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Abstract

The need for advanced materials was the driving force behind the introduction
of composite technology. Compared to monolithic materials, composites generally
have two or more distinct constituents. When a reinforcement material is added to the
metal matrix, it imparts unique features to the resultant in a metal matrix composites
(MMCs). Among the wide classification of composite materials, syntactic foams(SFs)
are light weight composites with hollow ceramic/glass particles reinforced in a metal
matrix such as aluminum, magnesium, titanium, steels and others.

The aluminum matrix syntactic foams (AMSFs) are lightweight composite
foams with functional and structural properties such as low relative density and high
energy absorbing nature. These qualities made AMSFs a practical alternative to
conventional materials desirable for automotive, aerospace, and shipbuilding
industries as energy absorbers. Many studies have reported the mechanical aspects of
these materials. However, a detailed analysis of energy-absorbing behavior on
aluminum matrix syntactic foams is sparse. This work produces alumina-reinforced
aluminum syntactic foams using the powder metallurgy route. A systematic study on
quasi-static room temperature (RT), elevated temperature (ET), and high strain rate
(HSR) studies is conducted to understand the effect of the volume fraction and size of
the particle individually. The compressive stress-strain response shows volume
fraction and temperature dependency for different particle size ranges. Despite large
deformation, the deformation behavior of all the samples has shown no sudden drop
in stress-strain response and macroscopic stability.

Further, the energy absorption properties of the AMSFs are discussed

extensively, such as energy absorption per unit volume (MJ/m?®), energy absorption

Vi



efficiency (%), and ideal energy absorption efficiency (%) of the earlier tests are
presented. These energy absorption properties are essential in understanding the
material response and the overall energy absorbed by the material concerning the
loading condition.

Also, the compressive behavior of alumina hollow spheres reinforced AMSF
using experimental, analytical, and numerical methods are attempted. The elastic
properties are estimated using ABAQUS's analytical and micromechanical-based
numerical homogenization techniques. The feasibility of modeling the elastic and
elasto-plastic behavior is studied using the finite element (FE)--based representative
volume elements (RVE) model. These RVE models are generated for different volume
fractions based on user-defined code to analyze the elastic and elasto-plastic behavior
of AMSFs using the FE solver ABAQUS. In addition to the elastic properties, the
stress-strain response of the metal matrix syntactic foams is determined using RVE
models. The experimental data and FE predictions are compared in this work. These
FE models have great potential in studying the ceramic hollow particles reinforced
metal matrix syntactic foams and developing new porous composites under

compression loading using RVE-based models.

Further, the AMSFs are probed to understand the corrosion behavior under
different chemical solutions. These solutions are prepared with different NaCl, NaOH,
and HCI concentrations. The corrosive response of the AMSFs is measured based on
their size and volume fractions of ceramic hollow particles inside the matrix. All the
Al- Al>O3 syntactic foam samples displayed enhanced corrosion resistance in all
solutions over conventional composites. Due to the high agglomeration percentage of
the fine particle distribution, AI-500um-1.3 exhibited outstanding corrosion

resistance. SEM analyses and impedance data parameters corroborate the enhanced
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corrosion resistance of Al- Al>Ossyntactic foam samples in neutral and alkaline media

compared to acidic media.

Finally, novel hybrid syntactic foams are attempted to be produced using the
powder metallurgy route by combining two different hollow materials. This
investigation reports a novel Al-Al,Oz-Cenosphere reinforced multi-particle syntactic
foam (MPSF). These MPSFs exhibit superior energy absorption properties during the
quasi-static and high strain rate (HSR 2700 s™) loadings. This novel material is studied
at different strain rates, such as 1 s, 900 s, 1600 s, and 2700 s* under compression.
The deformation response in HRS studies is monitored using high-speed imaging. The
stress-strain response obtained from dynamic loading shows a positive shift in the
slope of the plateau region. The energy absorption properties of AMSFs under low and
high strain rates have shown a maximum value of 72.34 % and 78.92 %, respectively,
showing superior properties under high strain rates. The hardening and deformation
behavior of the produced AMSFs is studied to understand the material's response. This
study comprises the overall reaction of the AMSFs under different loadings and their

failure behavior.
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Chapter 1: Introduction

This chapter consists of a brief introduction to cellular materials, foams, and
syntactic foams (SFs). First, a brief background and motivation for this work are given to
carry out this work. Section 1.2 explains the details of porous materials and their types,
emphasizing the syntactic and metal matrix syntactic foams (MMSFs) and their potential
applications. Later, a brief outline of the thesis is provided with key highlights of each

chapter.

1.1 BACKGROUND AND MOTIVATION

The rapidly developing technology demands advanced material components and
structures in engineering applications. This encourages researchers and scientists to
shift from conventional metals and materials to advanced composites and hybrid
materials to limit weight and size while maintaining quality and durability. Integrating
lightweight materials into engineering designs may overcome several manufacturing
challenges, such as the structures’ overall weight, durability, and mechanical energy
absorption[1,2]. Modern lightweight materials are essential in engineering design due
to their enhanced properties and adaptability that can be deployed for various

engineering applications [1].

The weight of the engineering structure has always a prime concern over
decades. The initial attempts were made to produce porous materials to reduce the
weight of engineering structures. The primary objective was to progressively increase
the structural adaptability of metallic materials while preserving their mechanical and
chemical properties. However, the low-dense porous materials failed to withstand

dynamic loading conditions during the functioning. Also, attempts are made to
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enhance the structural stability through alloying and the addition of whiskers and
nanotubes to improve the mechanical response of the materials [3,4]. However, the
results are not promising due to their low elastic modulus and low plateau stress
(constant stress region under deformation) under large deformations. In this regard,
there is a gap in developing lightweight materials with high strength and durability

under extreme loading conditions.

The lightweight porous materials are classified based on their design and
manufacturing techniques. In materials engineering, where innovation meets
versatility, a remarkable class of materials has emerged, captivating the imagination
of scientists and engineers alike, called syntactic foams (SFs). These SFs are a class of
porous composite materials where a hollow particle is dispersed within a matrix
material to reduce the density without significant compromise in the mechanical
properties. In contrast to the conventional foams (open pore and close pore foams),
porosity is induced through the hollow particles randomly distributed inside the matrix
material. The addition of a metallic and non-metallic hollow particle leads to an
increase in the density of the SFs. These hollow particles are available in different
materials, sizes, and shapes. The porous nature of SF materials yields unique stress-
strain behavior and enhanced mechanical and acoustic properties [5-7]. The
combination of these properties drew the attention of scientists and manufacturers due
to their lightweight properties and superior energy absorption properties essential for

various engineering applications.

These extraordinary materials possess a seemingly unique nature, combining the
strength and resilience of traditional solids with the lightweight and buoyant properties
of foams. A novel fusion of matrix material, such as metal or polymer, with many

hollow spheres known as balloons or hollow particles typically of 0.1 mm to 6 mm in
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size. These hollow particles are usually made of glass, ceramic, or metals. This
intricate combination creates a fascinating interaction, granting syntactic foams with
remarkable characteristics and an astonishing range of applications. The integration of
a lightweight metal matrix with hollow particles yields a cellular structure with
reduced density and enhanced specific strength. This foam-like structures finds
practical applications in several industries, including automotive, aerospace, and

protective constructions, that necessitate efficient impact absorption capabilities.

In the literature, various studies are proposed to understand syntactic foams'
elastic and elasto-plastic properties experimentally and using numerical studies for
porous and composite porous materials (also refered as SFs). Gaining a comprehensive
understanding of the macroscopic characteristics of these porous composites is of
utmost importance in order to effectively design materials to meet the demands of
future applications. The microscopic qualities of a system are significantly impacted
by the inherent characteristics of its constituent materials. Limited investigations have
been conducted on the representative volume element (RVE) based model within the
realm of numerical approaches. These mico-size representative models have
commonly been termed RVE in the literature. A RVE model typically consists of a
micorscale model with macroscopic entities such as particle distribution and grain

orientations.

Modeling the macroscopic structure of porous structure involves models with
huge memonry and requires significant amount of computational cost due to the
anisotropic nature of the structure. The earlier numerical studies on the SFs have
shown the elastic properties and macroscopic response of the polymer and metal-based
SFs. However, the elasto-plastic response of the SFs is studied using macroscopic scale

models and CT-scan models. This may result in a large amount of computational time
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and data storage due to the complexity of the model. In this regard, a representative
model may be considered an alternative to understanding the elasto-plastic response
of porous materials. The homogenization technique yields the model’s effective
properties that represent the part of the sizeable heterogeneous microstructure [8]. The
study of the MMSF’s response using 3D models is essential to achieve more accurate

prediction in the materials' linear elastic and elasto-plastic response.

Among the various classes of SFs, aluminum syntactic foams typically contain
aluminum alloys as matrix and ceramic/glass hollow particles. The interaction of the
aluminum matrix with the hollow particles results in unique mechanical and structural
properties [1,7]. These hollow particles are typically in the size range of a few
micrometers to a few millimeters in diameter. Over a few decades, an increase in
research publications on the development of conventional and hybrid SFs has been
studied widely. Despite the current availability of literature on SFs, limited studies
have focused on the relationship between the effect of hollow particle size and volume

fraction on the energy absorption response in various deformation conditions.

Further, the material’s static behavior alone is insufficient to implement in
structural applications. The dynamic response of the SFs is extensively studied for
polymer-based materials. The effect of the size and volume fraction of the alumina-
based SFs is seldom studied in the literature. Similarly, understanding the corrosion
response of the aluminum matrix syntactic foams (AMSF) is another exciting area to
implement the MMSFs commercially. Thus, the motivation behind AMSFs lies in their
potential to offer lightweight, strong, and versatile materials for various applications
across industries, addressing the growing demand for improved performance, energy

efficiency, and sustainability.
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1.2 SYNTACTIC FOAM MATERIALS

The research and development into aluminum syntactic foams evolved from the
need for lightweight materials with enhanced mechanical properties in various
industries. These foams' unique combination of reduced density and enhanced specific
strength makes them attractive for various applications. Such materials with enhanced
strength and extended life are constantly in demand in many industries, such as
aerospace, sports, automotive, and military applications. Significant research is taking
place to enhance the properties of conventional metals and alloys to achieve the desired
properties. However, the major challenge occurs in improving the strength with a
minimum increase in density. The earlier studies on ceramic composites and laminated
structures have shown enhanced properties in a specific direction due to the influence
of high-strength ceramic/intermetallic particles and intermetallic layers [9,10].
However, there is a negligible drop in the density of these materials. In this regard, the
materials and design engineers have attempted to induce porosity into the material,
resulting in low density and extended plateau stress in the plastic region. These porous
materials are structurally engineered to retain the desired functional integrity with
reduced weight suitable for several engineering components. The properties of these
materials can be enhanced by optimizing the process parameters, which may give great

scope to implement in a wide range of applications.

A porous material (foams) with various novel thermal, mechanical, acoustic, and
electrical properties is produced using different metals and polymers. Metal foams are
broadly classified into open cell, closed cell, and composite foams. Barnhart et al.
comprehensively summarize the various manufacturing methos of metal foam
materials and liquid metals [11]. Different types of cellular materials and their

classifications are shown in Figure 1.1.
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Cellular materials are structures that are characterized by a porous or cellular
microstructure. These materials consist of a network of voids or cells separated by
solid walls or struts. The arrangement and geometry of these cells can vary, and
cellular materials can be found in natural structures like bones, as well as in engineered
materials. Key features of cellular materials include low density, high strength-to-
weight ratio, and good energy absorption capabilities. They find applications in

various industries such as aerospace, automotive, and biomedical engineering.

Cellular materials can be produced using a variety of manufacturing techniques,
each suited to specific applications and desired material properties. Here are some

common manufacturing techniques for cellular materials:

Foaming

Additive Manufacturing (3D Printing).

