy’s equation. The turbulent flow can be, instead,
determined by Forcheimer’s equation as given in equation (2.3) [37].

The permeability coefficient of porous materials can be determined by Darcy’s equation
[37]

_ oL 2.2
K_AMP) @2

where K is the permeability, p is the viscosity of the fluid in centipoises, @ is the
volumetric flow rate measured in cm®/sec, L is the length of specimen in cm in the flow
direction, A is the cross-sectional area of the specimen perpendicular to the direction of
gas flow in cm?, AP is the pressure drop over the specimen length (P, — P;): P, and P,
are the pressure at outside and inside of the specimen in atmospheres, respectively.

The permeability coefficient of porous materials with non-linear fluid flow can be
determined by Forcheimer’s equation [37],

4P _p 2 (2.3)
L —KV+BpV

where V' is the fluid velocity averaged over the total cross-section of the porous
specimen (Q/A), B is the inertial parameter, p is the density of the fluid. Density of air
and viscosity can be taken from physical properties tables of gases at atmospheric
pressure [38].

2.5.2 Infiltration Pressure

In production of an aluminium foam using space holders, a different pressure, AP, is
applied across the space holders to assist molten metal to infiltrate through spaces

within the space holders. During infiltration, capillary pressure (Py) and pressure drop
(Pf) give an opposite direction to the infiltration as illustrated in Figure 2.23 [39]. A

space holder with different particle size contains different capillary pressure and
pressure drop, and hence requires different infiltration pressure as shown, for example,
in Figure 2.24.
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Figure 2.23 Pressure balance at the advancing melt front in the pressure infiltration
process [39].

Relations between an applied pressure and parameters which are determinative to
structure and hence mechanical properties of foams have been extensively proposed as
summarised in Table 2.3. Several parameters can be experimental measured to describe
infiltration behavior. One of the measurable parameters called saturation is the extent
of filling of a molten metal into a space holder, S, which is the fraction of open pore
space filled by the molten metal [24]. Another measurable parameter is an infiltration
height which is the distance of infiltration. It can be estimated using the Young -
Laplace equation [40] given in Equation (2.5). Saturation of molten metal in spaces of
a space holder can be determined using a soil science model based on liquid infiltration
into a porous media {41] and [42]. Infiltration height can be directly derived from Darcy

and capillary laws [22]. Table 2.4 shows various aluminium foams produced using the
space holder method.
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Figure 2.24 Dependence of critical pressure required for infiltration into space of
different size of SiC space holder [39].

Influence of infiltration pressure on foam structure can be classified as infiltration cases
similar to those in squeeze casting [43] as given below.

¢ No infiltration

s Partial infiltration (some space holders are incompletely infiltrated)

o Full infiltration with residue

o Full infiltration with infiltrate

Different infiltration cases take place depending on the extent of applied infiltration
pressure and other production parameters. Inappropriate applied pressure can result in
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defects in foam structure such as metal finger occurred due to too high applied pressure
[24].

Table 2.3 Models relating to production and structure parameters of foams produced
using infiltration method.

Model Description Egs.
Young - Laplace P, = (20,y cos8)/my (2.4)
equation [23], [40]. L? = (pr2/4n)[(20,yc058) /(pr.) — L + Papp/p]t (2.5)
The infiltration V = Avdt x K x Sy, (2.6)
model of molten Q1 = VpaHa = putlaKSpAvdt 2.7)
metal and the = (1= K)peu;C )
distribution of S\ 28
= A(Ty—T AL .
temperature [44]. Q2 = AnAlTo = Tp)dt/
AL = ATy = Te)/[(1 = K)PsateCsare(Ts — to)¥] (2.9)
X ParVarCar(Ty — Ty) L (2.10)
AsaltA(Tb 3: TL)
Re, = Evc—i (2.11)
BK? Yai
T g2 i 2.12)
A=K na’
N G Lol 2.13
= TE ndv (2.13)
Saturation (extent of v Pt
ilting) 1 ALY [ =2 (_b) (2.14)
illing) 23] 11—V, P
1 e O (2.15)
Vi
m
L (2.16)
Pacza
m
V. = 'Vp'/pprefarm (2-17)
P
2070086
p, = 20w (2.18)
re
my My
o /1 _ (_ ) (2.19)
PACZAXV)’ Vp /Ppreform

_ O-flf'cos(gm—pre)

=2 (2.20)
o1 COS(Ehyg—pre)
PN
-1 _ {2 2.21
S=1 (P) (2.21)

In1-5)=In (—b) (2.22)
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P
In(1—S) = Aln (?b) 2.23)
In(1—58) = A[inP, — InP] (2.24)
Minimum pore —30+ V90 — 86RP cos &
) Tonin = (2.25)
radius [33] 2P
Table 2.4 Aluminium foams produced using space holder method.
Material | Process | Space | Density | Pore | Applied Pouring Preheat
S holder | {gfcm®) | size | pressure | temperatur | temperatur
(mm) | (MPa) e (°C) e (°C)
Allovs Counter-
Y gravity Sulfate n/a nfa 0.02 800 400 [45]
(A356) o
infiltration
Alloys Infiltration 8-14 0.02 - 30-240
70 - 7
(ZL104) | pressure | OAMUe [ WA ey | 0.08 . [46]
Alloys Infiltration 0.4 - 450 - 500
1 - -
(ZL102) | pressure | oM SR I M N\ [44]
Alloys Infiltration 0.6 - 0.04 - 450 - 500
700 - 760
@L102) | pressure | ¢t e Yy 0.07 [47)
Infiltration 0.26 — 1.4 -
Pure Al presshis Salt 0.80 2.0 0.1-0.2 760 600 [23]
Infiltration 0.15- 0.5 -
Pure AL | e | 2O /P 5y | 01-025 760 600 [48)
—— 3\
Pure Al (| TABlkAtoN | e 1 e < | 01-03 w/a n/a [49]
pressure 1.9
pure A1\ [[Ziiltretifn (10, oy WeEEEEGESgaa bl 5 (s o/a n/a [24]
pressure 25%
Alloys Infiltration 0.85 - 03-
NaCl 0.2 720 700 [50
(AD pressure 2} 1.08 1.6 [50]
Pure A |Nchabion | \len 1h) ST \og 0.4 710 775 [25]
pressure
Alloys Replicatio
. 0-3. 7 1
(A356) \ Salt 1.0 3 | 20-30 00 500 [51]
Alloys Infiltration 34 - 0.5 -
(AlSiMg) | pressure Q8 36% 2.0 > 700 n/a [52]
Alloys Infiltration | Ceramic | 82— 3.0-
(Al) pressure | balls | 88%* | 5.0 n/a 740 n/a 28]

(% is relative density and *% is porosity)

2.5.3 Infiltration Temperature

Infiltration temperature which includes the temperature of molten metal, mold and
space holder is one of parameters determining foam structure. Fischer et al. [53]
investigated the influence of casting (molten metal) and mold temperature on
compressive behavior of open pore 10 and 15 ppi foams produced using A356 alloy.
They found that increasing the mold temperature from 700°C to 750°C and reducing
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the casting temperature decreased mechanical properties. Increasing pouring
temperature and infiltration time were found to enhance infiltration rate of molten metal
which increased struts diameter after solidification [53], [54].

Chung et al. [55] indicated that infiltration temperature of 640 °C was an optimum
condition for producing SiCp/Al composites. Wu et al. [44] studied influence of
infiltration factors: preheat temperature (A), pouring temperature (B), infiltration
pressure (C), and content of ceramic balls (D), on infiltration height in producing
aluminium foam composite using an orthogonal test. They found that the influential
degree is A>C>B>D. The optimum producing parameters in this study are preheat
temperature of 480°C, pouring temperature of 740 °C, infiltration pressure of -0.04 MPa
and content of ceramic ball of 20 - 40%. Schematic describing infiltration of Wu et al.’s
work [44] is shown in Figure 2.25 which includes temperature distribution of metal.
Due to heat exchange between molten metal having initial temperature (To) and space
holder having initial temperature (to), the molten metal loses heat during infiltration
along the distance (AL) leading to complete solidification at temperature (Tg). The
infiltration length can be derived from the balance of energy loss of molten metal and
energy gain of space holder as given in Equations (2.6) - (2.10) in Table 2.3.

Molten metal zone Filler zone

I..'ALFI

e
,

Figure 2.25 Schematic of molten metal temperature during advancing into a filler
(space holder) in infiltration process [44].

2.6 Mechanical Properties of Open Cell Aluminium Foam
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Figure 2,26 Typical compressive stress-strain response of cellular metal [56].

Energy absorption is one of dominant mechanical properties of open cell aluminium
foams having an interconnectivity between pore and stiffness. Such structure well
absorbs energy by deformation. The deformation behavior of an open cell aluminium
foam can be divided into three stages: linear elasticity, plateau and densification, as
shown in Figure 2.26 [56]. In stage I, aluminium foam can return to its original shape
after being deformed, while in stage II, the elastic limit is beyond and shape of
aluminium foam change permanently. During state II, cell wall of aluminium foam
buckles resulting in constant stress called plateau stress (cp1). Stage IIT occurs when the
cell wall collapses leading to densification and increase in stress. Young’s moduius (E)
of aluminium foam can be determined by fitting the slope of stress-strain curve of
elastic regime with a straight line. The plateau stress (opt) starts at the end of elastic
regime in which struts are initial collapse until complete collapse at densification strain
(ed). Densification strain can be determined by intersection of straight lines between
two curves at the end of plateau regime [57]. Energy absorption capacity can be
determined by summing the area under stress-strain curve as shown below.

W= fsda(s)ds (2.26)

Energy absorption performance of open cell aluminium foams are not only dependent
on pore size but also strut thickness (tst), strut length (Is)), p* / ps, strut morphology [58],
relative density (p*/ps) and cell alignment [59]. Homogenous or heterogeneous foam

structure can be determined by the stress-strain curve of compressive test. Figure 2.27
shows results of compressive test of commercial open cell aluminium foams [60].
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Figure 2.27 Compressive stress-strain curves of commercial open cell aluminium
foams [60}.

2.7 Acoustical Property of Open Cell Aluminium Foam

2.7.1 Sound Absorption performance

Sound absorption performance of absorbent materials can be measured in terms of noise
absorption coefficient (NAC) or noise reduction coefficient (NRC) which represents
the amount of sound energy absorbed upon striking a particular surface. NAC is
generally measured at one-third octave band center frequencies ranging from 100 to
5000 Hz of normal incidence sound using an impedance tube following ASTM
standards. NRC is the average, rounded to the nearest multiple of 0.05, of the absorption
coefficients, commonly determined in reverberation rooms of qualified acoustical
laboratory test facilities, at the one octave band center frequencies of 250, 500, 1000
and 2000 Hz [14]. NAC or NRC of 0 indicates perfect reflection, while 1 indicates
perfect absorption. Physical phenomenon such as viscous losses, thermoelastic
damping, Helmholtz-type resonators, vortex shedding from sharp edges, and direct
mechanical damping [61] are important factors in determining the absorption behaviour
of absorbent materials. In open cell aluminium foams, the main contributions to sound
absorption performance are viscous losses and thermoelastic damping.

Previous studies in sound absorption performance of open cell aluminium foams have
concentrated on two main areas: structural parameters, such as porosity, pore size,
aperture size, sample thickness and static flow resistivity, and installation techniques.

¢ Structural parameters influencing sound absorption performance

Hakamada et al [16] investigated effects of structural parameters of open cell
aluminium foams, produced by spacer method, with porosities (85% - 95%), pore sizes
(0.2 — 0.6 mm), aperture sizes (0.26 - 0.67 mm) and sample thickness (2, 5 and 20 mm).
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They found that sound absorption coefficient increased with increasing porosity,
aperture size and sample thickness, while pore sizes gave no significant effect to sound
absorption coefficient. In addition, measured sound absorption results were in good
agreement with predictions based model given by Lu et al. [59]. Li et al. [49] studied
effect of aperture number and size of aluminium foams having a constant porosity of
65% on sound absorption coefficient. They reported that increasing a number of
apertures per unit area or reducing aperture size in the range of 0.4 to 0.3 mm enhances
sound absorption coefficient. Moreover, aluminium foams with varying pore in the
range of 1.3 — 1.9 mm and without varying porosity and aperture size were found to
exhibit similar sound absorption behavior, especially at low frequencies. Guan et al.
[62] investigated sound absorption performance of aluminium foams with bulk density
of 0.85 — 1.08 g/cm3, porosity of 60% - 68%, pore size of 0.4 — 0.1 mm and static flow
resistivity of 28 — 147 kPa-s/m?. They reported that there are poor and no significant
relation of structural parameters to sound absorption at frequencies in the range of 0 —
500 Hz. At frequencies higher than 1,000 Hz, static flow resistivity and bulk density
increased in proportion to sound absorption coefficient. Details of sound absorption
results of the described literatures are given in Figure 2.28.

