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ABSTRACT

The growing demand for lightweight structures in automotive and aerospace fields has
attracted enormous attention to further reduction in weight of aluminium (Al) alloys and
composites, that are mostly preferred for such applications. This urge resulted in the
development of porous Al. Porous Al is a lightweight material that inherits high strength
and stiffness to weight ratio, energy saving and excellent impact energy absorption
during collision. However, these are often associated with low density resulting in low
mechanical and thermal performance, which might limit its efficiency, design flexibility
as well as potential applications. The aim of this research is to improve the strength of
porous Al by the inclusion of alloying elements and Ti-coated diamond particles as
reinforcements. In this study the powder metallurgy technique was applied due to its
near net shape production, flexibility in terms of constituent addition and material
conservation capabilities. The alloying elements such as magnesium (Mg), copper (Cu),
boron (B), and tin (Sn) were added to the Al matrix to strengthen it and further
reinforced with titanium (Ti)-coated diamond particles. The porosities in such
composites were achieved by using polymethylmethacrylate (PMMA) particles as space
holders. The porous Al composites were developed at varying processing parameters
such as sintering temperature, compaction pressure, and sintering time, followed by
varying Ti-coated diamond content, PMMA particle content, and PMMA particle size.
Further, the compressive properties (plateau strength, and energy absorption capacity)
of the resultant porous Al composites were optimized using experimental methodology,
Design of experiments (Lo orthogonal array) as well as statistical methodology, analysis
of variance (ANOVA). Finally based on the optimum process parameters, PMMA
content and PMMA particle size, the porous Al composite with various content (0, 6, 9,
12, 15 and 20 wt.%) of uncoated and Ti-coated diamond particles were studied. Thus,
the optimum content of diamond required to enhance the performance of porous Al
composite was evaluated. The microstructure of the resultant porous Al composite
revealed that the PMMA space holders contributed to well-defined macro pores with
good interfacial integrity. In addition to this, the XRD analysis confirmed the presence
of strengthening phases as a result of addition of alloying elements. Additionally, Ti-
coating improved the interfacial bonding of diamond particles with Al alloy matrix. The
results of parameters optimization revealed that the sintering temperature significantly
impacted the compressive properties, and the maximum values could be achieved at
sintering temperature of 590°C, compaction pressure of 350 MPa, and sintering time of
90 min. On the other hand, the compositional optimization revealed that the diamond
content had a major impact on the compressive properties and the enhanced values
could be achieved at diamond content of 12 wt. %, PMMA particle size of 150 pm, and
PMMA content of 25 wt. %. The stress strain curves also showed a significant
improvement in the compressive properties with nearly ductile behavior. Moreover, the
maximum values of plateau strength and energy absorption capacity in the range of (40-
45 MPa) and (11.20-13.68 MJ/m?®) respectively were achieved for porous composite
reinforced with 9-12 wt.% of Ti-coated diamond particles. The results reflected an
increment of 61-82% in plateau strength and 54-88% in energy absorption capacity as
compared to the unreinforced porous Al. This shows a significant improvement in the
strength and energy absorption capacity of porous Al composites on addition of Ti-
coated diamond as a reinforcement. This material can be potentially applied as cores
material in the sandwich structures to lighten the weight of structures without
compromising their strength especially in automotives and aerospace applications.
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CHAPTER ONE
INTRODUCTION

1.1 BACKGROUND

Porous composites are low density materials with unique properties, suitable for
lightweight structures, thermal management, and energy absorption applications. Due
to the broader accessibility of practical technologies and a better understanding of their
physiological, chemical, and mechanical characteristics, these materials have gained
increasing attention in recent decades. Conceptually, cell connectivity categorizes
porous composites as closed or open-celled structure. In open-cell structure, pores are
connected to allow matter to pass through them. Moreover, open-cell structure prevents
film from occurring between adjacent cells in the matrix material. They have sponge-
like interconnected pores as shown in Figure 1.1 (a) (Kennedy, 2012). By contrast, pores
are isolated in closed-cell structure. Cells in the closed-cell porous metals and its
composite are separated by a thin film of matrix material as shown in Figure 1.1 (b)
(Kennedy, 2012). Due to their remarkable energy absorption capabilities with high
plateau stress values and damping capacity, these are used in several applications as

mentioned in Figure 1.2 (Wang et al., 2011).

Figure 1.1 The micrograph of scanning electron microscopy (a) open-cell porous
composite and (b) closed-cell porous composite ( Kennedy, 2012)
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Figure 1.2 Properties and various applications of porous composite

Various techniques have been employed to develop such porous composites, mostly
melt route, and space holder technique (powder metallurgy). In the melt route method,
metal is melted in graphite crucible, and the melt is stirred at some stirring speed with
the help of a mechanical stirrer, reinforcements are added to the melt during stirring.
Afterwards, a foaming agent is added to the melt. After the foaming process is
completed, a foam-containing metallic die is taken out from the furnace and cooled in
compressed air as demonstrated in Figure 1.3 (Aldoshan & Khanna, 2017; Das et al.,
2020). However, the melt route exhibited the inability to develop near net shape parts,
high casting temperature requirements and non-uniform distribution of reinforcements.
To overcome such problems, the powder metallurgy route (PM) was mostly preferred
due to their production of parts with high dimensional accuracy and high productivity
by involving limited use of materials and energy as a result there occurs minimal waste

of raw materials (Hassan, 2019).
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Figure 1.3 Melt route for the production of porous composite

The key processes include mixing, compaction, and sintering as demonstrated by Figure
1.4. Sintering temperatures are important in determining the mechanical properties of
porous composite as it affects the bonding of metal matrix particles the reinforcements
(Kumar and Madurai, 2020). This technique is frequently used in the production of iron
(Fe)-based porous metals and composites that are almost free from impurities and
inclusions. It also allows the fabrication of porous composites near-net shape with an

interconnected pore structure and the required properties. (Capek et al., 2015).
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Figure 1.4 Schematic diagram of powder metallurgy technique for porous metal
composite

Moreover, the porosities in porous composite have been achieved by researchers using
blowing agents such as calcium carbonates (CaCOs3) (Aboraia et al., 2011), and titanium
hydride (TiH2) (Mukherjee et al., 2017) or space holders such as sodium chloride (NaCl)
(Jiang et al., 2007; Razali et al., 2013), carbamide (Yang et al., 2017;Yang et al., 2019).
The space holders efficiently tailor the shape and size of porosities When added to
porous composites, the resultant pores mimic the shape and size of space holders. But,
in case any reaction occurs between the residue of space-holders and the metal matrix,
it may impair the properties of the resulting composite. To prevent this, a space holder
material is required with least affinity with metals, such as poly (methyl methacrylate)
(PMMA)  (French, 2014). The closed cell structured porous Al with
different porosities and densities were developed using varying PMMA content, as a

result the porosities were efficiently regulated (Jamal et al., 2016; Tan et al., 2018).



Many porous composite, using lightweight metal such as aluminum (Al), magnesium
(Mg) (Aida et al., 2017; Shunmugasamy & Mansoor, 2015), and titanium (Ti), have
been developed. Among all, porous Al composites have immense prospect in
applications requiring lighter weight, higher-strength, and higher-energy absorption
capacity, particularly in structural and automobile manufacturing. But their lower
strength limits their usage and capabilities. To overcome this, researchers have added
zinc (Zn), tin (Sn), boron (B) and Mg as alloying elements to aid Al matrix (Farahani et
al., 2022; Hamdi, 2018). The addition of Mg was found to decrease the wetting angle
and allows the liquid melt to flow into micropores by capillary action. This liquid fills
the pores resulting in a high-density foam framework (Jamal et al., 2018). Also, boron
when added to stainless steel improved their microstructure thus their mechanical
properties. At temperatures higher than the eutectic transformation temperature, the
eutectic reaction occurs between metals and boron, resulting in liquid phase formation,
which helps to sinter the composite (Ali et al., 2018). When dispersed in the stainless-
steel matrix, boron can form metal-boride complexes and separate at grain boundaries
(Kontis et al., 2016).

Further to enhance the strength of porous Al composites, researchers have added
silicon carbide (SiC) (Chung et al., 2014; Y. Luo et al., 2010), alumina (Al203)
(Alizadeh and Aliabadi, 2012), and carbon nanotube (CNT) ( Yang et al., 2017; Yang
etal., 2020) to porous Al composite. However, there exists challenges in preparing high-
quality composite include their clustering tendency, poor wettability, and large
discrepancy in density and size between CNTs and metal matrix composite (Yang et al.,
2011). Considering the extraordinary properties including high hardness, higher
strength, and thermal conductivity of diamond, the properties of porous Al composite

can potentially improve. Several researchers have used diamond as reinforcement in



solid composite (Aliyi, 2019; Yin et al., 2017). One of the biggest challenges associated
with the use of diamond particles as reinforcement is their poor wettability resulting in
weak interface between diamond and metal matrix. Several methods for improving
diamond wettability have been investigated. The interfacial bonding of diamonds
with metal matrix have been improved by surface treating or by applying coating or
functionalized with high thermal conductivity metals or alloys such as copper (Cu),
silver (Ag), and Al (Chung et al., 2014; Wu et al., 2012). Another technique is to form
a carbide layer between the diamond and metal interfaces to improve diamond
wettability, for example, by using tungsten (W) or titanium (Ti) coating (Chung et al.,
2014).

Despite research on the development of porous Al composite using PM, the
study on optimizing composite properties based on processing parameters in still limited
(Kuguk et al., 2017). Also, the PMMA content and size is found to affect the properties
of porous composites, thus the effect of their variation on the properties of porous
composite needs to be further examined. Moreover, the possibility of employing Ti-
coated diamond as reinforcement in the porous composites to enhance their strength
requires extensive studies since it is not explored yet in porous composites. Therefore,
the present work was dedicated to studying the effect of varying PM process parameters,
different PMMA particle content and size and Ti-coated diamond particles content on

the microstructure and compressive properties of porous Al composite.

1.2 PROBLEM STATEMENT
Until now, most of the car segments are made of dense metals and polymers, there exists

a requirement of lightweight material that can further upgrade the vehicles’ design



flexibility, efficiency, and performance. In addition, the reduction in weight of
automotives can result in reducing fuel consumption, increase the fuel economy and
minimize the carbon dioxide (CO) release to the environment. However, such
lightweight materials are also required to improve the impact energy absorption during
collision, hence preserving the passenger’s safety. Although the porous Al composites
have potential to offer lightweight property in combination with high strength and
stiffness to weight ratio, energy saving and excellent impact energy absorption during
collision. But these are often associated with low density and strength thus low
mechanical and thermal performance which limits their efficiency, design flexibility as
well as potential applications. Even though the strengthening effect could be achieved
by selecting a strong based of metal matrix, for example Al alloy as well as by applying
traditional heat treatment processes. Still their desirable level of strength could not be
obtained due to the formation of cracks in the cell wall because of thermal stresses
(Maiorano et al., 2023). Further, the strengthening of porous composites by the addition
of reinforcements reveals the clustering tendency, poor wettability, and large
discrepancy in density and size of reinforcement and Al matrix. Also, poor wettability
due to the formation of brittle intermediate product is often the main challenge faced in
combining Al matrix and carbonaceous reinforcement that results in deteriorated
properties of composite. Also, the porosities in such composites are mostly acquired
using blowing agents however they require high decomposition temperature, and
uncontrolled porosities. Further, using salts as space holders no doubt allows control
over porosities but due to high saline concentration during dissolution process causes
corrosion of metals and alloys and insufficient dissolution of salts from small pores.

In view of all these drawbacks, PMMA particles were used as space holders in

the current research, these particles decompose at low temperature leaving no residue



behind and allow tailoring of porosities. Further, PM technique was employed as
fabrication technique that allows the production of complex parts near to net shape,
provides flexibility in terms of constituent addition in composites to strengthen them
and promotes material conservation by discarding the wastage of material during
machining processes. Further the usage of alloying elements and Ti-coated diamond
particles as reinforcements to strengthen the porous Al composite was initiated in the
current study. The introduction of such an alloying element is anticipated to improve
the interfacial bonding between Al matrix and diamond reinforcement. Moreover, to
prevent the formation of brittle carbide intermediate product, Ti-coated diamond
particles were employed. Thus, the combination of efficient processing technique and
excellent physical and mechanical properties are foreseen to contribute a major

improvement in many sectors and industries including automotive industry.

1.3 RESEARCH PHILOSOPHY

This research focused on strengthening of porous Al composite by inclusion of alloying
additives, that assist in strengthening of Al matrix by forming alloy phases. Further by
adding Ti-coated diamond particles as reinforcement to enhance the overall strength of
the porous composites by improving their compressive properties. The addition of
alloying elements and Ti coating on diamonds improves the interfacial bonding between
Al matrix and diamond reinforcement. The development of these composites using
powder metallurgy technique enables near net shape and low temperature production of
the resultant composites. The properly planned experiments required to find the effect
of process parameters, Ti-coated diamond content, PMMA content and PMMA size on
the compressive properties of porous Al composites were carried and optimum values

were acquired.



Based on these optimum values, uncoated and Ti coated diamond reinforced
composites with varying diamond content were examined to analyze the effect of Ti-
coated diamond in strengthening porous composites and to find the optimum content
required to get best results for compressive properties. Thus, the philosophy of this
research is to enhance the strength of porous composite by improving the strength of
matrix and improve the wettability and stability of diamond particles in porous Al
composite thereby increasing their overall performance for filler material application in

automotives and aerospace structures.

1.4 RESEARCH OBJECTIVES

The aim of this research is to enhance the strength of porous Al composite. In relation
to this, the specific objectives are:

1. To determine the effect of processing parameters (compaction pressure,
sintering time and sintering temperature) on the microstructure and compressive
properties porous Al composite and find the optimum value of process
parameters.

2. To explore the influence of diamond particle content, PMMA content and
PMMA particle size on the structural and compressive properties of porous
composite and find their optimum values.

3. To examine the effect of addition of varying content of uncoated and coated
diamond reinforced porous Al composites by comparing their structural and

compressive properties developed under optimum conditions.



1.5 RESEARCH SCOPE

The existing works on porous Al composites revealed their immense potential in
improving the performance and safety of automotives. However, enhancing their
strength by improving bonding, and wettability of reinforcement material with Al
matrix and preventing the formation of reaction products has always remained a
challenge. Thus, the scope of this study was to improve the bonding strength between
Al matrix and reinforcement by the addition of alloying elements in Al matrix and using
coated diamond particles as reinforcement. In this context, Ti-coating prevents the
formation of undesirable phases due to the reaction between diamond particles and Al
matrix during sintering whereas alloying elements forming low temperature phases,
thereby leading to strengthening of porous Al composite. Therefore, this study is
expected to broaden the understanding related to the achievement of good interfacial
bonding of diamond particles with the matrix material as well as the effective
employment of diamond particles in enhancing the strength of Al matrix in developing

light weight and high strength material.

1.6 RESEARCH METHODOLOGY

The overall aim of this research is to enhance the strength of porous Al composite by
incorporating Ti-coated diamond, using powder metallurgy technique as demonstrated

in Figure 1.5.
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Figure 1.5 Schematic representation of processing technique

Moreover, the morphology, porosity, density, compressive strength, and energy

absorption capacity of porous Al composite were evaluated accordingly. Therefore, the

following plan was followed to achieve the objectives of this study:

1.

Literature review: Initially, a review of the current state-of-the-art technologies
on the potential application of carbonaceous material as reinforcement in
improving the properties of porous Al composite was conducted. This gave an
overview and review of the research that has been carried out in this area.
Evaluating the effect of the processing parameters on the properties of porous
Al composite reinforced with Ti-coated diamond using Design of experiment
(DOE) Taguchi’s orthogonal array for efficient planning of the experiments and
further analyzing the data by analysis of variance (ANOVA) to find the optimum
values of parameters.

Evaluating the compressive properties of porous Al composite at varying

percentages of Ti-coated diamond particles, PMMA content and PMMA size.
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The composites were fabricated at the optimized parameters using powder
metallurgy technique and planning the experimental runs by applying DOE
based Taguchi’s orthogonal array and ANOVA to reveal the statistical
relationship between the factors and the optimum values.

4. Comparing the microstructure and compressive properties of uncoated and
coated diamond reinforced porous composite developed at optimized
parameters with optimum size and content of PMMA particles via powder
metallurgy method. The alloying elements such as Mg, Sn, Cu and B powder
were mixed with the Al matrix along with the Ti-coated diamond particles and
space holder to obtain a homogeneous composition, followed by compaction at
optimized pressure to develop a high strength compact specimen prior to
sintering at optimized temperature under a controlled atmosphere to attain a pure
porous composite body.

5. Characterization of starting materials, green specimens and porous Al composite
using different analyses of SEM, EDX, XRD and density and porosity
measurement by Archimedes principle.

6. Conducting compressive testing of porous Al composite.

7. ldentifying the effect of processing parameters and the influence of Ti-coated
diamond particles, PMMA and alloying elements on the experimental results for
the development of porous Al compositive with effective energy absorption

capacity.

The highlights of the systematic methodology that were adopted to achieve the aim and
scope of this research work are presented in the workflow and experimental design in

Figure 1.6.

12



Start

Literature Review

Experimental Work

Experimental Work

Optimum parameters and composition

Experimental work (coated and uncoated diamond
composite)

Analysis and testing
(SEM, XRD, Density and Porosity
measurement and Compression testing)

| Project Evaluation and Report Writing |

Figure 1.6 Overview of Research Methodology Flowchart

1.7 THESIS OUTLINE

This thesis has been organized into chapters. The summary of thesis structure according

to each chapter.

Chapter one gives an idea about the introduction of porous composites. The

various techniques, their microstructures, properties and applications are also presented.
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Chapter two presents the current state of art on this thesis topic. The properties
of porous Al composite influenced by several reinforcement additions and their
resultant effect has been elucidated.

Chapter three explains the methodology adopted in this study. The fabrication
technique involving various processes along with the parameters has been explained. It
also mentions the objectives of the present work, research scope and the flow diagram
to achieve them.

Chapter four presents the result and discussion of the research outcome achieved
from the three objectives. It is divided into three subtitles as per the objectives and the
simulations and experimental outcomes of the objectives have been discussed involving
characterization analysis and mechanical testing.