Chemical Vapor Deposition (CVD)

Sol-Gel Processing

Replication Techniques

Syntactic foams are a specific type of composite material composed of a matrix
(polymeric, metallic, or ceramic) and hollow microspheres, typically made of glass or
polymer. These microspheres act as reinforcement within the matrix, providing
additional strength and stiffness while keeping the overall density low. Syntactic foams
are known for their buoyancy, thermal insulation properties, and strength. The
common different between cellular materials and syntactic foams with excellent

mechanical properties are shown in Table 1.1.

Introduction 7



Table 1.1: Comparision of the Cellular materials and syntactic foams

and healthcare industries.

Category Cellular Materials Syntactic foams
Definition Structures with a porous or Composite materials with a
cellular microstructure. matrix and hollow
microspheres.
Density Generally low density due to Low density due to
the porous structure. incorporation of hollow
microspheres.
Strength Offers high strength with a Provides high strength with
good strength-to-weight ratio. | lightweight characteristics.
Applications Used in aerospace, automotive, | Commonly used in marine,

deep-sea, and aerospace
applications.

Manufacturing

Methods include foaming,

Manufactured by dispersing

expansion.

Process sintering, and additive microspheres into a liquid
manufacturing. resin, followed by curing.

Specific Variable properties, such as Buoyancy, thermal

Properties thermal insulation and energy | insulation, and tailorable
absorption. mechanical properties.

Examples Natural examples include Used in marine applications,
bones. Engineered examples deep-sea exploration, and
include foams and lattice aerospace.
structures.

Advantages Low weight, high strength, and | Lightweight, buoyant, and
good energy absorption. tailorable mechanical

properties.

Challenges May have limitations in terms | Microsphere-matrix interface

of specific applications. and material compatibility
challenges.

Recent Advances in additive New formulations for

Advancements | manufacturing techniques for enhanced buoyancy and
cellular structures. strength.

Future Potential for further Continued exploration in

Prospects customization and application | deep-sea environments and

aerospace.

The significant difference between open and closed-cell foams under stochastic

structures is that the cell walls are interconnected for closed-cell foams. The open-cell

foams are suitable for thermal insulation, and closed-cell foams are suitable for

acoustic insulation[14]. A network of materials is connected across the volume in the

open foam material. The SF material is a separate class of foams where the density of

the material is reduced with the help of hollow particles. These hollow particles have
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a shell thickness of a few microns and are introduced into the metal matrix to achieve

the desired density.

Syntactic foams find extensive utilisation across several applications,

encompassing:

Marine applications: Syntactic foams are used as buoyancy foams in lifeboats,
buoys, and other marine structures. They are also suitable for core materials in

sandwich panels for boat hulls and decks.

Aerospace applications: Syntactic foams are suitable for structural materials in
aircraft wings and fuselage sandwich panels. They are also used as buoyancy foams in

liferafts and other aerospace structures.

Sports equipment: Syntactic foams are used as cores in golf clubs, tennis
rackets, and other sports equipment. They are also used as shock absorbers in helmets

and other protective gear.

Industrial applications: Syntactic foams are used as thermal insulation,
soundproofing, and vibration-damping materials. They are also used as fillers in

plastics and other composites.

Syntactic foams are a highly advanced, versatile material with numerous
applications. They are lightweight, robust, buoyant, and resistant to chemicals, making
them ideal for a variety of demanding applications. In contrast to open- and closed-
cell foams, the primary limitation of SFs is their high relative density owing to ceramic
particles. Nonetheless, the SFs have a substantially reduced density than conventional
materials, which may decrease the weight of machine structures. Also, these materials

are extensively used as core sandwich materials and shell structures in military and
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automotive applications, such as energy-absorbing members in critical zones and heat
exchangers. Metal foams are typically more difficult to produce than polymer foams.
Consequently, substantial research has been conducted on the numerous MMSF

manufacturing techniques [1].

The typical MMSFs are produced using SiC, alumina, steel, and cenospheres
induced in aluminum, magnesium, titanium, and zinc matrix materials. Different
combinations of these materials may be produced using liquid infiltration
techniques[15]. Pressure infiltration and dispersion methods are other commonly
adopted techniques in the literature to produce syntactic foams[10]. However, a solid-
state technique such as powder metallurgy is seldom explored concerning MMSFs

[2,18,19].

The experimental investigations on SFs reported in the scientific literature
concentrated on density, mechanical response, and energy absorption behavior.
Understanding the deformation behaviour in the plateau region of the stress-strain
curve was the primary concern. In addition, micromechanical properties of syntactic
foams were analysed using analytical methods and finite element (FE) programmes.
Different analytical methods are proposed in these studies, and the interaction between
the particle and the matrix is considered to measure the elastic properties. However,
most of these numerical studies are limited to polymer matrix SFs, and sparse literature

is available on the MMSFs.

MMSFs are distinguished by their exceptional compressive properties. To
understand these properties, it is necessary to understand how syntactic foam fails
under compression and the stress-strain response. During early compression,

microspheres close to the foam’s center may collapse. The matching stress is known
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as the foam’s peak strength. In addition, the stress decreases as the strain increases,
and a relatively low constant amount of stress, known as the plateau strength, persists
for a specific strain range until the stress begins to climb exponentially as shown in
Figure 1.2. The matrix shall densify during the stress drop and plateau area, and the
remaining microspheres shall collapse until the foam is entirely densified. This strain,
known as the densification strain, enables us to identify the beginning of the stress rise.
The region of the compression test plot extending up to the densification strain may

help us determine the maximum impact energy the foam can absorb.
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Figure 1.2 : Stress-strain graph of a syntactic foam highlighting the key features
[20].

The aerospace and automotive sectors constantly seek lightweight materials to
enhance fuel efficiency and reduce carbon emissions. Aluminum syntactic foams can
replace traditional materials while maintaining structural integrity and reducing
weight, resulting in improved performance and reduced energy consumption.
Similarly, materials in marine and offshore environments must withstand harsh

conditions, including corrosion and high pressures. Also, the energy-absorbing
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properties of syntactic foams make them valuable for impact protection applications.
This makes aluminum syntactic foams useful for applications such as crash-worthy

structures in transportation, protective packaging, and sports equipment.

Despite undeniable progression in the study of SF materials, there are significant
concerns about the effect of manufacturing techniques, raw materials of matrix and
reinforcements, particle size effects, electrochemical response of the material, and the
effect of the loading rates. Understanding these properties and their failure

mechanisms may bridge the gap in producing these porous materials commercially.

1.3 THESIS OUTLINE

The primary emphasis of this work is to develop an alumina-based aluminum
matrix syntactic foam using a powder metallurgy route with different volume fractions
that match theoretical density. Various experimental investigations are carried out to
study the effect of particle size and volume fraction on different materials properties
such as density, mechanical strength, corrosion, and derived properties such as energy
absorption efficiency of AMSFs. The high temperature and high strain rate
compression studies are conducted to understand the influence of strain rate on the
deformation behavior of AMSFs. Further, the corrosion studies are probed to examine
the material response to different chemical and pH conditions. Finally, novel hybrid
syntactic foams are produced to further reduce the density of the aluminum syntactic
foams with no significant reduction in the mechanical properties and structural
integrity after testing under quasi-static and dynamic loadings. The following table

outlines the various topics covered in the thesis:
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The thesis outline and different key topics covered in each chapter are as

follows:

Chapter 1:
Introduction to
Syntactic Foam

Chapter 2:
Literature Survey on
AMSFs

Chapter 3:
Synthesis and
characterization of
AMSFs

Chapter 4:

Density and
mechanical
characterization of
AMSFs

Chapter 5:
Energy absorption
properties of AMSFs

Chapter 6:
Simulation studies to
measure the elastic
and elasto-plastic
properties of SFs

Chapter 7:
Electrochemical
studies on AMSFs

Chapter 8:
Novel hybrid
syntactic foams
synthesis and
characterization

Chapter 9:
Conclusions

Cellular materials: Foams and their types.
Research motivation and background
Thesis outline

A critical review of Syntactic foams materials
Studies on different matrix and filler materials, their
synthesis techniques, and characterization tools
used

The significant gaps in research and the objectives
of the current work are listed.

Synthesis of novel aluminum alumina syntactic
foams.
Details  of
parameters.
Details of the freeze-fracture techniques are
discussed.

The mechanical properties of the Al-Alumina,
under different loading conditions.

The effect of the volume fraction and size of the
hollow particles on the mechanical properties are
discussed.

The  compressive  responses under  high
temperatures and dynamic loading conditions are
also explained.

The energy absorption properties of the syntactic
foams.

The ideal energy absorption behavior is discussed
in detail.

Analytical model’s valuations to predict the elastic
properties of the AMSFs.

The modeling of the multi-particle unit cell models
to study the elastic and elasto-plastic properties of
the syntactic foams models are explained.

powder metallurgy processing

Influence of chemical
concentration on electrochemical
AMSFs

solution and its pH
response of

Novel hybrid syntactic foam materials synthesis
and characterization.

This summary and conclusions derived from this
study are explained. Recommendations for future
work are also presented.
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Chapter 2: Literature Review

The chapter literature review contains an extensive literature survey on the
synthesis and characterization of AMSFs from widely referred research articles. This
chapter contains eight sections. Section 2.1 introduces the MMSFs and AMSFs, and
their significant characteristics. Later, Sections 2.2 and 2.3 present different types of
the matrix and reinforcements studied in the literature. Section 2.4 covers the various
processing techniques adopted to produce the MMSFs and AMSFs. The numerical
studies conducted on the SFs are discussed in Sections 2.5 and 2.6 discusses the work
reported on mechanical properties tested under various loading rates, such as quasi-
static and dynamic. Later in Section 2.7, the gaps in the literature and research
objectives are presented. Section 2.8 presents an overall summary of the extensive

literature survey and its implications.

2.1 INTRODUCTION

SF is a unique porous composite material created by adding hollow spheres to a
matrix (often micro-hollow particles) [21]. Figure 2.1 depicts a 2D solid model of a
syntactic foam made of hollow spheres. The matrix materials are typically polymers
or lightweight metals, while the reinforcing hollow particles are metal or ceramic
[22,23]. Syntactic foam, in general, offers superior mechanical capabilities over typical
open-cell and closed-cell foams. Also, these materials are significantly lighter than
particulate composite materials. These metal foams are widely studied to meet the
requirements of lightweight, high-strength property applications. In general,

lightweight materials and metals are selected for the matrix material.
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Matrix Hollow Particles Syntactic Foam

Figure 2.1 : Schematic model of syntactic foams showing hollow particles and

matrix material

The lightweight porous materials and structures have enhanced mechanical
properties compared to their conventional counterparts [6,24,25]. So, the attention
towards such porous and cellular materials has increased in the recent past due to their
extended plateau strength and high energy absorbing ability [25]. For example,
lightweight construction parts are introduced as sandwich panels of rotorcraft blades
and automobile parts [1,26,27]. This section discusses a detailed literature review

based on the raw materials, processing techniques, and characterization tools.