Literature | Structural parameters Sound absorption performance
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Figure 2.28 Sound absorption results of open cell aluminium foams.

» Installation techniques influencing sound absorption performance

Many studies have investigated effects of installation of absorbent materials on sound
absorption performance. Various installation techniques have been found to improve
the performance of absorbent materials. Installation with an air cavity between
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absorbent material and rigid wall, for example, can shift resonance frequencies peak
backward to lower frequencies which can be described by Helmholtz resonator’s
equation [16], [49]. Structural configuration of absorbent materials can be controlled
using different installations to receive optimal sound absorption coefficients at specific
frequency [63]. Band width of sound absorption coefficient can also be modified and
expanded by installation of absorbent materials in different order [64], [65].

¢ Models for prediction of sound absorption coefficient

A wide range of methods, including power-law relation, equivalent electrical circuit,
acoustic-transmission and equivalent fluid, are currently employed in modelling sound
absorption behaviour of open cell aluminium foams as shown in Table 2.5. Prediction
models of sound absorption coefficient indicated that essential parameters influencing
on sound absorption performance of open cell aluminiuvm foams are aperture size and
air gap in tests using an incident sound wave direction [16], [49]. Previous experimental
results of sound absorption coefficient of open cell aluminium foam showed good
agreement of those with prediction in that aperture size is more predominant than pore
size for good sound absorption performance [50]. Likewise, thickness was found to be
more pronounced than porosity in sound absorption of open cell aluminium foam [66],
[67]. However, good sound absorption performance can be optimised using prediction
models to select optimal structural parameters such as pore size, aperture size and pore
connectivity [59].

Table 2.5 Prediction models for sound absorption coefficient of porous materials.

Model Author Description Eqgs.
Power-law  Delany and = Z = Z,cothyl (2.27)
relation Bazley [ss] Z — paCol®
ay = 1- m (2.28)
Equivalent Congyun and Zj, = —ipycecot(0.9090w/cq) (2.29)
e!ectr.ical Qibai [s9] o % (JT T B2/32 + JBd/4t) (2.30)
circuit
approach My = wpet(1 +1/\/9+ B2/2 + 0.85d/t (2.31)
(EECA) Zy=zy+Zp =Ry +iM, (2.32)
Z"=z°+(1/ZD)+(1/Z “1)=Rn+1Mn (2.33)
_ 4R/ pocy
® = [+ Ralpoco)” + (Mlpoce)’ (234)
Acoustic-  Lee and Chen Z, cosh(yjtys) + Zjy sinh{yj1 1)
.. n=4n - s ] . (2-35)
Transmission(7o] Z, sinh(yj1tj1) + Z;y cosh(yja )
Approach where (j = a or m) (2.36)
(ATA) a = air and m = porous material (2.37)
. 4Rv/ Pata (2.38)

T Ry /Pata + 1)% + (X, /paca)®
where R, and X,.are real and imaginary (2.39)
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of resultant acoustic impedance T, (2.40)
Equivalent Johnson- Z = JpK, o= wp/K (2.41)
fluid Allard [71] 4
p(@) = po[1+1/ /32 20 _ "4’ , o °‘ (2.42)
Klw) =yhs / - - iBwpg P, /o’qb + Nu (243)
fl _ Pl [T Th:
=1 _vb] = [Tu ][] (2.44)

Ty T12] _ [ coskd  iZsin kd]
[Tn Tyo] ~ lisinkd/Z coshkd (2.45)
T, T
(Mo = RNTTS) (R = [ ] (2.46)
21 22
Tir—TgaZa’
a=1-l0m—=7 2.47
T+ Tlo 247)
_ [ coskd (Z sin kd,
[Tl roam = [i sinkd,/Z coskd, (2.48)
_ [ coskeD,  iZsinkyDy,
Tolair = [i sinkoD,/Z  cos koD, ] (2.49)

In conclusion, parameters significantly influencing on enhancing sound absorption
performance are material structure and installation techniques. For open cell aluminium
foams produced by space holder method, structure with small pore size under 1 mm,
porosity in the range of 60 - 35% and foam thicknesses 2 - 20 mm performed low sound
absorption at low frequencies, 125 to 1,000 Hz, at which the maximum sound
absorption coefficient is 0.5. Sound absorption coefficients at frequencies higher than
1,000 Hz rapidly increased until reaching a peak and then declined at higher frequencies
as shown for example in Figure 2.28. Relation between pore size and sound absorption
coefficient has been extensively studied. However, no significant correlation has been
reported due to a narrow investigated pore size. Wang et al. [72] suggested that pore
size of 0.1 mm in diameter exhibits a good sound absorption and Li ez al. [49] reported
that the open cell aluminium foam with aperture size of 0.034 mm performed better
sound absorption than that with aperture size of 0.088 mm. For pore size with diameter
below 0.1 mm, sound absorption performance became poor and hence most incident
noises reflected back to the sound source. In practical operation, high noises at any
frequencies should be reduced using a suitable absorbent material. Sound absorption
performance of open cell aluminium foams produced using space holders with small
pore sizes in the range 0.1 to 4 mm have been investigated so far due to limitation in
production of space holder.

Table 2.6 shows properties of open cell aluminium foams comparing with other
absorbent materials. Advantages of aluminium foams are heat resistance, energy
absorption, water proof and anti-bacteria, but cost and weight are disadvantages of
aluminium foams. Despite fibrous materials are low price, low density, good flexibility
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and acceptable strength [73], [74] and [75], they suffer dust intake and non-recyclable
production waste giving a burden on health and environment.

Table 2.6 Comparative propetties of sound absorbant materials [76].

Type

Shape

material

Acoustic
absomption{NRC
Standard)

Acoustic
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Polyester Si02, mineral
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sudden qually
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f
Fgpa -under 350°C-

Urethane Form
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polsonous gas (CO,
Cyan gas) on{ire

No waterproofness
stable form, lowering
acoustlc absorption

bad heat resistant
(heal-resistant)
~yunder 100°C-

2.7.2 Acoustical measurement

¢ Determination of sound absorption coefficient

There are two main methods for sound absorption coefficient measurement:
reverberation room [77] and impedance tube method [78] both giving sound absorption
coefficient as a function of frequency. The former is suitable for large materials, the
latter, on the other hand, is suitable for small materials with limited workspace. The
impedance tube method has been widely used in research work and small scale
products. There are two types of measurement for the impedance tube method: standing
wave ratio and transfer function method. Due to more usage, this work will describe
only the transfer function method.
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In transfer function method, complex frequency response between two microphones is
measured as given by Equations (2.50) — (2.55).
p2 ejanz + .re—ikoxz (2'50)

H,=—=— -

where p, and p, are complex sound pressure measured by two microphones locating at
positions x, and x, (x = 0 measured at the center of microphone which is close to the
specimen to front of specimen). The wave number, k, is defined by equation:

- (2.51)
Co

where ¢ is the speed of sound (m/s) and f is frequency (Hz). The transfer function of
incident wave alone, H; and the reflection wave alone, H, are determined as the
following equation:
H;, = e ~tko(x1—x37) (252)
Hp = etho(x1—%3) (2.53)
Combining equations (2.50), (2.52) and (2.53) the normal incidence reflection factor,

r is determined by equation:

T = Mez.’.kﬂxl (2.54)
Hp — Hyp
The sound absorption coefficient, a is determined by:
a=1- |T|2 . 1_7.1‘2 _Tiz (255)
where 7, and 7; are the real and imaginary components of ', respectively.

e Designation of impedance tube with two-microphone method

An impedance tube is made from a straight cylindrical pipe with smooth surface.
Thickness of the tube is recommended to be 5 — 10% of inside tube diameter. A test
specimen is mounted in sample holder at one end of the tube. Plane wave is generated
by a loud speaker with frequency band 1/3 octave in according to tube specifications.
The design of impedance tube for sound absorption test depends on operational
parameters suggested in ASTM Standard E1050-98 [78]. The working frequency range
is determined by equation:

fi<f<fu (2:56)

where f is the working frequency (Hz), f; is the lower working frequency of the tube
(Hz) and f,, is the upper working frequency of the tube (Hz).

The tube diameter range is determined by equation:

d<Kx*c/f, (2.57)
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where d is the diameter of the tube (m), K is a constant which is 0.586 and ¢ is the
speed of sound in the tube {m/s) f,.

The microphone spacing is given by equation:

S & ¢/2f, (2.58)

where S is the distance between microphones (m).

There are three different microphone types classified by type of sound field available
in the market.

1. Free field is an open area where there is no reflection of any incident sound (FF
- microphone).

2. Pressure field is an enclosure system (P - microphone).

3. Random field is a reflection of incident sound (RF microphone).

Frequency range of sound absorption coefficients to be measured using an impedance
tube is limited by the tube length and operating temperature [79], [80], [81]. The tube
cannot be used to measured with sound having frequencies below the lower working
frequency and above the upper working frequency.



CHAPTER 3 EXPERIMENTAL PROCEDURE

3.1 Aluminium Foam Production

3.1.1 Space Holder with Vacuum Infiltration Method

@ ) ©

Figure 3.1 Photographs of different size spherical preforms for producing aluminium
foams: (a) 4.0 - 4.2 mm, (b) 4.9 - 5.1 mm and (¢) 6.2 — 6.4 mm.

Table 3.1 Chemical compositions of AC2A (A319) aluminium alloy used for producing
aluminum foams in this work.

Element Si Cu Mg Fe Mn Zn Ti
(Wt.%) 4.67 4.13 0.22 0.18 0.02 0.01 0.01

Aluminium foam production was carried out using space holder method. Three different
sizes of spherical balls, as shown in Figure 3.1, and AC2A aluminium alloy, whose
compositions are shown in Table 3.1, were used as space holders and a cast metal for
producing aluminium foams in this work. The spherical preforms, which were produced
using NaCl particles combined with inorganic substance, were sieved using diamond
sorting sieves (Pierres) to obtain three different sizes: 4.0 — 4.2, 4.9 ~5.1 and 6.2 - 6.4
mm. These preforms were used for porous creation in aluminium foam structure having
interconnection between each pore. For debinding binder, the preforms were heated in an
electrical resistance furnace at temperature of 600°C for 3 hours. There are three steps of
aluminium foam production as shown in Figure 3.2. Firstly, preforms of 150 g were
poured into a plaster mold and then randomly packed using a vibration motor (Model
MVE 41M) with 3,000 rpm for approximately 60 seconds to obtain theoretical packing
density and hence void fraction of 0.641 and 0.359, respectively [82]. Vibration was
employed to allow preforms to shift about their position to seek for more stable position.
The plaster mold with compacted preforms was subsequently preheated in an electrical
resistance furnace at 600°C with the heating rate of 250°C/Hrs. prior to move to a vacuum
chamber. A ladle having a thermocouple attached for monitoring temperature was used



35

to pour molten aluminum alloy into the plaster mold. The temperature of molten
aluminium alloy dropped about 10°C during transfer. In order to infiltrate molten
aluminium alloy into space of the compacted performs completely, vacuum pressure was
immediately applied to the vacuum chamber once the molten metal was poured. The
metal was left for 5 minutes to solidify prior to suddenly submerge in water for breaking
the plaster mold and leaching the preforms.

_@Vlbratlon molor

b) Thermo couple §

Molten Aluminium alloys
Vacuum pump Insulator

Vacuum chambe;

Figure 3.2 Schematic diagram of aluminium foam production using vacuum infiltration
method: a) preparation of space holder and mold, b) infiltration with molten Al alloys
and c) space holder removal.

3.2 Investigation of Infiltration Parameters on Aluminium Foam
Structure

Parameters influencing aluminium foam structure: gas permeability through mold
drainage, initial infiltration pressure and melt temperature, were investigated in this work.
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Physical properties of aluminium foams related to these parameters will be given in
chapter 4. Details of each parameter are given below.

3.2.1 Gas permeability through mold drainage

The degree of drainage, designated as D, of plaster molds having different bottom end
was measured using the measurement of permeability which is the ability of a porous
material to allow fluids to pass through it. The plaster molds used for aluminum foam
production in this work contained spherical preforms of 76 mm height as shown in
schematic in Figure 3.3. The permeability of each mold was measured using the
equipment set-up as shown in Figure 3.4. In measurement of permeability of a porous
medium, type of gas flow through the porous medium is a prime determination to
permeability. For laminar flow (Reynolds number is in the range 1 to 10), permeability
is a part of the proportionality constant in Darcy’s law which relates fluid flow and
properties to pressure gradient applied to the porous medium as given by the equation.