Finally, Chapter five concludes the outcomes from the research objectives in
three sections. Each section mentions the conclusion of each objective. Further,

recommendations for future considerations are also provided in this chapter.
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CHAPTER TWO
LITERATURE REVIEW

2.1 INTRODUCTION

The motivation of the current research was to enhance the compressive properties of the
resultant porous Al composite by incorporating alloying additives and Ti-coated
diamond particle. This was achieved by carrying out the parameter optimization
followed by the optimization of Ti-coated diamond content, PMMA content and size.
Finally, the microstructure, densities and percentage of porosity, and compressive
properties of porous Al composite reinforced with uncoated and Ti-coated diamond
particles were studied and compared to investigate the effectiveness of Ti-coating on
improving the interfacial bonding between the Al alloy matrix and diamond particle as
well as on the strength of porous Al composite. In general, diamond is an inert material
with exceptional properties such as hardness, high strength, and thermal conductivity.
Considering the high strength, thermal conductivity, hardness, and low thermal
expansion coefficient of diamond particles, it can potentially improve the overall
properties of porous metal composite. One of the biggest challenges associated with the
use of diamond particles as a reinforcement is its poor wettability that often results in
weak interface or bonding between diamond and metal matrix. Several methods for
improving diamond wettability have been investigated by previous researchers
including surface treating or by applying coating on the diamond particles (Chung et
al., 2014). Another technique is to form a carbide layer for example titanium carbide
(TiC) between the diamond and metal interface to improve the diamond wettability

(Chung et al., 2014). Therefore, this chapter reviews about the development of porous
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Al and porous Al composite with respect to various reinforcements, techniques and

space holders employed in its production to improve its performance.

2.2 POROUS COMPOSITES

Porous metals are lightweight, non-flammable and recyclable materials with excellent
thermal properties, high conductivity, and good damping capacity. Among all porous
metals, porous Al are considered as ideal material due to their light weight, high
strength-to-weight ratio, high stiffness. etc. thus are preferably used in aerospace,
automotive, building construction and industrial equipment (Byakova et al., 2014;
Navacerrada et al., 2013). Efforts have been devoted for developing porous Al with
increased strength. Ideas are mostly based on research focusing on the fabrication of
high-strength solid metal. One approach for strengthening porous Al is inclusion of
alloying elements (e.g. Mg, Ni) that promote intermetallic formation (Ebhota & Jen,
2018). In addition, an Al alloy powders of higher strength or their ingots can be used
to fabricate high-strength porous Al. Alloyed porous Al, such as AlZn5Mg1, AlSc0.24
(Huang et al., 2012, 2013), and AlZn10Mg0.3 are stronger than pure porous Al prepared
via a similar technique (Karuppasamy & Dennison, 2018).

Magnesium (Mg), nickel (Ni), iron (Fe), silicon (Si), manganese (Mn), cobalt
(Co) and scandium (Sc) are some of the most investigated alloying elements used to
enhance the mechanical properties of existing porous Al ( Moreno et al., 2020). Various
mechanisms for strengthening have been claimed. Some authors suggested that the
formation of intermetallic phases is essentially required for stabilization of foam, but
others proposed that oxide formation plays an important role (Banhart, 2013). Perales
et al., (2012) studied the influence on the compression behavior and energy absorption

capability of Al-3 wt.% Sn alloy on addition oof various alloying elements (Mg, Co,
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Ni, Mn and Ti). The energy absorption of Al foams increased with an increase in the
contents of these alloying elements due to formation of intermetallic phases, confirming
the general results of previous related reports.

Also, Xia et al., (2013) explored the closed-cell structured porous Al with
various percentages of Mn resulted into even distribution of Mn particles in porous
Al in the form of oxides and intermetallic materials leading to improvement in
the microhardness, compressive strength and energy absorption capacities as compared
to commercially available porous Al. Moreover, a closed-cell porous material with 5%
Zn and 1% Mg inclusions was found to have increased compressive strength twice as
compared with that of conventional foams. Thus, the addition of alloying elements also
influences the foaming process thereby affecting their properties.

Another approach to improving the properties of porous Al is the addition of
hard reinforcing materials (ceramics and carbonaceous). The incorporation of micro- or
nano-sized reinforcement into a metal matrix has resulted in improvement in the
properties of a ductile metal. For example, ceramic particles, such as silicon carbide
(SiC), alumina (Al>O3) (Islam et al., 2016), TiB2 (Atturan et al., 2016) and ceramic
nanoparticles (Casati & Vedani, 2014), are some of the most studied reinforcing
materials. (Salehi et al., 2015) examined the microstructure and mechanical properties
of Al/SiO, composite foam and observed an increase in plateau strength and energy
absorption with the addition of SiO, up to a certain limit; beyond this limit, its value
decreases, but the SiO, content increases as hardness values increase (Figure 2.1). This
finding explains the capability of nanoparticles to prevent dislocation and strengthen
the matrix by creating high-density dislocations; however, plateau strength and energy
absorption follow the density and degree of the fluctuation of stress in the plateau

region.
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Figure 2.1 (a) Plateau strength (MPa), (b) energy absorption (MJ/m?®) and (c)
microhardness (HV) of porous Al/SiO, composite (Salehi et al., 2015)

Also, (Daoud, 2009) reinforced A359 alloy matrix with Al.O3 particles and revealed
the formation of roughly equiaxed polyhedral cell structures, and the cell structure is
more uniform in A359 with Al>Os reinforcement compared with that of pure A359 foam
as evident from Figure 2.2. This can be attributed to the uniform distribution of Al.Og,
resulting in an increase in plateau strength, yield stress, plastic stress, young’s modulus,

and energy absorption as the alumina content increased.

‘F'igure 2.2 Optical iags hoing macrosructur of (a) A39, (b)
A359/5v0l%Al>03, (c) A359/10vol%Al>03 and (d) A359/15vol%Al.03 composite
foams (Daoud, 2009)
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Further, Guden & Yiksel, (2006) employed SiC as reinforcement in porous Al
composite Figure 2.3 and revealed the brittle compression behavior of fabricated
composite. Yu et al., (2008) fabricated SiC-reinforced porous AISiI9Mg composite
Figure 2.4 exhibiting a uniform cell structure and the influence of the strain rate on
compressive properties revealed an increase in the yield stress with increase in the
relative density, strain rate and SiC content. Furthermore, Moradi et al., (2015) studied
the microstructure and compressive properties of B4C-reinforced porous Al. The yield
strength and energy absorption increased with the addition of B4C reinforcement as

demonstrated by Figure 2.5.

Figure 2.3 Optical micrographs showing the morphological characteristics of (a) Al
foam and (b) 10% SiCp/Al foam (Guden & Yiksel, 2006)

The wettability of ceramic particles is often an issue faced in such composite. To
prevent that, Mg has found to improve the microstructure, compression properties of
porous Al composites (Lin et al., 2019).Guo et al., (2016) explored the effect of Mg
addition on AlSi7 based alloys reinforced with Al>O3 and results showed that the Mg
reacts with Al.Os phase and Si element forming MgAIl.Os phase having good
wettability with Al melt and Mg2Si phase. Also, Alfonso et al., (2017) characterized
porous (Al-6Si-3Cu-xMg (x = 7, 9 and 11 wt.%)) developed by in-situ process. The

results showed strong dependence of microstructures of the porous composite on the
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fabrication temperature and the Mg content. However, the porous Al composites
reinforced with ceramics showed more brittle behavior than the porous Al (Jiang et al.,

2012; Lietal., 2012).

Figure 2.4 Optical microscopy showing the cell structure of AISi9Mg/SiCp composite
foams (Yu et al., 2008)
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Figure 2.5 (a) Yield strength (MPa) and (b) energy absorption (MJ/m?®) of
nanocomposite Al-B4C foams (Moradi et al., 2015)

The thickness of the cell walls is the crucial factor that determines the strength of porous
Al composites. Thinner cell walls have weaker strength and thus lower compressive
properties. The strength of the cells walls of porous Al composites was found to be
improved by the inclusion of carbon nanotubes (CNTs). CNTs possess a high
mechanical strength, a high elastic modulus, a high aspect ratio (i.e. length-to-thickness

or length-to-diameter ratios) and excellent thermal and electrical conductivities (Jiang
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et al., 2012; Tjong, 2013) Therefore, they are regarded as the most efficient reinforcing
materials for developing composite materials for functional and structural engineering
applications (Choudhary et al., 2022). However, the addition of CNT’s result into the
formation of brittle and low-strength interfacial reaction products (AlsCs3) (Che et al.,
2016). However, this problem has been addressed by researchers by applying metal
coating on CNT particles, to prevent the formation of interfacial reaction products
(Al4Cs) and enhance the strength of interfacial bonding between carbonaceous particles
and Al matrix reinforced Cu-coated CNTs in porous Al composites resulting into good
wettability and uniform distribution of coated CNT particles, thus collapse stress values
improved (Mu et al., 2011). Further, Damanik et al., (2019) fabricated Ni-coated carbon
fiber-reinforced porous Al and observed an effective distribution of the coated CNT in

the Al matrix with enhanced wettability at their interfaces.

Figure 2.6 SEM images of Cu-coated carbon fibers in the composite: (a) carbon fibers

dispersed in the Al matrix; (b) and (c) interface between carbon and Al matrix (Mu et
al., 2011)

o J

Even though outcomes are amazing, the addition of CNTs in metal matrices is still an
unexplained problem because of their poor dispersion, high capability to agglomerate,

and poor wettability in a molten metal matrix.
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2.3 PORE FORMING AGENTS

The porosities in the composites are formed by mixing pore forming agents with the
matrix powder. These foaming agents decompose at high sintering temperatures into a
solid component and gas component causes foaming of material matrix or acting as
space holders that after sintering process are leached out by dissolution method. The
foaming agent that solidifies on decomposition and evolves gases are called blowing
agents such as titanium hydride (TiH.), calcium carbonate (CaCO3), zirconium hydride
(ZrHy), etc (Behymer & Morsi, 2023). Also, the ones that are either leached out by
dissolution method or decompose during sintering process are called space holders.
Typically, sodium chloride (NaCl), carbonate particles, carbamide, and various
polymers have been employed as space-holder materials for fabrication of porous
composites especially through powder sintering process ( Luo et al., 2022; Contreras et
al., 2021).

Paulin (Paulin, 2014) studied the foaming effect of different foaming agents on
the porous Al and revealed that expensive foaming agent TIH2 can be replaced by
CaCos, CaMg (CaCO03)2 (dolomite). However, these can be used at high compaction
pressures and high temperature due to their high temperature requirement for their
decomposition process to take place. Also, Li et al., (2018) compared the effect of
CuSO4 an TiH2 as foaming agent, the compressive stress and energy absorption of
porous Al using cusos was higher as compared to porous Al/TiH2. to overcome the
problems associated with the usage of blowing agents as pore forming materials, space
holders were applied by researchers. Razali et al., (2013b) employed NaCl particles as
space holders and studied their effect on the mechanical properties of porous Al and
observed that the compressive strength decreases with increase in size due to presence

of thin walls. However, their porosity increment increased their energy absorption
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capacity as well. Conversely NaCl particles result in the formation of irregular pores
and also take a long time to leach out of sintered composite sample ( Salvo et al., 2018).
Further the usage of carbamide (ammonium bicarbonate) as space holders in porous Al
resulted into better and controlled porosities (shape and size), enhanced compressive
strength and it increased with increasing sintering temperature and time (Bafti &
Habibolahzadeh, 2010). Yet the salt-based space holders have limitation of
withstanding higher temperatures and causes corrosion of metals and alloys during
dissolution process as a result of higher salt concentration.

Polymers that are water-soluble such as PMMA particles have proved to be
promising when used as space holders. PMMA particles have been used as space
holders in porous composites, resulting in efficient control over porosities, pore shape
and pore size thus controlling densities. Moreover, decomposing at lower temperature
350% 400°C, and leaving almost negligible residue behind (Bi et al., 2015; Tatt et al.,

2021).

2.4 PROCESSING TECHNIQUES

Several techniques have been employed by researchers to develop Porous Al
composites, mainly melt route, and powder metallurgy route.

2.4.1 Melt Route

In this method, the metal powder mixture is melted in graphite crucible and the melt is
stirred at some stirring speed using the mechanical stirrer, the reinforcements are added
to the melt during stirring. Followed by adding foaming agent to the melt that
decomposes and releases gases. The uniform gas bubbles are formed by stirring
resulting in formation of porous composite. Finally, after the foaming process, the

metallic die containing the porous composite withdrawn from the furnace and cooled in
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compressed air. Aldoshan & Khanna, (2017) fabricated CNT and SiC reinforced Al
foams through melt route. This process resulted in an increase in the plateau stress, peak
stress and energy absorption in addition increased their relative density; though, there
was a decrease in densification strain with the increase in relative density. Also, with
increased strain rate values dynamic compressive properties improved. Further, Das et
al., (2020) developed porous Al composite via melt route by adding SiC as thickening
agent and calcium hydride as foaming agent, moreover graphene was added to
strengthen the cell walls of the foam. The plateau stress and energy absorption were
found to have sensitivity towards strain rate. With increased strain rate values plateau
stress of foams increased. Karuppasamy & Dennison, (2018) fabricated porous Al
composites through melt route and were found to have better porosity and good
mechanical properties. Although, the melt route is the most applied technique for the
development of porous composites due to their ease in manufacturing. Since it requires
lesser fabrication processes. But their high temperature requirement to melt the metal
matrix limits their usage. Further, the uniform distribution of reinforcements is difficult
to achieve resulting into non uniform distribution and agglomeration of micro and nano
sized reinforcements, furthermore this process requires the ceramic addition to stabilize
the melt mixture and does not allow control over porosities during foaming process. It
also requires machining of parts developed for finishing due to their inability to develop

composites near to net shape and complex geometries.

2.4.2 Powder Metallurgy Technique

The development of porous metals via powder metallurgy (PM) technique employing
space holder as pore forming agents is one of the most diversified and constantly

evolving metalworking methodologies for fabricating various shapes and sizes. The
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main benefit of PM involves producing parts near to net shape with high dimensional
accuracy and high productivity by involving limited use of materials and energy as a
result there occurs minimal waste of raw materials (Hassan, 2019). It allows proper
control over porosities, pore shape as well as pore size and uniform distribution of
reinforcements in porous composites. The key processes include mixing, compaction,
and sintering. Sintering temperatures are important in determining the mechanical
properties of porous composite by affecting the bonding between metal matrix and
reinforcements ( Vairamuthu et al., 2010).

Yang et al., (2020) prepared CNT-reinforced porous Al composite using PM
technique, as demonstrated in Figure 2.7. In this technique, composite powders were
ball milled, mixed with carbamide particles (space holder) based on volume fraction
and cold pressed. Then, the specimens were introduced to a water bath at 80 °C for
several hours and sintered. This technique resulted in the uniform distribution of CNT

and good interfacial bonding, leading to an improved fatigue strength of composite.
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Figure 2.7 Powder metallurgy (space holder technique) for the fabrication of AI/CNT
foams

The PM technique also allows the control over pore shape and size, that in turn affects
the density and mechanical properties of porous Al composites. Jiang et al., (2007)
observed that the increase in pore size and relative density improved the compressive

stress—strain. Also, Ma et al., (2018) developed the CNT-reinforced porous Al matrix
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composite via PM route and observed an improved pore uniformity and pore size
resulting into improved compressive properties. Duarte et al., (2015) also developed an
Al-CNT-based porous composite by employing the PM technique and found well
dispersed, non-agglomerated, directionally aligned and stretched CNTSs in the Al matrix

resulting into improved Vickers microhardness value of the porous composite.

2.5 PROCESS PARAMETER AND COMPOSITIONAL OPTIMIZATION

The properties of the resultant porous composites developed depend on the process
parameters as well as composition of the composite (Begum et al., 2020; Surace et al.,
2009b). The porous composites developed using PM technique are greatly influenced
by the process parameters such as (compaction pressure, sintering temperature and
time). The importance of adequate compaction pressure is to mechanically destroy the
oxide film present on the surface of metal surface and bring the fresh metallic surface
in contact for effective bonding between metal particles and with other constituents of
composites. The formation of fresh metal-metal contacts during compaction are also
required to fuse the constituents together in the subsequent sintering process to get better
bonded and an interconnected metallic framework (Manohar et al., 2020). Researchers
have extensively studied their influence by optimizing them and evaluating the most
important parameters and their values to develop composites with better properties (
Kiguk et al., 2017; Madgule et al., 2022).

If the cost and time allow, a Design of Experiments (DOE) based Taguchi’s Lg
orthogonal array is preferred because more parameters of each level can be tested. DOE
is a statistical analytic tool that helps to detect the relevant factors for the fabrication
process involving planning and experimentation. Taguchi’s Lg orthogonal array is a

planning and organizing tool for the selected parameters and their levels. The
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experiments are conducted based on the nine sets of parameters acquired from the Lg
orthogonal array to acquire potential response factors influencing the input variables.
Such methods allow the designer to control the changes by analyzing the responses
through limited test runs. Researchers have applied this concept and demonstrated its
effectiveness in optimizing the properties of composites. Further, the statistical analysis
is carried out using Analysis of variance (ANOVA). It is a statistical procedure that is
commonly used to calculate the percentage effect of each factor on experimental data.
The ANOVA table aids in determining which variables need to be controlled for an
analysis. Using this statistical analysis, the results are predicted and compared with
experimental results to find the deviations, followed by finding the optimum processing
parameters. Further, a verification experiment is conducted, and it is an effective tool
for detecting any possibility of interactions between control parameters. Under optimal
conditions, if the predicted response is different from the observed response, it indicates
that the interactions are significant. However, in case the predicted and observed
responses match, the interactions are unlikely to be significant, and the additive model
reflects good estimation. Further, the orthogonal factorial Taguchi experimental design
has been applied by researchers to determine the optimum process parameters and
composition to produce Mg matrix carbide-reinforced composites using PM technique.
Accordingly the parameter and reinforcement levels maximizing relative density and
microhardness values were evaluated (Kumar et al., 2023). In another study the
parameters such as composition (Al fraction), compaction pressure and the sintering
time for the development of porous Al were considered for optimization. The response
results (relative density and plateau stress) obtained using DOE were further evaluated
using ANOVA to recognize the most influential variables. on the quality of the porous

material. It was observed that the Al content affects the relative density and compressive
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stress significantly. (Surace et al., 2009b). A similar technique has been applied to
optimize the process parameters for the development of Al based composite developed
via powder metallurgy (PM) route. Sintering time, sintering temperature and
compaction pressure were the three main input factors and density, Vickers hardness
and compression strength were the response factors. The influence of individual input
parameters has been analyzed using Taguchi based S/N ratio and ANOVA. Finally, the
parameter levels that produced the best composite material were acquired ( Vairamuthu
et al., 2010). Moreover, the process parameters and composition optimization for Al-
graphite composite to improve their fracture toughness was carried out using a similar
technique. The study considered the a/W ratios, composite composition and testing
methods as input parameters. The analysis revealed that the material's fracture
toughness was primarily influenced by the a/W ratio and composition, while the testing
methods affected insignificantly (Begum et al., 2020).