2.2 MATRIX MATERIAL

A prime focus in literature is understanding the compressive and mechanical
response of the SFs materials. Initially, the studies on SFs have focused on the
mechanical properties of various polymer-based materials due to ease of production
and applicability [28-30]. Under metallic foams, aluminum and its alloy-based SFs
are widely studied as matrix materials along with magnesium[31], steel[32], and
titanium[33]. The compressive behavior for different length-to-diameter ratios of
aluminum matrix SFs is studied by Orbulov [34]. Later, Maria et al. and Ferguson et
al. reported studies on Al-Al,O3 SFs [35,36]. The initial part of this work was focused

on particle thickness’s effect on the mechanical properties of the Al-Al.O3 SFs. The
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syntactic foam properties adhere to two significant constituents, matrix and hollow
particles. The different matrix material types, volume fractions, and structural
arrangements of the hollow or porous particles display different mechanical, dielectric,
and physical properties. This phenomenon is because the material types, volume
fraction, and structural arrangement determine their material properties. Interestingly,
many methods have demonstrated that SF characteristics may be controlled based on
the selection of materials. It is essential to choose the proper microspheres and core
additives and to maintain precise volume fraction, size, and distribution. Metals [22],
polymers [30], and ceramics [37] are frequently employed in the production of SFs,
while there are alternative matrix materials such as high entropy alloys are expected
that gain popularity in this regard [25]. The proper microspheres and core additives
should be chosen with precise volume fractions, sizes, and distributions[38]. Metal,

ceramic, and polymer matrices are typical types used to make SFs.

A significant amount of work is published on polymer-based materials due to
ease of availability and manufacturing. Later, it was observed that ceramic-based SFs
have superior properties than polymer SFs; however, they are few studied due to their
high production cost and limited scalability [1]. For instance, Jayavardhan et al. [39]
investigated SFs constructed from the epoxy matrix with borosilicate glass hollow
particles. The experiment demonstrated that the foam was corrosion-resistant and
resistant to hostile environments. In a separate investigation by Szlancsik et al. [40],
various metal matrix mixtures of aluminum alloys and sets of hollow oxide ceramic
spheres were evaluated. The results demonstrated that hollow reinforced ceramic
spheres improve resistivity, with larger spheres yielding a more significant increase
than smaller spheres due to the smaller sphere’s fragility and shorter fracture

propagation distance.
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The most commonly studied matrix materials in the literature are aluminum,
zinc, magnesium, iron, copper, and titanium [22,31,33,41,42]. Aluminum, magnesium,
and zinc are the most widely selected matrix materials among these commercially
available materials. These materials possess excellent energy efficiency, corrosion
resistance, and superior mechanical properties. Further, aluminum and magnesium are
highly competitive structural materials for various industrial applications. Few authors
have reported on titanium matrix composites may be due to their high production cost.
The iron-based syntactic foams are also explored little. Marx and Rabiei have reported
the mechanical response of the stainless steel matrix SFs [6]. This study develops a
macroscopic domain of SFs in a finite element package, and the macroscopic stress-
strain response is recorded. Such materials have potential applications in armor
vehicles and lightweight structures. Also, there are few reports of syntactic foams
containing zinc. Broxtermann et al. have reported both quasi-static and dynamic
responses of the zinc matrix syntactic foams [41]. In another study, the performance

of the zinc-based syntactic foams was studied at elevated temperatures [43].

2.3 HOLLOW PARTICLE

Different types of particles are studied as reinforcements in SFs. These filler
materials are used for various reasons, from decreasing the cost of the components to
modifying their strength and altering their magnetic, electrical, or fire-retardant
qualities, as required by the intended uses. For the fillers of SFs, a few commercially
available particles can be chosen, including glass, minerals, metal, ceramic, polymer,
and industrial waste particles [44]. Typical filler materials include alumina, silica,
hollow and solid glass particles, fly ash, and carbon black. The composite’s intended
qualities mainly determine the selection of materials. The form of filler particles has a

significant impact on influencing the qualities of the SFs. Hence, particles are often
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categorized according to shape, size, and shell thickness. Also, these particles have
varying surface areas for the same volume, influencing the size of the interfacial zone
between the particle and matrix resin. Due to the various corner radius of curvature
and aspect ratios of each form, the stress concentration factor would vary for each.

Compared to the other categories, spherical particle fillers are more common.

In recent years, using cenospheres, which are hollow spherical particles, has
expanded significantly in creating core materials with low density and excellent
damage tolerance. These low-density substances are categorized as close-cell foams
known as “Syntactic Foams.” By adjusting the substance or density of cenospheres,

the density of syntactic foams may be modified across a broad range.

Further, quasi-static in-situ compression studies on fly ash hollow particles
reinforced SFs by Zou et al. showed the crack distribution and failure of the hollow
particles due to external force [45]. Another study on the effect of heat treatment of
Al-alloy and expanded perlite particles produced through counter gravity route has
shown up to 80% energy absorption efficiency [46]. Recent studies on the AMSFs
have widely discussed the energy absorption efficiency to assess the properties of

various combinations of syntactic foams [47-49].

Synthesis of Hollow Particles

The manufacturing of hollow particles used in syntactic foams involves various
methods to create spheres with controlled size, wall thickness, and properties. Here are
some common manufacturing methods for producing hollow particles. Depnding up
on the material and manufacturing methods, the hollow particle size and particle wall

thickness can be controlled:
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1. Glass Microspheres

Glass microspheres are often manufactured using a process known as glass
microballoons or microsphere production. In this method, tiny droplets of molten glass
are released into a high-temperature flame. The rapid cooling of these droplets forms
hollow glass spheres. The size and wall thickness of the microspheres can be controlled
by adjusting parameters such as the flame temperature and the rate of droplet

formation.

2. Polymeric Microspheres:

Polymeric microspheres are commonly produced through suspension
polymerization or emulsion polymerization. In suspension polymerization, monomers
are suspended in a liquid and polymerized to form solid spheres. Subsequently, the
removal of the core material leaves behind hollow polymeric microspheres. Emulsion
polymerization involves the polymerization of monomers in an emulsion, resulting in

the formation of hollow polymer spheres.

3. Phenolic Microspheres:

Phenolic microspheres are often manufactured using a technique called spray
drying. In this process, a liquid phenolic resin is atomized into small droplets, and
these droplets are rapidly dried in a hot gas stream, forming hollow microspheres. The
resulting phenolic microspheres can withstand high temperatures, making them

suitable for applications in syntactic foams that require thermal stability.

4. Metallic Microspheres:

Metallic microspheres, such as aluminum microspheres, can be produced

through various methods, including atomization and mechanical milling. In
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atomization, molten metal is broken into small droplets using high-pressure gas, and
these droplets solidify into hollow spheres. Mechanical milling involves the
mechanical grinding of bulk material into fine particles, and subsequent treatment can

create hollow metallic microspheres.

5. Cenospheres:

Cenospheres are naturally occurring hollow spheres found in fly ash, a waste
product from coal combustion. These hollow spheres are separated from fly ash using
techniques such as froth flotation or centrifugation. Cenospheres are lightweight and
have properties that make them suitable for applications in syntactic foams requiring

low density and thermal insulation.

The manufacturing method chosen for hollow particles depends on the desired
properties and characteristics required for the specific application of the syntactic
foam. Each technique offers a way to control the size, shape, and composition of the
hollow particles, allowing engineers to tailor syntactic foams for various applications
in industries such as aerospace, marine, and automotive. Ongoing research continues
to explore new and improved manufacturing techniques for hollow particles to

enhance the performance of syntactic foams.

2.4 PROCESSING TECHNIQUES

The structural strength of the metal foams can be enhanced by introducing
hollow particles. These hollow particles are made of metal [22,50], glass [51], and
ceramic [52] particles and are introduced into the polymer or metal matrix. The typical
syntactic foams materials are widely applicable in sandwich cores to absorb large
deformations and impact energy. Based on their potential applications or unique

properties, each category of foams offers a variety of manufacturing techniques.

Literature Review 20



Syntactic foams with unique matrix and hollow particle combinations can be produced
using different manufacturing techniques. Therefore, the primary determining factor
for the qualities of syntactic foams is the manufacturing procedure used. The stir
casting technique is the most common method to create metal matrix syntactic foams

(MMSFs).

Initially, the MMSFs are produced using the infiltration technique. In this
technique, the hollow particles are filled inside a mold, and the liquid metal can
infiltrate the gaps between the individual particles[53]. This technique is later modified
into low-pressure and high-pressure infiltration techniques[53,54]. This technique
enhanced the mixing of the hollow particles inside the matrix. Also, it reduces the
unintended porosity inside the matrix that usually occurs due to the manufacturing
techniques and poor interaction between the particles and the matrix. Compared to
solid-state manufacturing techniques, liquid-state techniques are more reported

effective.

The overall mechanical and thermal properties of the SFs are influenced by the
properties of the matrix and hollow particles. A proper understanding of the physical
properties and microstructural constituents of the SFs can yield tailored composite
foams for specific applications. Pan et al. reported the effect of the solution-aging heat
treatment on the strength of the aluminum alloy matrix SF produced through the liquid
route[55]. The experimental investigation involves synthesizing foams and analyzing
the material properties such as density, plateau stress, peak strength, densification
strain and energy absorption. These properties are greatly affected by the matrix
material and hollow particle size, and wall thickness. The most common techniques to
produce SFs are liquid infiltration [35,53,54] and powder metallurgy [33]. A typical

syntactic foam material consists of a matrix and hollow particles such as silica,
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alumina, fly ash and metals. These particles are commercially available in a size range
of 0.1 to 6 mm in diameter [6,16,52]. The effect of particle wall thickness and the
effective density of the hollow particles helps design the material for a specific
application on a commercial scale. Newsome et al. reported a relationship between
thickness and diameter on the peak strength and toughness [56]. Apart from the hollow
particle, the matrix also plays a crucial role in attaining the cumulative effect of
strength and toughness. Meng et al. reported that a high entropy alloy as matrix
material demonstrated maximum strength of 1220 MPa using the infiltration technique

CoCrFeMnNi-based [25].

2.5 MECHANICAL STUDIES

The safety of the passengers during a collision and to prevent deformation
beyond the safety limits is the primary concern of automotive sector. It is desired that
the structural materials posses superior energy-absorbing property with reduced
weight. In metal matrix syntactic foams (MMSF) the high strength hollow particles
are randomly distributed within a soft matrix material [57]. These materials are well
studied due to various superior properties that include reduced weight and enhanced
energy-absorbing efficiency (EAE) [7]. Due to their high strength-to-weight ratio,
extended plateau stress region, and sound-dampening capacity, materials with a high
EAE are in high demand in industrial sectors such as shipbuilding, aerospace,
construction, automobiles, and safety applications. [3,58-61]. The MMSFs using
different combinations of matrix materials and hollow spheres, such as zinc alloys-
cenosphere [62], Al Alloy- ceramic spheres [51,63], stainless steel - glass
microspheres [64], and CoCrFeMnNi- Al>Oz [25] and functionally graded zinc alloy
[65] have been reported. The mechanical and energy absorption capabilities of these

MMSFs can be customised by modifying several parameters related to synthesis and
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material selection. The focus of these investigations was on examining the mechanical
properties of syntactic foams (SFs) composed of certain matrix and filler components.

[7,25,66].

Aluminum is one of the commonly used material in several industries [67—70].
Many works on aluminum matrix syntactic foams (AMSFs) are reported due to its ease
of production, affordability, and availability [48,61,71]. The key parameters to
customise the properties of MMSFs are the material and size, volume fraction of
hollow particles, and synthesis route. Optimizing these parameters enhances syntactic

foam materials’ properties and performance as structural materials.

The most commonly studied hollow particles are cenospheres [66], glass micro
spheres [72], and alumina [73], of different sizes ranging from 0.02 to 8 mm. Su et al.
reported the effect of the hollow particle size on the energy absorption capacity (EAC),
which is 47 MJ.m2at 0.9 - 1.6 mm diameters [61]. However, the hollow spheres made
only a minimal contribution to the plastic deformation, while cracks were seen at or
above a strain of 25%. The reduction in crushing strength of hollow spheres is apparent
as their size increases. [51]. The alumina hollow spheres-based SFs of 3 mm diameter
are studied by Licitra et al. [52,74]. The reported densities are between 2.11 g. cm™ -
1.62 g.cm. Sharp densification was observed without a significant plateau region due

to the large sphere diameters.