__HOL 3.1
K_A(AP) 1)

where K is the gas permeability of porous medium, # is the viscosity of fluid at measured
temperature (kg/m-s), Q is the volumetric flow rate (I/min), L is the length of specimen
in the flow direction (m), 4 is the cross-sectional area of the specimen perpendicular the
direction of fluid flow (m?) and AP is the different pressure over the specimen length. In
case of the Reynolds number higher than 10, the gas permeability of a porous medium
can be determined using Forchheimer’s equation as give below.

—— ==V + BpV? (32)

il e
where V is the fluid velocity averaged over the total cross-section of the porous specimen
(m/s), B is the inertial parameter and p is the density of fluid at the measured temperature

[38].

Figure 3.3 Plaster mold with spherical preforms used for producing aluminiums foams.
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A Pressure gauge

Air dyer and regulator

e

lThcrmometer

Flow meter [:]

Figure 3.4 Schematic diagram of equipment used for gas permeability measurement.

3.2.2 Initial Infiltration Pressure

Table 3.2 Parameters used in different experimental schemes of aluminium foam
production.

Initial Permeability Pouring Average
Experimental scheme pressure of mold temperature ~ preform size

(-kPa) drainage (m®) (°C) (mm)
P-1I 0-100 44.35 725 6.3
P-TI 20-95 31.26 620 6.3
P-T1II 10-30 44.35 620 6.3

Infiltration pressures in the range 0 to -100 kPa were applied to the vacuum chamber to
infiltrate molten aluminium into space of spherical performs. The infiltration pressure
was designated as P (0 — 100 kPa) which was applied by small and large pressure storage
tank. Three experimental schemes using different parameters: initial pressure, mold
drainage permeability, pouring temperature and preform size, as given in Table 3.2 were
used in order to obtain different foam structures. Results of these investigations are shown
in Section 4.1.2 - 4.1.3 (in chapter 4).

The threshold pressure which is an initial minimum pressure applied to infiltrate molten
aluminium into space of preforms of different sizes can be predicted using Young-
Laplace equation [40] as given below.

_ 20yCos8 (3.3)

th r

where Pu is the threshold pressure (MPa), oLv is the liquid-vapour surface tension (N/m),
8 is the contact angle between liquid and solid interface and r is the radius of spherical
pore diameter (um).
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The extent of molten aluminium infiltrating into space of the preforms, S, can be
calculated using the below equation [23].

A

s=_m__q_ (ﬁ) (34)
1-V. P

where saturation (S) is the extent of infiltration by molten metal, Vm and V: are the volume

fraction of metal and preforms, Pp is the bubbling pressure (threshold pressure), P is the

applied pressure and A is pore size distribution index.

3.2.3 Melt Temperature

Melt temperatures in the range 625 — 735°C and 630 - 690°C were used in aluminium
foam production under the control of initial pressure, mold drainage permeability and
preform size as shown in Table 3.3. Results of these investigations are shown in Section
4.1.3 (Chapter 4). The temperature of molten aluminium alloy dropped about 10°C during
transfer by ladle which took approximately 5 — 10 s.

Table 3.3 Parameters used for producing aluminium foams using different pouring
temperatures.

Pouring Initial Permeability Average
Experiment scheme temperature pressure of mold preform size
(°C) (-kPa) drainage (m?) (mm)
T-1 625 - 735 100 44.35 6.3
T-11 630 - 690 95 31.26 6.3

3.3 Characterisation

3.3.1 X-Rayand CT-Scan Imaging

Conventional method of cross-sectioning as well as novel CT-scan and X-ray imaging
technologies were employed for establishing the architectural structures of the foam. The
x-ray and DentiScan NSTDA Manufacturer CT-scan imaging technologies were
employed for establishing the architectural structures of the aluminium foam samples. A
X-ray machine was conducted at 210 kV and 0.3 mV for observation along vertical and
horizontal axis. A CT-scan machine was conducted at 90 kV with slice thickness of 0.4
mmm, resolution of 2.5 pixels per mm and pixel size of 0.4 x 0.4 x 0.4 mm. Slice data were
reconstructed using ImageJ 1.47d software which is an open image analysis software.

3.3.2 Density and Porosity



39

Figure 3.5 Weight measurement of aluminium foams: (a) cross-section and (b) bulk.

Density of aluminium foams was determined using weight-volume measurement given
by equation

m

pr = (335)
where py is the bulk density of aluminium foam, m is the dry weight of aluminium foam
which was dried in an oven at 90°C for 6 hours after leaching preforms and v is the
volume of aluminium foam. Density from bottom to top at interval of 10 mm was
measured using a balance with 4 digits of decimal as shown in Figure 3.5.

After using micro-CT and X-Ray analysis structure of aluminium foams. Aluminium
foams with densities below 0.26 g/cm® were prepared for porosity measurement in 3
steps: dyeing resin with black colour paint, mounting in a cylindrical tube and sectioning
with a band saw. Aluminium foam with higher densities, on the other hand, can be directly
cut using a band saw. Example of a low density aluminium foam is shown in Figure 3.6.
Each aluminium foam was sectioned from bottom to top at 10 mm interval. Each section
was subsequently ground with sand papers. Sections with good smooth surface were
scanned to obtain clear images for image analysis of porosity.

Figure 3.6 Aluminium foam: (a) as-cast, (b) mounted in a cylindrical tube using resin
dyed with black colour paint and (¢) sectioned specimen.
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Porosity, which is the ratio of sectional area that belongs to the pore space and the total
sectional area, was selected as a structural parameter for determination the validity of
measurement with images taken from different sources or colour adjustment. All acquired
images which are obtained by means of scanning using a multifunction color laser printer
(Fuji Xerox DocuPrint CM305 df) with setting parameters: 600 x 600 dpi resolution were
manipulated for each of image enhancement levels, using Photoshop software, as
representatively shown in Figure 3.7 in order to convert to black and white image. The
black and white images were measured using Image] 1.47d software. Calculation of
specimen porosity was carried out using the below equation.

A )
£ (%) = (&) %100 (3.6)

Areatotal
where £ (% Porosity) is the ratio of sectional area that belongs to the pore space (Areaair),

and the total sectional area (Areaww). Alternatively, porosity can be calculated using the
below equation.

e (%) = ( - p—f) x100 (3.7)

Po
where ¢ is the porosity of aluminium foam, po is the theoretical density of aluminium

alloy whose physical properties were obtained from ProCAST software database and pt
is the measured density of aluminium foam which was calculated using equation (3.5).

(a) (b) ©

Figure 3.7 Images of aluminium foams measured using image analysis method: (a)
scanned image, (b) B&W image and (c) pore arca thresholded by image] software.

3.3.3 Pore Size and Aperture Size

Pore size and aperture (pore opening) size are important parameters of aluminium foam
structure which can be obtained from the same technique of image analysis used for
porosity measurement. Acquired images of pores and apertures were taken using a DSLR
camera with macro lens focusing on interest areas to obtain good contrast images, which
facilitates for black and white conversion as shown in Figure 3.8 - Figure 3.9, Particle
analysis function in Imagel] software was used to measure the specific area of pores and
apertures. These results were used for sound absorption characterisation of aluminum
foams shown in chapter 4.
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(a)

Figure 3.8 Pores of an aluminium foam measured using image analysis method: (a)
image taken using a DSLR camera with macro lens, (b) B&W image adjustment and (c)
pores thresholded by Imagel] software.

(©)

Figure 3.9 Apertures of an aluminium foam measured using image analysis method: (a)
image taken using a DSLR camera with macro lens, (b) B&W image adjustment and (c)
apertures thresholded by Imagel software.

3.3.4 Compressive test

Figure 3.10 An Instron 8801 universal testing machine used for compressive tests.
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Specimens for compressive tests were taken from cylindrical open cell aluminium foams
with porosities in the range 67 — 71% and 91 — 93%, and pore sizes 4.1, 5.0 and 6.3 mm.
Both ends of the specimens were cut using a band saw and paralleled using a turning
machine. Dimensions and some physical properties of the specimens are shown in Table
3.4. The compressive tests were carried out using an Instron 8801 universal testing
machine having a maximum axial load capacity of 100 kN. These compressive tests were
performed at a strain rate of 0.001 s! until 80% of compressive strain. During
compressive tests, deformation of each specimen was recorded using a video camera.
Young’s modulus (E), plateau stress (op) and densification strain (e4) of each specimen
were determined from stress-strain curves.

Table 3.4 Dimensions and some physical properties of open cell aluminium foam
specimens used for compressive test.

Properties Samplel Sample2 Sample3 Sampled Sample5 Sample 6
Thickness (mm) 57.7 60.39 61.89 61.74 65.61 64.15
Diameter {mm) 53.37 53.50 53.56 53.40 53.14 53.23
Pore size {mm) 4.1 5.0 6.3 4.1 5.0 6.3
Relative density (%) 0.31 035 0.35 0.08 0.08 0.10
Porasity (%) 71 67 67 93 92 91

3.3.5 Acoustic Measurement

145.5 mm¥_~—5.5 mm
Pe

<—>/— 2.5 mm

Tube thickness = 3.2 mm

¥

FI: ' ¢1..=§3.5 mm Pos:0 Pos1Pos.2
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+— 20 cm

F 3
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Figure 3.11 Dimension of impedance tube based on ASTM E1050-98.

Specimens for sound absorption tests were taken from cylindrical open cell aluminium
foams with porosities in the range 67 — 71% and 91 — 93%, pore sizes 4.1, 5.0 and 6.3
mm, diameter of 53.5 mm, and thicknesses 10 — 20 mm. The sound absorption tests were
carried out with frequencies in the range 125 to 3,150 Hz using two-microphone
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impedance tube according to ASTM E1050-98 (ASTM, 1998) standard, as shown in
Figure 3.11. A Meguro MAK-6581 audio analyser, Nl USB-9234 data logger and BSWA
software were used to generate sound, record data and analyse data, respectively. Table
3.5 shows specifications of the impedance tube. The working frequency range, tube

diameter and microphone spacing were calculated using equations 2.50 — 2.52 (in chapter
2.7.2).

Table 3.5 Impedance tube specifications.

Parameter ASTM E1050-98
Test frequency 125 - 3,150 Hz
Cylindrical acrylic tube having a thickness of 3.2
Material of impedance tube mm
Inner diameter of impedance tube 53.5 mm
Loud speaker 3” in diameter, 10 watts
Distance between Mic.2 and sample 2.5 mm
Distance between Mic.2 and Mic.1 3 mm
Distance between Mic.0 and Mic.2 14 mm
¥ Microphone Super lux ECM 888B
Data acquisition NI USB-9234
Power amplifier 6 W EPS-305
Frequency generator Meguro MAK-6581 Audio Analyzer
Software VA-LAB 4 IMP

Microphone-2

; Data logger
1 Thermometer Microphone-1 B8

(NI USB 9234) Software
Audio analyzer \ P

Power amplifier s 00 (VA-Lab 4)
= ® ( " )
o0

usB
4'[ Impedance tube
@ \ f |
Loud speaker Sample 4 Back plate

Figure 3.12 Schematic diagram of sound absorption test based on ASTM E1050-98
impedance tube method using two microphones.
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Figure 3.13 Felt having thickness of 20 mm and weight of 2,000 g/m? was used to
determine the accuracy of the set-up of impedance tube.

Figure 3.12 shows schematic diagram of sound absorption test using two microphones
method and VA-LAB 4 IMP software to measure sound absorption coefficients. Before
measurements conducted, the specimen with known sound absorption properties, as
shown in Figure 3.13 was used for sound absorption test to roughly determine the
accuracy of the set-up of the impedance tube in order to minimise errors in actual
measurements. For each sound absorption test, two microphones having sensitivity of 7.1
mV/Pa were calibrated using sound with amplitude of 94 dB at 1,000 Hz (see also in
appendix 1I). Each specimen was inserted into a sample holder of the impedance tube.
Sound absorption tests were carried out using 1/3 octave of frequencies in the range 125
to 3,150 Hz for sound absorption coefficient measurement. Equations for sound
absorption calculation have been given in sectton 2.2.2 in literature review. Sound tests
were performed for each sample two times in order to average values of sound absorption
coefficient. Figure 3.14 shows sound absorption coefficients r of felt specimen taken
from a manufacturer compared with those measured using the impedance tube [83].
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Figure 3.14 Comparison of sound absorption coefficients of felt specimen between
those obtained from manufacturer and impedance tube measurement [83].



CHAPTER 4 RESULTS AND DISCUSSION

Figure 4.1 illustrates photographs of open cell aluminium foams produced using
infiltration of liquid metal into space locating among specific size of spherical preform.
Both spongy (Figure 4.1 (a)) and dense foams (Figure 4.1 (b)) were produced by
varying production parameters as given in Figure 4.1. Some produced aluminium
foams were sectioned as shown in Figure 4.1 (c) for characterisations of foam structure
and tests their sound absorption properties. Results and discussion of production
parameters, characteristics and sound absorption properties of the produced aluminium
foams are respectively given in this chapter. Recommendation for automotive
components possibly made by these open cell aluminium foams is given in the last
section of this chapter.