This design is primarily used in industrial applications to investigate the impact
of various control factors. This method differs from other statistical experimental design
methods in dividing the experiment's effective parameters into two categories:
controllable and uncontrollable. It also enables us to study the whole space of
parameters by conducting few experiments only. Thereby requiring less energy and
material for the analysis. Considering these benefits, design of experiments (Taguchi’s
Lo orthogonal array) followed by ANOVA was considered in this study to evaluate the
effect of process parameters and composition on the compressive properties of porous

Al composites.
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2.6 APPLICATION OF POROUS METALS AND THEIR COMPOSITE

The lightweight porous metals and composites have been used to reduce the weight of
mechanical and building structures such as an European distributor (Shinko) replaced
developed the entire Al part of the tool with porous Al resulting into reduction in weight
from 82 kg to 32 kg (Schéffler et al., 2008). Also, a composite beam was fabricated by
embedding porous Al alloy (AlZn10Si8Mg) in the AlZn10Si8Mg alloy. The transverse
beam was found to dampen up to 370 Hz of vibration frequencies by means of interface
slipping or internal friction between the core and the skin. In this frequency range, sound
attenuation of up to 60% was achieved (Banhart, 2007). Moreover, an Austrian
manufacturer manufactures closed-cell Al foams annually as a crash absorber element
through automated production technology for Audi cars. On the other hand, as a result
of flexibility in terms of tailoring structure and properties, a porous Ti have been
developed for bone implant application using PM technique, where ammonium
bicarbonate was used as space-holder (Torres et al., 2012).

Also, the Al-10wt.% SiC porous composite has been used as permanent cores
in bicycle rods. Such bicycle rods, with an Al-composite based foam core resulted into
35% weight reduction as compared to the dense metallic component without a foamed
core and produced by the same technology (Vicario et al., 2016). The energy absorption
characteristics of Al composite foams need to be assessed as they can be used for the
absorption of crash energy in high-speed vehicles during impacts. These energy-
absorbing materials are employed for the crashworthiness design of vehicles for
ensuring their safety (Lukaszewicz, 2014). The crash boxes made of thin-wall metal
columns primarily composed of mild steel and Al are used in the automobile body of
white (BIW) to absorb crash energy during an impact. These thin-wall metal columns

are economical and conventional materials for energy absorption used in ships, trains,
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high-load factory products and automobile (Baroutaji et al., 2017). Li et al., (2019)
developed low-cost and lightweight porous Al alloy (Al 1SizMg alloy) composite with
MnO: as reinforcements and oyster shell particles as foaming agents for railway
transportation via the melt route.

Casting porous Al cores with Al shells can be used to form low-density and
lightweight components, as shown in Figure 2.8 (a). Figure 2.8 (b) also illustrates a
prototype of an automobile engine mounting bracket of BMW manufactured by LKR
Ranshofen, Austria. This part is made of a porous Al (foam core) (Metcomb) with a cast
shell. The length of the 25 cm part is strong enough to bear the full weight load of an
automobile engine (Banhart, 2014). Also, the porous material-based cores made of Al
for machine tools as shown in Figure 2.8 (c) absorb the vibrations produced by the
motion of parts that was also observed in case of machine tools increasing their

accuracies.

Figure 2.8 (a) Products with cores of porous Al (Stébener & Rausch, 2009);
(b) prototype of the engine mounting bracket of BMW and (c) crossbeam of a
machine tool with an porous Al core (foam core) (Banhart, 2014)

The porous Al alloy (AlSi-alloy) reinforced filled in the A-pillar of a Ford passenger
car filled provided an improvement of 30% in crash energy absorption and the weight

increase was only 3%. Valeo and Cymat in their joint program developed a crash box
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for Valeo’s front-end module systems (Banhart, 2010). Since porous composites
especially porous Al composites have been used as lightweight materials in various
applications mostly as cores in the structures. Thus, they have a great prospect in
reducing weight as well as enhancing the strength of machines and automotive
structures if applied as cores and fillers. Therefore, more extensive research is required

to enhance the properties of porous Al composites.

2.7 SUMMARY

This chapter provides an overview of the research conducted to enhanced properties and
performance of porous composite. It summarises the efforts of many researchers aiming
to enhance the characteristics of these materials by adding various alloying elements
and hard reinforcements in metal matrix. The inclusion of alloying elements strengthens
the matrix while as reinforcements such as ceramic and carbonaceous materials improve
the overall strength of the porous composites. So far carbonaceous reinforcements have
proved to improve the properties of porous composites remarkable, but these are
associated with challenges such as clustering tendency, non-uniform dispersion
resulting into non uniform stress concentration during loading. Also, their bonding and
wettability with Al matrices have some limitations. Further, to attain tailored porosities
the usage of blowing agents and salts high decomposition temperature requirements and
cause corrosion of metals due to saline concentration during dissolution respectively.
While the usage of space holders was beneficial as compared to other pore forming
agents, because of their ease of control over the porosities of porous materials, their
strengths and low decomposition temperature requirement. Moreover, PM technique
was found to be beneficial in tailoring the distribution of reinforcements and porosity

in porous composites.
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Considering the fact that carbonaceous reinforcements can improve the
properties of porous composites remarkable and to prevent the problem of clustering,
diamond particles were used as reinforcements in porous Al composites and the
wettability between Al matrix and diamond was improved by using coated diamond.
The coating material bonds metallurgically with diamond and also wets the Al matrix,
resulting into better interfacial bonding. Further, the high temperature requirement for
decomposition of space holder particles can be avoided by using PMMA particles as
space holders, that decompose at low temperature leaving almost no residue behind.
Finally, PM was employed to develop porous composites in order to tailor porosities
and compressive properties for energy absorption applications.

As from the existing literature the properties of porous composites were found
be influenced by the process parameters of production technique and composition of
porous composites. Thus, in the present work the efforts to seek improved performance
especially in terms of processing parameters and materials optimization were explored.
Such porous composites can be potentially applied as core or fillers in lightweight
automobile parts to absorb energy during impact and in other structural and functional

systems.
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CHAPTER THREE
EXPERIMENTAL PROCEDURE

3.1 INTRODUCTION

This chapter describes the experimental procedures, methodological design plan and
data optimization analysis utilized to develop and analyse porous aluminium (Al)
composites in this research study. It presents both experimental as well as statistical
approach in conducting the research. The powder metallurgy techniques were applied
to fabricate the porous Al composite. and based on the design plan developed by Design
of experiments (DOE) (Lo Taguchi orthogonal array), experiments were conducted.
Then, the optimization of processing parameters and PMMA content, PMMA particle
size and Ti-coated diamond content was carried out.

For parametric optimization, the parameters of powder metallurgy technique
including sintering temperature, compaction pressure and sintering time were
considered as input factors while the plateau strength and energy absorption capacity
were considered as output responses. Further using experimental and statistical
analysis, the morphological, porosities, densities and compressive properties of the
resultant porous composite were evaluated. To find the optimum values of process
parameters, PMMA size and content and diamond content required to get the porous

composites of better properties.

3.2 EXPERIMENTAL DESIGN PLAN

Experimental design plan is a process of properly planning the input variable factors to
determine the impact on response variables. A design plan is an effective procedure for

planning experiments for evaluating the data obtained in orderto yield

33



desirable outcomes. In the present study the experimental design plan was developed
via DOE using Lo Taguchi orthogonal array. he 9-run array is more effective, as for each
level of any chosen parameter all three levels of the other parameters are also tested.
Orthogonal arrays are the best and most common type of Taguchi array for optimization
of parameters. These are also a special standard of experimental design that only
requires a small number of experimental trials to be run in finding the effects of main
factors on the output. The experimental design proposed by Taguchi involves the
utilization of orthogonal arrays in organizing the input factors that affect the responses
and the levels at which they should be varied. Instead of testing all possible
combinations (time consuming and ineffective cost), the Taguchi method involves
testing pairs of combinations. This allows the collection of the necessary data to
determine the effects of input factors on the output performance.

Considering these benefits, DOE (Taguchi’s Lo orthogonal array) was
considered in this study to evaluate the effect of process parameters and composition
on the compressive properties of porous Al composites. According to the Taguchi L9
Taguchi orthogonal array, the experimental design plan consists of three factors at three
levels, (parameter (P) = 3 and Level (L) = 3) as mentioned in Table 3.1 and Table 3.2.
Before opting for an orthogonal array, the least number of experiments to be carried out
was calculated using the Equation. (3.1) as mentioned below:

N=1+N,(L-1) 31
Where, N = Number of experiments to be conducted, Nv = Number of parameters, L =

Number of levels. In this work, Ny =3 and L = 3, Hence, N=9.
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Table 3.1 Factors and levels in Lo Taguchi orthogonal array experimental design plan
for parameter optimization

Levels
Process parameters
Level 1 Level 2 Level 3
(@) Sintering Temperature ("C) 580 590 600
(b) Sintering Time (min) 60 90 120
(c) Compaction pressure (MPa) 350 380 400

Table 3.2 Factors and levels in L9 Taguchi orthogonal array experimental design plan
for composition optimization adhesive

Levels
Composition
Level 1 Level 2 Level 3
(@) Ti-coated diamond (wt.%) 4 8 12
(b) PMMA content (wt.%) 20 25 30
(c) PMMA size (um) 75 125 150

Table 3.3 and Table 3.4 demonstrate the Taguchi orthogonal arrays when values of P
and L were set as three which were specifically designed to achieve objective one and
objective two, respectively. In this Taguchi method a, b and ¢ were set as the parameters
and 1, 2 and 3 as the levels. After conducting experiments as per orthogonal array and
observing the change in critical properties, optimizing the level of processing
parameters using data analysis was done based on the analysis of variance (ANOVA).
A statistical analysis of ANOVA was performed to investigate the contribution of each

input factor in attaining the process outcome.
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Table 3.3 Taguchi’s orthogonal array showing experimental design for parameter

optimization
Taguchi, P=3, L=3
Run a b C X a b c
1 1 1 1 X1 580 1 450
2 1 2 2 X2 580 2 500
3 1 3 3 X3 580 3 600
4 2 1 2 X 630 1 500
5 2 2 3 Xs 630 2 600
6 2 3 1 X 630 3 450
7 3 1 3 X7 650 1 600
8 3 2 1 Xs 650 2 450
9 3 3 2 Xo 650 3 500

Table 3.4 Taguchi’s orthogonal array showing experimental design for compositional

optimization
Taguchi, P=3, L=3
Run A b C X a b C
1 1 1 1 X1 4 20 75
2 1 2 2 X2 4 25 125
3 1 3 3 X3 4 30 150
4 2 1 2 Xa 8 20 150
5 2 2 3 Xs 8 25 125
6 2 3 1 Xe 8 30 75
7 3 1 3 X7 12 20 150
8 3 2 1 Xs 12 25 75
9 3 3 2 Xo 12 30 125

3.3 SELECTION OF INPUT VARIABLES

The strength of the composite can be increased by forming a strong interface bond

between the matrix and the reinforcements. This can be accomplished by selecting the

appropriate processing parameters. As per studies the most important parameters of PM

technique influencing the properties of resultant composites are compaction pressure,
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sintering temperature, and sintering time ( Kiglk et al., 2017; Madgule et al., 2022).
Thus, based on previous studies, the following parameters (sintering temperature (°C),
compaction pressure (MPa) and sintering time (min)) were chosen as the input factors
to optimize the compressive properties (plateau strength and energy absorption
capacity) as stated in the first objective.

The compaction process is crucial as this process holds together the neighboring
powder particles by forming cold welds, which impart enough green strength to the
compacts for handling further processes. The sintering time on the other hand affects
the diffusion rate and grain growth of the composite. Additionally, the temperature
selection for the sintering process should be below the melting point of the major
component of the composite to ensure the optimum grain growth that sufficiently fills
the voids and hence strengthens the composite. Moreover, the sintering temperatures
also play a major role in controlling the microporosities formed in the porous composite
that have a significant impact on its strength (Manohar et al., 2020). Moreover, some
studies also revealed that the composition of composites also influence their properties
(Begum et al., 2020; Surace et al., 2009Db).

Thus, in the present study compositional optimization was also carried out to
analyse the effect of input factors such as diamond particle content (wt.%), PMMA
content (wt.%) and PMMA particle size (um) on the response factors (plateau strength
(MPa) and energy absorption capacity (MJ/m?%)) as stated in the second objective.
Furthermore, based on the results or responses obtained from the first and second
objective, porous Al composite with various content of uncoated and Ti-coated diamond
were developed to study the effect of varying content of uncoated and Ti-coated
diamond on the plateau strength (MPa) and energy absorption capacity (MJ/m3) of

porous composites and to find the composite of better compressive properties.
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3.4 SELECTION OF RESPONSE VARIABLES

Porous Al composite are recently known to have excellent compressive properties due
to their peculiar porous structure (Salehi et al., 2015). This property allows them to have
good energy and impact absorption capabilities that is critical for the design of building
or automotive structures. Therefore, in this study, the plateau strength and energy
absorption capacity were chosen as the response variable to investigate the effect of

input factors on the performance of porous composite.

3.5 EXPERIMNENTAL SET UP

The raw materials used in this present study included the pure Al powder mixed with
magnesium (Mg), copper (Cu), Boron (B) and tin (Sn). The matrix material was selected

based on the requirement of lightweight and high strength material.

3.5.1 Matrix alloy

The Al alloy matrix was formed by mixing Al powder with magnesium (Mg), copper
(Cu), Boron (B) and tin (Sn) powders as presented in Figure 3.1. These alloying
elements were added to the Al powder in fixed amount as tabulated in Table 3.5, to
facilitate liquid phase sintering and disrupt the oxide layer present on the surface of the
Al particles and to strengthen the Al matrix by forming low temperature strengthening
phases. The quality of these powders was controlled by using powders of higher purity

approximately 99.5 %.
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Figure 3.1 Metallic powders for matrix alloy, (a) Aluminium (Al), (b) Magnesium
(Mg), (c) tin (Sn), (d) Copper (Cu), and (e) Boron (B)

Table 3.5 Composition of Alloy matrix

Composition Alloy wt.% Average particle size (um)  Purity (%)
matrix
Al 94 45 99.7
Mg 1 10 99.9
Sn 2 45 99.5
Cu 2 10 99.5
B 1 75 99.4

3.5.2 Reinforcement material

Titanium coated diamond was used as reinforcement material as shown in Figure 3.2.
Ti coating prevents the formation of undesirable carbides and improves the strength of
interfacial bonding between Al matrix and diamond particles (Zhang et al., 2017a). It is
found that the Ti coating could significantly improve the wetting property that led to
the improvement of the relative density and strength of the composite (Yang et al.,
2009). In the current study, Ti-coated diamond particles with an average particle size of

45 um served as the reinforcement material.
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Figure 3.2 Ti coated diamond powder as reinforcement material

3.5.3 Space holder material

On the other hand, polymethylmethacrylate (PMMA\) particles was introduced because
of their superior formability, strong biocompatibility, and lower decomposition
temperature (between 360 and 400 °C), which results in complete decomposition with
no residue left behind (Bi et al., 2015; Tatt et al., 2021).The weight percentage of Ti-
coated diamond particles, PMMA content and PMMA particle size in achieving the
objective number one were fixed at 5 wt.%, 30 wt.% and 150 pm in which the input
processing parameters including compaction pressure, sintering temperature, and
sintering time were varied accordingly. To achieve objective number two, the optimum
values of processing parameters that were successfully obtained from objective number
one were fixed whereas Ti-coated diamond content, PMMA particle content and
PMMA particle size were varied accordingly. The PMMA space holder at different

particle size of 75 pum, 125 um, and 150 um are shown in Figure 3.3.

Figure 3.3 Various sizes of PMMA patrticles, (a) 75 um, (b) 125 pm, and (c) 150 pm
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3.5.4 Experimental equipment’s used

The porous Al composite was developed using PM technique involving three steps:
mixing, compaction, and sintering. The powders were thoroughly mixed using
horizontal lab roll ball mill (Model: QM-5) followed by the orbital shaker. The
compaction process was then carried out using cylindrical die with a diameter of 10
mm in a hydraulic tablet press of pressure range 0-24 tons. Compacted specimens were
then sintered in a mini tube furnace (Model:CY-01200501CS) in argon gas
atmosphere. The morphological analysis of the starting powder and metallic powder
mixture was executed via a scanning electron microscope equipment (SEM) (JEOL
JSM-6300F). The X-ray diffraction (XRD) patterns were acquired via XRD equipment
(XRD, PAN analytical empyrean 1032) using Cu Ka radiation to identify their possible
phase transformations. The XRD patterns were documented for 260, ranging from 20°
to 80°. The compressive properties were measured using uniaxial compression testing
machine with a cross head speed of 0.5 mm/min at room temperature and load cell of
30 kN (Dartec model3500 universal testing machine). Finally, the experimental and

optimization procedure were carried out using analysis of variance (ANOVA).

3.6 PREPARATION OF POROUS AL COMPOSITE

The fabrication of porous Al composites was carried out using powder metallurgy (PM)
technique as shown in Figure 3.4, due to their ability to develop samples near to net
shape with high dimensional accuracy and high productivity with limited use of
materials and energy as a result there occurs minimal waste of raw materials (Hassan,
2019). It also allows proper control over porosities, pore shape as well as pore size and
uniform distribution of reinforcements in porous composites. This technique involved

three stages of process including powder mixing, compaction and sintering. Initially
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each powder was weighed according to their proportions required for a particular
composition in preparing porous composite. Then, these powders were mixed
accordingly. In the current research work, mixing was done in four steps. Then, a
suitable amount of final powder mixture was compacted followed by two steps
sintering.

Alloy o

W

Density measurement
Compression testing

Ti-coated .‘ , o PMMA

.
Diamond '-
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Figure 3.4 Schematic diagram of fabrication of porous Al composite

According to Taguchi orthogonal array, nine set of samples with varying input factors
and output factors were developed as demonstrated in Table 3.6 and Table 3.7
respectively.

Table 3.6 L9 Orthogonal array with design factors for parameter optimization

S.no Sintering Compaction  Sintering  Plateau Energy
temperature pressure time strength  Absorptio
(°C) (MPa) (min) (MPa) n capacity
(MJ/m?3)
1 580 350 60 - -
2 580 380 90 - -
3 580 400 120 - -
4 590 350 120 - -
5 590 380 90 - -
6 590 400 60 - -
7 600 350 120 - -
8 600 380 60 - -
9 600 400 90 - -
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Table 3.7 L9 Orthogonal array with design factors for composition optimization

S.no Ti-coated PMMA PMMA  Plateau Energy
diamond content  content size strength Absorption
(wt.%0) (wt.%0) (nm) (MPa) capacity
(MJ/m?3)
1 4 20 75
2 4 25 125 - -
3 4 30 150 - -
4 8 20 150 - -
5 8 25 125 - -
6 8 30 75 - -
7 12 20 150 - -
8 12 25 75 - -
9 12 30 125 - -
3.6.1 Mixing

The metallic powders were mixed in four steps. Initially alloy matrix mix was prepared
by mixing metallic powders in a ball mill with a ball to powder ratio of 10:1 for 24 h at
a fixed speed of 300 rpm. Then, Ti-coated diamond particles were mixed with the
metallic mixture known as elemental powder mixture using oscillating mixer for 2 h at
the speed of 800 rpm. The resultant powder was then mixed with PMMA particles for
2 h using oscillating mixer at a fixed speed of 800 rpm. Before mixing PMMA particles
with the matrix-reinforcement mix, a bit of low sulfur content (CLE) safe oil was added
as a binder to minimize the powder mixture segregation during processing. The resultant

powder mixture was then known as final powder mixture.