Many findings have shown that the fraction of the reinforcement may directly
influence the density of SFs and their mechanical properties [22,38,74]. Su et al.
reported 1.78 g. cm™ density at 43.31 % volume fraction using 2 - 3 mm diameter
alumina and expanded hollow glass spheres [48]. Similarly, another study using

aluminum matrix and alumina spheres (0.2 - 5mm diameter) achieved 1.56 g—cm
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density with 41.13 % porosity [55]. As the volume fraction increases for a unit volume,
the matrix thickness between two adjacent spheres reduces. At higher volume
fractions, the plastic flow of the matrix material is restricted under deformation.
However, materials need sufficient elasticity for many structural applications,
contributing mainly to plastic deformation. The reduction of syntactic foams’ matrix

fraction reduces hold capacity, causing rapid crack propagation and early failure [38].

The selection of processing conditions is an additional component that
contributes to the attainment of high EAC. The production methods for Aluminum
Metal Matrix Composites (AMSFs) are commonly categorized into two main
approaches: the melt route and powder metallurgy. The processing techniques
encompassed in this study consist of pressure infiltration castings [60], stir casting
[75], squeeze casting [76], and powder metallurgy [66]. The data for specific energy
absorption and absorption capacity exhibits a wide distribution, influenced by several
factors such as processing processes, reinforcement material, and volume percentage
of hollow spheres [25,60,61,66,77]. Aluminum matrix syntactic foams (AMSFs)
produced by the powder metallurgy method offer numerous benefits, including
decreased manufacturing expenses and the ability to accommodate various aluminum
alloy systems. Nevertheless, limited scholarly research is available on the synthesis of
aluminum matrix syntactic foams (AMSFs) employing powder metallurgy as the melt

method [66,71].

In Figure 2.2, different simplified deformation models and the possible
deformation pattern of an MMSF are highlighted. The initial elastic region is similar,
whereas a typical cellular material may undergo linear hardening with a slope - E,
(hardening modulus), continuous hardening, non-linear hardening, and softening and

hardening mode of deformation in the plastic region [78]. In a recent study on the
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constitutive models to predict the deformation response of the SFs [79]. The
deformation behavior of metallic foams with a range of densities, demonstrated the
relationship between stress vs. EAC and EAE, respectively, by Cheng et al. [7]. The
analytical models discussed are widely used in numerical studies.But, the influence of

hardening modulus and EAE proparties are not widely discussed in the literature.

Densification 1
™ /
: : /
Energy Absorbing Region K
~
Nonlinear
hardening

Figure 2.2 : The possible stress-strain models of cellular materials under

compression.

Typical aluminum metal foams offer stress values < 15 MPa in contrast to the
high elastic properties of syntactic foams and hybrid syntactic foams [80,81].
Developing low-cost advanced syntactic foam materials and understanding the plastic

behavior of the AMSF is crucial to fit for several industrial applications.
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The high-temperature studies on the cenospheres reinforced aluminum matrix
SFs were reported by Mondal et al. up to 200 °C temperature [82]. An early shift in
the plateau stress during the deformation was reported in contrast to room temperature
behavior. In another study, expanded perlite-reinforced foams tests have shown a
decrease in the mechanical properties with an increase in temperature up to 500 °C.
This trend is similar to open/ closed cell foams due to the thermal softening of the
matrix material[83,84]. Also, other aspects that drive the deformation behavior of SFs
at elevated temperature is the work softening and transition of brittle to ductile

behavior of the constitutive materials [85].

In summary, quasi-static properties may not be sufficient to replace conventional
materials in automobiles and aerospace industries using the SFs. Balch et al. performed
dynamic compression studies at 2300 s on aluminum-ceramic microspheres and
reported a peak stress value of 248 MPa. The matrix and reinforcement of the samples
are examined under micro-compute tomography, which reviles the pour distribution
and particle failure [86]. In another study, silicon carbide hollow particles induced SFs
with a density of 1.819 g/cm?® have shown a maximum compressive strength of 181
MPa [87]. During the dynamic loading, different combinations of matrix and
reinforcements yield at least a 10-30% rise in peak stress under dynamic

compression[41,52,88].
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Figure 2.3 : Schematic of energy absorption properties (a) Ideal energy
absorption efficiency[89] (b) Energy absorption diagram and (c) Energy

absoprtion properties of foams [90].
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In the literature, some energy absorption properties on syntactic foams are
reported [47,49,89,91]. The energy absorption properties are quantified using three
critical parameters. These properties are widely considered within the design
framework of energy absorption and weight reduction in cellular materials [89,92].
The energy absorption efficiency, to identify the maximum energy absorbed by the
materials during deformation as shown in Figure 2.3(a). Also, the essential quantity,
the specific energy, is computed as the maximum amount of energy that can be lost
per unit weight of the specimen. Finally, the energy absorption capacity is normalized
data of energy absorption vs. stress with the elastic modulus of the matrix. The
normalized energy absorption (W") vs. stress (c*) diagram at different relative
densities is shown in Figure 2.3(b-c). The line connects the point’s locus at a particular

strain value. Usually, these locus points are considered at the densification strain.

Syntactic foams, captivating materials boasting an enticing blend of low density
and remarkable mechanical properties, have garnered significant interest across
diverse engineering disciplines. Delving into the mechanical behavior of these
fascinating materials, both under static and dynamic loading, is crucial to unlocking
their full potential and ensuring their safe and effective implementation. Strength and
stiffness studies under static compression unveil the inherent strength and stiffness of
syntactic foams during crushing. Factors like microsphere volume fraction, shell
material, and matrix properties significantly influence these mechanical responses,

providing valuable insights for material design and selection.

Energy absorption properties also evaluate the energy absorption capabilities of

syntactic foams, essential for applications demanding impact resistance. The crushing
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of hollow microspheres and matrix deformation contribute to energy dissipation,

making these foams attractive for protective structures.

Under dynamic loading when SFs are subjected to rapid loading, such as impacts
these materials exhibit distinct mechanical behavior compared to static conditions.
Dynamic testing using Split Hopkinson Pressure Bars (SHPB) probes the high-strain-
rate response, revealing increased strength and energy absorption compared to static
tests. Dynamic loading can trigger unique failure mechanisms in syntactic foams,
including microsphere fracture, matrix yielding, and interfacial debonding.
Understanding these mechanisms through microscopy and fractography is vital for
optimizing material design and predicting performance under real-world dynamic

scenarios.

By meticulously studying the mechanical behavior of syntactic foams under both
static and dynamic loading conditions, researchers and engineers gain invaluable
knowledge for tailoring these materials to specific applications. This comprehensive
understanding unlocks their true potential in areas ranging from lightweight structures

and energy absorption systems to protective gear and high-performance composites.

2.6 NUMERICAL STUDIES

Apart from experimental studies, some literature on syntactic foam’s micro and
macroscopic properties uses analytical and finite element(FE) routes [93-96]. The
micromechanics-based models provide few insights into understanding the
compressive behavior of the foams. Unlike particulate composite materials, the
micromechanical models for SFs require sophisticated methods to estimate the
effective elastic modulus. In earlier studies, Lee and Westmann developed a model to

identify the upper and lower bounds for shear and bulk modulus values for SFs [93].
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Later, in subsequent investigations, a significant amount of work is performed on
polymer-based foams [29,30]. The shear and bulk modulus of polyester resin-based
foams with a 35% volume fraction of hollow particles is reported by Huang and Gibson
[94]. In this model, the particles are considered suspended in a dilute medium. The
model results overestimated the effective modulus at high-volume fractions since the
displacement due to the particle interactions is not considered. Porfiri and Gupta
propose a single inclusion problem-based model to find effective properties even at
higher volume fractions that match the experimental data [38]. These micromechanics-
based analytical models may estimate the elastic properties of various polymer matrix-
based SFs with reasonable accuracy. However, these studies consider the interface
between the matrix and the particles as perfectly bonded and provide upper and lower
bounds of the predicted data. Also, these models may not consider the composite
material’s distribution of particles and bond interface properties[95]. In this regard,
computational micromechanics models based on representative volume elements

(RVE) are developed, which may predict the material properties more accurately.

These FE models of syntactic foams consist of randomly distributed particles
with uniform shell thickness inside a matrix. Bardella et al. developed an RVE-based
FE model to study the elastic properties of the SFs and compared it using theoretical
models such as Mori-Tanaka, and Self-Consistent[97]. In the literature, the RVE-based
modeling aimed at predicting the elastic properties. Later, the studies are extended to
produce a full-scale model to reproduce the stress-strain response during plastic
deformation[6]. Szlancsik et al. studied the micromechanical properties of aluminum
alloys and compared them against the numerical and FE element modeling using a
full-scale finite element model [40]. Al99.5-GM-O AMSFs-based full-scale models

are developed to study the elasto-plastic behavior under free compression [50].
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Additionally, few works focused on generating the RVE domain using advanced
algorithms and micro-computer tomography scans [98,99]. A mathematical approach
to stress-strain behavior is reported by Lorgeril et al. [100]. This study is extended to
a continuous approach by Orbulov & Majling to produce the macroscopic behavior of

the SFs and the peak function [101].

The emphasis of the RVE models in the literature is to study elastic behavior.
Full-scale models are developed to mimic the elasto-plastic behavior of the SF
structures. However, applying the RVE models to study the elasto-plastic response
needs more attention to reduce the computational cost and ease of analysis. This study
examines the elastic and elasto-plastic responses of AMSFs under compression. With
the help of a user-defined algorithm, different volume fractions of RVE models are
developed and studied. The elastic constants are identified using the analytical and FE-
RVE model. Different analytical models are studied and compared against the

properties obtained from numerical methods.

Further, the elasto-plastic behavior of Al>Oz-reinforced aluminum matrix
syntactic foam (AMSF) comparisons to the experimental data are discussed. The FE-
based stress-strain responses are compared against experimental data. The
effectiveness of sensitivity parameters for different models against the RVE is

examined.

2.7 CORROSION STUDIES

In the literature, polymer and metal-based syntactic foams are widely studied.
Many works on metal matrix syntactic foams (MMSFs) are reported on structural
properties such as compression tension [28] under different loading conditions. The

reports on electrochemical behavior of MMSFs are limited. The microstructure and
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the corrosion properties of Ti-based SFs are reported by Mondal et al. under the
influence of NaCl solution. It is observed that there is a significant drop in the
corrosion rate with the addition of cenospheres[102]. Qureshi et al. studied the
electrochemical response of magnesium reinforced with hollow silica particles under
the influence of simulated body fluids. The presence of hollow nanospheres of 1.5%
in the magnesium matrix has enhanced corrosion resistance [103]. In another study,
the effect of cenospheres-reinforced aluminum SFs is studied produced through the
powder metallurgy route. This work demonstrates the influence of volume fraction
using the techniques of potentiodynamic polarization and electrochemical impedance

spectroscopy [104].

Another study on AZ61 Mg alloy-based SFs in the presence of 3 wt.% NacCl
solution has been reported [8]. These microwave-sintered Mg-SFs have shown
reduced current densities with increased cenosphere volume fraction [105]. There are
few studies on the corrosion behavior of AMSFs. In research on Al-Alloy syntactic
foams, including hollow glass particles, the authors indicate that the syntactic foam
samples exhibit more excellent corrosion resistance than the base alloy in a 3.5% NaCl
solution [9]. This is due to alumina hollow particles, which lower the matrix’s surface

area.

The studies on MMSFs find their applications in extreme environments such as
marine, automotive, aerospace, and defense industries to reduce weight and retain
structural stability. In this regard, aluminum matrix syntactic foams (ASFs) are widely
suited for lightweight energy absorption applications due to their low relative density,
high specific energy, and significant compressive deformations. The effect of alumina
hollow particles under compression loading is well studied in the earlier findings [35].

