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ABSTRACT

Demand and interest for the use of porous materials in various applications are rapidly
growing by years. Several types of porous materials had been introduced in market todays
and one of the well-known types is metal foam. Yet, metal foam itself is weak and to
overcome the limitation, sandwich structure had been introduced which is aluminum foam
sandwich (AFS). It has many advantages including excellent stiffness to weight ratio is,
high energy absorption and most importantly lightweight. There is the need for lightweight
material in structural parts for reducing used of energy and eventually reduce fuel
consumption. The applications of AFS are automotive, aerospace, shipbuilding and
architectural design industries. There were many researchers who had done an
investigation on mechanical behavior of AFS. However, a few numbers did a research on
open-cell aluminum foam and none of them identify the effect of skin to core thickness
ratio, if any. Therefore, this research was conducted to identify the effect of skin to core
thickness ratio on mechanical behavior of AFS when loaded under tension and three point
bending experimentally with validation of simulation study. AFS specimens were made of
open-cell aluminum foam as a core and attached with 6061-0 aluminum skin sheets using
epoxy and hardener. Full factorial design of experiment (DOE) was used and repeated
three times for each test. Three levels of skin thickness and three levels of core thickness
had been used for tensile test. While for three-point bending test, DOE was developed
using three levels of skin thickness and two levels of core thickness. Experimental results
showed that by increasing skin to core thickness ratio, strength, force and deflection of
AFS also increase for both tension and bending. Besides, results show that core thickness
play an important role in effecting behavior of open-cell aluminum foam sandwich because
of the percentage of porosity of the foam. Increasing foam thickness, will increase
percentage of pore which will weaken the sandwich panels. Simulation study was
conducted using LS-DYNA software and showed an agreement with experimental result
of sandwich panel’s deformation and force-displacement curve. Statistical analysis details
show that both models of tensile and three-point test were significant and reliable with
‘Prob > F’ less than 0.05. The optimum skin to core ratio for tensile and three-point bending
test were 0.1 and 0.12 respectively. Stiffness to weight ratio of AFS was increasing with
higher core thickness. Lastly, stiffness of proposed porous material (open-cell foam) had
better stiffness compared to other porous material with more than 40% higher stiffness.
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND

Demand and interest for the use of porous materials in various applications are rapidly
growing by years. Porous material is a material containing pores and struts. Several
types of porous materials had been introduced in market today such as foams,
honeycomb and balsa wood. At the beginning of production of foam material, polymer-
based foam had been introduced. However, polymer had limitation in heat resistant
(Styles, Compston & Kalyanasundaram, 2005). Besides, there is an increasing in the
amount of waste as increasing the used of polymer foam in shipbuilding industries
(Crupi, Epasto, & Guglielmino, 2013). Thus, metal foam was developed and one of the
famous metals foams with many industries applications is aluminum foam. Metal foam
is also easier to recycle compared to polymer foam (Banhart, Schmoll & Neumann,

1998).

There are two categories of aluminum foam which is open-cell foam and closed-

cell foam. Figure 1.1 below shows the different structure and porosity of both foam cell

types.



Figure 1.1 a) open-cell foam, b) closed-cell foam (Veale, 2010)

Open-cell metal foam had many advantages compared to closed-cell such as
high interconnectivity, high moisture absorption and chemical leached. Closed-cell
metal foam had disadvantage in term of closed-cell may contain undesired chemical.
Aluminum foam can be different based material such as aluminum 6061 which produce
by Banhart, Schmoll and Neumann (1998). They used powder metallurgical technology
by using metal powder and foaming agent of TiH>. Yet aluminum foam itself is weak,
thus aluminum foam sandwich (AFS) were produced which consist of foam as core and

thin solid material as upper and lower skin (Banhart, Schmoll & Neumann, 1998).

There were many advantages of sandwich panels with metallic foam cores.
Crupi and Montanini (2007) stated that the properties of AFS was high energy
dissipation, low specific weight, high damping, thermal insulation, and high strength
impact. According to Banhart, Schmoll and Neumann (1998), the porous materials had
grown in various application because of its excellent physical properties. This also
supported by Styles, Compston & Kalyanasundaram (2005) who reported that metal
foam has high impact energy absorption, good strength and stiffness to weight,
electromagnetic wave absorption, good sound damping, non-combustibility and

thermal insulation.

AFS geometries and physical properties can be varied according to each purpose

such as core thickness, foam density, cellular morphology and face thickness (Crupi &



Montanini, 2007). Sandwich panels can be failing with different failure or collapse
mode depending on their geometries, physical and mechanical properties. Li, Zheng,
Yu, Qian and Lu (2014) mentioned that the possible failure modes of sandwich beams
are core yielding and shear, face wrinkling and yielding and indentation. This is also
supported by Crupi and Montanini, (2007) which stated that failure mode for bending

can be face wrinkling, face yielding, indentation and core shear.