(b)
Figure 4.1 Photographs of aluminium foams produced from infiltration of molten
metal into the space holder of spherical preform sizes 4.1, 5.0, and 6.3 mm: (2}

spongy, (b) dense and (c) sectioned aluminium foams.

Table 4.1 Production parameters and characteristics of aluminium foams.

Production parameters Aluminium foam characteristics
Mold permeability types: 1 - 8 Density (g/cm?)

Initial vacuum pressure (kPa): -100 - 0 Porosity (%)

Melt temperature (°C): 680 - 770 Infiltrated zone (wt%)

Spherical preform size (mm £ 0.1 mm): 4.1,  Saturation (extent of infiltration)
5.0and 6.3

4.1Influence of Production Parameters

4.1.1 Effect of Gas Permeability through mold drainages



46

Gas permeability of molds containing 150 g of 6.3 mm spherical performs packed by
vibration for 60 s was measured. The molds contain different drainage base and open
hole size as shown in Table 4.2 which aiso includes photographs of aluminium foam
produced by each mold with identical production parameters. It can be seen that
different structure of aluminium foams can be obtained by varying molds’ drainage
base and open hole size. Each mold exhibited different permeability characteristics as
illustrated in Figure 4.2 which shows in terms of gas flow rate against different
pressure. From this figure, higher gas flow rate at a different pressure represents higher
gas permeability. Base on the gas permeability results shown in Figure 4.2 and
photographs of the produced aluminium foams shown in Table 4.2, one can classify
the degree of permeability of each mold as high, medium and low represented by initial
letters H, M and L, respectively. It can be seen that molds with high permeability gave
sponge foams, medium permeability gave dense foams and low permeability gave
incomplete foams. The plots shown in Figure 4.2 can be used to calculate permeability
coefficients (K} of the molds using Forcheimer equation given by Equation 2.3 and the
results are plotted against mold drainage type ordered by the level of permeability as
shown in Figure 4.3. It can be seen from this figure that there is a wide range of
permeability coefficients (8.50 x 1012 43.12 x 1072 m?) to give foams with dense
structure. To estimate permeability coefficient of mold drainages (K), flow rate of fluid
against different pressure at specific mold drainage types (H1 — L2) as shown in Table
4,2, were plotted to calculate the permeability coefficients obtained from slope and
parameters® using Forcheimer equation given by Equation 2.3. The different structure
of open cell aluminium foams obtained in this work can be depicted by three types as
shown in Figure 4.4 whose typical zones of infiltration; residue, retained and infiltrate
metal, are shown in Figure 4.5. Type I represents for incomplete aluminium foams
whose molten metal completely un-infiltrates or partial infiltrates. In type II, since there
is residue metal without infiltrate metal, full infiltration will give dense and complete
foams. In type III, no residue metal is found but infiltrate metal is present, therefore full
infiltration will give spongy foams.

Table 4.2 Results of different drainage molds for producing aluminium foams with
AC2A aluminium alloys using pouring temperatures 715 — 720 °C and initial vacuum
pressure -100 kPa.

! Substituting L = 0.078 m, A = 0.053 m, slope of (uL/kp) = 33629 obtained from fitting
curve of H2 mold drainage type as shown in Figure 4.2 in Equation (2.3), p = 1.86
kg/m?x 10" and p = 1.17 kg/m? (calculated from physical properties table at T = 27.6
°C), gives K = 43.12 x 1012 m?,
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Figure 4.2 Results of different pressure versus flow rate of air through mold with
varying of drainage contained 6.3 mm diameter preform and 150 g inside are

produced aluminium foams.
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Figure 4.3 Gas permeability coefficient of molds having different drainage bases.
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Figure 4.4 Infiltration types of open-cell aluminium foam structure: (a) no
infiltration, (b) full infiltration with residue metal and (c) full infiltration without
residue metal.

Figure 4.5 Defined zones of molten metal infiltration in space holder: A = residue
metal, B = retained metal and C = infiltrate metal.

Figure 4.6 shows photographs of aluminium foams prior to preform elimination,
showing corresponding foam structures with those depicted in Figure 4.4. Percentage
of each infiltration zone and type of infiltration of each aluminium foam are illustrated
in Figure 4.7.1t can be seen from this figure that aluminium foam having permeability
of zero contained majority of residue metal and the rest of retained metal. Due to the
absence of permeability of the mold, there was no assisting pressure during infiltration
and hence molten metal could not completely fill the space locating among spherical
performs. As a result of this, aluminum foam produced with zero permeability mold
was incomplete and classified as type I of infiltration. For aluminium foams produced
using molds with permeability coefficients 8.50 x 102 - 38.98 x 102 m? they
contained all metal infiltration zones defined in Figure 4.5 and are classified as type I1
of infiltration. Residue and infiltrate metals were found to increase, while retained metal
was found to decrease with increasing mold permeability. The residue and retained
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metals were much lower and higher, respectively, comparing with those of aluminium
foams produced using mold with permeability of zero. This showed the important
function of permeability in producing aluminium foam using infiltration method. To
receive a complete aluminium foam, sufficient mold permeability is required to allow
molten metal to fulfill infiltration into space existing in preforms. For aluminium foams
produced using molds with permeability coefficients 44.28 x 101 — 44.35 x 10”2 m?,
the produced aluminium foams contained only retained and infiltrate metals and are
classified as type III of infiltration. The retained and infiltrate metal were found to
decrease and increase, respectively, with increasing mold permeability. The amount of
retained and infiltrate metals was significantly lower and higher, respectively,
comparing with those found in aluminium foams with type II of infiltration. The degree
of infiltration of the produced aluminium foams can be determined by saturation (extent
of fill space within preforms by molten metal) given by Equation (2.14) — (2.17) and
density given by Equation (3.5). By replacing parameters? in Equations (2.14) — (2.17),
saturation and density of the produced aluminium foams can be obtained as shown in
Figure 4.8. It can be seen from this figure that the trend of change with permeability
coefficient of saturation and density was similar. Type II aluminium foams exhibited
highest saturation and density, followed by type I and type III aluminium foams,
respectively. It is interesting to notice from this figure that, for a constant initial vacuum
pressure, pouring temperature and preform size, aluminium foams can be produced to
obtain required densities by using molds with suitable permeability. The control of

2 Substituting ms = 104.1, 122.9 and 137.62 g of spherical preform size = 4.1, 5.0 and
6.3 mm of dense samples with pacea =2.79 g/cm’ in Equation (2.16) gives Vi = 37.32,
43.83 and 49.33 cm® Replacing Vi = 37.32, 43.83 and 49.33 cm®, Vi= 148.16, 157.90
and 153.41 cm® of spherical preform size = 4.1, 5.0 and 6.3 mm in Equation (2.15)
gives Vm = 0.25, 0.28 and 0.32. Replacing V, = 152.86, 161.86 and 170.85 cm? of
spherical preform size = 4.1, 5.0 and 6.3 mm in Equation (2.17) with ppreform = 1.67
g/cm® and mp = 150 g gives V: =0.59, 0.55 and 0.53. Replacing V: and Vm in Equation
(2.14) gives S = 0.61, 0.62 and 0.68 for spherical preform size = 4.1, 5.0 and 6.3 mm
of dense samples respectively.

Substituting mr= 47.28, 35.46 and 33.98 g of spherical preform size = 4.1, 5.0 and 6.3
mm of spongy samples with pacza = 2.79 g/cm? in Equation (2.16) gives Vi = 16.95,
12.71 and 12.18 cm?® Replacing Var = 16.95, 12.71 and 12.18 cm?, V= 147.87, 155.59
and 174.77 cm® g of spherical preform size = 4.1, 5.0 and 6.3 mm in Equation (2.15)
gives Vm = 0.11, 0.08 and 0.07. Replacing Vp = 152.86, 161.86 and 170.85 cm? of
spherical preform size = 4.1, 5.0 and 6.3 mm in Equation 2.16 with ppretorm = 1.67 g/cm®
and mp = 150 g gives Vi = 0.59, 0.55 and 0.53. Replacing V: and Vwm in Equation (2.14)
gives S =0.28, 0.18 and 0.15 for spherical preform size = 4.1, 5.0 and 6.3 mm of spongy
samples respectively.
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foam structure using variation of mold permeability in this work has not been reported
elsewhere.

In order to receive aluminum foams with spongy and dense structures, molds with
drainage types H2 and M3 were chosen respectively. Conditions for producing
aluminium foams to obtain such structures with different pore size are given in Table
4.3. Examples of an aluminium foam before and after leaching of performs are shown
in Figure 4.9. Figure 4.10 shows an example of aluminium foams having spongy and
dense structures with different pore sizes. Densities of the produced aluminium foams
are given in

Table 4.4. It can be seen clearly from this table that spongy and dense aluminium foams
with density in the range 0.14 — 0.33 g/em® and 0.76 — 0.95 g/cm’, respectively, can be
produced using molds with different permeabilities, while conditions of other
production parameters were identical, Percentage of each infiltration zone of spongy
and dense aluminium foams is shown in Figure 4.11 and Figure 4.12, respectively. For
spongy aluminium foams, no residue metal was present at all, while, retained and
infiltrate metals were found to slightly decrease and increase, respectively, with
increasing spherical preform size. For dense aluminium foams, on the other hand, no
infiltrate metal was found at all, while, retained and residue metals were found to
increase and decrease, respectively, with increasing spherical preform size. It is
interesting to note that the trend of retained metal percentage against spherical preform
size was opposite for spongy and dense aluminium foams. Due to a high surface tension
of molten metal, higher size of space within spherical preforms of higher size would be
responsible for the more and less metal to infiltrate resulting in more spongy and more
dense aluminium foams with increasing spherical preform size, respectively. This
phenomenon is clearly seen in the plot of saturation against mold permeability
coefficient shown in Figure 4.13 in that more and less saturation were found in dense
aluminium foam (mold permeability coefficient of 31.26 x 10'1? m?) with increasing
pore size and spongy aluminium foam (mold permeability coefficient of 44.35 x 1012
m?) with increasing pore size, respectively.

‘ i LR : L
M3(31.26)  M2(38.98) MI1(43.12)  HI(44.28)  H2 (44.35)

L2 (0)

Figure 4.6 Photographs of 6.3 mm pore size aluminium foams produced using molds
with drainage bases having different permeability (initial vacuum pressure, pouring
temperatures and molten metal weight were kept constant as -100 kPa, 715 - 720 °C

and 348 g, respectively).
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Figure 4.7 Infiltration characteristic of 6.3 mm pore size aluminium foams produced

using molds with drainage bases having different permeability (initial vacuum

pressure, pouring temperatures and molten metal weight were kept constant as -100
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Figure 4.8 Saturation and density of 6.3 mm pore size aluminium foams produced

using molds with drainage bases having different permeability (initial vacuum

pressure, pouring temperatures and molten metal weight were kept constant as -100

kPa, 715 - 720 °C and 348 g, respectively).
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Table 4.3 Conditions for production of three different pore size AC2A aluminium
foams with spongy and dense structures.

Mold

. Spherical prefrom Pouring Initial vacuum
drainage .
size (mm) temperature("C) pressure (kPa)
types
40-42 620 -20
H2 49-5.1 620 -20
6.2-64 620 -20
40-42 620 -20
M3 49-5.1 620 -20
6.2-64 620 -20

Table 4.4 Density of aluminium foams produced from AC2A aluminium alloy using
conditions shown in Table 4.3.

Mold drainage types (H2) Mold drainage types (M3)
Sample Pore size Density Sample  Pore size Density
(mm) (g/cm?) (mm) (g/em’)
1 0.27 13 0.83
2 0.31 14 0.76
3 40-4.2 023 15 4.0-4.2 0.82
4 0.21 16 .81
5 0.33 17 0.93
6 0.21 18 0.95
7 49-5.1 021 16 49-5.1 0.91
8 0.21 20 091
9 0.14 21 0.91
10 0.20 22 0.94
1 6.2-6.4 017 ” 6.2-64 0.94
12 0.25 24 0.93

(b)
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Figure 4.9 Aluminium foams produced using mold drainage type M3 (in Table 4.2)
31.26 K-10'2, 630 °C, -95 kPa: (a) before and (b) after space holder removal.