The alumina-reinforced AMSFs have shown maximum yield stress of 350 MPa under
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compression. The hard ceramic hollow particles have proven to show excellent
mechanical properties. The utilization of alumina hollow particles as support structures
leads to enhanced moduli and strengths in ASFs, surpassing those of traditional foams
synthesized through the use of gas-releasing chemicals. However, the study of
electrochemical properties is still unexplored despite its high reputation for structural

properties.

The scope of using syntactic foams in structural applications where they may be
subjected to a corrosive environment. There is a gap in verifying their corrosion
behavior sufficiently. Thus, more research is necessary to give additional information
and understanding of their corrosion behavior, particularly for those manufactured
using a powder metallurgy (PM) technique. So, the present work aims to explore the

influence of microspheres on the corrosion behavior.

2.8 GAPS IN LITERATURE AND OBJECTIVES

In this direction, the literature study above suggests that a higher volume
fraction of hollow spheres may lead to low-density values, but the plastic deformation
is greatly affected. Combining high-strength brittle alumina spheres with soft silica-
based cenospheres may improve the plasticity during the plateau region of syntactic
foam materials. The present investigation aims to study the influence of single and
multiple hollow spheres on the overall performance of AMSFs. The material response
to the densification strain has been explored without compromising the materials’

overall strength.

Alumina particles are known for their high strength and refractory nature.
Despite their high density (4 g/cm3), these materials apply to various industrial needs.

Like fly ash cenosphere, the production cost of the alumina hollow particles is
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minimal. Using low-cost filler materials such as cenosphere and alumina is
economically and commercially beneficial. Earlier studies have indicated that fly ash
particles-based SFs are highly explored. Several researchers have also demonstrated
the benefits of using treated fly ash in various polymer matrices. However, the alumina
hollow particles reinforced SFs are less studied, and their influence on the overall
structure concerning their size, volume fraction, and shell thickness needs to be

understood.

The primary interest of any material design is to improve its load-bearing
capacity, identify the maximum failure stress, and avoid early structural collapse. So,
the properties of the materials under different loading conditions provide a better
estimate to assess the impact of loading and temperatures on the material. In this
context, it is observed that there is a scope to identify and study different loading and
temperature conditions and their energy absorption behavior of the AMSF system.

The emphasis of the RVE models in the literature is to study the elastic
behavior, and macroscopic models are developed to mimic the elasto-plastic behavior
of the SF structures. However, applying the RVE models to study the elasto-plastic

response needs more attention to reduce the computational cost and ease of analysis.

In the literature, a few corrosion studies on ASFs have been reported, leaving a
gap in understanding the effect of volume fraction and particle size on the corrosion
behavior of the ASFs. This work aims to bridge the gaps in understanding the
electrochemical response of the aluminum-reinforced aluminum matrix syntactic
foams under different pH conditions. To the best of the authors’ knowledge, a
comprehensive analysis of the ASFs produced using powder metallurgy route exposed

to three different chemical combinations is reported for the first time. The corrosion
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behavior of three different volume fractions and three particle sizes is studied using

potentiodynamic polarization and electron impedance spectroscopy.

29 SUMMARY AND IMPLICATIONS

Metal matrix syntactic foams are an essential category of lightweight cellular
materials applicable in various industrial applications, such as the aerospace,
automotive, and marine sectors. The literature review focuses on the most popular
matrix metal, synthesis techniques, influence on physical and mechanical behavior,
industrial uses, challenges, and future possibilities. The summary of the literature

review is as follows:

e The initial studies are dedicated to polymer-based SFs. However, the
MMSFs showed promising properties under different loading conditions

over conventional foams and polymer-based SFs.

e Aluminum and magnesium are commonly explored in the literature under
the lightweight materials category. However, there is a scope to understand
the various other properties that can make these materials commercially

viable.

e Among the processing techniques, stir casting and infiltration techniques
(gravity, pressure, gas assisted, negative pressure, and mechanical stirring)

routes are the most reported technique to produce MMSFs foam.

e The literature uses hollow particles such as cenosphere, hollow glass
spheres, lightweight expanded clay aggregates, alumina, expanded glass,

hollow iron particles, and ceramic particles to develop MMSFs.
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o It is observed that the failure behavior of the hollow particles remained a
challenge in metallic syntactic foams. This phenomenon is due to other
driving factors such as processing techniques, matrix particles interface
properties, particle size, and wall thickness. A detailed study of processing

techniques, particle size, and volume fraction may address this issue.

e« Due to the broad applicability of aluminum, MMSFs are prominently

focused on the aluminum matrix syntactic foams.

e The energy absorption characteristics of the SFs are significantly influenced
by various factors, including manufacturing techniques, particle percentage
inside the matrix, size of the hollow spheres, material, and the heat treatment

methods employed.

e  The electrochemical aspects of the AMSFs and MMSFs are seldom studied
in the literature, leaving a gap in understanding the effect of various aqueous
media and particle size on solutions on the electrochemical response of the

AMSFs.

e Toachieve areduced densities in the MMSFs multiple hollow particles with
different densities may be added. This hybrid combination may contribute

to enhancing the mechanical properties and reduce the weight of the strcture.
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Based on the detailed research survey and the gaps identified. The following
objectives are formulated and presented based on the preceding considerations in the
following chapters. Also, a work plan based on the proposed objectives is shown in

Figure 2.4.

The proposed research objectives are as follows:

1. | To produce AMSFs using the powder metallurgy route.

2. | To study the microstructure of AMSFs and the density of the SFs.

3. | Study the mechanical properties of AMSFs under different loading
conditions and temperatures. Understanding the corrosion properties
under different pH conditions is essential.

4. | Draw the relation between microstructural and mechanical properties of
AMSFs and understand the failure behavior of AMSFs.

5. | To develop computational models of AMSF and to simulate the same to
evaluate the energy-absorbing applications using experimental data.
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Chapter 3: Development and
Characterization of AMSFs

This chapter details the selection of raw materials, processing parameters, and
manufacturing techniques adopted to produce aluminum matrix syntactic foams
(AMSF). It also includes techniques to be adopted to produce the metal matrix
syntactic foams successfully using the powder metallurgy route. Later in this chapter,
the characterization techniques and evaluation schemes are explained to assess the
properties of the syntactic foams, such as density, mechanical studies, and corrosion

response of the materials under different loading rates and temperatures.

3.1 INTRODUCTION

Metal matrix syntactic foam is a unique material that finds several applications
where weight reduction and structural strength are of significant interest. It is observed
that multiple attempts are made to produce such structures using both polymer and
metal matrix-based syntactic foams. Among these materials, aluminum is of
significant interest due to its versatile applications, ease of manufacturing, and
machining properties. In this study, aluminum is selected as a matrix material to
capture the effect of particle size and the volume fraction of the ceramic hollow
particles. Several studies have discussed the behavior of glass-based and cenosphere-
reinforced SFs. Sparse literature is available on alumina-based Sfs and its mechanical
response. However, a comparative study is made among the alumina and cenosphere-

based SFs.

The liquid route is the widely used fabrication technique for aluminum matrix

syntactic foams. In this route, alternative techniques such as gravity infiltration, low-
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pressure, and high-pressure infiltration techniques also propose elsewhere [32,53,54].
Despite the various advantages of the liquid route proposed in the literature, this
technique has a few limitations. The infiltration pressure and temperatures must be
considered to mix the particles uniformly (Orbulov and Dobranszky 2008). The hollow
particles tend to float on the top surface of the liquid layers due to the buoyancy effect.
In liquid routes, the temperatures are significantly high, so only particles that can
withstand high temperatures can be used in this technique[81]. For example, hollow
glass particles soften at 600 °C, and thus it is relatively challenging to obtain SFs using

the liquid route [108].

Due to several advantages, the powder metallurgy (PM) route is widely
applicable in conventional composite materials. This technique offers excessive
control over the volume fraction and particle distribution, eventually leading to tailored
microstructure, material, and mechanical properties. The application of the PM route
to syntactic foams was discussed earlier [66,108] for a matrix with high melting points.
However, there is a scope to apply the PM to soft materials such as aluminum and
magnesium to reduce manufacturing costs and production time. This technique also
provides the versatility to produce different sizes and shapes of components and the

scope to design the materials according to the industry’s needs.

3.2 RESEARCH METHODOLOGY AND EXPERIMENT DESIGN

3.2.1 Fabrication of Al20s-reinforced syntactic foams

The AMSFs reinforced with hollow alumina particles are prepared using the
powder metallurgy process. A pure aluminum powder of <50 um particle size and the
Al>0O3 hollow particles of different sizes are selected for processing. Aluminum

powder and alumina hollow particles are procured from the Sisco Research
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Laboratories Pvt. Ltd. and Kaifeng Datong Refractories Co. Ltd., respectively. As
received, the chemical compositions of the raw materials are shown in Table 3.1. The
hollow particles are segregated according to the three sizes using the sieve sizes 1-
0.45-0.6 mm, 2- 0.85- 1.2 mm, and 3- 1.7 mm by carefully sieving using the vibratory
sieving machine. The distribution of the particle’s wall thickness and diameters for
each batch selected while synthesizing the syntactic foams is shown in Figure 3.1(a-
b). It is observed from the literature that the structural stability is questionable for high-
volume fractions (above 40%) of hollow particles with an average diameter above 4
mm under room temperature conditions[51,53]. In this regard, it may be interesting to
understand the response of the hollow particles under low-volume fractions with

smaller diameters.
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Figure 3.1 : Size distribution of hollow particles selected for the study (a)

Wall-thickness, (b) Diameter
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Table 3. 1 : Chemical composition of the raw materials.

Material Chemical composition (weight percentage)

Aluminum 99.988%

Al203>99, Si02<0.18, Na20O <0.15, Fex03 <
Alumina Hollow particles
0.15

After segregating the particles based on size, wall thickness and the diameter of
a sample group from each size are collected using optical and FE-SEM images to
measure the particle’s thickness-to-diameter ratio (/D). The representative
micrographs are shown in Figure 3.2(a-c) using the scanning electron microscopy
(SEM) of FEI make and Apreo LoVac model. An earlier study on alumina-based SFs
shows that a high volume fraction of the hollow particles leads to structural failure.
Thus, three different volume fractions (Vs- 10%, 20% & 30%) of hollow particles are
selected as per the weight ratio. As shown in Figure 3.3, each particle size was allowed
to mix uniformly with matrix powder particles using a vibratory ball mill in the
absence of the balls to avoid the fracture of the hollow particles. During this step, 5-
10 ml methanol is added for every batch of powder hollow particles mixture. This may

enhance a uniform powder coating on the shell walls and avoid overheating.
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Figure 3.2 : Micrographs of Al2O3 hollow particles of different sizes (a) 500 um,
(b) 1000 um, (c) 1500 um obtained using SEM of FEI make and Apreo LoVac

model.
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Further, for each volume fraction, the powder plus hollow particles mixture is
cold compacted uniaxially to a size of 13 mm diameter and 10 mm height samples.
The H/D ratio of all the samples tested in this study is close to 0.75. These samples are
sintered at 0.8Tm of matrix material for 4 hours in an inert atmosphere without external
pressure. The initial studies made during the synthesis of aluminum matrix syntactic
foams showed reduced densities compared to the theoretical values. With the increase
in sintering temperature, the density of the syntactic foams improved close to the
theoretical density. At 0.8 Tm and above, no change in the measured density is
observed. So the sintering temperature is considered as 0.8 Tm of the matrix material.
A detailed schematic of the synthesis process and the density optimization curve for
different sintering temperature are shown in Figure 3.3(a) & (b). Cho et al. and
Mondal et al. explained the solid phase process to produce metal matrix syntactic

foams (MMSFs) [33,108].