3.6.2 Compaction

After mixing process was completed, the compaction of the final powder mixture was
carried out at three different compaction pressures of 350 MPa, 380 MPa and 400 MPa
to serve objective number one using hydraulic compaction machine as shown in Figure
3.5. It is important to note that once the optimal compaction pressure was successfully

determined, the resultant compaction pressure was used and fixed to serve objective
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number two and objective number three. The final powder mixture was then compressed

in a cylindrical die having diameter of 10 mm as shown in Figure 3.5.

Figure 3.5 Compaction process of final powder mixture using hydraulic press

3.6.3 Sintering

The compacted specimens undergo sintering for adding strength and integrity to them.
The cylindrical specimens were sintered at three different sintering temperatures (580
°C, 590 °C and 600 °C) and three different sintering time (60 min, 90 min and 120 min).
A tubular furnace was utilized to perform the sintering process under controlled Argon
(Ag) gas atmosphere. It is important to note that once these processing parameters had
been optimized, the resultant sintering time and sintering temperature were used and
fixed to achieve objective number two and objective number three. In this process, two
steps sintering technique were implemented in which the specimens were initially
heated at 450 °C for 10 minutes under the heating rate of 2 °C/min to ensure complete
decomposition of PMMA space holder particles in the composite body followed by
sintering at various temperatures and times as shown in Figure 3.4. The resultant
sintered specimens having size of 10 mm x10 mm (1 cm x1 cm) developed in this study

are shown in Figure 3.6.
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Figure 3.6 Sintered samples of size 10x10mm

3.7 CHARACTERIZATION AND TESTING

The resultant porous Al composite specimens were then undergone further analyses
including morphological examination, density, and porosity determination by Scanning
electron microscopy (SEM), Electron dispersive X-ray (EDX), Thermogravimetric
analysis (TGA), X-ray diffraction (XRD) analysis and Archimedes principle

respectively followed by compressive properties analysis.

3.7.1 Characterization
Metallography involved the study of the physical structure and components of the
porous Al composite samples developed from the experimental runs. Samples from
each of the experimental run were sectioned out from the larger piece of the composite
using diamond cutter as shown in Figure 3.7.

Careful steps were taken to ensure that the sectioned sample still represents the
feature of the larger piece, and preserves the information required to be further
investigated. During the cutting process, coolant was introduced to avoid unnecessary

changes in the feature of the resultant composite specimens.
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Figure 3.7 Sectioned samples from porous Al composite

Microstructural procedure involved the preparation of porous Al composite specimens
that required in obtaining an appropriate microstructure or at least microstructure in a
condition that presented a clear and satisfactory surface examination. In this process,
the samples were immersed in an acetone for the duration of two minutes after sintering
to remove the impurities followed by cutting the specimens in a small portion for

microstructural analysis.

3.7.1.1 Morphological analysis

The cross section of the resultant porous Al composite specimens was examined using
SEM and EDX. These analyses were used to observe the surface morphology,
topography and elemental composition of raw materials, powder mixtures and the
resultant composite. Moreover, JEOL JSM-6300F type equipment was used to
determine the nature of the particle distribution, particle size variation and
morphological structure of the raw materials, elementary powder mixture, final powder
mixture and the resultant porous composite.

This analysis was performed by scanning specimens with a focused beam of
electrons. These electrons interacted with atoms in the specimens producing various

signals that could be detected and contained information about the sample’s topography
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and composition. Moreover, an EDX incorporated with SEM was then utilized to
determine the analytical composition of the specimens as shown in Figure 3.8. It

entailed producing an X-ray spectrum from the SEM's whole scan area.

Figure 3.8 Schematic overview of scanning electron microscope with EDX

3.7.1.2 Phase analysis

The XRD analysis is carried out for phase identification of crystalline material. In this
this analysis, PAN analytical empyrean 1032 XRD diffractometer was used to analyze
the raw materials, powder mixture as well as the resultant porous Al composite for
phases identification and the presence of any possible compounds based on the input
process parameter variation. The equipment step scanning mode was set at 3°/min at
the scanning range of 20°-80°. The specimens were then scanned through the range of
260 angles and all possible diffraction directions of the lattice were detected and recorded
as demonstrated in XRD set up in Figure 3.9. Conversion of the diffraction peaks to d-
spacing allows the identification of the specimen’s peaks, as each peak has a set of
unique d-spacing which was then compared with the standard reference patterns in the

International Center for Diffraction data (ICDD) database.
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Figure 3.9 X-ray Diffraction set up

3.7.1.3 Density and porosity measurement

The density and porosity of the compacted and sintered composite were measured using
the Archimedes principle. The sintered samples were weighed using an electronic
balance to determine the dry weight (Wg). The specimens were then submerged in
deionized water and vacuumed for two hours in a desiccator, as shown in Figure 3.10..
This allowed water to fill the open pores of specimens. The samples were then taken
out of the deionized water, weighed, and the result was noted as saturated weight (Wss).
A densimeter, as shown in Figure 3.10, was used to determine the mass of the sintered
samples submerged in liquid reading was recorded as the weight of saturated specimens,
W:. Finally the porosity of the sintered samples was calculated using the following
equation (Jamal et al., 2016):

VVss - Wd (32)
Porosity,P = ———— X pl
VVss - VVS

where saturated weight is denoted by W, dry weight is denoted by W,, weight of

saturated sample submerged in liquid is indicated by W; and pl represents the density
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of water. The density of the porous specimens was further calculated using the following
equation:

Wa (3.3)

Density,p = ——— X pl
ensity, p W= W, p

where p indicates the density of sample, W, as dry weight of sample, W as weight of
saturated sample submerged in liquid and pl as the density of water which is equal to

1.

Figure 3.10 Desiccator with pump (right) and Densimeter (left)

3.7.2 Compression testing

- In this study, the compressive strength of porous Al composites with varying diamond
content has been measured at room temperature using a universal testing machine, as
shown in Figure 3.11. The load cell and crosshead speed were set at 30 kN and 0.5
mm/min, respectively. To reduce errors, tests were repeated, and the average
compressive strength of a porous composite was used for further analysis. The
compressive strength of the sample was determined employing the following equation:

Compressive strength, o, = 1 (34)

where F denotes the applied force and A denotes the cross-sectional area of the sample.
Further, the energy absorption capacity of porous Al composite was

determined was determined using the following equation. (Jamal et al., 2016):
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_ & (3.5
W = joads

where W indicates the energy absorption capacity, o indicates the compression stress

and ¢ is the compression strain.

Figure 3.11 Compression testing machine with 30 kN load

3.8 SUMMARY

In this chapter, the experimental design, materials and procedure used in this research
were explained in detail. Moreover, the sample preparation technique including the
testing procedures were also described. The Taguchi orthogonal array was adopted for
the systematic planning of experimental design followed by statistical analysis using
analysis of variance (ANOVA). Powder metallurgy technique was employed to
fabricate porous composite at varying input processing parameter including sintering
temperature (°C), compaction pressure (MPa), sintering time (min), Ti-coated diamond
content, PMMA content and PMMA particle size. The plateau strength (MPa) and
energy absorption capacity (MJ/m®) were evaluated as output responses. These
responses were measured using universal compressive testing machine. Finally, the

analysis of surface morphology of the raw materials, powder mixtures and the resultant
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porous Al composite was performed using of SEM/EDX and XRD equipment as

presented in detail in this chapter.
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 OVERVIEW

This chapter discusses the effect of processing parameters of the powder metallurgy
(PM) technique on the morphology, porosity, and compressive properties of porous Al
composites. The processing parameters including sintering temperature, compaction
pressure, and sintering time were taken into consideration. Followed by discussion on
the effect of titanium (Ti)-coated diamond content, PMMA particle content, and PMMA
particle size morphology, porosity, and compressive properties of composites. In both
cases the optimum values of the variables based on the compressive property’s
responses were acquired. The experimental runs were executed using experimental
design formulated by Taguchi Ly orthogonal array by employing these three parameters
at three levels and nine sets of experimental runs were acquired. The analysis of
variance and Taguchi-based S/N ratio were used to assess the effects of each individual
input parameter. The optimal parameter levels to reach the maximum values for
compressive properties (plateau strength and energy absorption capacity) were shown
in the main effect plots. Furthermore, confirmation tests on the optimized parameters
were conducted to confirm that the selected parameters were vital for controlling the
compressive properties of the porous Al composite.

Further, the effect of varying content of uncoated and coated diamond on the
microstructure, density, and compressive properties of porous composites that were
developed at optimum processing parameters and at optimum PMMA size and content

has been discussed. Finally, the optimum content of Ti coated diamond and the benefit
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of using coated diamond in improving the compressive properties and performance of

porous Al composite as compared to uncoated ones had also been discussed.

4.2 EFFECT OF PROCESSING PARAMETERS ON COMPRESSIVE
PROPERTIES OF POROUS AL COMPOSITES

The processing techniques and processing parameters significantly influence the
performance of porous composite (Daoud et al., 2021). It has been recorded that the
sintering temperature, compaction pressure and sintering time contributed more impact
on the properties of resultant porous composite when processing via powder metallurgy
technique (Kumar and Madurai, 2020). Since compressive properties of porous
composites are mainly by virtue of their porous structure and this porous structure is
designed by the processes in the fabrication technique. Especially in the case of PM,
where compaction process enables tailoring of uniform porosities by compacting
homogeneous mixture of composite powder and space holders. Further, in the sintering
process the bonding between the composite constituent particles occurs, thereby
deciding the strength of resultant composite. Thus, in the current study, the investigation
of the effect of different compaction pressure, sintering temperatures, and sintering time
on the microstructural, density, porosity and compressive properties was carried out.
The DOE based statistical analytic tool was applied to detect the relevant factors for the
fabrication process involving planning and experimentation (Jankovic et al., 2021).
Such method also allows to control the changes by analyzing the responses through
limited test runs. Researchers have applied this concept and demonstrated its
effectiveness in optimizing the properties of composite (Weissman & Anderson, 2015).
Therefore, the DOE method was chosen to analyze the effect of processing parameters
on compressive properties and obtain their optimum values for achieving better results.

Among all DOE tools, the Taguchi’s Lg orthogonal array was applied to get the
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experimental runs required to acquire potential response factors that influence the input
variables.

Taguchi’s Lg orthogonal array is considered as one of the most efficient planning
and organizing tools for optimizing multifactor conditions, requiring only a few
experiments. This technique is mostly preferred where experiments involve use of
expensive material and fabrication process. Thus, the robust Lo orthogonal array design
variables were applied in this study to evaluate how sintering temperature, compaction
pressure, and sintering time affects the compressive properties of porous Al composites.
As shown in Table 4.1, the various input factors, and their levels. Also, Table 4.2 shows
a well-organized typical Lo orthogonal array with all possible combinations. Nine
experiments were carried out based on the selected parameters and their levels.
Following the tests, the two-response factors, plateau strength and energy absorption
capacity, were obtained, as shown in Table 4.2. However, the current investigation
assumed that the problem was linear and thus, carried out statistical analysis using
ANOVA, based on the linear regression model described in Equation (4.1) as follows:

where Y represents the dependent variable (plateau strength and energy absorption
capacity), bo is the intercepts or reaction variable, and A, B, and C are the sintering
temperature, compaction pressure, and sintering time, respectively.

Table 4.1 Control factors (process parameters) and their levels

Factors Symbol Unit Level 1 Level 2 Level 3
Sintering temperature A °C 580 590 600
Compaction pressure B MPa 350 380 400

Sintering time C min 60 90 120

In terms of cost, this approach meets the demands of solving problems in process
optimization and significantly lowers the amount of time needed for experimental

research and production expenses.
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Table 4.2 Lo orthogonal array layout with design factors

Runs A B C Plateau Energy
strength Absorption capacity

(MPa) (MJ/m3)
1 580 350 60 21.34 5.33
2 580 380 90 22.02 5.78
3 580 400 120 21.30 4.65
4 590 350 120 26.72 8.32
5 590 380 90 31.06 9.23
6 590 400 60 25.46 7.38
7 600 350 120 24.78 7.25
8 600 380 60 21.63 6.50
9 600 400 90 30.02 8.32

4.2.1 Morphology

Figure 4.1 (a) shows the SEM images of elemental powders and their mixture obtained
on mixing the constituents of porous composite via three step mixing process. The
mixing process resulted in the strain hardening of powder particles that caused
brittleness, fragmentation, and formation of more equiaxed and finer particles.
Moreover, mixing of PMMA particles with the CLE safe oil binder prior to mixing
with metallic powder mixture was found to result in sticking of metallic powder
mixture to the PMMA surface as shown in Figure 4.1 (b) Also, the metallic particles
were observed to adhere on the surface of diamond particles as shown in Figure 4.1
(b). Also, metallic particles were observed to adhere on the surface of diamond
particles as shown in Figure 4.1 (c). The adhesion of metallic particles on their surfaces
is beneficial in terms of improving the bonding of PMMA and Ti-coated diamond with
the alloy matrix during sintering process.

In the current study, Sn, Mg, Cu and B were incorporated in Al matrix to
improve their wettability with the reinforcement particles. Sn enhances the fluidity and
sintering properties of Al during the sintering process. While, Mg was added to
improve the wettability of Al, by breaking down the stable oxide film present on the

surface of the Al particles (Showaiter & Youseffi, 2008). Furthermore, Cu and B were
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added to improve the strength of Al matrix (Ali et al., 2018; Dixit & Srivastava, 2019;
Kang et al., 2021). Additionally, it has been reported that these elements impact the
various characteristics of molten Al, such as the melting point during the formation of
a porous structure, surface tension, and viscosity. The melting point and surface tension
greatly influence the relative density and the cell size of porous structure (Kumar et

al., 2023).
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Figure 4.1 SEM micrography of a) Elemental powder mixture, b) PMMA particle
and c) Ti-coated diamond particle

The porous structure in porous Al composite were formed using spherical PMMA
particles as space holders as shown in Figure 4.2 (a). These spherical PMMA particles
result in formation of closed macropores that replicated the shape and size (153-178
um) of PMMA particles as shown in Figure 4.2 (b). This implies that the morphology
of the resultant porous structure could be controlled by careful selection of PMMA in

terms of sizes and proportions. It is important to note that the control of the porosity
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and pore size distribution in the resultant porous composite is essential for tailor-made
materials with properties suited to particular applications (Michailidis et al., 2014).
Similar pore structures were obtained in the study of involving porous Mg composite
fabrication using PMMA particles as space holder material (Tan et al., 2018). Further,
the macropores in the porous Al composite were regularly distributed and separated by

a unique cell wall, as shown in Figure 4.2(b).

J

Figure 4.2 SEM micrograph of (a) PMMA particles, and (b) Cross section of sintered
porous Al composite

50pum

4.2.2 Effect of process parameters (Experimental)

4.2.2.1 Effect of sintering temperature

An adequate sintering temperature is required to promote mass transfer and diffusion
process during sintering process resulting in filling of micropores formed during
compaction process. Microporosities are the undesirable microcavities formed during
fabrication process especially in compaction and sintering process. Some of these
microporosities are present in composites after compaction, because of friction between
their constituent particles leaving small gaps behind. Such microporosities can thus be
reduced by using appropriate sintering temperature. Also, complete removal of space
holder particles is essential to prevent crack formation in the resultant porous composite
body during sintering (Esen & Bor, 2011). During the sintering process, the

vaporization of PMMA bulges the sample resulting in crack formations. To prevent this,
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in the current study the compacted samples were first heated at 450 °C to remove
PMMA particles. followed by sintering at various temperatures to investigate its effects
on the microstructure, plateau strength and energy absorption capacity. As previously
investigated by the researchers that the enhanced performance of porous Al can be
achieved beyond the sintering temperature of 580 °C (Jamal et al., 2018). In view of
this, the effects of various sintering temperatures (580 °C, 590 °C and 600 °C) on the
performance of porous Al composite were investigated.

Additionally, the porosity and density of the porous composite are also
influenced by the sintering temperature (Kiguk et al., 2017). Although the amount of
PMMA particles was fixed at 30 wt.%, the resultant percentage of porosity at various

sintering temperatures exceeded 30% as tabulated in Table 4.3. This could be due to

the presence of microporosity in the porous composite as evident from Figure 4.3 (a-

Figure 4.3 SEM morphology of porous Al composite developed at, (a) 580 °C, 350
MPa and 60 min, (b) 590 °C, 350 MPa and 120 min, and (c) 600 °C, 350 MPa and 120
min

When sintered is carried out at low temperature (580 °C), few of these micro pores get
filled with liquid matrix, and on further increment in temperature around 590 °C, most
of these micro pores get filled with liquid matrix. However, on further increase in
sintering temperature to 600 °C, these micro pores increase due to oxidation taking

place at high temperature. This can be attributed to detrimental effect of sintering porous
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Al at high temperature that often lead to partial melting, oxidation and evaporation of
alloying or additive elements (Arifvianto & Zhou, 2014; Mukherjee et al., 2017).

The argon gas that controlled the atmosphere during sintering process leaks at
high temperature and introduces atmospheric oxygen into the furnace leading to
oxidation of porous composite. These oxides form porosities in the composites during
sintering process. This phenomenon was seen to insignificantly affect the porosity, as
increase in sintering temperature from 580 °C to 600 °C, the increased porosity from
41% to 43% only as evidenced from Figure 0.3 (a-c) and Table 0.3. However, it had
detrimental effect on the bonding strength between the constituents of composites thus

effecting their compressive properties.

Table 4.3 Density and porosity of porous Al composite for nine sets of parameters

S.no 1 2 3 4 5 6 7 8 9

Porosity (%) 40 40 41 41 42 41 43 44 43
Relative density 0.83 081 0.80 0.86 084 086 084 083 0.84

The compressive properties, including the plateau strength and energy absorption
capacity of porous Al composites as shown in Table 4.2 increased from 22.02 MPa to
31.06 MPa and 5.77 MJ/m® to 9.19 MJ/m® when the sintering temperature increased
from 580 °C to 590 °C, respectively. However, the plateau strength and energy
absorption capacity slightly decreased from 31.06 MPa to 30.02 MPa when the sintering
temperature increased from 590 °C to 600 °C, respectively. Figure 4.4 (a-c),
respectively. This can be due to the poor wetting behavior between Al matrix and
diamond particle at low temperature (580 °C) as evident from Figure 4.4 (a). Also, the
oxidation of porous composites at high temperature (600 °C) as evidenced from SEM
images and EDX analysis in Figure 4.4 (c) and Figure 4.4 (d-g), respectively. Further,

due to the ineffective role of sintering additives of Sn, Mg, Cu and B in providing
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sufficient wetting action at 580 °C and 600 °C, respectively. As a result, sufficient
wetting action could not be provided by both alloying elements and Ti-coated diamond.