5.0 mm 6.3 mm 4.1 mm 5.0 mm 6.3 mm

b) <) 4 e) Y

Figure 4.10 Photographs of 4.1, 5.0 and 6.3 mm pore size aluminium foams produced
using molds with drainage bases having permeability coefficients: (a) —(c) 31.26 x
1012 and (d) - (f) 44.35 x 10''? m? (initial vacuum pressure, pouring temperature and
molten metal weight were kept constant as -20 kPa, 620 °C and 353 g, respectively).
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Figure 4.11 Infiltration characteristics of spongy aluminium foams produced using
different spherical preform sizes (initial vacuum pressure, pouring temperatures,
molten metal weight and mold permeability coefficient were kept constant as -20 kPa,
620 °C, 236 g and 44.35 x 1012 m? respectively).
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Figure 4.12 Infiltration characteristics of dense aluminium foams produced using
different spherical preform sizes (initial vacuum pressure, pouring temperatures,
molten metal weight and mold permeability coefficient were kept constant as -20 kPa,
620 °C, 233 g and 31.26 x 10"'2 m? respectively).
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Figure 4.13 Saturation of 4.1, 5.0 and 6.3 mm pore size aluminium foams produced
using molds with drainage bases having permeability coefficients 31.26 x 1072 and
44.35 x 1012 m? (initial vacuum pressure, pouring temperature and molten metal
weight were kept constant as -20 kPa, 620 °C and 353 g, respectively).

4.1.2 Effect of Initial Vacuum Pressure
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4.1.2.1 High Mold Permeability Associating with High Pouring
Temperature

Apart from the control of mold permeability, aluminium foams with different structures
can be obtained by varying other production parameters such as pouring temperature,
mold and preform preheat temperature, preform packing density and initial applied
pressure. Figure 4.14 shows photographs of 6.3 mm pore size aluminium foams (prior
to leaching preforms) produced using different initial vacuum pressures, while, other
production parameters were kept constant (mold permeability coefficient = 44.35 x 107
2 m?, pouring temperature = 725 °C and molten metal weight = 353 g). Based on the
infiltration type defined in Figure 4.4, all of the produced aluminium foams fell into
type III, except for the one produced under gravitational pressure (the initial vacuum
pressure of 0 kPa) which exhibited type I, as summarised in Figure 4.15. To find out
reason of different infiltration behaviour of this result, threshold pressure which is a
minimum pressure to assist molten metal filling in space within spherical preforms was
determined for different spherical preform sizes using Equation 2.4 and physical
variables® surface tension (oLv) [84], wetting angle (8) [48]. Threshold pressure was
predicted to be higher with decreasing the size of spherical preforms as shown in Figure
4.16. The minimum pressure to assist molten metal infiltration into space of spherical
preforms with size of 4.1, 5.0 and 6.3 mm was predicted to be -0.71, -0.58 and -0.46
kPa respectively. The predicted threshold pressures seem to agree well with
experiments of this work. Only the aluminium foam produced using initial vacuum
pressure of -0.2 kPa which differed from the prediction. The actual threshold pressure
of this aluminium foam may be reached the required threshold pressure of -0.46 kPa
due to the addition of pressure supplying above the performs by molten metal itself.
However, without initial vaccum pressure, the molten metal itself could not infiltrate
the preforms resulting aluminium foam with type I structure.

-100 -80 -60 -10 -0.2 0 (kPa)
Figure 4.14 Photographs of 6.3 mm pore size aluminium foams produced using
different initial vacuum pressures (mold permeability coefficient, pouring temperature
and molten metal weight were kept constant as 44.35 x 102 m?, 725 °C and 353 g,
respectively).

3 Substituting oLy = 0.945 N/m, 0 = 140 degree, 1, = 2.05 x 10 m of 4.1 mm pore size, ry = 2.50 x 10°
m of 5.0 mm pore size, rn = 3.15 x 10 m of 6.3 mm pore size in Equation (2.4) gives Py, = -0.71, -0.58
and -0.46 kPa respectively.
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Figure 4.15 Infiltration characteristic of 6.3 mm pore size aluminium foams
produced using different initial vacuum pressures (mold permeability coefficient,
pouring temperature and molten metal weight were kept constant as 44.35 x 1012 m?,
725 °C and 353 g, respectively).
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Figure 4.16 Predicted threshold pressures of aluminium foams produced using
different spherical preform diameters.

4.1.2.2 Low Mold Permeability Associating with Low Pouring Temperature

Apart from types 1 and III, variation of vacuum pressure can also be used to produce
aluminium foams with type II structure as shown for example in Figure 4.17 for 6.3
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mm pore size aluminium foams produced using different initial vacuum pressures,
while, other production parameters were kept constant (mold permeability coefficient
= 31.26 x 107> m?, pouring temperature = 620 - 630 °C and molten metal weight = 221
g). The pouring temperature and mold permeability coefficient of this aluminium foam
production were significantly lower than those shown in Figure 4.14 and hence type II
structure aluminium foam can be obtained as shown in Figure 4.18 including
percentage of each infiltration zone of the produced aluminium foams. The low molten
metal temperature and mold permeability coefficient resulted in complete solidification
of molten metal prior to infiltrate through mold bases but molten metal was liquid
enough to infiltrate space within spherical preforms. The degree of infiltrate was,
however, slightly different with variation of initial vacuum pressure. Residue and
retained metals were found to decrease and increase with increasing initial vacuum
pressure (higher minus values), respectively, as shown in Figure 4.18. Higher initial
vacuum pressure means more metal can infiltrate into space within the preforms and
hence results in less residue metal. This expectation is consistent with saturation and
density analysis as shown in Figure 4.19. Replacing measured saturation with other
parameters®, S is expected to be 0.45 — 0.85.

295 e 303 -20 (kPa)
Figure 4.17 Photographs of 6.3 mm pore size aluminium foams produced using
different initial vacuum pressures (mold permeability coefficient, pouring
temperatures and molten metal weight were kept constant as 31.26 x 102 m?, 620 -

630 °C and 221 g, respectively).

4 Substituting S (measured saturation) = 0.89, 0.74 and 0.67, P = -95, -30 and -20 kPa respectively in
Equation (2.24) with Py = -0.46 kPa (Calculated in Figure 4.16) gives A = 0.71 (which is the slope of
curve fitted between In(1 — §) in y-axis and [InB, — InP] in x-axis). Replacing & = 0.71, P, = -0.46 kPa
and P = -100 — (-10) kPa gives S (predicted saturation) = 0.45 - 0.85.
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Figure 4.18 Infiltration characteristic of 6.3 mm pore size aluminium foams produced
using different initial vacuum pressures (mold permeability coefficient, pouring
temperature and molten metal weight were kept constant as 31.26 x 102 m?, 620 —
630 °C and 221 g, respectively).
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Figure 4.19 Predicted and measured saturation of 6.3 mm pore size aluminium
foams produced using different initial vacuum pressures (mold permeability
coefficient, pouring temperatures and molten metal weight were kept constant as 31.26
x 1012 m?, 620 - 630 °C and 221 g, respectively).

4.1.2.3 High Mold Permeability Associating with Low Pouring Temperature
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For type III aluminium foam structure, density can be varied by varying initial vacuum
pressure, as shown for example in Figure 4.20 for 6.3 mm pore size aluminium foams
produced using different initial vacuum pressures, while, other production parameters
were kept constant (mold permeability coefficient = 44.35 x 102 m? pouring
temperature = 620 °C and molten metal weight = 276 g). Infiltration characteristics of
these aluminium foams were shown in Figure 4.21. From this figure, retained and
infiltrate metals were found to decrease and increase, respectively, with increasing
initial vacuum pressure (higher minus values). The trend of the change of retained metal
with initial vacuum pressure was in opposite with that found in type II aluminium foam
structure as illustrated in Figure 4.18. However, similar explanation can be applied.
Higher initial vacuum pressure means more metal can infiltrate into space within the
preforms and due to the high permeability of the mold, more metal infiltrated through
mold bases as well. As a result of this, less retained metal was obtained with increasing
initial vacuum pressure (higher minus values). These features accorded with the
saturation and density results as shown in Figure 4.22. Replacing measured saturation
with other parameters®, S is expected to be 0.45 — 0.85.

-30 -20 -10 (kPa)

Figure 4.20 Photographs of 6.3 mm pore size aluminium foams produced using
different initial vacuum pressures (mold permeability coefficient, pouring temperature
and molten metal weight were kept constant as 44.35 x 1012 m?, 620 °C and 276 g,
respectively).

5 Substituting S (measured saturation) = 0.12, 0.17 and 0.25, P = -30, -20 and -10 kPa respectively in
Equation (2.24) with Py = -0.46 kPa (Calculated in Figure 4.16) gives L = -0.14 (which is slope from
fitted curve between In(1 — S) in y-axis and [InP, — InP} in x-axis). Replacing A = -0.14, Py, = -0.46 kPa
and P = -100— {-10) kPa gives S (predicled saturation) = -0.05 — 0.25.
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Figure 4.21 Infiltration characteristic of 6.3 mm pore size aluminium foams produced
using different initial vacuum pressures (mold permeability coefficient, pouring
temperature and molten metal weight were kept constant as 44.35 x 1072 m?, 620 °C
and 276 g, respectively).
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Figure 4.22 Predicted and measured saturation of 6.3 mm pore size aluminium foams
produced using different initial vacuum pressures {(mold permeability coefficient,
pouring temperature and molten metal weight were kept constant as 44.35 x 10712 m?,
620 °C and 276 g, respectively).

4.1.3 Effect of Melt Temperature
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4.1.3.1 High Mold Permeability

Figure 4.23 shows photographs of 6.3 mm pore size aluminium foams produced using
different pouring temperatures, while other production parameters were kept constant
(mold permeability coefficient = 44.35 x 10712 m?, initial vacuum pressure = -100 kPa
and molten metal weight = 334 g). Infiltration characteristics of these aluminium foams
are shown in Figure 4.24. Tt can be seen that increasing pouring temperature resulted
in increasing infiltrate metal and decreasing retained metal of the produced aluminium
foams whose structure was all classified as type III, as shown in Figure 4.24.

650 720 730 T T35(°C)

Figure 4.23 Photographs of 6.3 mm pore size aluminium foams produced using
different pouring temperatures (mold permeability coefficient, initial vacuum pressure
and molten metal weight were kept constant as 44.35 x 10'2 m?, -100 kPa and 334 g,

respectively).
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Figure 4.24 Infiltration characteristic of 6.3 mm pore size aluminium foams
produced using different pouring temperatures (mold permeability coefficient, initial
vacuum pressure and molten metal weight were kept constant as 44.35 x 102 m?, -
100 kPa and 334 g, respectively).
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Figure 4.25 shows results of saturation and bulk density versus pouring temperature of
the aluminium foams shown in Figure 4.23. Saturation and bulk density of the
produced aluminium foams were found to decrease with increasing pouring
temperature. Molten metal with higher temperatures undoubtedly contained more
fluidity and more heat to be extracted prior to solidify and hence the aluminium foams
produced with higher pouring temperatures contained less retained metal as shown in
Figure 4.24 and less saturation as shown in Figure 4.25.
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Figure 4,25 Density and saturation of 6.3 mm pore size aluminium foams produced

using different pouring temperatures (mold permeability coefficient, initial vacuum

pressure and molten metal weight were kept constant as 44.35 x 10''2 m?, -100 kPa
and 334 g, respectively).

4.1.3.2 Low Mold Permeability

Varying pouring temperature, provided molds with low permeability were employed,
was found to provide aluminium foams with type II for low pouring temperature and
type III for higher pouring temperatures as shown in Figure 4.26 and Figure 4.27. The
saturation of the low pouring temperature of 630°C was highest comparing with other
pouring temperature as shown in Figure 4.28. This is because molten metal completely
solidified prior to infiltrate through mold base and hence large amount of metal retained
in the space of preforms. Higher pouring temperatures resulted in more metal to
infiltrate and hence less metal retained in the space of the preforms. Too high pouring
temperature, such as 690°C, therefore left retained metal in-connected. 1t is interested
to note that large incomplete structure can occur in some pouring temperature. If
pouring temperature is high enough to allow some molten metal to infiltrate through
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mold base but low enough to have remained molten metal to solidify prior to fulfill the
preform space which has been left empty by infiltrate metal, such incomplete foam
structure defect will occur, such as the pouring temperature of 660°C of this work.

Figure 4.29 shows density and saturation of aluminium foams produced by three
schemes of productions—-xarying mold permeability 0 — 44.35 K-10"? m?, initial
vacuum pressure -100 — 0 kPa and pouring temperature 625 — 730°C. The productions
gave a wide range of saturation of 0.01 — 0.93 and hence resulted in aluminium foams
with a wide range of density of 0.02 — 1.69 g/cm’. It was found that the degree of
saturation is fitted quite well with a directly proportional function with aluminium foam
density.