The microstructure of the processed SFs is studied using a freeze-fracture
technique by immersing the samples in liquid nitrogen solution for 5 min and breaking
it along the cross-section using a hammer to see the fractured surface of the SFs. This
technique was discussed in some earlier studies [108]. The surface of the samples and
particles are examined using an FEI-supplied Field Emission Scanning Electron
Microscopy (FE-SEM). To study the distribution of the hollow particles cross the area

of the samples.
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3.2.2 Density measurement

The theoretical density of the hollow particles is measured by considering the outer
diameter of the hollow particles and cell wall thickness measured using the SEM
images for a large sample group. In this study, the density of the alumina without pores
is considered from the literature [109]. Further, the theoretical density of the composite

is measured using equation (2):

3 (3.1)
gzo.s 1—(1—[)‘:2’;3)
PsF = (PHP X (Vf)HP) + (pm X (1 - (Vf)m)> (3.2)

Where the p is the density and V; is the volume fraction. The subscript SF, HP,
and m represent syntactic foam, hollow particles, and matrix. Also, t- wall thicknes,
D- diameter of hollow particles. The bulk density of the alumina is considered in the

literature as 3.9 g/cm? [109].

The experimental density of the samples was measured using the Mettler Toledo
density kit. These experimental densities reported in this work are the average data

obtained from at least three samples.

The sintered samples received from the furnace are cleaned with alcohol, and the
weight of the specimens is measured using an analytical balance of up to 10 grams
precision. Respective dimensions are measured using a digital micrometer. The
experimental density (mass/volume) has been measured for all samples. Five samples
are measured for each condition to get the average density value. The equation 3.3 is
used to measure the experimental density of the composite using mass of the material

and its volume. Whereas the equation 3.2 is used to calculate the theoretical density of
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the composite using the actual density of the hollow particles and matrix materials.
The actual density of the hollow particle is measured from the equation 3.1.
Theoretical density:
1 (3.3)
Pc =
XWi/py)

3.3 MECHANICAL TESTINGS

3.3.1 Quasi-Static Room-Temperature

A representative image of samples, compression testing setup, and deformation of
samples before and after compression tests are shown in Figure 3.4. At least three
samples are tested for each sample condition. The material properties measured are the
average values of at least three specimen data for each condition. The top and bottom
faces of the cylindrical pieces are ground using standard metallurgical techniques to
achieve a flat surface. The compression tests are conducted at a strain rate of 102 st
and the data is obtained using the cross-head displacement (resolution- 0.1 pm).
Young’s modulus is measured using a standard measuring technique. The elastic
properties from the stress-strain curves were measured separately for all the samples,

and the respective volume fraction’s average values were reported.
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Before Compression

Figure 3.4 : Representative digital image of the (a) Compression testing
arrangement, (b) Samples before testing (10%, 20%, 30% volume fraction), and

(c) Samples after testing under uniaxial compression.

3.3.2 Quai-Static High-Temperature

Syntactic foams are known for their energy absorption ability under compression.
To probe this behavior and to understand the role of radius ratio on the mechanical
properties of SFs, compression studies are performed on nine different samples at
different temperatures and strain rate settings. The mechanical studies are conducted
at different temperatures (100, 175, and 250 °C) under quasi-static (0.001 s* strain
rate) mode using Zwick Roell Z100 of load cell capacity 5kN with a temperature
chamber up to 250 °C as shown in Figure 3.5. Before testing the samples, the initial
height and diameter of the pieces are recorded, and stress vs. strain data is measured
based on the respective dimensions. The typical sample dimensions are 13 mm in

diameter and 8 mm in height for all the test conditions.
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Figure 3.5 : Compression testing setup used to perform quasi-static room

temperature and high-temperature tests

3.3.3 Dynamic Testing

The design and construction of an split hopkinson’s pressure bar (SHPB) test rig
are known for dynamic testing of diverse materials under compression/tension at strain
rates significantly more than a few hundred times per second. The Hopkinson Pressure
Bar has mainly been used to evaluate a material’s transient response to dynamic stress.
It comprises a high-pressure air-filled loading apparatus with a pressure chamber, a
cannon barrel, and a release mechanism. Additional components include incident,
transmission, and a striker bar supported by Teflon bearings. The striker, incident, and
transmitted bars’ lengths are 152, 1220, and 1220 mm, respectively, while the diameter
of the bars is 21 mm. Al7075 hardened aluminum alloy with high yield strengths (450

MPa) to endure very high impact velocities in the material is used for striker bars and
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pressure bars. On a rigid beam, these pressure bars are placed. The SFs specimens are
sandwiched between the two pressure bars with an aspect ratio of 0.75 and an average
sample diameter of 13 mm. The radial expansion of the specimen during loading
creates a frictional limitation at the pressure bar-specimen contact. When the specimen
Is at rest, when frictional effects are at their peak, the specimen may deform unevenly.
These frictional limitations have been alleviated by applying a thin lubricant coating
at the interfaces. Therefore, molybdenum disulfide lubricant is used in the current

investigation.

Figure 3.6 displays a digital photograph of the SHPB setup. In these trials, the
striker bar’s axial contact on the input bar’s free end, accelerated by a long cannon
barrel, starts the loading pulse. Regulators manage the air pressure to set the striking
bar’s velocity at the required velocity. Strain gauges are placed at a distance of 18.5

cm from the junction ends of the incident and transmitter pressure bars. These gauges

have a resistance of 350 Ohms and a gauge factor of 2.10 at room temperature.

Figure 3.6 : Image of the SHPB setup used to test the SF samples.

Development and Characterization of AMSFs 50



The digital processing oscilloscope setup amplifies and records the strain gauge
signal. Following the striker bar’s impact, the input pressure bar experiences an elastic
compression wave with a constant amplitude and finite duration. Since the pulse in the
incidence bar is twice as long as the striker bar, the incident pulse wavelength may be
changed by utilizing striker bars of various lengths. To reduce wave dispersion and
achieve the ideal waveform, the SHPB is additionally modified using pulse shapers.
The striker bar’s impact velocity and pulse amplitude are both inversely correlated.
When the compressive loading pulse from the incidence pressure bar reaches the
specimen, some pulses are reflected off the contact between the specimen and the input
bar. At the same time, the remaining portion is transmitted to the transmitted bar. The
magnitudes of these transmitted and reflected pulses can determine the specimen’s
physical characteristics. In order to reduce the effects of longitudinal and lateral inertia
and wave dispersion inside the specimen, the total specimen dimensions must be
minimal. Due to the loading pulse’s length relative to the specimen’s wave transit time,
the short specimen experiences many internal reflections throughout the loading pulse.

The specimen’s stress distribution is homogeneous due to the reflections.

SHPB Calculations:
The SHPB calculations to calculate the stress-strain response obtained from the wave

data received from the strain gage. Consider the stress in the bar [110].

o, =JEpv=pC,V (34)

The stress wave velocity C, is, of course, the speed at which the wave passes along

the bar in x direction:
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dx (3.5)

° dt
C, C, dt (3.6
and since

o
E=—

E
,_ L du

Co'dt (3.7, 3.8)
.'.u=COJ'<c,dt

The total displacement of the ends of the bars at time T after the start of the pulses

T T T
U, =Cyf &,dt +(~C, ) £xdt = Cy [ (&, — &5 )t
0 0

0

(3.9(a-b))
.
u, = Congdt
0
Average Axial Strain in Specimen at time T
_UmU _Copo 3.10
i (ST Rt (3.10)
Strain Rate in Specimen
- du, C,
e,=—=—>I(g, —&x-¢ 3.11
i L (&) —€r —&7) (3.11)
Average Axial Stress in Specimen:
Load on face 1 of specimen: P, = EA(s, + &5)
(3.12(a-h))

Load on face 2: P, = EAs,
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The terms E and A are Young’s Modulus and the cross-sectional area of the

bars.

1 E
s 5 .K:E(gl-FgR +6'-|-) (313)
Where, &, &g,and e are the strains due to the incident, reflection and

transmission waves.

Thus we can construct a stress/strain curve for the specific strain rate since we

have a systematic record of the stress and strain the sample undergoes during the test.

The specimen’s diameter and length must not be excessive. The length should
be decreased to adequately justify the assumption of force equilibrium along the
specimen. Also, the radial self-confinement can be minimized by keeping the radius
minimum. Therefore, in addition to any actual strength gained by dynamic effects, it

would seem like an increase in the dynamic material strength [110].

34 ELECTROCHEMICAL CHARACTERIZATION

The solutions used in the present research were to study the corrosion behavior
of the AMSF in aqueous environment solutions. These solutions are prepared for
different molar concentrations (0.01M, 0.1 M, and 1 M) in three different pH levels.
The corrosion behavior of the AMSFs is studied at three solutions selected with
different pH values, such as acidic (HCI), neutral (NaCl), and base/alkaline solutions

(NaOH).

The essential factors to be considered for developing composite materials are
based on their applicability. The electrochemical response of the material is essential,
along with the microstructure and mechanical response. In this process, understanding

the corrosion mechanisms is essential to assess the degree of damage the material may
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undergo during the operation. Also, the electrochemical behavior of a material in
aqueous solutions helps to comprehend the chemical stability of the composite for

structural applications.

The electrolytes were produced using purified water and analytical reagent-
grade chemicals. The corrosion behavior of AMSFs in aqueous environments was
investigated by conducting electrochemical tests using potentiodynamic polarization
(PDP) and Electrochemical Impedance Spectroscopy (EIS). These tests were

performed for three distinct volume fractions of AMSFs.

3.4.1 Potentiodynamic polarization (PDP)

The corrosion studies on AMSFs were performed using Metrohm Autolab 204
Potentiostat, as shown in Figure 3.7. All the tests were conducted at room temperature
conditions using three-electrode cells: Platinum wire as a counter electrode (CE),
Saturated calomel electrode (SCE, USCE = 241 mv) as reference electrode (RE), and
test sample AMSFs as a working electrode (WE). The scanning rate of the tests
performed is maintained as 0.000167 v/sec with 100ml of newly prepared electrolyte
solution used for every test. The exposed sample area to the electrolyte was 1cm?, and
the remaining area was covered with Teflon tape to prevent an additional reaction. The
open circuit potential for each sample (working electrode) was obtained by immersing
it in an electrolyte solution for~20 mins. The polarization curves were obtained at least

three times to ensure the reproducibility of the data.
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Figure 3.7 : Image showing the Metrohm Autolab 204 Potentiostat setup

3.4.2 Electrochemical impedance spectroscopy (EIS)

The EIS is conducted similar to the PDP test to obtain Nyquist and Bode plots
for each electrolyte solution. VersaSTAT 3 potentiostat, shown in Figure 3.8, was
used to run EIS experiments. A fresh sample and 100 ml chemical solution were used
for every impedance test. For the purpose of evaluating impedance qualities, a
frequency range of 10000 Hz to 10 Hz is used for the alternating current (AC) signal.
The excitation signal used is a sine wave with a peak-to-peak amplitude of 0.01 V. The
impedance spectra were analyzed using EC-Lab software. The impedance spectra were

converted into an equivalent circuit for the purpose of analysis.

Further, the Nyquist plot for each AMSF condition was fitted into an equivalent
circuit, measured by its Chi-squared (¥2) values, and translated into an equivalent
circuit with the help of the EC-Lab software. Subsequently, a suitable comparable
circuit was chosen to accurately model the optimal curve. Typically, a circuit is
comprised of a pair of resistors denoted as R1 and R2. The interface between the
reference and counter electrodes is characterized by a parameter known as resistance
(R1, measured in Ohms). The charge transfer resistance (R2, ) represents the

interface between the metal substrate and the surrounding solution.
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VersaSTAT 3

Figure 3.8 : Photograph of VersaSTAT 3 potentiostat

Similarly, the Capacitance (C)/ Double-layer capacitance (C1, pFarads) is the
electrolyte and metal interface. Due to the inhomogeneities in the microstructure,
surface roughness, and composition of the material’s surface, the Constant Phase
Element (CPE) acts as a imperfect capacitor. Continuous phase element exponential
(n) provides information about the Warburg impedance (Zw) and coating capacitance.