On the contrary, the enhancement in the plateau strength and energy absorption
capacity of sintered porous Al composite at 590 °C could be due to the effective role of
different alloying elements of Sn, B, and Mg together with the coating of diamond with
Ti element at the said temperature that promoted the liquid phase sintering and wetting
behavior between Al alloy matrix and diamond particle hence improved the interfacial
bonding between the Al alloy matrix and diamond reinforcement as illustrated Figure
4.3 and Figure 4.4, respectively. Additionally, sintering of porous Al composite at
590°C could also be contributed to the partial melting of the alloying elements at this
temperature resulting into a strong wetting action between Al alloy matrix and
reinforcement particles, thereby improving the bonding strength of Ti-coated diamond
in the Al alloy matrix as evident from Figure 4.4 (e). Similar observations were also
made in various studies involving porous composite that utilizing the elements of Sn,
Mg, and B as sintering additives in assisting the liquid phase sintering of the respective

porous composite (Ali et al., 2018; Hamdi, 2018).
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Figure 4.4 SEM images and EDX analysis of porous Al composite showing wetting
action near the vicinity of diamond particles at different sintering temperatures, (a, d)

580 °C (b, €) 590 °C, and (c, f, g) 600 °C

4.2.2.2 Effect of compaction pressure

Compaction pressure influences the bonding strength between the Al alloy matrix and
reinforcement particles. Since strong binding between Al particles is inhibited by the
oxide film that covers their surface, the film needs to be broken down by applying
sufficient compacting pressure. During this process, new metallic particle surfaces

come into contact with one another for sintering. In the current study, a few preliminary
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tests revealed that at compaction pressure less than 350 MPa, defective specimens were
obtained together with inadequate green strength to endure additional processes and
examinations (Figure 4.5 (a)). On the contrary, when the compaction pressure was
above 400 MPa, crack formation was observed due to deformation of PMMA particles
that led to the alteration in the final morphology and pore size of the resultant composite
as shown in Figure 4.5 (a). Moreover, the compaction pressure between 350-400 MPa
produced better samples in terms of physical appearance, retained its original shapes,
non-collapsing of PMMA particles, as well as sufficient strength for subsequent

processing steps.

a b

350 MPa

300 MPa 450 MPa

m 5mm

Figure 4.5 Samples compacted at (a) 300 and 450 MPa, and (b) at 350, 380, and 400
MPa

The compaction pressure was also found to influence the relative density and porosity
of the compacted specimens insignificantly as shown in Figure 4.6. The relative
densities of compacted specimens decreased from 0.762 to 0.753 whereas the
percentage of porosity increased from 9 % to 12 % with an increase in compaction
pressure from 350 MPa to 400 MPa. Also, the effect of compaction pressure on the

compressive properties was least significant as evident from Table 4.2.
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Figure 4.6 Effect of compaction pressure on relative density and porosity of Al
compacts

Although the compaction pressures ranging from 300-400 MPa could be considered
high as n contrast to the traditional pressures employed in the PM method (Alrebdi et
al., 2022). However, in this study Higher compaction pressures are needed to achieve
good compacts because the compaction stress is distributed among the components in
the porous Al composite, including the diamond and PMMA particles. Moreover, the
higher compaction pressures can distort the shape of PMMA particles. Thus to prevent
this binders such as CLE-safe oil to the powder mixture before compaction were used
to lower the pressure ( Li et al., 2013). In addition, the employment of PMMA particles
as a space holder allowed easy movement and rearrangement of these particles during
the compaction due to their spherical shape. As a result, uniform PMMA particles
distribution with improved interconnectivity could be achieved in the green compacts
(Manonukul et al., 2010). In fact, when comparing the spherical shape of PMMA
particles to other space-holder materials for example non-spherical shape of NaCl (Aida
et al., 2016; Surace et al., 2009a), the resultant spherical pores formed by spherical
shape of PMMA particles often lead to reduce surface roughness with fewer corners

and edges in which aids in reducing the local stress concentrations and non-uniform
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deformation during compaction, and thus improves the strength of the porous Al

composite ( Li etal., 2018).

4.2.2.3 Effect of sintering time

Another important factor that was found to affect the microstructure, plateau strength
and energy absorption capacity was sintering time. A sufficient sintering time promotes
effective diffusion, easy and fast permeation, as well as improves bonding between the
constituents in the porous composite thereby eliminating microporosity. In the current
study, the plateau stress and energy absorption capacity were observed to increase by
increasing sintering time from 60 min to 90 min and decreased with further increase in
sintering time to 120 min as shown in Table 4.2. The increased values of compressive
properties can be attributed to the strengthening of porous Al composite due to reduction
in void or microporosity formation as a result of diffusion process, hence enhancing the
compressive properties and reducing microporosity as evident from Figure 4.7 (a,b).
During sintering process, the atoms of composite powder particles get activated
thermally, resulting in mass diffusion and fusion between particles (necking) at inter-
particle contact points. This diffusion rate increases with increase in the sintering time,
and the Al alloy matrix powder particles merged together as a result of necking, leading
to a denser structure and closed porosity (Almomani et al., 2014).

However, as the sintering time increased, small pores coalesced, causing larger
pores to form as a result (voids) that slowed down the sintering process resulting into
the formation of large voids in the resultant porous composite structure as shown in
Figure 4.7 (c) thereby reducing its compressive properties. Similar effects were also
seen for porous steel composite developed using PM technique as documented in the

study of (Tatt et al., 2016). Figure 4.7 (a-c) proves the microstructure of micropores
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(voids) at various sintering time of 60 min, 90 min and 120 min in which significant
micropores could be observed during sintering time of 120 min (Figure 4.7 (a). Based
on these findings, it can be concluded that longer sintering time could adversely affect

the porous Al composite’s strength (Rahimian et al., 2009).

Flgure 4. 7SEM mlcrography of porous Al composne at smterlng temperature of
590°C and at varying sintering time (a) 120 min, (b) 90 min and (c) 60 min

4.2.3 Effect of process parameters (Analytic)

4.2.3.1 Analysis of Signal to Noise Ratio

The response variables, including the plateau stress and energy absorption capacity,
were considered in the present study to enhance the performance of porous Al
composites. In practical application, the plateau stress and energy absorption capacity
should be maximized to increase applicability. Therefore, the rule of thumb for
determining the S/N ratio for the response factors is “the larger, the better”. Figure 4.8
and Figure 4.9 show the plots of the main effect that explain the impact of input process
parameters on the plateau stress and energy absorption capacity, respectively.
Moreover, Figure 4.8 presents the S/N analysis of plateau stress, in which the sintering
temperature set at level 2 (590 °C), compaction pressure at level 3 (400 MPa), and
sintering time at level 2 (90 min) results in maximum value of plateau stress.
Meanwhile, the maximum energy absorption capacity was achieved at sintering
temperature of 590 °C, compaction pressure of 380 MPa, and sintering time of 90 min

(level 2), as shown in Figure 4.9.
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Figure 4.8 S/N ratio response curve of plateau stress
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Figure 4.9 S/N ratio response curve of energy absorption capacity

4.2.3.2 Analysis of variance

The effects of processing parameters and their relationships were investigated using
ANOVA by comparing the mean square against response errors at predetermined
confidence levels. The ANOVA helps to determine the impact of each factor on the

overall result variance. Table 4.4 and Table 4.5 demonstrate the ANOVA results for
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both response factors (plateau stress and energy absorption capacity). The analysis was
conducted with a 10% significance level corresponding to a 90% confidence level. Each
ANOVA table includes a percentage contribution of each factor’s variable to the total
variation. The contribution of each factor that impacts the response factors (plateau
stress and energy absorption capacity), as shown in Figure 4.10, were analyzed based
on the results from the ANOVA. In this context, the assigned variable is statistically
significant if the F-value exceeds 8%. Table 4.4 and Figure 4.10(a) show that sintering
temperature is the most significant factor (52.40%), followed by the sintering time
(44.729%) and then compaction pressure (2.3%), affecting the value of plateau stress.
Similarly, Table 4.5 and Figure 4.10 tabulate that the sintering temperature has the
highest significant impact (78.45%) on the energy absorption capacity, followed by the
sintering time (19.53%) and compaction pressure (1.2%).

Table 4.4 ANOVA Variance table for plateau stress

Source DF Seq SS Contribution AdjSS Adj MS F-Value P-Value
Sintering temperature 2 58.903 52.40% 58.903 29.451 9.51 0.095
Compaction pressure 2 2.589 2.30% 9.497 4.748 1.53 0.395

Sintering time 2 44729 39.79% 44,729 22.364 7.22 0.122

Error 2 6.194 5.51% 6.194  3.097

Total 8 112.415 100.00%

Table 4.5 ANOVA Variance table for energy absorption capacity
Source DF Seq SS Contribution AdjSS Adj MS F-Value P-Value
Sintering temperature 2 14.6761 78.45% 14.6761 7.33803 95.91 0.010
Compaction pressure 2 0.2245 1.20% 0.8049 0.40243 5.26 0.160
Sintering time 2 3.6545 19.53% 3.6545 1.82723 23.88 0.040
Error 2 0.1530 0.82% 0.1530 0.07651
Total 8 18.7080 100.00%

The strength of a porous composite could be increased by forming a strong interface
bond between the matrix and the reinforcements. Such formation could be
accomplished by selecting the appropriate processing parameters, such as compaction
pressure, sintering temperature, and sintering time. The compaction process holds

together the neighboring powder particles by forming cold welds, which impart

67



adequate green strength to the compacts for enduring further processes. Meanwhile, the
sintering time affects the diffusion rate and the grain growth of the composite. The
sintering temperature below the melting point of the major component of the composite
resulted into the maximizing the Grain growth and sufficient to fill voids and reinforce
the composite. The temperature at which the composite is sintered affects its
microporosity, which in turn affects its strength. (Manohar et al., 2020). As evident from
Table 4.4 and Table 4.5 the sintering temperature being the most significant factor
affecting the plateau stress (52.4%) and energy absorption capacity (78.45%).

On the contrary, the effect of the compaction pressure was minimal and
remained at 2.3% and 1.2 % for the outputs of plateau stress and energy absorption
capacity, respectively. The plausible explanation could be due to the restriction imposed
on the compaction pressure in preventing distortion or cracking of PMMA particles.
Therefore, the parameters selected in the current study mainly contributed to the least
change in the percentage of porosity of the green compacts as shown in Figure 4.6.

On the other hand, the linear polynomial model as in Figure 4.10 describes the
plateau stress and energy absorption capacity as a function of sintering temperature,
compaction pressure, and sintering time that had been gathered from the analysis of
variance. The greatest R? predictions were determined to be 94.49% and 99.18% for
plateau stress and energy absorption capacity, indicating that the model could predict
new observations nearing or matching the sample data. Furthermore, the current study

can be explained well by the regression equation as in the following section.

68



[o ]

Il Process parameter contribution|

w Y w
o (=] o
| 1 I

Contribution (%)
S
1

10 4

2.3

04

Sintering Compaction  Sintering Error
temperature pressure time

78.45

(=]

Il Process parameter contribution

Contribution(%)
[9))
o

Sintering Compaction  Sintering Error
temperature pressure time

Figure 4.10 Percentage of the contribution of processing parameters on the (a) plateau
strength and (c) energy absorption capacity

4.2.3.3 Regression analysis

The Lg orthogonal array was used together with MINITAB software to recognize a
statistical model based on the linear regression equations. A linear polynomial model
(regression equations) for plateau stress and energy absorption capacity was selected
based on each obtainable factor and presented in the Equations 4.2 and 4.3 as follows:

Plateau stress 4.2
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= 24.926 — 3.372A, + 2.821A, + 0.551A; + 1.17B, — 1.83B, +

0.668B; — 2.116C, + 3.77C, — 1.66C,

Energy absorption capacity 4.3
= 6.9733 — 1.720A, + 1.337A, + 0.383A; + 0.534B;
— 0.344B, + 0.190B; — 0.570C, + 1.096C, — 0.526C
where A is the sintering temperature, B is the compaction pressure, and C is the sintering
time.

Based on the linear regression equations (Equations 4.2 and 4.3), the response
of plateau stress and energy absorption values were calculated in finding the percentage
deviation. The significant residual errors and the maximum errors of 1.40 and 1.37
(Table 4.6 and Table 4.7) were calculated for plateau stress and energy absorption
capacity, respectively.

Table 4.6 Fits and diagnostics for all observations for plateau stress
Runs Experimental Model Fit SEFit Resid  Std Resid Del Resid

1 21.34 20.60 1.68 0.74 1.40 8.65
2 22.02 23.49 141 -1.47 -1.40 -8.65
3 21.30 20.56 1.68 0.74 1.40 8.65
4 26.72 27.25 1.41 -0.53 -0.51 -0.39
5 31.06 29.69 1.41 1.37 131 2.43
6 25.46 26.30 1.55 -0.84 -1.01 -1.02
7 24.78 24.98 141 -0.20 -0.19 -0.14
8 21.63 21.53 1.68 0.10 0.19 0.14

Table 4.7 Fits and Diagnostics for All Observations for Energy absorption capacity
Runs Experimental Model Fit SE Fit Resid Std Resid Del Resid

1 5.330 5.217 0.264 0.113 1.37 3.74
2 5.780 6.005 0.222 -0.225 -1.37 -3.74
3 4.650 4.537 0.264 0.113 1.37 3.74
4 8.320 8.318 0.222 0.002 0.01 0.01
5 9.230 9.062 0.222 0.168 1.02 1.04
6 7.380 7.550 0.244 -0.170 -1.30 -2.38
7 7.250 7.365 0.222 -0.115 -0.70 -0.56
8 6.500 6.443 0.264 0.057 0.70 0.56
9 8.320 8.263 0.264 0.057 0.70 0.56
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Moreover, the data for each experiment and model fit were compared as illustrated in
Figure 4.11, showing the least discrepancy in their values. Thereby showing the

accuracy of model.
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Figure 4.11 Comparison of experimental and modal predicted plateau stress and
energy absorption capacity

4.2.3.4 Response optimization

The response optimization study was executed to obtain the optimal results and
parameters, as shown in Table 4.8. The goal was to maximize results in optimizing the
plateau stress and energy absorption capacity. In this regard, the low plateau stress of
21.3 MPa presented in Table 4.8, can be regarded as the predicted value. Although the
maximum and minimum variations exist for the target and lower values, it could be
considered impractical. However, this can be due to dependence of the values of
compressive properties other factors as well such as composition, mixing parameters,
crosshead speed during compression testing, as well as other related parameters. This
could result in extremely high or low values. Therefore, a safe and reasonable value for
plateau stress and energy absorption capacity could be considered as the fit values as
outlined in Table 4.8 which could be attained at a sintering temperature of 590 °C,

compaction pressure of 350 MPa, and sintering time of 90 min.
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Table 4.8 Response optimization: processing parameters

Response Goal Lower Target Upper Weight Importance
Energy absorption capacity (MJ/m?®) Maximum 4.65 9.23 1 1
Plateau stress (MPa) Maximum 21.30 31.06 ------ 1 1
Solution
Sintering Compaction Sintering Energy absorption Plateau
temperature pressure time capacity stress Composite
Solution (°C) (MPa) (min) Fit Fit  Desirability
1 590 350 90 9.94 32.6856 1
Response i\ SEFit 95% ClI 95% PI

Energy absorption capacity (MJ/m?3
Plateau stress (MPa)

0332  (8510,11.370)  (8.079, 11.801)
2.12 (23.59,41.79)  (20.85, 44.52)

4.2.3.5 Contour plots

Figure 4.12 and Figure 4.12 demonstrate the contour plot of the plateau stress and
energy absorption capacity involving three different combinations of variables for
diamond-reinforced porous Al composite including the influence of sintering time (90
min) as in Figure 4.12(a) and Figure 4.12 (a), compaction pressure (350 MPa) as in
Figure 4.12(c) and Figure 4.12 (b), and sintering temperature (590 °C) as in Figure
4.12(c) and Figure 4.12 (c) on the plateau stress and energy absorption capacity. In
combination with the parameters as shown in Figure 4.12 (a), the plateau stress was
found to increase with increased in the sintering temperature and decreased on
increasing the compaction pressure. Additionally, Figure 4.12 (b) illustrates that the
maximum sintering temperature and time were found to influence the plateau strength,
resulting in a sudden increment in the latter. However, Figure 4.12 (c) shows an increase
in the plateau stress with increasing sintering time and medium compaction pressure.
Meanwhile, Figure 4.12 (a) indicates a reduction in the plateau strength (-40 MPa) at a

high sintering temperature and low compaction pressure.
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Figure 4.12 Contour plot of plateau stress in diamond-reinforced porous Al composite

A similar result was obtained for the energy absorption capacity as shown in Figure
4.12 (a). However, the energy absorption capacity was found to be higher as compared
to the combined values of the sintering temperature and time as seen in Figure 4.12 (b).
Moreover, Figure 4.12 (c) illustrates that the maximum energy absorption capacity was
achieved at medium compaction pressure and maximum sintering time. Thus, the
contour plots verified the impact of the selected parameters based on the changing of

the response factors.
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4.2.3.6 Confirmation test

Finally, the confirmation test based on the experimental approach is carried out after
investigating the optimal test conditions based on the DOE approach. The confirmation
test was executed by developing composite at optimum values of parameters including
the sintering temperature of 590 °C, compaction pressure of 350 MPa, and sintering
time of 90 min as obtained from Table 4.8. The porous Al composite was then
compression tested to find the values of plateau strength and energy absorption capacity.
Ultimately, the obtained results were contrasted with the anticipated outcomes, as seen
in Figure 4.13, demonstrating the stress-strain diagrams of predicted and experimental

results.
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Figure 4.14 Compressive stress- strain diagram of confirmation test at optimum
parameters

Furthermore, Table 4.9 demonstrates the comparative results that had been obtained
from the optimum processing parameters. It can be seen that the experimental and
predicted results were in reasonable agreement. However, percentage errors of -10.5%

and -6.6% were observed for plateau strength and energy absorption capacity.