630 670 690 (°C)

Figure 4.26 Photographs of 6.3 mm pore size aluminium foams produced using
different pouring temperatures (mold permeability coefficient, initial vacuum pressure
and molten metal weight were kept constant as 31.26 x 107> m?, -95 kPa and 267 g,

respectively).
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Figure 4.27 Infiltration characteristic of 6.3 mm pore size aluminium foams produced
using different pouring temperatures (mold permeability coefficient, initial vacuum
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pressure and molten metal weight were kept constant as 31.26 x 10°? m?, -95 kPa and
267 g, respectively).
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Figure 4.28 Saturation and density of 6.3 mm pore size aluminium foams produced
using different pouring temperatures (mold permeability coefficient, initial vacuum
pressure and molten metal weight were kept constant as 31.26 x 10''2 m?, -95 kPa and
267 g, respectively).
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Figure 4.29 Saturation and density of 6.3 mm pore size aluminium foams produced
using different conditions.
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4.2 Structure of Aluminium Foams

Aluminium foams produced by space holder method in this work contained three main
structures: incomplete, dense and spongy, as shown in Figure 4.30. These three
structures are obtained by controlling infiltration behaviour of molten metal as best
described by a schematic shown in Figure 4.4. Details of specific parameters of
production to give such particular structures have been given in the previous section.
This section will give details of spongy and dense structure of aluminium foams in
terms of uniformity. Aperture which is a window hole connecting between pores of
dense open cell foam will also described.

Infiltration type I Infiltration type IT  Infiltration type III

Figure 4.30 Photographs of infiltrated aluminium foams having different infiltration
type (type I: mold drainage type H2, pouring temperature 725 °C and initial vacuum
pressure 0 kPa, type II: mold drainage type M3, pouring temperature 675 °C and
initial vacuum pressure -95 kPa, and type III: mold drainage type H2, pouring
temperature 650 °C and initial vacuum pressure -100 kPa).

4.2,1 Uniformity of Structure

Figure 4.31 - Figure 4.32 show, for example, photographs of cross section along the
length of aluminium foams produced with spherical preforms of mean diameter 4.1 mm
and having dense and spongy structure, respectively. It can be observed that structure
of dense aluminium foams was more uniform than that of spongy aluminium foams.
This tendency was also applied for aluminium foams produced with spherical preforms
of other sizes as shown by density along the length of the aluminum foams in Figure
4.33. A general decreasing tendency of density of aluminium foams with increasing
height towards the opposite direction of infiltration was observed for both foam
structures and for all spherical preform sizes. Figure 4.34 shows porosities at positions
each of ten mm interval from foam bottom of all foam structures. Since porosity is
inversely propositional relation to density. An opposite trend of porosity change with
foam locations was found for dense aluminium foams particularly for foams produced
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with higher preform sizes. Based on this image analysis for porosity at sections, there
was no obvious tendency between porosity and positions of spongy aluminium foams.
However, x-ray photographing methods showed the existing of more metal at bottom
of a spongy aluminium foam as shown in Figure 4.35. The difference of porosity results
obtained by 2-D image analysis method and 3-D x-ray based methods could be possible
if dense metal located at positions less than 10 mm. For combination of density results
obtained by weight-volume calculation and porosity results obtained by 2-D and 3-D
imaging methods, both dense and spongy aluminium foams seem to contain higher
density (lower porosity) at bottom and lower density (higher porosity) at top of the
foams. This structure variation could not inevitable for infiltration production method
since molten metal flow though mold bases until solidification or no assisted different
pressure. More retained metal therefore presented in the opposite direction of
infiltration. In addition, more variation in density was found in spongy aluminium
foams and in aluminium foams produced using larger preform sizes.

Basically, uniformity of final produced metal foams will depend on how the foams are
produced. The aluminium foams in this work were produced using space holder method
and infiltration-based casting method. The uniformity of the final foams will therefore
depend on how uniform metal to fill in space among preforms. However, initial pack
of preforms is also equally important to final foam structure. Figure 4.36 shows, for
example, pCT images of 6.3 mm spherical preforms after packing in a plaster mold
using vibration for 60 s. Vibration was used to receive spherical preforms with random
close packing which theoretically equals to 64% [85] Ref format?. Space, or in other
words metal to fill, locates among the spherical preforms therefore occupies 36%. The
maximum porosity of aluminium foams produced by space holder method using
spherical preforms with random close packing should be 64%. Higher porosities can
occur if metal does not fill space completely. The dense aluminium foams produced in
this work contained porosities in the range 59 — 70% which are close to the theoretically
random close packing of 64%. Any lower porosities at some locations within
aluminium foams may come from either insufficient packing of performs or high edge-
to-volume effect. The latter reason may be the main contribution for the low porosities
found at bottom of dense aluminium foams shown in Figure 4.35. High porosities in
the range 83 - 93% of spongy aluminium foams were nicely obtained by this infiltration
production method by leaving retained metal less than the theoretical space of random
close packing of 36%. By controlling the degree of saturation under various production
parameters, aluminium foams with different densities can be obtained. The degree of
saturation was found to be almost directly proportional to the density of aluminium
foams produced in this work as shown in Figure 4.37.
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Height = 20 mm

Figure 4.31 Photographs of cross section along the infiltration length of an
aluminium foam produced using mold drainage of M3 type, spherical preform size of
4.1 mm, pouring temperature of 620 °C and initial vacuum pressure of -20 kPa.

Height = 40 mm Height = 50 mm Height = 60 mm
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Height = 10 mm

Height = 20 mm

Height = 30 mm

Figure 4.32 Photographs of cross section along the infiltration length of an
aluminium foam produced using mold drainage of H2 type, spherical preform size of
4.1 mm, pouring temperature of 620 °C and initial vacuum pressure of -20 kPa.
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Figure 4.33 Density distribution of aluminium foams measured from bottom to top in
vertical axis: (a) — (c) spongy and (e} — (f) dense structure of the foams produced
using spherical preform sizes 4.1, 5.0 and 6.3 mm.
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Figure 4.34 Porosity distribution of aluminium foams measured from bottom to top in
vertical axis: (a) spongy and (b) dense structure of the foams produced using spherical
preform sizes 4.1, 5.0 and 6.3 mm.

(@ b)

Figure 4.35 Spongy aluminium foam: (a) photograph, (b) x-ray and (c) CT-scan
images.

(a) T o)

Figure 4.36 1CT images of 6.3 mm spherical preforms after packing in plaster mold:
vibrated time 60 s, weight 150 g: (a) top view and (b) front view.
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Figure 4.37 Saturation and density of 6.3 mm pore size aluminium foams produced
using different conditions.

4.2.2 Aperture Size

Aperture, which is contact areas between space holders (pore opening), is 2 unique
character of dense metallic foams produced using space holder method. It is a structural
parameter significantly influencing on sound absorption performance of aluminium
foams as reviewed earlier in Section 2.7.1. In this section, aperture size of aluminium
foams (produced using conditions given in Table 4.3) having dense structure with
different pore sizes was reported. Image analysis technique represented in Figure 3.9
was used for measuring aperture size. Results of aperture size distribution of the dense
aluminium foams produced using spherical preform sizes 4.1, 5 and 6.3 mm are shown
in Figure 4.38 (a), (b) and (c) respectively. Their aperture size averages in terms of
arithmetic mean of population are (.76, 1.12 and 1.14 mm, respectively. The trend of
the increase in aperture size average with increasing spherical preform size is
understandable since the curvature of molten metal around spherical preforms between
two preforms will be further away for large preform sizes. As a result, solidified metal
at those disjointed area will appear as apertures having larger sizes for larger preforms.
The trend of increasing aperture size with increasing spherical preform size was found
in both measurement using image analysis method and predictions® using Equations
(2.25). However, all predicted aperture sizes are underestimated as shown in Figure
4.39. Discrepancies in measuring the size of apertures which appeared in different
planes may result in the disagreement results.

- (a) Spherical preform size = 4.1 mm

o
AT A AR
©o o5 10 15 20 25 30

Diameter (mm)}

¢ Replacing P = -20 kPa, ¢ = 0.945 N/m, 6 = 140 degree, R = 2.05, 2.5 and 3.15 mm (for spherical
preform size = 4.1, 5.0 and 6.3 mm respectively) in Equation (2.25).
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Figure 4.38 Size distribution of apertures of dense aluminium foams produced using
infiltration method with conditions given in Table 4.3 for preform sizes: (a) 4.1, (b) 5

and (d) 6.3 mm.
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Figure 4.39 Predicted and measured apertures of dense aluminium foams produced
using infiltration method with conditions given in Table 4.3 for preform sizes: (a) 4.1,
(b) 5 and (d) 6.3 mm.
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4.3 Compressive test

Figure 4.40 - Figure 4.41 show stress-strain curves of compression test up to 80%
strain of different pore size aluminium foams having dense (low porosity) and spongy
(high porosity) structures, respectively. All aluminium foams exhibited foam
characteristic in that long plateau stress regime presented. Dense aluminium foams
were found about 60 to nearly 90 times stronger than spongy aluminium foams. Both
dense and spongy foams produced with spherical preforms of larger sizes exhibited
higher strength than those produced with spherical preforms of smaller sizes. However,
there was no noticeable difference in strength among spongy foams produced with
different preform sizes for compressive strains up to 40%. Aluiminium foams produced
with larger preform sizes contained thicker solid walls which should contribute to the
higher strengths. It should be noted that the preforms of 4.1 mm mean spherical
diameter gave detrimental effect on the compressive behaviour of dense aluminium
foams. The reason of low strength of this aluminium foam may relate to the high
number of defects, which can be clearly seen at external surface, of incomplete fill of
this foam. Small channels of space between small preforms made them difficult to be
completely filled by molten metal, and hence more incomplete fill defects were found
in the aluminium foams produced with 4.1 mm preforms.

40 — - - ==

—— Spherical preform size = 4.1 mm {5 = 0.29) ; t
r —e— Spherical preform size = 5.0 mm { 5= 0.33) D Sl
—a—-Spherical preform size = 6.3 mm { 0= 0.33)
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Figure 4.40 Compressive stress-strain curves of dense aluminium foams produced by
preforms having mean spherical diameters 4.1, 5.0 and 6.3 mm and molds having
permeability coefficient of 31.26 x 10-12 m?.
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Figure 4.41 Compressive stress-strain curves of aluminium foams produced by
preforms having mean spherical diameters 4.1, 5.0 and 6.3 mm and molds having
permeability coefficient of 44.35 x 1072 m?.

Aluminium foams with dense structure deformed in different way of that with spongy
structure. Figure 4.42 showed typical compressive behaviour of dense aluminium
foams. The stress-strain plot can be clearly divided into three main parts. In the first
part, aluminium foam deformed elastically and appeared without any harmful damage
as shown in the first inset photograph of Figure 4.42. In the second part, plastic
deformation was clearly seen and cracks appeared in the foam as can be seen in the
second inset photograph of Figure 4.42. The cracks lined in particular rows of spherical
pores. Sudden drops of load bearing came from major cracks within the foam. The
fractures of foam walls during this deformation consumed large energy and strain. In
the third part, required force to compress was ascending due to densification of the foam
as shown in the third inset photograph of Figure 4.42. For spongy aluminium foams
whose typical compressive curve is illustrated in Figure 4.43, even though there are
three main parts of stress-strain similar to those found in dense aluminium foams,
compressive behaviour appeared different in detail. In the first part, the spongy foam
showed elastic deformation but with significant smaller yield stress and strain. The
foam under this deformation exhibited no damage appearance as shown in the first inset
photograph of Figure 4.43. In the second part, the spongy foam deformed plastically.
Continuously ascending stress without any significant drop was found. Some line
creaks were found in the spongy foam, as shown in the second inset photograph of
Figure 4.43, however, there was no large piece of crack panels as found in the dense
foam. At almost the end of plastic deformation, there was a noticeable drop of stress
prior to sudden rise of stress at the third part of deformation due to densification of the
spongy foam. The appearance of the spongy foam during the densification deformation
is shown in the third inset photograph of Figure 4.43. Mechanical properties of
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representative dense and spongy aluminium foams produced with different spherical
preform sizes are summarised in paralle] with their physical properties in

Table 4.5.
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Figure 4.42 Compressive stress-strain curve of a dense aluminium foam produced by
preforms having a mean spherical diameter of 4.1 mm and a mold having
permeability coefficient of 31.26 x 101> m? (Inset photographs showed the foam
specimen at different strains during compression).
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Figure 4.43 Compressive stress-strain curve of a spongy aluminium foam produced
by preforms having a mean spherical diameter of 4.1 mm and a mold having
permeability coefficient of 44.35 x 10"12 m? (Inset photographs showed the foam
specimen at different strains during compression).
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Table 4.5 Physical and mechanical properties of produced aluminium foams.