The equation for the infinite Warburg impedance (Zw) is:

Warburg impedance (Zw) = (c0) ™2 (1-j)

Where ¢ is the Warburg coefficient (Q cm? sV?) and w=2zf (rad s ).

Here (cw)*? is the frequency impedance real part, and (cw)*? (<) is the

imaginary part. These parameters are used to study the corrosion process Kinetics.

The CPE is dependent on the value of ‘n.” The value of ‘n’ varies between 0 to

1, and it has the following significance:

Case 1: When n=1, CPE acts as an ideal capacitor, and the phase angle (0) is 90°.
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Case 2: When n=0, CPE acts as an ideal resistor, and the phase angle () is 0°.

Case 3: When n=0.5, CPE acts as a Warburg impedance with diffusion

characteristics.

Case 4: When 0.5<n<1, CPE describes a frequency dispersion of time constant.

Case 5: When n= 1, CPE has inductance characteristics.

3.5 SUMMARY

A detailed synthesis and characterization techniques of the AMSFs are provided.
The processing techniques include powder mixture, green compacts, and sintering
process to produce different volume fractions of the foams are discussed. Further, the
details to calculate the theoretical and practical densities of the AMSFs are discussed.
The freeze-fracture technique is adopted to understand the particle distribution in the
matrix. The mechanical characterization techniques to understand the mechanical
response of the SFs at different loading conditions are mentioned. A detailed theory
about the Split Hopkinson’s Pressure Bar is also provided. At last, the experimental
scheme to probe the corrosion behavior of the produced AMSFs using the
potentiodynamic polarization technique and electrochemical impedance spectroscopy
is also provided. All the tests are repeated at least 3 times for each sample condition to
check for repeatability and scatter. Thus the subsequent chapters provide detailed
results obtained based on the techniques explained in this chapter, and corresponding

discussions are also presented.
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Chapter 4: Microstructure and Mechanical
Properties

The previous chapter provides details on the manufacturing techniques and
characterization schemes. In this chapter, some of the experimental results, such as
density and mechanical tests, are presented. The AMSFs samples are prepared using
the powder metallurgy route for three different volume fractions. The corresponding
experimental studies are executed based on the particle size, volume fraction, and
experimental conditions. Section 4.2 is further divided into three sub-sections which
explain the results of the quasi-static room temperature studies, quasi-static high strain

rate, and room temperature dynamic testing results.

41 MICROGRAPH ANALYSIS AND DENSITY MEASUREMENT OF
AMSF

The microstructure of the syntactic foams consists of aluminum as a matrix,
reinforced with alumina hollow particles of different sizes and volume fractions for
each condition. A total of 9 samples are prepared for the current work, as shown in
Table 4.1. The relative density of the samples is measured by normalizing using the
matrix density (2.7 g.cm?). The experimental density is measured using density
measuring kid as explained in Section 3.2.2. To study the distribution of the particles
across the composite’s cross-section freeze-fracture method is adopted to avoid the
matrix fragments entering the void portion into the hollow particles. Figure 4.1(a-c)
shows three representative micrographs of three different sizes of hollow particles
(Size- 1, 2, & 3). The yellow pointer shows the alumina hollow particles, and the red
markers represent the particle cracks and fractured particles during the freeze-fracture

technique.
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Table 4.1 : Experimental density and theoretical density of syntactic foam materials

Sample ID ]}/olu_me Part_icle average Experimenta_l3 Density Th_eoretical_3 Dev_iation frqm Relat?ve

raction size (mm) (9.cm™) Density (g.cm™) | Theoretical Density (%) Density
#1 10 0.5 2.54 2.58 1.72 0.96
#2 20 0.5 2.37 2.433 2.53 0.90
#3 30 0.5 2.21 2.18 -1.24 0.81
#4 10 1 2.52 2.531 0.58 0.94
#5 20 1 2.33 2.391 2.44 0.89
#6 30 1 2.15 2.143 -0.28 0.79
#7 10 1.5 251 2.587 2.83 0.96
#8 20 1.5 2.33 2.348 0.88 0.87
#9 30 1.5 2.14 2.13 -0.52 0.79
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Figure 4.1 : Freeze fracture micrographs of 10% volume fraction samples of a)

500 um, b)1000 um, and ¢)1500 um diameters.
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4.2 COMPRESSION STUDIES

4.2.1 Quasi-Static Room Temperature

The performance of cellular materials is based on their ability to absorb large
strains during external loading. It has been studied in several instincts that SFs show
better energy absorption properties under compression. In this section, the mechanical
response of the AMSFs is presented. Also, the respective sample’s energy absorption
properties and deformation behavior are discussed in Chapter 5. In this regards, the
produced alumina reinforced aluminum syntactic foams are subjected to quasi-static
compression at slow strain rate (0.001 s) to understand the material’s response. The
sample are made out of different volume fractions of the hollow particles and different

sizes.

The quasi-static compression (strain rate- 0.001 s) studies of three different
volume fractions and size ranges of Al>Os hollow particles reinforced AMSFs are
shown in Figures 4.2(a-c). A quasi-static roome temperature studies on pure
aluminum bulk material is also shown in Figure 4.2(a) for comparison purpose. The
three distinct features typically observed in stress-strain data of SFs: a linear elastic
region (up to €: 0.03) followed by smooth transition with monotonous increment in
stress at plateau (e: 0.05-0.50) region and the densifications (g: 0.5-end) area can be
observed for all the conditions. This phenomenon can be attributed to the uniform
deformation of the material without macroscopic brittle behavior in reinforcement, in
contrast to earlier reports [31]. Also, visible cracks started appearing around 30 %

strain (see Annexure Al).
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Figure 4.2 : Engineering stress-strain diagram of pure aluminum and aluminum

matrix syntactic foams tested at room temperature (RT) (a) 500 pm, (b) 1000 pm,

& (C) 1500 um diameters
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The compressive stress-strain behaviors of the specimens exhibit significant
variations in relation to the dimensions of the Alumina particles. The observed
behavior can be ascribed to the strain-hardening property exhibited by the foams,
which has garnered considerable attention in the research community. Strain-
hardening is observed within the plastic zone of the stress-strain curve. To quantify the
strain hardening exponent n of the foam, a power-law relationship best suited to the
stress-strain curves. In the present study, the value of n was determined by conducting
a linear regression analysis on the actual stress-strain data, which were plotted on a
logarithmic scale. This analysis was performed within the strain range of 5% to 40%.

The effect of strain hardening is explained in detail in Chapter 7.

4.2.2 Elevated Temperatures

The quasi-static compression studies at elevated temperatures are conducted
with 75 °C intervals to understand the compression deformation behavior. The average
stress-strain response of three samples tested for each condition is shown in Figure
4.3(a-i). In the columns, variation in temperature data is represented, and the particle
size is altered in the rows. Each graph contains data from three different volume
fractions of hollow particles. The effect of temperature and particle size is evident in
the graphs. Unlike reported elsewhere, the stress-strain data has shown a hardening
behavior between elastic and plateau regions with increased temperature [43,82]. Also,
the slope in the flow stress of the matrix is reduced as a function of temperature. This
behavior can be attributed to the presence of alumina particles with a high melting
point which contributes to a rise in the slope of the elastic region. The material

response in the elastic region has shown dependence on the temperature.
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Similar to room temperature conditions during the plateau region of the stress-
strain data, no visible oscillations or distortions are observed up to 50 % strain, which
implies uniform deformation throughout the plastic loading. The stress value of the
corresponding strain in the plateau region has increased in the samples with a high t/D
ratio (i.e., 0.5). On the contrary, the hardening effect is reduced with the decrease in
the particle’s wall thickness at the plateau and densification regions. The volume
fraction effect is similar to the quasi-static condition. At higher temperatures, the
cracks initiated before 30 % strain. The deformation is uniform in quasi-static
conditions for all temperature conditions. In light of this, each test condition’s results
are calculated using an average of three samples measurement. The volume fraction of
the hollow particles contributed to the relative density of the SFs. This variation in the
relative density of a respective size has altered the slope of the plateau region in the

stress-strain curve. This trend was consistent and matched the earlier studies [38,74].
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Figure 4.3 : Engineering stress-strain diagram of AMSFs tested at different temperatures (a, b, and c¢) 100 °C, 175 °C, 250 °C (d, e, and f)

100 °C, 175 °C, 250 °C, and (g, h, and i) 100 °C, 175 °C, 250 °C of particle sizes 500 pm, 1000 um and 1500 um, respectively
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4.2.3 Dynamic Compression

In earlier studies, some SFs show better energy absorption properties under
compression low-strain rates (0.001 s) [87,92]. However, the performance under high
strain rates is seldom discussed for aluminum alumina systems. The quasi-static and
dynamic performance of AMSFs is compared here to understand the material response

and corresponding energy absorption efficiencies under different strain rates.

Figure 4.4(a-i) displays the experimental stress-strain data of AMSFs at
different strain rates. In Figure 4.4, the volume fraction of the hollow sphere size is
changed along the columns, and along rows, the size of the alumina hollow spheres is
increased. In the linear elastic region, the deformation of AMSFs followed the same
trend irrespective of the strain rate without significant deviation. Figure 4.4 also
depicts the notable change in the yield point with respect to the change in the strain
rate. The stress-strain data followed a smooth transition from linear elastic to plastic
regions in all studies without stress drops. The hollow particles tend to fracture during
the plateau region, and the pores inside the matrix may be filled. However, this
behavior does not significantly affect the stress values during the deformation,
resulting in the material's hardening behavior. The maximum stress values at low and
high strains are 184 MPa and 288 MPa, respectively, at 0.45 strain. This hardening
behavior is explored in detail later. Further, the slope of the curve follows a trend based
on the hollow particles' size, volume fraction, and strain rate at which the samples are

tested.