Nowadays, production in automotive industries are rapidly increased year by
year. It is important for the industries to minimize the production cost but have high
quality of product. Besides that, it is also important to have a product with longer life
and durability. One of the essential parts of automotive industries that need to be
enhanced and investigated in terms of weight, stiffness and energy absorption are the
crash box. Crash box is the structural parts that placed behind the bumper of the
vehicles. It is important for the crash box to have high energy absorption to withstand
the impact during crash and lightweight to reduce the weight of the vehicle. Figure 1.2

below shows the sample of crash box.

Figure 1.2 Bumper with crash box (Belingardi, Beyene, Koricho & Martorana, 2015)

It is also stated by Banhart, Schmoll and Neumann (1998), the conventional steel used
to make seat wall in car was replaced with sandwich panels and the results show that

seat wall became lighter and ten times stiffer than conventional part. They also



mentioned that, it is important to reduce the weight of parts for reducing the
consumption of fuel and increasing the safety of passenger. The other well-known
applications of sandwich panels were in shipbuilding, aerospace and architectural

design.

Previously, there are several methods and techniques have been done by the
previous researchers to identify mechanical behavior of the aluminum foam sandwich
such as drop test (He et. al, 2016), quasi test (Jung, Pullen, & Proud, 2016), four-point
bending test (An et. al, 2015) and impact test (Ismail et. al, 2015). All testing methods
must be done by following the standard of ASTM and ISO standard. Although there
were several reports on identifying mechanical behavior of sandwich structure, research
of effect of skin to core ratio on sandwich structure has not been reported yet especially
for sandwich panel with open-cell core, if any. In this study, a series of mechanical
testing is proposed to investigate the effect of skin to core ratio on AFS using two

approach of study which is experimental and simulation.

1.2 PROBLEM STATEMENT AND ITS SIGNIFICANCE

The requirement of producing complex parts with advanced material properties and
lighter weight are generally needed nowadays especially in structural parts in
aerospace, automotive and marine industries. The parts were usually made by heavy
and expensive material. To overcome the problem, researchers had generated a new
technology of lightweight material which is aluminum foam sandwich. Shunmugasamy
and Mansoor (2018) stated that AFS have been used as energy absorbers, acoustic
dampers and weight saving members in automotive and aerospace structures. Besides,

Crupi and Montanini (2007) mentioned that the aluminum foam sandwich has a



lightweight structure with good dissipation of energy under impact and high mechanical
strength. By reducing the weight of structural parts, energy consumption also will

reduce which will lead to lessen oil consumption.

Although, many researches had been done by experimentally to investigate the
mechanical behavior of aluminum foam sandwich but there is still a gap need to be fill,
solve, and complete. This can be supported by An et. al (2018) who stated that many
scholars have devoted time and energy to improve the mechanical properties of
aluminum foams for a preferable application. Lehmhus, Busse, Chen, Bomas and Zoch
(2008) also mentioned that there are still lacking on reliable data of mechanical
performance of AFS. Besides, Nesic et al., (2012) stated data of material behavior from
shear, bending and tensile were needed for contributing better understanding and
general description on various types of foams. The data develop also can be used as
metal foam design guidelines for future use. Other than that, there also a gap needs to
be fill in term of parameters variation, and method of testing to develop a new reliable

data as mentioned by Luna, Barari, Woolley and Goodall, (2014).

There are two types of foam available in the market which are open-cell and
closed-cell foam. However, most of past researchers were focusing on determine
behavior of closed-cell foam while least of them discuss on open-cell foam. None of
them investigate skin to core ratio effect on mechanical behavior of open-cell aluminum

foam sandwich.

Therefore, this research was conducted to compile new reliable data of
mechanical behavior of open-cell aluminum foam sandwich in term of ultimate stress,
force-displacement curve when loaded under tension and bending. Effect of skin to core

ratio on mechanical behavior of AFS were determined experimentally and validate



using simulation study. Furthermore, the research was continued by calculating the
stiffness to weight ratio and strength to weight ratio for proving the lightweight of

sandwich structure with foam as a core.

1.3 RESEARCH OBJECIVES

The objectives of the research are:

1. To investigate the effect of skin to core ratio on mechanical behavior and
failure modes of aluminium foam sandwich using bending and tensile test.

2. To analyze lightweight properties of open-cell aluminium foam sandwich
using stiffness to weight ratio through bending test.

3. To determine optimum values of core to skin ratio that maximize stress and

force using desirability function methods.

14 RESEARCH METHODOLOGY

The proposed steps for completing this research will be divided into four categories
which is fabrication method, experimental work, simulation modelling, data analysis
and optimization. The fabrication of the sample was using adhesive bonding which
consist of mixing epoxy resin and hardener. The samples were cut into desired shape
following ASTM standard using electric discharge machine (wire cut). There are two
types of mechanical testing conducted on samples which are tensile and three-point
bending test. To validate the experimental results, simulation was run and material
model were developed according to experimental work and previous research. The
results were analyze based on stiffness to weight ratio, force-displacement curve and

failure modes of sandwich beams. Lastly, ANOVA, scatter diagram, 3D plot surface