Properties Dense-4 Dense-5 Dense-6  Spongy-4  Spongy-5  Spongy-6

Physical properties :

Foam diameter {(mm) 53.37 53.50 53.56 53.40 53.14 53.23
Foam height (mm) 577 60.39 61.89 61.74 65.61 64.15
Spherical preform size (mm) 4.1 5.0 6.3 4.1 5.0 6.3
Porosity (%) 71 67 67 23 92 91
Relative density 0.31 0.35 0.35 0.08 0.08 0.10

Mechanical properties :

Young's modulus (MPa) 1,060 1,704.3 1,914.3 20.1 36.9 12.2
Plateau stress (MPa) 11.51 22.84 25.23 0.26 0.24 0.26
Densification strain (%) 73.41 64.10 64.10 78.56 78.99 77.85

Energy absorption at
densification (MJ-m3) 9.15 11.28 13.21 034 0.45 0.51

Figure 4.44 and Figure 4.45 show measured modulus, E and yield strength, opt of
different structure aluminium foams of this work plotted as a function of relative
density. Experimental data were fitted using a scaling law for mechanical properties
prediction. The empirical models of modulus and yield strength can be derived from
experimental data giving relations £ = 0.7E,9%%and g,y = 5.40,5°**, respectively.
The coefficients of the empirical models are within the range of recommended values,
which are 0.1 — 4 for Young’s modulus model of open cell foams and 0.1 — 1.0 for
compressive strength model of open cell foams [19]. The power values, however, are
beyond the recommended values, which are 2 for Young’s modulus mode! of open cell
foams and 1.5 for compressive strength model of open cell foams [19]. The particular
hollow structure made from spherical preforms in this work may contribute to the
different compression behaviour obtained from typical open cell foam structure.
General scaling models are therefore recommended to be refined for individual
structure of open cell foams. Even though there are some disagreements of mechanical
properties against physical properties of the scaling laws of this work aluminium foams,
plots of those properties of this work aluminium foams together with those of currently
available metal foams are fit very well as shown in Figure 4.46 - Figure 4.48. It can
be observed from these figures that mechanical properties of spongy and dense
aluminium foams of this work provide nearly lower and upper limits of those of
currently available metal foams. Due to aluminium foams with other densities within
the range between those of spongy and dense structure can be produced by production
parameter variation, aluminium foams produced by spherical preforms in this work
should provide the whole range of mechanical properties available by current metal
foams in the market.
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Figure 4.44 Plots of relative Young’s modulus (and Young’s modulus) against
relative density of the produced aluminium foams shown in

Table 4.5.
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Figure 4.45 Plots of relative plateau stress {and plateau stress) against relative density
of the produced aluminium foams shown in

Table 4.5.
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Figure 4.46 Plots of Young’s modulus against density of currently-available metal
foams [86] (Black symbols) and this work aluminium foams (Red symbols) shown in

Table 4.5 (Numbers in parentheses are densities in Mg/m™).

Bending strength per unit pass vs.
bending stifThess per unil njass Frounholer (1.1) Hydro (0.56)

A% D;'g;’mw-l"” S, Fraunhofcr (0.7)
0
0 Duocel (019y ! : -.Q.
] Duocel 0254) o
-
E A Ilydm(O.BZQ Cb
Eﬁ ] Hydro (0.427}
£\\ ~o
3 <53
B Jhyaro(o.194)
2 . =R Aldight (6.95)
[t INCO (0.31)
Hydro (0.23)
INCD (0.28%)
) Cymal (01083)
N é" ) INCO (0.385)
Cyrnat {0.166) 0(0.82) Cymat (0,155}
1 GASAR (3.375)
—_— ! . .
! 0.5

{Young’ s modulua)™ /density

Figure 4.47 Plots of 62/% /p against E/2 /p of currently-available metal foams [86]
(Black symbols) and this work aluminium foams (Red symbols) shown in

Table 4.5 (Numbers in parentheses are densities in Mg/m™). E1/2/ pczf */p



Energy absorption vs,
platcau sress

Frounhofkr (0.8)

Frounholer (0.551)

Fraunhofer (1.1)

o A =S

Alulight (0.640) '\

Cymat (0.355)

INCO (§.265)

INCO (D.385)

Duocel (0.162), __

Duocct (0.254)

eoLl ! i0.A4

=g

—

/’P%

Iotight

2 >

Alulight (1.0)
Hydro (0.8)

Alllight (0.95)

0.7

[+9}

YR

Cymat 8‘%;’ o

=]

=]

Ty aro-{b4

e £ Hydro (0.264)

\:\
Hydro (0.24)

Hydro (0.161)

Q.1

Plateau sircas/MPa

100

80
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4.4 Sound Absorption Test

Table 4.5 (Numbers in parentheses are densities in Mg/m™),

Table 4.6 Properties of aluminium foams produced by infiltration method.

Sample  Unit cell Air pap Thickness Porosity Poresize Aperture P/Ap. Density
(number) (mm) {mm) (%) (mm) (mm)  (ratio) {(g/em?)

a 2 0, 10, 20, 30 8 70 4.1 0.76 539 0.86
b 6 0, 10, 20, 30 25 66 4.1 076 539 0.83
c 13 0, 10, 20, 30 56 73 4.1 0.76 539 0.83
d 26 0, 10, 20, 30 115 71 4.1 076 539 0.80
€ 39 0, 10, 20, 30 173 71 4.1 076 539 080
f 51 0,10,20,30 229 71 4.1 076 539 080
g 63 0 281 70 4.1 076 539 0.79
h 2 0 8 68 5.0 112 446 079
i 5 0 25 68 5.0 1.12 446 0.82
j 11 0 61 67 50 1.12 446 093
k 23 o 126 66 5.0 1.12 446 094
1 34 0 186 67 50 1.12 446 0.93
m 46 0 252 66 50 1.12 446 0.94
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n 1 0 9 68 6.3 114 444 0.88
0 4 0 25 66 6.3 1.14 444 0.83
p 9 0 62 67 6.3 114 444 091
q 18 0 128 67 6.3 114 444 0.93
r 28 0 194 66 6.3 114 444 0.93
] 38 0 260 66 6.3 1.14 444 093

4.4.1 Effect of Structural Foam on Sound Absorption Performance

Sound absorption coefficient of aluminium foams with different pore size, porosity and
thickness was measured using two-microphone impedance tube method at frequencies
in the range 125-3150 Hz. Figure 4.49 shows plots of sound absorption coefficient
versus frequency of different pore size aluminium foam samples with the same
thickness of 8 mm. Highest sound absorption coefficient was found at 1,600, 3,150 and
1,250 Hz for aluminium foams with pore size of 4, 5 and 6 mm, respectively.

Increasing sample thickness to 25 and 50 mm, the peak of sound absorption coefficient
occurred at lower frequencies, i.e. 1000 and 500 Hz for 25 and S0 mm aluminium
foams, respectively, as can be seen in Figure 4.50 and Figure 4.51 respectively. This
tendency was also found by other investigators [50]. Figure 4.52 - Figure 4.54 show
the change of sound absorption performance of aluminium foams with different
thicknesses and pore sizes. For the same foam thickness, the peak of sound absorption
coefficient increased with reducing pore size.

Figure 4.55 - Figure 4.60 show the effect of porosity on sound absorption performance
of spongy (high percentage porosity) and dense (low percentage porosity) aluminium
foams. It can be seen that aluminium foams with low porosity performed better sound
absorption than those with high porosity. In addition, for aluminium foams having the
same porosity, thicker aluminium foams exhibited better sound absorption than thinner
aluminium foams irrespective of pore size.
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Figure 4.49 Effect of pore size on sound absorption of aluminium foams with sample
thickness of 8 mm.
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Figure 4.50 Effect of pore size on sound absorption of aluminium foams with sample
thickness of 25 mm.
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Figure 4.51 Effect of pore size on sound absorption of aluminium foams with sample
thickness of 50 mm.

1 r - ——

—@— Thickness = 8 mm {NRC=0.17) '
i cos | —a&— Thickness = 25 mm (NRC = 0.20)
] :g [ —#— Thickness = 56 mm(NRC=O.37)J|
i 8 0 F [
Y 0.6 'y
1 C
§ |
e |
S
2 04 -1
R
=]
| s
! UO) 0.2
]
i 0 T S T TG SO U ST S PURT T S Y PR SRR S S T |
} 0 500 1000 1500 2000 2500 3000 3500

Frequency (Hz)

Figure 4.52 Effect of sample thickness on sound absorption coefficient of aluminium
foams pore size 4.1 mm (no an air gap cavity).
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Figure 4.54 Effect of sample thickness on sound absorption cocfficient of aluminium

foams pore size 6.3 mm (no an air gap cavity).
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Figure 4.55 Effect of sample porosity (%) on sound absorption coefficient of
aluminium foams pore size 4.1 mm with thickness of 8 mm (no an air gap cavity).
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Figure 4.56 Effect of sample porosity (%) on sound absorption coefficient of
aluminium foams pore size 4.1 mm with thickness of 50 mm (no an air gap cavity).
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Figure 4.57 Effect of sample porosity (%) on sound absorption coefficient of
aluminium foams pore size 5 mm with thickness of 8 mm (no an air gap cavity).
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Figure 4.58 Effect of sample porosity (%) on sound absorption coefficient of

aluminium foams pore size 5 mm with thickness of 50 mm (no an air gap cavity).
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Figure 4.59 Effect of sample porosity (%) on sound absorption coefficient of
aluminium foams pore size 6.3 mm with thickness of 8 mm (no an air gap cavity).
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Figure 4.60 Effect of sample porosity (%) on sound absorption coefficient of
aluminium foams pore size 6.3 mm with thickness of 50 mm (no an air gap cavity).

442 The Use of Models for Prediction of Sound Absorption
Performance of Al foams

Sound absorption coefficients of aluminium foams with semi-open structure which is
identical to aluminium foams used in this work has been predicted using models as
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shown in Table 2.5 (in Chapter 2). Table 4.7 shows structural parameters of aluminium
foams used in predictions by others.

Table 4.7 Structural parameters used to predict sound absorption coefficients of
aluminium foams by previous researchers.

e Samge (S ArEe T Pl g A
A - - - 95 - - -
B 74 0 20 90 0.26 0.04 7.11
Hakamada C 75 0 20 85 0.26 0.03 7.53
[87] D 42 0 20 90 0.46 0.04 1087
E 29 0 20 90 0.67 0.07 9.93
F 74 0 20 85 0.26 0.09 291
C 15 0 10 65 1.30 0.32 4.06
Li [49] C 15 0 15 65 1.30 0.32 4.06
C 15 0 20 65 1.30 0.32 4.06
a 20 0 20 66 0.43 0.14 3.14
b 20 0 20 63 0.84 0.25 3.34
Lu [50] c 20 0 20 66 0.86 0.34 2.50
d 20 0 20 65 1.06 0.40 2.65
f 20 0 20 60 1.00 03 3.33

It can be seen from Table 4.7

Table 4.7 that the maximum pore and aperture size of aluminum foam used for sound
absorption coefficient predictions in previous research are 1.3 and 0.4 mm, respectively.
However, the aluminium foams produced in this work contained pore and aperture size
of 4.1 - 6.3 mm and 0.76 — 1.44 mm, respectively, which are significantly higher than
those presented in Table 4.7. A model based on equivalent electrical circuit approach
(EECA) (Table 2.5) was used for sound absorption coefficient prediction of aluminium
foams in this work. For example, the sound absorption performance of aluminium foam
samples can be predicted using the EECA equations given by Equations 2.28 — 2.33.
Substituting the parameters’ of 6.3 mm foam samples (sample-(a) in table 4.6) in the

7 Replacing L = 8.4 mm, D = 4.10 mm, t = 3.6 x 10* m in Equationn = L/((D + t)),
gives n = 2 which is a number of unit cells for sound absorption calculation. Replacing
po = 1.14 kg/m3 co = 349.58 m/s (calculated at temperature =31 °C), D =4.10 mm, f =
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mentioned equations, a value of a of 5 x 10 is obtained for frequency of 125 Hz.
Similar calculations were carried out at other frequencies and samples. Prediction and
experimental results based on impedance tube method are given in Figure 4.61 - Figure
4.79. It was found that experimental results are comparable with calculated results with
only some samples, i.e. e, f, g, ], |, m, g and s as shown in Figure 4.65, Figure 4.66,
Figure 4.67, Figure 4.70, Figure 4.72, Figure 4.73, Figure 4,77 and Figure 4.79.
Most samples showed lower sound absorption coefficients of those obtained by
measurements than predictions, i.e. a, b, h, i, j, k, n, 0 and p as shown in Figure 4.61,
Figure 4.63, Figure 4.68, Figure 4.69, Figure 4.70, Figure 4.71, Figure 4.74 and
Figure 4.76. Nevertheless, samples with increasing thickness and decreasing pore size
showed more agreement of results between measurement and prediction, i.e. f and g as
shown in Figure 4.66 - Figure 4.67. Sample j exhibited the best agreement between
measurement and prediction at frequencies higher than 400 Hz as shown in Figure
4.70. Degree of agreement of sound absorption coefficient results between
measurement and prediction can be calculated using equation as shown below

Emeasurement — Xprediction
Aq = ( 2 % 100 4.1)
Xmeasurement F

Relations between the values of difference between measurement and prediction of
sound absorption coefficients and other parameters such as pore/aperture ratio, pore
size and sample thickness are shown in Figure 4.80 - Figure 4.82. At low frequencies
such as 125, 160 and 200 Hz, samples g and s showed the best agreement between
prediction and measurement since their difference less than 20 percent as shown in
Figure 4.80. Samples with thicker thickness and smaller pore size also showed better
agreement of sound absorption coefficient results between measurement and prediction.