Table 4.9 Confirmation test comparisons with predicted values

Responses Prediction Experimentation  Error (%)
Plateau stress (MPa) 32.69 36.12 -10.5
Energy absorption capacity 9.94 10.6 -6.6
(MJ/m®)

The development of a porous Al composite with a well-defined porous structure through
the use of powder metallurgy technique was made possible by parameter optimization,

and this led to a notable improvement in the composite's compressive properties.
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4.3 EFFECT OF DIAMOND CONTENT, PMMA CONTENT AND PMMA
PARTICLE SIZE ON COMPRESSIVE PROPERTIES OF POROUS AL
COMPOSITES

In this section, the effect of composition on the morphology, porosity and compressive
properties of porous Al composites has been presented. The experimental plan was
initiated to identify the critical factors and their interactions to attain the best
compressive properties (plateau strength and energy absorption capacity). The
experimental runs were planned by applying the Taguchi’s Lo orthogonal array where
three input factors considered were the diamond content, PMMA particle size and
PMMA particle content as shown in Table 4.10. The Taguchi model with three factors
and three levels were chosen and thus orthogonal array Lo with 9 rows and 3 columns
were obtained. The run order together with the corresponding factors and levels are
mentioned in Table 4.11. The porous composite was fabricated using PM technique at
optimum conditions (acquired from Obj. 1) for 9 sets of combinations as per Taguchi
orthogonal array and their compressive properties were recorded as shown in Table
4.10. The objective of this model was to obtain the highest compression properties
(plateau stress and energy absorption capacity).

Table 4.10 Control factors (Process Parameters) and their levels

. Ener
Diamond PMMA PMMA Plateau absorp%c]i)(/)n

S0 content size (um) content strength capacity

(wt. %) (wt. %) (MPa) (MJ/m?)
1 4 75 20 24.8 4.89
2 4 125 25 20.27 5.12
3 4 150 30 26.37 6.78
4 8 75 30 36.68 10.75
5 8 125 25 30.06 9.77
6 8 150 20 29.86 7.93
7 12 75 30 26.79 7.55
8 12 125 20 25.89 8.96
9 12 150 25 40.2 13.66
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Table 4.11 Ly Orthogonal array layout with design factors

Factors Symbol Unit Levell Level2 Level 3
Diamond content A wt.% 4 8 12
PMMA size B Hm 75 125 150
PMMA content C wt.% 20 25 30

4.3.1 Morphology of porous Al composites

The morphology of porous Al composite as shown in Figure 4.14 (a) exhibits two types
of pore structures: macropores and micro-pores. Macro-pores are the desirable pores
that were formed using PMMA particles as a space holder, which decomposes during
sintering process leaving the pores behind (Jamal et al., 2016). These macro pores are
spherical shaped and have almost similar size as that of PMMA particles as shown in
Figure 4.14 (a). This indicates that PMMA particles can tailor the pore size and shape,
thus controlling the porosities of porous composite. Moreover, it has been observed that
the presence of irregular pores causes difficulty in prediction of mechanical properties
(Goodall et al., 2007). The benefits of spherical shape pores as shown in Figure 4.14
(@), include homogeneous pores with regular shape and size, and easier prediction of
mechanical properties theoretically. Similar findings were reported by (Bekoz and
Oktay, 2012), used spherical carbamide particles as space holders resulting into better
mechanical properties. Additionally, the presence of rounded corners in spherical
porous structure often contributes to reducing stress concentration.

On the contrary, micro-pores are the unwanted pores that are formed during
fabrication process and are mostly found in the macropore walls and struts fabrication
(Bekoz & Oktay, 2014). In the current study, the resultant macropores have pores
connectivity as observed in Figure 4.14 (c). As the space holder particles slide with each
other during compaction, connected pores were formed after sintering. These connected
pores were reported to aid in proper decomposition of the space holder during the

sintering process (Anovitz & Cole, 2015).
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Also, the EDX analysis of the cross section of porous composites Figure 4.15
(b) revealed the presence of all constituents added thus confirming their presence. These
alloying elements have been found to improve the wetting action of Al matrix with
diamond particle as shown in Figure 4.15 (d) well bonded diamond particle in Al alloy

matrix.

Map Sum Spectrum
Element  Weight o
%
Al 40.2 16.2

C 323 9.0
B 26.0 7.0
sn 10 03
Ti 0.7 17
Mg 05 12
Cu 0.1 0.2

s =G B~ as

Figure 4.15 Microstructure of porous Al composite, (a) Pore distribution and
shape, (b) EDX of composite cross section, (c) Pore cell and pore
connectivity, and (d) Well bonded diamond particle

On the other hand, Table 4.12 presents the density and porosity percentage of the
resultant porous Al composite at various Ti coated diamond content (4,8 and 12
wt.%), PMMA content (20, 25 and 30 wt.%) and PMMA particle size (75, 125 and
150um). Initially, the overall density of the composite was found to insignificantly
increased up to 25 wt.% of PMMA content followed by a decreased in the overall
density with increasing PMMA particle content and size up to 30 wt. % and 150

pm at a constant diamond content of 4 wt. %.
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Table 4.12 Densities and porosities of porous Al composite for 9 sets of

parameters
S.no 1 2 3 4 5 6 7 8 9
Porosity (%) 21 24 30 29 26 18 31 20 25

Bulk density(g/cm?3) 194 206 1.76 208 2 192 2 1867 1.774
Relative density (%) 0.72 0.76 0.65 0.77 0.74 0.71 0.74 0.69 0.66

In contrast, the overall percentage of porosity of the porous Al composite increased with
increasing PMMA content. However, with the increase in diamond content increased
from 4 wt. % to 12 wt. %, the overall densities decreased while the overall percentage
of porosity increased, implying higher development of microporosity. This can be due
to the insufficient filling of micropores formed by alloy metal as a result of higher Ti-
coated diamond content (Chu et al., 2010). Nevertheless, an increased in the PMMA
particle size from 75 pum to 150 um was found to increase the overall densities whereas

on the contrary the overall percentage of porosity was found to decrease.

4.3.2 Effect of varying composition (Experimental)

4.3.2.1 Effect of diamond particle content
The potential role and proper distribution of reinforcing particles in the matrix
allow composite to exhibit higher strength as compared to monolithic materials
(Mondal et al, 2014, Yu et al, 2008). The uniform distribution of
reinforcement particles within the matrix cell wall is critical. The presence of diamond
particles in the intact cell wall contributes to greater strength of cell walls as well as
mechanical properties of the resultant porous metals and their composite.

As evident from Figure 4.15 the well bonded Ti- coated diamond particles are
present in the cell walls, thereby increasing the overall plateau strength of porous Al
composites as shown in Table 4.11. Further improvement was seen on increasing the

Ti-coated diamond particle content from 4 wt. % to 12 wt. %. Similarly, the overall
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energy absorption capacity of composite was also increased significantly with
increasing content of Ti-coated diamond particle from 4 wt. % to 12 wt. %, respectively.
These trends were significant for composite having the PMMA particle size of 150 pm.
Porous Al composite with percentage of porosity between 20% to 30 % and Ti-coated
diamond content of 4wt. % demonstrated plateau strength values ranging from 24.8
MPa to 26.37 MPa whereas in the case of 8 wt. % of Ti-coated diamond content, the
plateau strength values were found to be in the range between 29.86 MPa to 36.68 MPa,
respectively. However, the highest values of plateau strength were attained in the range
of 26.78 MPa to 40.2 MPa with the addition of 12 wt. % of Ti-coated diamond content.
Similarly, porous Al composite having percentage of porosity in the range of 20% to
30% with the addition of 4 wt. % of Ti coated diamond content displayed energy
absorption capacity values between 4.88 MJ/m? to 6.78 MJ/m? while composite by the
inclusion of 8 wt. % of Ti-coated diamond content presented energy absorption capacity
values in the range of 7.93 MJ/m? to 10.75 MJ/m?, respectively. The highest values of
energy absorption capacity were recorded in the range 7.55 MJ/m3to 13.66 MJ/m®with
the addition of 12 wt. % of Ti-coated diamond content.

The highest obtainable plateau strength and energy absorption capacity values
of porous Al composite with the addition of 12 wt. % of Ti-coated coated diamond was
due to the high stress resistance of Ti-coated diamond before reaching the critical stress
as fracture occurred near or at the cell boundary during compression. Moreover, the
presence of well bonded Ti-coated diamond particles in the cell walls was believed had
increased the cell wall thickness thus greater bending resistance as shown in Figure
4.16Figure 4.15 (a, b). The strong bonding between Al alloy matrix and diamond
particle is due to the improvement in wetting action between Al matrix and diamond

particles by inclusion of allowing elements as well as the affinity of Ti coating with Al
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matrix. The EDS analysis revealed that alloying elements are present in the sintered

porous Al composites as shown in Figure 4.16 (c).

Map Sum Spectrum

Element Weight % o

C 65.7 108.5
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Al 8.8 14.8
Sn . 5.0

Figure 4.16 SEM images of (a, b) cell wall of sintered porous Al composite near the
vicinity of diamond particle, and (c) EDX of the Al alloy matrix and Ti-coated
diamond interface

4.3.2.2 Effect of PMMA particle size

The porous composite that replicated the shape and size of space holder materials are
important in controlling the porosity and pore size (Tan et al., 2018). It allows the
predictability and reproducibility of mechanical properties. The
spherical structured cells (pores) and uniform distribution of the cell walls were
obtained by adding the space holder particles of varying size resulting into pores of
different size, as evident from Figure 4.17. Due to uniform pore distribution in the
porous structure, the strength of porous Al composite was found to have improved.
Table 4.11 shows that the composites with PMMA particle size of

150 um exhibited higher plateau strength values than composite with smaller PMMA

81



particle sizes (75 um and 130 pum). The cell walls have a significant impact on the
overall load capacity (Sun et al., 2021). The smaller pores size result into the formation
of finer solid framework with smaller wall thickness while the larger pores size form
thicker cell walls as shown in Figure 4.17. The thicker walls exhibit
high compressibility thus better compressive properties. Moreover, pore size also
allows to control the porosity as the pore size decreased, the number of pores increases
hence resulting in a smaller thickness of edges of the cell. Furthermore, these cell edges
cannot supply enough melt during sintering thus resulting in significant reduction in
mechanical properties that eventually reducing the plateau strength. Similarly, these
effects were also seen in the case of energy absorption capacity in which maximum
values were acquired from the porous composite with 150 um particle size of PMMA

space holder.

jWall thicknessf

= s iy
26 Pﬁ l"? J

Figure 4.17 Pore size and wall thickness of pores in porous Al composite with
varying PMMA particle size, (a) 75 pm, (b) 130 pm and (c) 150 pm
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4.3.2.3 Effect of PMMA content

Porosity is known to influence the mechanical properties of porous composite and
attaining uniform porosity dispersion could enhance the mechanical response (Bekoz &
Oktay, 2013). The porosities can be easily controlled by proper selection of space
holder’s content. In this study, the porosities of the porous composite were varied using
different contents of PMMA particles. The porosities in the porous Al composite were
observed to be dependable on the PMMA content as tabulated in Table 4.11. The
isolated pores were mostly found in composite containing 20 wt. % of PMMA particles
in comparison to 25 wt. % and 30 wt. % of PMMA content as evident from Figure 4.16.
Moreover, the interconnected pores were observed as the amount of PMMA particles
increased. When PMMA content was increased from 20 wt. % to 30 wt. % the
interconnected pore in the resultant composite also increased. These interconnected
pores was reported to aid in the better decomposition of the space holder particles during
sintering (Anovitz & Cole, 2015). The porous Al composite with 25 wt. % of PMMA
content demonstrated well defined pores structure with minimal cracks as shown in
Figure 4.16 (c, e, and h) and thus revealed greater compressive properties. The plateau
strength and energy absorption capacity were recorded in the range of 20.27 MPa to

40.2 MPa and 5.12 MJ/m?® to 13.66 MJ/m? respectively.
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Figure 4.18 SEM microstructure of porous Al composite with varying
PMMA particle content, (a, d, g) 20 wt.%, (b, e, h) 25 wt. %, and (c, f, i) 30
wt.%

4.3.3 Effect of varying composition (Analytic)

4.3.3.1 Analysis of Means

The plateau strength and energy absorption capacity were regarded as response
variables to improve the compressive properties. To increase their applicability, the
values of plateau strength and energy absorption capacity should be maximized. As a
result, the signal-to-noise (S/N) ratio for the response factors was determined by
keeping the option “larger the better”. Figure 4.18 and Figure 4.19 demonstrate the main
effect plot that explains the impact of input factors on the plateau strength and energy
absorption capacity, respectively. The results of the compressive properties were
analyzed using the MINITAB software, and the characteristic values were transformed

to S/N ratio values. The mean of means and mean of S/N ratio graphs show that the
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plateau strength increased with an increased in the diamond content up to 8
wt. % and then reduced insignificantly. However, in term of PMMA particle size, the
maximum plateau strength values were obtained at level 1 (75 um) and level 3 (150
pm) whereas in the case of PMMA content, the plateau strength was found to increase
up to 25 wt. % in which on further addition the plateau strength continue to decrease.
Similarly, from means of means graph of energy absorption capacity, it increased with
an increase in the diamond content and maximum value was acquired at level 3(12 wt.
%). On the other hand, in term of different size of PMMA particles, the energy
absorption capacity increased and then decreased in which the maximum value was
acquired at level 3(150 um). In terms of PMMA content, the energy absorption capacity
increased up to 25 wt.% in which beyond this, the energy absorption capacity decreased.
Nevertheless, the value at level 3 (30 wt. %) was found to be higher in comparison to

the lowest level 1 (20 wt. %) as evident from Figure 4.19.Figure 4.19
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Figure 4.19 Mean response curve of plateau strength
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Main Effects Plot for Energy Absorption capacity

C . A== -
ritted Wieans

Diamond PRAMA size PRMMA
13
]

z '-
Yoz
g ]
w \
s " .
= »
E 10 =
= - .
=
o 3 -
H L
c
- B
o
= |
s 7

6 i L]

4 8 12 75 125 150 20 25 30
All displayed terms are in the model

Figure 4.20 Mean response curve of energy absorption capacity

4.3.3.2 Analysis of variance

ANOVA serves to investigate the effect of parameters and their relationships by
analyzing the mean square against response errors at predefined confidence levels. The
ANOVA allows to find the effect of each factor on the overall variance of the results.
The ANOVA results for the response factors including the plateau strength and energy
absorption capacity, are presented in Table 4.13 and Table 4.14 respectively. The
analysis was conducted at a 10% significance level, which corresponds to a 90% level
of confidence. Each ANOVA table contains a percentage contribution to total variation
for each factor's variable. The contribution of each factor that has a large impact on
response factors (plateau strength and energy absorption capacity), as evident from
Figure 4.21, is analyzed using the ANOVA table results. The diamond content shows
the most significant (40.76%) effect on the plateau strength followed by PMMA size
(22.85%) and PMMA content (14.41%), as evident from Table 4.13 and Figure 4.20

(a). Correspondingly, Table 4.14 and Figure 8b indicate that the diamond content highly
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affects the energy absorption capacity (56.96%) followed by a PMMA content
(13.52%) and a PMMA size (8.54%). This could be a reason for the diamond content
to influence the plateau strength and energy absorption capacity significantly, which is
around 40.76% and 56.96%, respectively.

As a result, the effect of diamond content on the plateau strength and energy
absorption capacity of porous Al composite in the present study was maximum as
compared to the effect of PMMA size and PMMA content. The influence of the PMMA
content on the plateau strength was minimal (14.41%) whereas the effect of PMMA
size on the energy absorption capacity was also found to be minimal (8.54%). It has
been reported that the addition of diamond particles increased the load bearing capacity
of porous Al composite (Liu et al., 2014). The authors added that as the modulus of the
diamond particles was much greater than the matrix, the diamond particles bear the load
directly by stress concentration. Moreover, during compression process, the additional
stress concentration as a result of diamond particle jamming increased the particle's
load-carrying capacity, thereby improving the compressive properties (Liu et al., 2014).

The linear polynomial model can be obtained from the ANOVA as it defines the
plateau strength and energy absorption capacity as a function of diamond content,
PMMA size, and PMMA content. The greatest R? predictions for plateau strength and
energy absorption capacity were determined to be 94.49% and 99.18%, indicating that
the model could predict new observations nearly as good as it matched the sample data.
Furthermore, the regression equation adequately explained the current study.

Table 4.13 ANOVA Variance table for Plateau strength

Source DF SeqSS Contribution AdjSS AdjMS F-Value P-Value
Diamond 2 12295 40.76% 122,95 61.47 1.85 0.350
PMMAsize 2 6891 22.85% 91.66  45.83 1.38 0.420
PMMA 2 4346 14.41% 43.46 21.73 0.66 0.604
Error 2 6629 21.98% 66.29 33.14

Total 8 301.61 100.00%
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Table 4.14 ANOVA Variance table for energy absorption capacity

Source DF SeqSS Contribution AdjSS AdjMS F-Value P-Value
Diamond 2 35326 56.96% 35.326  17.663  2.72 0.269
PMMAsize 2 5.300 8.54% 6.047 3.024 0.46 0.683
PMMA 2 8.388 13.52% 8.388 4.194 0.64 0.608
Error 2 13.009 20.97% 13.009 6.504
Total 8 62.023 100.00%
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Figure 4.21 Percentage of the contribution of input factors on, (a) plateau
strength, and (b) energy absorption capacity

88



4.3.3.3 Regression analysis

The statistical model based on linear regression equations was acquired applying Lo
orthogonal using MINITAB software. Based on each response factor, a regression
equations (or linear polynomial model) for plateau strength and energy absorption

capacity were derived as in Equation 4.4 and 4.5 and are presented as follows:

Plateau stress 4.4
= 2899 —-5.18D; + 3.21D, + 1.97D5 + 2.18P;

—  5.333P,, + 3.15P,; — 2.14P,, + 3.69P,, — 1.55P.,

Energy absorption capacity 4.5
= 8.379 — 2.78D; + 1.10D, + 1.68D; — 0.04P,,
— 1.03P,, + 1.08P;; — 1.12P,; + 1.47P., — 0.35P,5
where D is the diamond content, Ps is the PMMA particle size and P. is the PMMA
content.
The percentage deviations were obtained by calculating the response plateau strength
and energy absorption values using linear regression Equation 4.4 and 4.5. The
significant residual errors of each test, and the maximum errors of 1.12 and 1.39 (Table
4.15 and Table 4.16) were acquired for plateau strength and energy absorption capacity,
to verify the discrepancy in the experimental and model fit values. The data for each
experiment run is illustrated in Figure 4.21. A rate of change of plateau strength and
energy absorption capacity were produced by the device errors and processing errors.
In addition, experimentation also relies on other factors including mixing parameters
and material compositions as the compressive properties also dependable on these

factors.