125 Hz and o = 785.4 rad/s (calculated from w = 2zf) in Equation 2.28, gives Zp = -
1865.61. Replacing n = 1.9 x 10° kg/m-s, t = 4.8 x 10* (calculated from t =
(1 —Q)D/[3.55 — 6(d/D)¥/?),d = 6.8 x 104 m, p = 4.4 x 105 (calculated from f =
(wpen)*/2d/2), Q@ =70%, © = 785.4 rad/s and D = 4.1 mm in Equation 2.29 and 2.30,
gives Ro = 0.5 and Mo = 24.4 respectively. Replacing Zp = -1865.6i and zo = 14.9 +
732.4i (calculated from zy, = (R, + iMy)(0.909D/d) ) in Equation 2.31, gives Z; =
14.9 — 1133.3i. Replacing zo = 14.9 + 732.41, Zp = -1865.6i and Zn = 14.9 - 1133.3i in
Equation 2.32, gives Za = Rn + iMa = 27.6 + 27.31. Finally replacing Ra = 27.6, Mn =
27.3i, po = 1.14 kg/m® and co = 349.58 m/s in Equation 2.33 gives @ = 5 x 105,
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Figure 4.61 Measured and predicted sound absorption coefficients of aluminium
foam a (denoted in Table 4.6) with thickness of 8.4 mm.
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Figure 4.62 Measured and predicted sound absorption coefficients of aluminium
foam b (denoted in Table 4.6) with thickness of 24.85 mm.
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Figure 4.63 Measured and predicted sound absorption coefficients of aluminium
foam c (denoted in Table 4.6) with thickness of 55.85 mm.

- - e e - L e e

1 o \- :

F —8— Measurement (NRC = 0.14}

{ =—f =« Prediction (NRC =0.37) L

i

3
06 foped 70 i

Sound absorption coefficient

¢
i

] 500 1000 1500 2000 2500 3000 3500
Frequency (Hz)

Figure 4.64 Measured and predicted sound absorption coefficients of aluminium
foam d (denoted in Table 4.6) with thickness of 115.22 mm.
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Figure 4.65 Measured and predicted sound absorption coefficients of aluminium
foam e (denoted in Table 4.6) with thickness of 172.98 mm.
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Figure 4.66 Measured and predicted sound absorption coefficients of aluminium
foam f (denoted in Table 4.6) with thickness of 229.25 mm.
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Figure 4.67 Measured and predicted sound absorption coefficients of aluminium
foam g (denoted in Table 4.6) with thickness of 281.19 mm.
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Figure 4.68 Measured and predicted sound absorption coefficients of aluminium
foam h (denoted in Table 4.6) with thickness of 8.49 mm.
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Figure 4.69 Measured and predicted sound absorption coefficients of aluminium
foam i (denoted in Table 4.6) with thickness of 24.97 mm.
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Figure 4.70 Measured and predicted sound absorption coefficients of aluminium
foam j (denoted in Table 4.6) with thickness of 60.52 mm.
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Figure 4.71 Measured and predicted sound absorption coefficients of aluminium
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Figure 4.72 Measured and predicted sound absorption coefficients of aluminium
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Figure 4.73 Measured and predicted sound absorption coefficients of aluminium
foam m {denoted in Table 4.6) with thickness of 251.62 mm.
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Figure 4.74 Measured and predicted sound absorption coefficients of aluminium
foam n (denoted in Table 4.6) with thickness of 8.51 mm.
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Figure 4.75 Measured and predicted sound absorption coefficients of aluminium
foam o (denoted in Table 4.6) with thickness of 24.83 mm.
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Figure 4.76 Measured and predicted sound absorption coefficients of aluminium
foam p (denoted in Table 4.6) with thickness of 61.98 mm.
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Figure 4.77 Measured and predicted sound absorption coefficients of aluminium
foam q (denoted in Table 4.6) with thickness of 127.58 mm.
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Figure 4.78 Measured and predicted sound absorption coefficients of aluminium
foam r (denoted in Table 4.6) with thickness of 194.19 mm.
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Figure 4.79 Measured and predicted sound absorption coefficients of aluminium
foam s (denoted in Table 4.6) with thickness of 260.06 mm.
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Figure 4.80 Difference between measurement and prediction of sound absorption
coefficients of aluminium foams having thicknesses 252 — 281 mm with different
pore/aperture ratios.
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Figure 4.81 Difference between measurement and prediction of sound absorption
coefficients of aluminium foams having thicknesses 173 to 194 mm (unit cell 28 - 39)
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Figure 4.82 Difference between measurement and prediction of sound absorption
coefficients of aluminium foams having thicknesses 252 to 281 mm (unit cell 46 - 63)
with different pore sizes.

4.4.3 Sound Absorption Material for Automotive applications

From types of noise sources with frequency zones in automotive vehicle data shown in
Figure 2.4 (chapter 2) suggests that noise source of powertrain occurring with mid
frequency range 250-1,600 Hz. According to data from [5, 88] indicated that noise
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source from powertrain system (exhaust noise) incurs at high sound pressure level. It
can be noticed that noise in a passenger compartment as recommend in Table 2.1 should
be used in automotive design.

Nowadays, most sound absorptive materials in automotive are not good in sound
absorption at low frequencies as shown in Figure 2.10 and most of them are
inappropriate to be installed outside the automotive compartment. From experiment
results of sound absorption measurement of aluminum foams produced in this work as
shown in Figure 4.83 - Figure 4.85, aluminium foams with all pore size exhibited their
sound absorption performance at low frequencies as good as non-woven materials.
However, their sound absorption performance was still quite low. Nevertheless, the
sound absorption ability at low frequency of aluminium foams can be improved by
increasing sample thickness and adjusting installation by having an air cavity at the
back of the aluminium foams.
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Figure 4.83 Measured sound absorption coefficient of aluminium foams having pore
size of 4 mm and thickness of 8, 25 and 56 mm.
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Figure 4.84 Measured sound absorption coefficient of aluminium foams having pore
size of 5 mm and thickness of 8, 25 and 61 mm.
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Figure 4.85 Measured sound absorption coefficient of aluminium foams having pore
size of 6.3 mm and thickness of 9, 25 and 62 mm.

Examples of sound absorption performance of 5, 25 and 50 mm thickness aluminium
foams with installation having different air gaps in the range 0 — 30 mm illustrates in
Figure 4.86 - Figure 4.88. It was found that aluminum foams can absorb more sound
than non-woven materials (o = 0.5) at low frequency range of 500 — 1,000 Hz as shown
in Figure 4.87. Consequently aluminium foams can be used for noise reduction
occurred from powertrain system (exhaust noise) in the low frequency range.
Aluminium foams produced in this work might be most suitable for use at trunk floor
of road vehicles for sound absorption purpose. Because aluminium foam panel which
is installed at location of a truck floor can be applied an air gap in order to increase
sound absorption performance and can absorbs energy from crashing. In addition the
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aluminium foam panel can transfers thermal energy, especially for electric vehicles
which contain large batteries on the floor in the trunk.
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Figure 4.86 Effect of air gap cavity on sound absorption coefficient of aluminium
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Figure 4.87 Effect of air gap cavity on sound absorption coefficient of aluminium

foams for sample b with sample thickness of 25 mm.
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CHAPTER 5 CONCLUSIONS AND SUGGESTIONS

5.1Conclusions

Spherical shape preforms of sizes 4.1, 5.0 and 6.3 mm with a tolerance of + 0.1 mm made
from a water dissoluble substance were used as space holders for open cell aluminium
foam production using infiltration technique with AC2A aluminium alloy. Structures and
physical properties of the produced aluminium foams were found to be influenced by
production parameters which are mold permeability, applied infiltration pressure and melt
temperature. Three main structures: incomplete, dense and spongy were obtained mainly
from no infiltration, full infiltration with residue metal and full infiltration without residue
metal, respectively.

The obtained results of foam structures by varying applied pressures in the ranges -95 to
-10 kPa were in good agreement with saturation prediction. The saturation and density of
aluminium foams increased when low applied pressure and mold permeability were
employed but decreased when high mold permeability was used irrespective to the level
of applied pressure. At a constant applied pressure of -20 kPa and pouring temperature of
620 — 630°C, dense and spongy aluminium foams with density of 0.67 and 0.17 g/cm’®
were obtained when the molds having gas permeability coefficient of 31.26 and 44.35 x
101? m?, respectively, were used. It was found that foam structure was significantly
affected by mold permeability and pouring temperature. Moreover, Young-Laplace
equation gave a good prediction of threshold pressure required to infiltrate into space
among preforms.

Pouring temperature was found to inversely proportional to both saturation and
infiltration weight (%) which gave enormous impact on foam structure, Low pouring
temperatures, such as 620 — 630°C (molds having gas permeability of 31.26 x-10"12 m?),
were found to provide the best dense foam structure with residue metal (infiltration type-
IT). Higher pouring temperatures (irrespective to mold permeability) were found to give
aluminium foams with incomplete structure. A ratio between residue and retained metal
that gave full infiltration was found to be approximately 40:60. The aluminium foams
produced using molds with medium and high permeabilities (pouring temperature of 620
— 630°C) had densities 0.15 - 0.27 and 0.75 - 0.98 g/cm’ respectively.

Aluminium foams with dense structure having infiltration close to 85% contained
relatively uniform structure. Optimum production parameters for producing aluminium
foams with spongy and dense structure are permeability coefficient of mold of 31.26 and
44.35 x 10 m?, respectively, together with the applied pressure of -20 kPa and the
pouring temperature of 620°C,

Sound absorption coefficients of different thickness open cell aluminium foams produced
by spherical preform sizes 4.1, 5 and 6.3 mm were measured using two-microphone
impedance tube with transfer function method. It was found that increasing sample
thickness enhanced the maximum peak of sound absorption and shifted bandwidth of
sound absorption to lower frequencies. In addition, decreasing pore size from 6.3 to 4.1
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mm was found to enhance sound absorption performance. The maximum sound
absorption coefficient of 0.96 at the frequency of 500 Hz was obtained with the
aluminium foam having pore size of 4.1 mm and thickness of 50 mm. Sound absorption
performance at low frequencies was found to be improved by introducing an air cavity
behind a foam sample, in which the peak of sound absorption coefficient shifted from
1,600 Hz to 500 Hz. A model based on equivalent electrical circuit approach was used to
predict sound absorption coefficients of aluminium foams. Difference in sound
absorption coefficient between measurement and prediction was found to increase with
pore size and unit cell of foam samples.

For sound absorption material in road vehicles, aluminium foams having a combination
of good sound absorption and excellent energy absorption performance are suitable to be
used as a trunk floor where incident noises occurs at low frequencies in the range of 250
- 800 Hz. Furthermore, aluminium foams can enhance safety with energy absorption from
crashing for the trunk.

5.2 Suggestions

The obtained results from experiments in this work suggest to use large space holder sizes
to give aluminium foams with a complete structure. Any alternative base plates can be
used to control mold permeability and hence foam structure. Better models should be
developed to obtain a more comprehensive prediction of sound absorption of aluminium
foams having a wide range of structure. Other production parameters which are those not
present in this work, such as infiltration rate, preheat temperature of either mold or
preform should be investigated to understand their effects on foam structure.
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APPENDIX

I. Image analysis method for porosity measurement of Al foams

The process of image adjustments were prepared to investigate porosity of aluminium
foam samples by image analysis method: (a) image acquisition, (b) grey scale, (c) auto-
contrast, (d) noise reduction, (¢) sharpen edges, (f) auto fill black, (g) auto filt white, (h)
filter gallery cutout and (i) threshold.

II.  Sound absorption coefficient test using VA-LAB 4 IMP software

1. Microphone calibration
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2. Setting parameters in software.

Frequency range 125 — 500 Hz Frequency range 630 — 3150 Hz
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Mode Choose: | Absorption Measurement =] Mode Choose: [ Absorption Messurement | |
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3. Sound absorption coefficient measurement

Standard configuration
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4. Current result of sound absorption coefficient
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III. Sound absorption coefficient results of Al foam samples
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