Table 4.15 Fits and diagnostics for all observations for plateau strength
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Obs Plateau strength Fit SE Fit Resid Std Resid Del Resid

1 24.80 23.85 550 0.9 0.55 0.43
2 20.27 22.17 462 -1.90 -0.55 -0.43
3 26.37 25.42 550 0.9 0.55 0.43
4 36.68 32.83 462 3.85 1.12 1.30
5 30.06 30.56 462 -0.50 -0.15 -0.10
6 29.86 33.21 5.08 -3.35 -1.23 -1.79
7 26.79 31.59 462 -4.80 -1.40 -6.62
8 25.89 23.49 5.50 240 1.40 6.62

Table 4.16 Fits and diagnostics for all observations for energy absorption capacity

Energy
Obs absorption Fit SE Fit Resid Std Resid DFITS
capacity

1 4.89 4.43 243  0.46 0.60 1.4955

2 5.12 6.03 205 -091 -0.60 -0.6289

3 6.78 6.32 243 0.6 0.60 1.4955

4 10.75 9.09 205 1.66 1.09 1.6322

5 9.77 9.92 205 -0.15 -0.10 -0.0922

6 7.93 9.44 225 -151 -1.26 -3.6402

7 7.55 9.66 205 -2.11 -1.39 -7.2209

8 8.96 7.90 243 1.06 1.39 17.1717

9 13.66 12.60 243  1.06 1.39 17.1717
14 4
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Figure 4.22 Evaluation of experimental and modal predicted (a) Plateau strength,
and (b) Energy absorption capacity
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4.3.3.4 Response optimization

The response optimization study was conducted to find the best results. The intention
of conducting this study was to control the compressive properties of porous Al
composite. In this study, the goal was to maximize the results to optimize the plateau
strength and energy absorption capacity. As shown in Table 4.17 the lower value of
plateau strength, which can be considered the predicted value. The target and lower
values were observed to have maximum and minimum variations, but this is
impractical. However, this discrepancy is due to the dependence of the compressive
properties on other factors such as the alloy composition, crosshead speed during
compression testing, and other factors. These may produce extremely high or low
values. As a result, the fit values as mentioned in Table 4.17 can be considered a safe
and reasonable value for plateau strength and energy absorption capacity in which can
be attained with a combination of Ti-coated diamond content of 12 wt. %, PMMA

particle size of 150 um and PMMA particle content of 25 wt. %.

Table 4.17 Response optimization: composition and characteristics

Response Goal Lower Target Upper Weight
Energy Absorption —yp.ium 489  13.66 11
capacity
Plateau strength Maximum 20.27  40.20 11
Solution
. Plateau .
Solution Diamond PMMA PMMA Energy A_bsorptlon strength CO”?pos.'t_e
size capacity Fit Fit Desirability
1 12 150 25 12.6029 37.7998 0.879515
Variable Settings
Diamond 12
PMMA size 150
PMMA 25
Response Fit SE Fit 95% ClI 95%P1 Fit
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Energy Abgorptlon 12 60 243 (2.13, 23.08) (-2.57, 27.77)
capacity
Plateau strength 37.80 5.50 (14.16, 61.44) (3.56, 72.04)

4.3.3.5 Interaction plots

The diamond content and PMMA particle size interaction can be observed from the
interaction plots of plateau strength as shown in Figure 4.23. At PMMA particle size of
75 pum and 125 um, the plateau strength increased up to 8 wt. % of diamond in which
further addition decreased the plateau strength. However, the plateau strength for
PMMA size of 150 um was found to increase with increasing diamond content from
4 wt. % to 12 wt. %, respectively. Similarly, the plateau strength values for 20 wt. %
and 30 wt. % of PMMA content initially increased with increasing diamond content
from 4 wt. % to 8 wt. % in which further addition of diamond content decreased the
plateau strength value (diamond and PMMA content interaction plot). On the contrary,
the plateau strength linearly increased with increasing diamond content from 4 wt. % to
12 wt. % in the case of PMMA particle size of 25 wt. %. Moreover, the interaction plot
for PMMA size and PMMA content demonstrates that the plateau strength of porous Al
composite increased (PMMA content of 20 wt. % and 25 wt. %) with increasing the
PMMA particle size. However, the plateau strength decreased with maximum PMMA

content of 30 wt. %.
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Interaction Plot for Plateau stress
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Figure 4.23 Interaction plots for plateau strength

The interaction plots for energy absorption capacity as shown in Figure 4.24 reveal the
interaction plot for diamond content and PMMA particle size. The energy absorption
capacity was found to initially increased from 4 wt. % to 8
wt. % of diamond content in which further addition of diamond content (12 wt. %),
decreased the energy absorption capacity in the case of PMMA particle size of 75 pm
and 125 pum. However, the energy absorption capacity increased with increasing
diamond content from 4 wt. % to 12 wt. % as the PMMA particle size was maximized
to150 um. Similarly, for diamond and PMMA content interaction plot, the energy
absorption capacity value for PMMA content of 30 wt. % was found to firstly increased
with increasing diamond content from 4 wt. % to 8 wt. % (diamond content and PMMA
content interaction plot) in which maximum addition of diamond content was found to
decrease the energy absorption capacity. Although the energy absorption increased with
increasing diamond content from 4 wt. % to 12 wt. % in the case of PMMA content

ranging from 20 wt. % to 25 wt. %, the increasing pattern was found to be prominent
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for PMMA content of 25 wt. %. Additionally, the energy absorption capacity for
PMMA content of 25 wt. % increased with increasing PMMA content in which the
energy absorption capacity for 20 wt. % and 30 wt. % of PMMA content decreased

accordingly (PMMA particle size and PMMA content interaction plot).

Interaction Plot for Energy Absorption capacity
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Figure 4.24 Interaction plots for energy absorption capacity

4.3.3.6 Contour plots

A comparison between the plateau strength and energy absorption capacity responses
using contour plots. Figure 4.25 and Figure 4.26 display three contour plots including
PMMA particle size versus diamond content, PMMA content contrasted with diamond
content and PMMA content in competition with PMMA. The contour plot variations
were expressed as color variation, with different ranges for the individual colors based
on the intensity of the experimental results. The contour plots present the influence in
rise or decline of plateau strength and energy absorption capacity at withhold value for
PMMA content of 25 wt. % as shown in Figure 4.25 (a) and Figure 4.26 (a), PMMA
particle size of 112.5 um as reveals in Figure 4.25 (b) and Figure 4.26 (b), as well as
diamond content of 8 wt. % as expresses in Figure 4.25 (c¢) and Figure 4.26 (c),

respectively. In combination with the parameters as shown in Figure 4.25 (a), the
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plateau strength increased with an increasing diamond content and the influence of the
PMMA particle size revealed an increment pattern followed by a decrement pattern of
plateau strength. Figure 4.25 (b) depicts that the plateau strength increased with
increasing PMMA content. However, for increased diamond content, the plateau
strength was found to have increased and then decreased accordingly. Moreover, the
plateau strength increased with increasing PMMA content as seen in Figure 4.25 (c)
whereas the plateau strength was found to decrease and then increased (maximum
plateau strength) with increasing PMMA particle size. Furthermore, it can be observed
from Figure 4.26 (a) that with increasing PMMA particle size, the energy absorption
decreased whereas the energy absorption capacity increased with increasing diamond
content.

Moreover, Figure 4.26 (b) reveals the energy absorption capacity increased by
increasing size of PMMA particles as well as diamond content. However, the diamond
content was found to have maximum influence thus providing higher value. A similar
effect is seen in the contour plot of PMMA vs PMMA size in which the value of energy
absorption capacity was found to be higher with the higher values of combined
parameters (Figure 4.26 (c)). It can be said that an increase in the compressive properties
of the resultant porous Al composite with increase in PMMA content as well as the size
could be attributed to the presence of increased well-defined pores with unique cell wall
thickness thereby consequently improving the compressive strength of the porous
composite. In addition, the cell size as well as cell wall thickness increased with
increasing PMMA size that eventually increasing the compressive properties.
Therefore, these contour results successfully demonstrated that the selected inputs had

effects on the changing response of the present work.
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Contour Plot of Plateau stress vs PMMA, Diamond

Contour Plot of Plateau stress vs PMMA size, Diamond

" 2o 130
PMMA size

Figure 4.25 Contour plot of plateau strength for, (a) PMMA size vs diamond content
(b) PMMA vs diamond content and (c) PMMA size vs PMMA content

Contour Plot of Energy Absorption capacity vs PMMA size, Diamond Contour Plot of Energy Absorption capacity vs PMMA, Diamond

W 20 130 WO 150
PMMA size

Figure 4.26 Contour plot of energy absorption capacity of, (a) PMMA size vs
diamond content (b) PMMA vs diamond content and (¢) PMMA size vs
PMMA content
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4.3.3.7 Confirmation test

Finally, the experimental confirmation for investigation of the optimal test conditions
was performed. The confirmation test was carried out via experimental approach, based
on the optimal level of factors including diamond content of 12 wt. %, PMMA particle
size of 150 um, and PMMA content 25 wt. %. Finally, the obtained results were
compared with the predicted results. Figure 4.27 depicts the stress-strain diagram that
shows the comparison between the confirmation test result and the highest value
obtained from Taguchi L9 runs as demonstrated in Table 4.11. From Figure 4.27, the
confirmation test results exhibited the highest plateau strength based on its higher

stability as compared to the result obtained in the prior test.
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Figure 4.27 Comparison of confirmation test result at optimal input factors and
maximum value obtained from Taguchi Lg runs

Moreover, Table 4.18 tabulates the comparative results obtained for the best or optimal

parameters. It was discovered that the experimental and predicted results were in close
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agreement. However, an error of 6.4% and 11.1% was observed in plateau strength and
energy absorption capacity, respectively.

Table 4.18 Comparison of confirmation test with predicted values

Responses Prediction Experimentation Error (%)
Plateau strength (MPa) 37.79 40.21 -6.4
Energy absorption capacity (MJ/m?) 12.60 11.20 111

4.4 EFFECT OF UNCOATED AND COATED DIAMOND IN IMPROVING
COMPRESSIVE PROPERTIES OF POROUS AL COMPOSITE

This section discusses the effects of uncoated and Ti-coated diamond particles as
reinforcement materials on the microstructure, density, and compressive properties.
Since in section 4.3, an improvement in the compressive properties was observed at
higher Ti-coated diamond content and the effect only upto 12 wt.% was explored. Thus,
to study the effect of further addition of diamond particles at optimum parameters, the
uncoated and Ti-coated diamond content were varied at 0 wt. %, 6 wt. %, 9 wt. %, 12
wt. %, 15 wt. %, and 20 wt. %, respectively. The processing parameters employed to
fabricate these porous Al composites were taken from the optimized results from section
4.2 (sintering temperature of 590 C, compaction pressure of 350 MPa and sintering time
of 90 min). Furthermore, the content and the size of PMMA particles as a space holder
material were taken from the optimized results of from section 4.3 (i.e., PMMA particle

size of 150 um and PMMA content of 25 wt. %).

4.4.1 Morphological analysis

4.4.1.1 Microstructure
Figure 4.28 (a, b) demonstrates the microstructure of the porous Al without any

reinforcement as confirmed by EDX analysis Figure 4.28 (c). It shows a homogenous
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distribution of closed macro-pore structure. These macro-pores were found to mimic
the shape and size of the spherical PMMA particles. It is vital to obtain pores that
imitate the morphology of the space holders, indicating that the pore structure can be
tailored, depending on the space holder shape, size, and content. Moreover, these
macro-pores were separated by a unique cell wall as observed in Figure 4.28 (a, b).
However, the porous structure was not firm resulting in cracking of cell walls as

evident from Figure 4.28 (a). This can be due to absence of reinforcement material that

otherwise can impart firmness to the porous Al.

Map Sum Spectrum
Element Wt.% o]

Al 75.8 2.0
Sn 12.4 1.4
Mg 1.9 0.4

B 52 4282
3.8 0.7

Figure 4.28 SEM micrography of porous Al with no reinforcement, (a) magnification
of 33x, (b) magnification of 100x, and their (c) EDX

Further, the microstructure and EDX analysis of uncoated diamond reinforced porous
Al composite are presented in Figure 4.29. The EDX analysis of composites reinforced
with uncoated diamond (Figure 4.29 (f)) confirms the formation of carbides at the
diamond and Al alloy matrix interface that resulted in weak adhesion between the

diamond particles and matrix. This weak interfacial bonding caused gaps (empty
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spaces) at the interfaces of Al alloy matrix and reinforcements as seen in Figure 4.29
(a-e). Moreover, the porosities were found to increase with increasing diamond content
owing to the occurrence of more gaps (empty spaces) at the interfaces of Al alloy
matrix and diamond particles (Figure 4.29(a-e)), resulting into poor wettability and

weak bonding between Al alloy matrix and diamond reinforcement.

Map Sum Spectrum
Element Wt.%
Al 75.8

5 L g W Bt 3
Figure 4.29 Morphology and elemental analysis of porous Al composite reinforced
with, (a) 6 wt. %, (b) 9 wt. %, (c) 12 wt. %, (g) 15 wt. %, (e) 20 wt. % of uncoated

diamond particles, and (f) EDX of porous Al composite

o

However, in case of porous Al composite reinforced with Ti-coated diamond, the
interfacial interaction between diamond particles and Al alloy matrix was evidenced
to improve as illustrated in Figure 4.30 (a-€). This could be due to the presence of Ti
coating on the surface of diamond particles that significantly improved the wettability
between the Al alloy matrix and diamond particles and thus increased their bonding
strength. The EDX analysis as shown in Figure 4.30 (f) verifies the presence of alloying
elements as well as Ti-coating element on the surface of diamond particles. However,
at higher diamond content, the absence of sufficient matrix to wet the reinforcements
lead to the agglomeration of these diamond particles on the boundaries of the Al alloy

matrix hampered the diffusion bonding at the interface of Al alloy matrix and diamond
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particles during sintering thus resulting in the formation of fracture initiation sources
as proven in Figure 4.30 (e), thereby affecting the strength of the resultant porous Al

composite.
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Figure 4.30 Morphology and elemental analysis of porous Al composite reinforced
with, (a) 6, (a) 9, (a) 12, (a) 15, (a) 20 wt.% of Ti-coated diamond particles and (f)

EDX of porous al composite

4.4.1.2 Porosity and Density

As per ASTM definitions, there are two types of porosity in composite: (1) engineered
porosities that are intentionally designed and controlled for some specific performance
or an engineered function. Such porosities typically possesses physical properties such
as dimensions, size, shape, and architecture, which can be controlled during fabrication
process and; (2) apparent porosities are unintentionally formed porous defects in the
fabricated composite structure (Maharma et al., 2020). Therefore, the engineered
porosities in the resultant porous Al composite were obtained using fixed PMMA
content of 25 wt. %. However, from Figure 4.31 (a) the porosity values were found
greater than 25 wt.%. This can be attributed to the formation of micropores and the

few pores connectivity present in the cell walls of the porous composites.
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Figure 4.31 reveals the percentage of porosity and relative densities porous Al
composite at various uncoated and Ti-coated diamond content of 6 wt. %, 9 wt. %. 12
wt. %, 15 wt. % and 20 wt. %. The different percentage of porosity level indicated
complete removal of PMMA particles during sintering. Moreover, the percentage of
porosity was recorded to increase with increasing diamond content as shown in Figure
4.31 (a). On the contrary, the relative density was found to decrease with increasing
diamond content as evidenced from Figure 4.31 (b). This could be probably due to the
presence of cracks and voids between the interfaces of Al and diamond particles
because of insufficient matrix filling the pores between the diamond particles owing
to the densification difficulty with increasing Ti-coated diamond content as evident
from Figure 4.30 (d, e), which was more pronounced in case of uncoated diamond
reinforced porous Al composites.

Similar findings were also documented in the previous literature (Chung et al.,
2014; Liu et al., 2017; Tatt et al., 2016; Zhang et al., 2016) Therefore, it can be
concluded that the percentage of porosity and density of diamond reinforced composite
in the current study not only depending on the PMMA content, but also on the
interfacial bonding between the Al matrix and diamond reinforcement.
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Figure 4.31 Percentage of (a) porosity and (b) relative densities of porous Al
composite reinforced with uncoated and Ti-coated diamond
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4.4.1.3 X-ray Diffraction analysis

The XRD patterns of the structural evolution of porous Al composite consisting of Al
alloy matrix with uncoated and Ti-coated diamond particles as reinforcement as
illustrated in Figure 4.28 and Figure 4.33, respectively. Both figures revealed the
presence of the Al rich phase represented by the (111), (200), (220) and (311) diffraction
peaks at 20 of 38.54°, 44.78°, 65.11° and 78.28°, respectively. The main difference
observed was a broadening of the Al peaks and a decrease in the intensities of their
peaks. This is due to the reaction of Al with carbide in case of uncoated diamond
reinforced composite and with Ti, in case of Ti-coated diamond reinforced composite
during sintering process, thereby resulting in reducing crystallinity as evident from
Figure 4.33 respectively. From Figure 4.28, the peak at 43.9° (111), and 75.6° (100)
shows the presence of carbon from diamond particles. Similar peaks were observed by
other researchers for carbon (Zhang et al., 2016, 2017b). Further, the crystalline
diamond peaks were found to diminish initially, followed by its reappearance at high
diamond content. The reason for this noticeable change in the XRD pattern is that the
carbon atoms from the diamond particles get diffused into the Al-lattice resulting in the
formation of Al-C solid solution alloy (Novak and Tschope, 2012; Tan et al., 2013).
Moreover, with increase in diamond content the formation of Al4Cs (110) carbide phase
increases as evident from Figure 4.28. The carbide formation often leads to the
deterioration of the mechanical properties of the composite Similar results were
obtained in a study during sintering of B4C coated diamond reinforced composite
between 30 min and 90 min (Sun et al., 2018).

However, in the case of porous Al composite with Ti-coated diamond particles,
negligible or no traces of the diffraction peaks of Al4C3 carbide phase were observed,

as evident from Figure 4.33. This implies that the Ti coating successfully inhibited the
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reaction between Al and diamond particles during sintering. Where the diffusion of the
carbon atoms from the diamond into the Ti-coated layer takes place, thereby occupying
the Ti crystal at the octahedral interstitial positions of its lattices. Thus forming 6-TiC
transition layer that combines with the diamond metallurgically, and the outer a-Ti layer
later enabled wetting the Al matrix (Zhang et al., 2010a). Furthermore, the Al>Ti peaks
were also observed at 38.46° and 64.56° as shown in Figure 4.32 (Pal et al., 2016).

The peaks of XRD for Ti-coated diamond confirm the presence of Al.Ti,
Mg2Sn, AlB12, CusSne, Al12Mg17 and MgB: phases in the resultant porous Al composite
as shown in Figure 4.33. These phases were formed during sintering as a result of a
partial reaction between the constituents. When Mg was added to Al matrix, the Al
particle was primarily precipitated along the grain boundary in the form of Ali12Mgi7
phase. As the temperature rose above 120°C, the Al12Mg17 phase began to soften. The
Al12Mgi7 phase could not then function as a pinning-grain boundary at high
temperatures, resulting in a reduction of mechanical properties (Yang et al., 2016). This
however could be improved by the addition of Sn element (Guan et al., 2018).

On the addition of Sn, Cu and Mg to Al, there occurred solid solubility of Sn in
Mg and Sn in Cu that produce Mg.Sn and CusSns phases, respectively. The Mg.Sn
phase significantly contributed to fine-grain and precipitation strengthening (Guan et
al., 2018). Not only that, Cu also having higher affinity for Sn in which Sn is known to
initially melt and formed Cu-Sn phases in the vicinity of Cu. (Amore et al., 2008).
Furthermore, the reaction between liquid Mg and free B also resulted into the formation
of MgB: phase (Cafri, 2012). Moreover, B tended to enrich the interface due to pull of
chemical bond forces that subsequently caused the interface-enriched B element to react
spontaneously with the Al matrix to form AlB1> (Mei et al.,2021). The formation of the

intermetallic element improve the properties of the composite (Ebhota & Jen, 2018).
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These intermetallic phases act as hinderance to dislocation motion on application of

load, thus enhances the strength of porous composites improved their performance.
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Figure 4.32 XRD patterns of porous Al composite reinforced with uncoated diamond
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Figure 4.33 XRD patterns of porous Al composite reinforced with Ti-coated diamond
particles
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4.4.1.4 Compressive properties

The stress—strain curves of porous Al composite reinforced with uncoated and Ti-coated
diamond under compression loading are displayed in Figure 4.34. The area under these
curves represents the energy absorption capacities of the resultant composite. The
compressive stress-strain curve of porous Al and its composites reinforced with
uncoated and Ti-coated diamond displayed the typical three distinct regions of
deformation that represents a linear elastic region, a plateau stage where the flow stress
was nearly constant and a densification stage where all cells collapsed and flow stress
increased rapidly (Jamal et al., 2016; Linul et al., 2017).

The longer plateau regions were exhibited by the porous composite reinforced
with Ti-coated diamond. Also, the maximum values of plateau strength and energy
absorption capacity in the range of (40-45 MPa) and (11.20-13.68 MJ/m?) respectively
were achieved for porous composite reinforced with 9-12 wt.% of Ti-coated diamond
particles with an increment of 61-82% in plateau strength and 54-88% of energy
absorption capacity as compared to the unreinforced porous Al as shown in Table 4.19.

Table 4.19 Compressive properties of uncoated and Ti-coated diamond composite

Diamond Plateau strength Energy absorption capacity
(Wt.%) (MPa) (MJ/m3)
Coated Uncoated Coated Uncoated
0 24.77 24.77 71.27 71.27
6 35.23 16.81 9.17 4.87
9 45.12 17.50 13.68 3.57
12 40.51 15.24 11.20 3.40
15 27.92 14.13 6.07 3.36
20 20.42 11.40 4.25 2.38

This can be attributed to the presence of well bonded Ti-coated diamond particles within
the Al alloy matrix. Moreover, better bonding between Al matrix and diamond was
achieved by the addition of alloying elements that promoted the wetting action. The

well bonded Ti-coated diamond particles lead to an increase in cell wall strength as
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evident from Figure 4.30. The stronger walls offer high resistance to compressive load
during compression testing thereby enhancing their compressive properties. However,
the plateau strength and energy absorption capacity declined sharply after 12 wt.% in
both cases of uncoated as well as Ti-coated diamond reinforcements. This is due to
insufficient availability of Al alloy matrix to wet the higher content of diamond
particles. This weakens the interfacial bonding that acted as the load transfer between
the diamond particles and Al matrix resulting in stress concentration. As a result, the
porous composite with higher content of diamond resulted in higher porosities and
lowest strength. In addition, the stress strain curves of porous Al composite with Ti-
coated diamond reinforcement exhibited minimal variations as compared to uncoated
diamond reinforcement. The presence of least variations implies a slight ductile
behavior, and the significant variations are mainly due to the accumulation of localized

stresses resulting in brittle behavior of porous composites.
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Figure 4.34 Compressive stress-strain diagram of Ti-coated and uncoated porous Al
composite
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4.4.1.5 Effect of alloying elements in improving strength

Changing the composition of the alloy matrix is one of the accepted strategies for
processing composite materials at lower melting temperatures (Rajak et al., 2019).
Previous research preferred binary alloys matrix for the preparation of porous Al
composite via powder metallurgy (Yang et al., 2016). Even though binary Al alloy
matrix demonstrated good foaming performance due to lower eutectic temperature
points, an enhanced cellular structure is still required. In the current study, various
alloying elements including Sn, Mg, Cu and B were introduced into the Al matrix to
reduce the resultant melting temperature while improving the performance of the
resultant Al alloy matrix.

In view of these, Mg element was constantly added to Al matrix to improve the
wettability in the cellular structure (Asavavisithchai & Kennedy, 2006). The addition
of Mg element reduces the wetting angle to assist the liquid phase sintering. During
liquid-phase sintering, the liquid flows into the micropores via capillary action, resulting
in high density porous composite. Similarly, Sn also assists the liquid phase sintering
of composite, thereby providing a reliable porous structure stability. Nevertheless,
melting of Sn element about Cu resulted in the forming of Cu-Sn phases due to the
great affinity of Cu towards Sn element. Moreover, the liquid-solid partial reactions
form CusSne phase at lower sintering temperatures.

Another preferred active sintering additive is B element. The eutectic reaction
between Al alloy matrix and boron occurs at temperatures higher than the eutectic
transformation temperature, results in to liquid phase formation, which aids in the
sintering of composite Similar observations were made on the addition of B element
into stainless steel that consequently promoted liquid phase sintering (Ali et al., 2018;

Kontis et al., 2016). B segregation at grain borders increased the strength and ductility
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of composite (Abenojar et al., 2006). Thus, the addition of Mg, Sn, Cu, and B additives
into the Al matrix could possibly enhance its mechanical properties by promoting the
liquid phase sintering. Furthermore, the improvement in the mechanical properties
could be due to the formation of many complex eutectic intermetallic phases such as
Al12Mg17, AIB12, MgB2, Mg2Sn, & CueSns as evident in the current study from the XRD
peaks (Figure 4.28 and Figure 4.33) with exception of Al>Ti phase formation in the case
of Ti-coated diamond reinforced porous Al composite. These intermetallic phases often
contributed in enhancing the mechanical properties of the resultant composite due to
their enhanced morphology, distribution and properties (Kaczmar et al., 2014; Parveez
& Wani, 2021). These intermetallic phases act as a formidable barrier to the penetration
of dislocations, resulting in a high work hardening rate that in turn improves
the ductility and strength of porous composite. Therefore, it promotes effective
load transfer from the Al matrix to the rigid phases. Additionally, they provide
hindrance to crack propagations form by forming a network throughout the Al matrix

thereby strengthening the Al alloy matrix.

4.4.1.6 Effect of Ti-coated diamond in improving strength

The porous composite can be further strengthened by dispersion strengthening and load
sharing mechanisms (Yang et al., 2009). The dispersion strengthening occurs due to the
incorporation of reinforcements in composites, that restricted the dislocation
movements thereby enhancing their strength. Furthermore, these hard reinforcement
particles share load when composite is subjected to loading thus increasing their load
bearing capacity. However, reinforcement particles should be well bonded with the Al
alloy matrix. There has been an appreciable increase in strength of the porous Al

composite with Ti-coated diamond as reinforcement as compared to the unreinforced
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alloy due to presence of well bonded Ti- coated diamond particles forming a strong
bond with Al alloy matrix as evident from Figure 4.35(a-e). The presence of Ti coating
on the diamond particles was found to restrict the reaction between the diamond particle
and Al alloy matrix that prevented the formation of brittle intermetallic phase at the
interface. This is further proven by the negligible carbide formations as seen in Figure
4.30. The Ti-coated layer comprises of two layers including the outer layer of a-Ti and
the transition layer of 5-TiC that bond well with the diamond. Since titanium carbide
(TiC) has lower formation free energy, it could easily form carbide in a short period of
time and chemically bonded with the diamond. Moreover, the interface layer (a-Ti)
served as a bridge connecting the Al alloy matrix and diamond reinforcement as shown
in Figure 4.33. The resultant porous Al composite reinforced with Ti-coated diamond
was found to exhibit the highest improvement in the plateau strength and energy
absorption capacity as presented in Table 4.19.

On the other hand, the poor interface bonding of uncoated diamond with the Al
alloy matrix as demonstrated in Figure 4.35 (f-j), declined the strength of resultant
composites. In the case of uncoated diamond, the carbon from diamond reacts with Al
matrix during sintering process resulting into formation of carbides (Al.Cs) at the
interface of uncoated diamond and Al alloy matrix. These carbides are formed because
of the lower (0.052%) solid solubility of diamond (carbon) in Al (Edtmaier et al., 2018).

This results in poor bonding as evident from Figure 4.29 and Figure 4.35 (f-}).
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Flgure 4, 35 Morphology and elemental analy3|s of (a) 6 wt. %, (b) 9 wt. %, (c) 12 wit.
%, (d) 15 wt. %, (e) 20 wt. % of uncoated and (f) 6 wt. %, (g) 9 wt. %, (h) 12 wt. %,
(1) 15 wt. % and (j) 20 wt. % of Ti-coated diamond particle reinforced porous Al
composite

4.5 SUMMARY

In this chapter, the effect of powder metallurgy processing parameters on the
compressive properties of porous Al composite using experimental, numerical, and
optimization methods were presented. The plateau stress and energy absorption test
results on the other hand revealed the highest values of sintering temperature,
compaction pressure and sintering time were obtained at 590 °C, 350 MPa, and 90 min,
respectively. Besides that, statistical and regression analyses, model prediction, and
contour plots were also examined. Finally, the response optimized results were
validated by conducting the confirmation tests under these optimized conditions. The
model was found to be reliable and significant based on the lowest percentage deviation
with the marginal discrepancy values of -10.5% of plateau stress and -6.6% of energy
absorption capacity. This disparity could be attributed to other factors than the existing
parameters investigated. The other factors such as the composition of porous Al
composites, space holder content and size might influence the compressive properties
of the resultant porous Al composite. Therefore, it was critical to evaluate the effect of

varying compositions such as Ti-coated diamond content as well as the PMMA content
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and size on the compressive properties (plateau strength and energy absorption
capacity) of the porous Al composite. It was also carried out experimentally,
numerically, and using optimization technique. The higher values of plateau strength
and energy absorption were obtained with the addition of diamond content of 12 wt. %,
PMMA particle size of 150 u m, and PMMA particle content of 25 wt. %. Followed by
studying statistical and regression analyses, model prediction, contour, and surface
plots. The response optimized results were finally obtained and validated by running
the confirmation test under the optimal conditions. With the lowest percentage
deviation, the model was found to be reliable and significant with the -6.4 % and 11.1
% marginal discrepancy in plateau strength and energy absorption capacity values,
respectively.

In both cases, the morphology of the resultant composite was found to exhibit a
spherical macro pores structure in which the Ti-coated diamond particles were
uniformly distributed within the Al matrix alloy. Furthermore, the Ti-coated diamond
particles were found to be well bonded with the Al matrix alloy, revealing improved
wettability due to the coated diamond particles and the inclusion of sintering additives
including Mg, Sn, Cu, and B that promoted liquid phase sintering. Moreover, the
densities and porosities of composite were also affected by the parameter and
compositional variations.

Finally, the effect of uncoated and Ti-coated diamond in strengthening porous
Al composite were evaluated by means of morphological evaluation, elemental and
compositional analysis, density and porosity determination and compression testing.
The spherical and well-defined macro pores in the resultant composite were achieved
using PMMA as a space holder material. In addition, the introduction of alloying

elements was identified to influence the plateau strength of porous composite due to
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the formation of intermetallic phases during sintering as confirmed by the XRD
analysis. Moreover, the presence of Ti coating element on the diamond particles was
found to significantly improve the interfacial bonding between the Al alloy matrix and
diamond particle reinforcement thus improving the compressive properties. However,
as the diamond content increased, micropores and cracks appeared on the cell wall due
to insufficient wetting of diamond particles by the Al alloy matrix. Also, it was found
that the Ti-coated diamond content ranging from 9-12 wt.% resulted in an increment
of 61-82% in plateau strength and 54-88% of energy absorption capacity as compared
to the unreinforced porous composite.

In the next chapter the outcome of the results and discussions have been
elucidated to summarize the influence of the addition of alloying elements together
with the inclusion of Ti-coated diamond reinforcement in enhancing the interfacial
bonding between the Al matrix and diamond particles, thereby improving the overall

properties of porous Al composite.
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

In the concluding chapter, the findings and some of the strengths and weaknesses of the
approaches considered in this work are summarized. The contribution of the present
work towards existing knowledge and few recommendations for the future work are

also explored.

5.1 CONCLUSIONS

The current study was initiated to enhance the compressive properties of porous Al
composite by the addition of alloying elements and using Ti-coated coating of diamond
particles as reinforcement. Also, spherical PMMA particles were employed as space
holders to form porosities. Further, the enhancement in the compressive properties
were carried out by conducting parameter and compositional optimization. Where
powder metallurgy processing parameters, reinforcement content, PMMA particle
size, and PMMA content were considered as the input factors and plateau strength and
energy absorption capacity as response factors. on the compressive properties of
composite was studied using experimental and statistical analysis including DOE
(Taguchi's Lg orthogonal array) and ANOVA respectively. Finally, the effects of
varying content of uncoated and Ti-coated diamond reinforcement in strengthening
porous Al composite were evaluated by means of morphological evaluations,
elemental and compositional analysis, density and porosity determination as well as
compression analysis. The important observations made from the results obtained are
summarized as follows:

1. The developed porous Al composite exhibited spherical macro pore structure

as a result of addition of spherical PMMA particles as space holders. These
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spherical porosities provided smooth edged cell walls thereby reducing surface
roughness as well stress concentration in resultant composites. The PMMA
particles also allowed the control over porosities (pore shape and pore size).
From parametric optimization, the maximum values of the plateau strength and
energy absorption test were obtained at sintering temperature of 590 °C,
compaction pressure of 350 MPa, and sintering time of 90 min. Moreover, the
impact of sintering temperature and sintering time on the plateau strength and
energy absorption was found to be predominant as compared to the compaction
pressure. The confirmation tests found the model to be reliable and significant,
with the lowest percentage deviation with marginal discrepancy of -10.5% in
plateau strength and -6.6% in energy absorption capacity values.

In the case of compositional optimization, the highest values of plateau strength
and energy absorption were obtained at diamond content of 12 wt. %, PMMA
particle size of 150 um, and PMMA content of 25 wt. %. The effects of
diamond content and PMMA particle size on the plateau strength were found
to be significant as compared to PMMA content whereas the effects of diamond
content and PMMA content on the energy absorption capacity values were
dominant as compared to PMMA particle size. The confirmation test validated
the findings with the lowest percentage deviation in plateau strength and energy
absorption capacity and the model utilized was found to be reliable and
significant. The findings agreed well with the -6.4% and 11.1% marginal
discrepancy in the values of plateau strength and energy absorption capacity.

. At various contents of Ti-coated diamond and uncoated diamond in porous Al
composites The Ti-coated diamond particles that were found to be uniformly

distributed and well bonded with the Al matrix alloy thus revealing improved
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wettability due to presence of the Ti-coating. Moreover, the inclusion of
alloying elements including Mg, Sn, Cu, and B that promoted liquid phase
sintering influenced the strength of porous Al composite by formation of
intermetallic phases during sintering as revealed from the XRD analysis. On
increasing the diamond content, pores and cracks were found to appear on the
cell wall due to insufficient wetting of diamond particles by the Al alloy matrix.
Their compressive properties were found to be improved by the addition of Ti-
coated diamond particles as compared to uncoated diamond particles The
maximum values of plateau strength and energy absorption capacity in the
range of (40-45 MPa) and (11.20-13.68 MJ/m®) respectively were achieved for
porous composite reinforced with 9-12 wt.% of Ti-coated diamond particles
with an increment of 61-82% in plateau strength and 54-88% of energy
absorption capacity respectively, as compared to the unreinforced composites.
Thus, the addition of alloying elements together with the inclusion of Ti-coated
diamond reinforcement could possibly promote the interfacial bonding between the Al
matrix and diamond particles, thereby improving the compressive properties of porous
Al composite.

5.2 CONTRIBUTIONS TO KNOWLEDGE

The main contribution of this research is to provide essential understanding on the

enhancing the strength (compressive properties) of porous Al composites The specific
contribution of this research work in porous material field are summarized as follows:
1. A significant improvement in the compressive properties of porous Al

composite was achieved by inclusion of alloying elements in Al matrix and Ti-

coated diamond as reinforcement material. The addition of Ti-coated diamond

enabled the strengthening of Al alloy matrix using carbonaceous reinforcements

116



however prevented or minimized the formation of undesirable carbide phases
that otherwise deteriorate the properties of resultant composites.

2. Optimization of various processing parameters of powder metallurgy technique
was carried out for fabricating composite with improved properties. The
influence of each parameter on the porous composite on the other hand, revealed
the importance of processing parameters on the overall properties of the
resultant porous Al composite.

3. Optimization of Ti-coated diamond content, PMMA content and PMMA
particle size led to better control of porosity, strength, and microstructure of the
resultant porous Al composite.

4. The most significant factors affecting the overall properties of the resultant
composite were determined. The parameters including the sintering temperature
and sintering time influenced the properties significantly as compared to
compaction pressure. In addition, the reinforcement content and space holder
content were identified to predominantly influence the overall properties in
comparison to space holder particle size.

5. Prediction models such as surface plots, contour plots, interaction plots and
graphs developed from optimization technique for each variable can be further
utilized for various studies in to optimizing several properties of porous
composite and thus widen their applications.

5.3 RECOMMENDATIONS

Several researchers have used various techniques and methods to improve the
properties of porous composites. However, it still requires huge attention for better

understanding of the mechanisms and methodologies that can be applied to
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improve the strength of porous Al composites. Some of the recommendations are

as follows:

1.

2.

The current work focused on usage of constant size of Ti-coated diamond
particles. It will be interesting to investigate the effect of addition of various
sizes of diamond particles on the microstructure, interfacial bonding strength
between the reinforcement and Al alloy matrix and to find the optimum size.
As the formation of the intermetallic phases were identified using XRD
analysis. It will be better to carry out their detailed microstructural analysis
using transmission electron microscopy (TEM) and high-resolution electron
microscopy (HR-TEM) to further study them on micro or nano levels.

The influence of powder metallurgy-based processing parameters on the
microstructure and overall properties of porous Al composite were addressed
and optimized in this study. The influence of processing parameters of other
production techniques should be considered to evaluate their effect on
improving properties of porous Al composites.

The porous structure acquired in the present study was found to enhance its
compressive properties. However, the improvement in their compressive
properties can be explored by impregnating resin in pores of porous Al

composites.
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