Microstructure and Mechanical Properties 66



29

#1-1 st
250 - = = '#1-900 s
= = #1- 1800 st
< 200 - #1- 2700 s =
(=1 o
= =
P 150 - -~ T =
L > - fd
&% 100 A = 1 &5
s> I
» , N
50 - f+ . -
i
o T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
d Strain (mm/mm)
30()
#4- 1 st
250 - = = #4-900s™*
= = #4- 1800s™*
= 200 -+ #4- 2700s™* -
o o
= =
s 150 - ol 1 P
8 ' - 8
= ‘ B =
& 100 - .o &
by A 1
50 - ‘ N
.
[l 1
o —= — T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Strain (mm/mm)
D
#7-1s
250 - = = :#7-900s™?
=+ #7-1800s7t
-1
= 200 #7- 2700s =
(=1 o
= e =
P 150 - < ] 2
= L B =
& 100 A . p 75)
L]
/4 -
50 N .
'
a 1
o —= —= T 1 T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Strain (mm/mm)

2

#2-1 st
250 - = = 1#2-900s™?
=+ #2-1800 st
200 4 #2- 2700 st
150 -
|
> - -
100 - -
! ]
L] -
50 + ¥ -
[
o — T 1 T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Strain (mm/mm)
)
30!
#5-1 s
250 { = = :#5-900s™*
==+ #5- 1800s™*
200 - #5- 2700s™*
150 - ~
~—3 ]
g
100 - 2 3
» [] '
50 o ’ g
" .
4
o = T ! T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
h Strain (mm/mm)
30(?
#8- 1 st
250 - = = :#8-900s™"
= = #8- 1800s™
200 - #8- 2700s™*
150 - £
100 ~ 1 .
s . I
50 ‘ -
v, " -
L]
o — T | T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Strain (mm/mm)

Stress (MPa)

Stress (MPa)

Stress (MPa)

-9

1 #3-1s?
250 4 = = '#3-900 s
{ == - #3-1800s™*
200 - #3- 2700 st
150 -
100 - 1
= R
. N B
50 . 1
<4 L] -
a4 a
o T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Strain (mm/mm)
Y
1 #6- 1 st
250 4 = = #6- 900s™*
{ == - #6-1800s™*
200 - #6- 2700s™*
150 -
100 - RN |
<4 = -
50 - . l
4 7 [] .
o - —t T T : :
0.0 0.1 0.2 0.3 0.4 0.5 0.6
i Strain (mm/mm)
30!
E #9- 1 st
250 - = = :#9-900s™
] == « #9-1800s?
200 - #9- 2700s™*
150 -
) 1
100 - .
. - a
L]
50 - N 1
4 . -
o . — - . .
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Strain (mm/mm)

Figure 4.4 : Compressive stress-strain data of AMSFs at different strain rates of different Sample IDs (a) #1, (b) #2, (c) #3, (d) #4, (e) #5,
(f) #6, (g) #7, (h) #8, and (i) #9
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The deformation curves of the samples tested at higher strain rates showed a
similar trend to the quasi-static tests up to the densification region. The typical strain
observed in the samples corresponding to the deformation rate fall between 10-20%
for 900 s and 20-30% for 1800 s™. At a maximum strain rate of 2700 s, the AMSFs
deformed up to 40-50 % strain. This behavior indicates early densification of the
AMSFs compared to quasi-static deformation, irrespective of size and volume

fractions.
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Figure 4.5 : Compressive properties of AMSFs, including yield stress and average

plateau stress of three different sizes.
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The yield strength data measured is considered at 0.2% offset to the linear region
of the stress-strain curve, and the average plateau stress values for all the samples are
shown in Figure 4.5. The yield stress values have followed an increasing trend with a
rise in strain rate. This behavior is similar across different particle sizes. However, in
samples tested at a particular strain rate (for example, at 2700 s strain rate), there is a
drop in the yield stress values with an increase in the volume fraction and particle size.
The AMSFs exhibit the maximum yield strength of 151.62 and 196.39 MPa tested at
1 st and 2700 s strain rates, respectively. Figure 4.5(A-C) also suggests that the
overall yield strength of AMSFs decreases with a decrease in relative density, typically

between 0.77-0.93.

Similarly, the average plateau stress values of AMFSs, as shown in Figure
4.5(D-F), followed decreasing trend with an increase in the volume fraction and
particle size. The AMSFs tested at medium strain rates (900 and 1800 s™*) show minor
deformation. This results in low plateau stress values. Statistically, the maximum
deviation in the average plateau stress value among the low and high strain rates is
observed at low volume fractions. However, as shown in Figure 4.4, the maximum
strain obtained for lower volume fractions has shown early densification and low
strains with larger particles. This behavior needs to be further studied to understand
the overall effect of the particle size and volume fraction on the mechanical response

at various strain rates.

After deformation, the cross-sectional image of the samples using SEM and their
respective EDX spectrum is obtained as shown in Figure 4.6. The arrows indicate the
compression direction of the sample tested. Figure 4.6(a-c) shows the particle
deformation pattern of samples tested at three strain rates (900, 1800, and 2700 s,

respectively. A representative EDX spectrum of sample #3 tested at a high-strain rate
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are shown in Figure 4.6(d).The particles tested at 900 s show fractured particles
without complete failure of the shell structure of hollow particles. Similarly, the
residual amount of hollow particles is observed in the sample tested at 1800 s.
However, at higher strain rates (2700 s1), the hollow particles are fractured entirely
due to the brittle nature and the dynamic loading of the material. Also, the material is
not entirely dense, and the gap is retained due to particle failure. This deformation
behavior of AMSFs is attributed to the amount of plastic flow of the matrix materials,

the brittle nature of Al,O3 hollow particles, and sample loading.

Element Weight% Atomic%
0K 54.82 67.18
AlK 45.18 32.82

Figure 4.6 : Representative cross-sectional images of AMSFs sample #3 tested at

(a) 900 s, (b) 1800 s2, (c) 2700 st strain rates, and (d) the EDX spectrum of (c).
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4.3 SUMMARY

The experimental results obtained for alumina hollow sphere-reinforced
syntactic foams are compiled in this chapter, which includes the microstructural
studies using FE-SEM by adopting the freeze-fracture technique. The theoretical and
experimental densities of AMSFs are compared for different volume fractions,
showing a deviation of less than 3%. The mechanical compression test results suggest
that the alumina hollow particles induced syntactic foams showed better performance
than the cenospheres-based SFs. The particle’s size and volume fraction effect has
shown a clear differentiation concerning the plastic flow of each sample. However,
further analysis is required to quantify the ability to absorb mechanical energy. Also,
the essential aspects of the porous composite materials, including plateau stress and
densification zones, need in-depth understanding. These aspects are discussed in

Chapter 5.

44 ANNEXURE

Annexure Al:

25°C 100 °C 175 “C 250 °C

30%
strain

Figure 4.7: Shows the cracks that appeared during the compression test stopped

at 30% strain (Al).
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Chapter 5: Energy Absorption Studies

The Chapter 4 contains experimental results of alumina-based SFs tested under
different loading rates and temperatures. The results have demonstrated a substantial
impact on the dimensions of particles and the proportion of their volume. Further
analysis of this behavior is required in order to have a more comprehensive
understanding. The energy absorption qualities of the SFs are of utmost importance in
comprehending the mechanical reaction and determining the material's suitability for
an appropriate industrial application. In this context, a comprehensive examination of
the energy absorption characteristics is carried out on aluminum-alumina SFs. This
chapter elucidates three distinct properties pertaining to energy absorption, namely:
energy absorption per unit volume, energy absorption efficiency, and ideal energy
absorption efficiency. The energy absorption capacity (W) is typically quantified as
the integral of the stress-strain curve. The foam's actual and ideal energy absorption

ratio represents the desired energy absorption efficiency.

5.1 QUASI-STATIC COMPRESSION

Figure 5.1(a-c) shows the energy absorption efficiency (), and ideal energy
absorption efficiency (1) for the samples obtained in quasi-static testings. The energy

absorption capacity (EAC), E and I, are estimated using the following relations:

(5.1)

EAC= [ ode
_ EAC -
n=- (5.2)
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EAC
I =
0i&;

(5.3)

Where stress -o, strain- € , and subscript (i) represent the corresponding stress-strain

data.

Table 5.1 : Material properties of Al-matrix syntactic foams tested under

compression

Plateau stress | Densification | Quasi-
Sample | Sample | Relative EAC
(€0.05 — Strain static-
ID name | Density | (MJ/m?®)
edensification) (mm/mm) Nideal (%)
#1 SF11 0.95 140.50 152.57 0.53 67.89
#2 SF12 0.90 129.00 142.84 0.56 68.47
#3 SF13 0.86 103.77 114.06 0.57 70.61
#4 SF21 0.93 136.37 196.4 0.51 64.46
#5 SF22 0.88 132.77 185.69 0.53 64.63
#6 SF23 0.82 130.80 174.63 0.58 65.07
#7 SF31 0.95 143.61 210.10 0.52 63.98
#8 SF32 0.90 139.67 198.27 0.54 64.37
#9 SF33 0.86 131.30 167.16 0.57 65.14

The plateau stress data is measured between the plastic region of the stress-strain
data up to the densification strain. A maximum of 210.10 MPa (SF31) plateau stress
is achieved under room temperature studies. However, this information may not be
sufficient to comment on energy absorption. Thus, the area under the stress-strain
curve is equal to the EAC. Table 5.1 shows the EAC, densification strain, and ideal

energy absorption. The specific energy absorption is measured at densification strain.
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The EAC ranges from 103.77 MJ/m® (#3) to 143.61 MJ/m3 (#7). Similarly, with an
increase in the Vs of the particles, the energy absorption decreases for different sizes
of hollow particles. However, the energy absorption rises with the increase in particle
t/D ratio. The effect of volume fractions is inversely proportional to the EAC in this

scenario.

In a typical syntactic foam structure, the distribution of pores is random. Under
the compression, these pour fill due to the particle breaking leading to the densification
of the SFs. To identify the densification zone, the energy absorption efficiency is
measured using Equation 5.1. The energy absorption is increasing linearly for all the
samples concerning the strain. As suggested by Li et al., the corresponding strain at
the maximum value of these curves is considered the densification strain of the
material [111]. Among all the conditions, the densification strain varies between 0.51
to 0.58. The maximum strain value implies the resistance offered by the particles to

withstand the deformation and more energy absorption efficiency.

Further, the ideal energy absorption efficiency data is calculated based on
equation 5 as shown in Figure 5.1(a-c) (Refere to left axis). These curves represent
the maximum amount of energy absorbed by the corresponding material. The ideal
efficiency data in Table 5.1 is obtained by taking the mean from 5 % strain up to the
densification strain data. In general, the efficiency of a material is based on the plateau
region’s slope in a stress-strain curve [91]. The lower the slope of the curve, the higher
the efficiency. So, the particles of smaller diameters have shown more efficiency under
quasi-static conditions due to the curve showing less hardening during the plateau
region. Also, across all the size ranges, the efficiency trend increases with respect to

the volume fraction. At smaller sizes, this trend is prominently seen.
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temperatures (a) 500 pm, (b) 1000 um, & (C) 1500 um diameters
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5.2 EFFECT OF TEMPERATURE

The plateau stress is one of the significant factors that contribute proportionally
to energy absorption. The energy absorption performance of the samples tested at
elevated conditions is measured, and the energy absorption efficiency vs. strain data is
shown in Figure 5.2(a-i). Table 5.2 presents properties such as EAC, densification
strain and ideal energy absorption. Like the quasi-static room temperature studies, the
EAC is recorded at 40% strain. The EAC data for all the combinations showed a
decreasing trend with respect to porosity. However, EAC data is unaffected with
increasing in volume fractions. This behavior may be attributed to the randomness in

the particle distribution and internal defects in the structure.

In contrast to the RT studies, the densification strains are reduced, and a linear
drop is observed with an increase in the temperature. The alumina hollow particles
support the matrix during plastic deformation despite the low plastic flow stress of the
matrix material. The densification strains are recovered at higher volume fractions of
hollow particles. In general, a densification strain delays the material failure during the
deformation. This study observed maximum densification strains of 0.56, 0.55, and

0.50 at 100 °C, 175 °C, and 250 °C, respectively.

The ideal energy absorption at elevated temperatures is promising despite the
thermal softening of the matrix, as shown in Figure 5.2. In contrast to the RT —studies,
the ideal energy absorption efficiency data has not shown much improvement with an
increase in temperature. However, at high temperatures (250 °C), a linear rise in
efficiency is observed. This trend is due to the fall in the slope of the stress-strain curve
in the plateau region. The maximum efficiency of 75%, 72% & 73% is observed at
250 °C with a mean average particle size of 500 um, 1000 um and 1500 um,

respectively. However, a fall in the slope of the stress-strain curve alone may not
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contribute to the increment in efficiency. For example, the slope of the elastic region
and the stress values increased despite the change in the slope of the stress-strain
curves. As the matrix softening occurs, the particles offer resistance to the initial
deformation due to the high melting points of the reinforcement, improving the

modulus and enhancing the overall energy absorption efficiency.

Energy Absorption Studies 77



Table 5.2 : Material properties of Al-matrix syntactic foams tested under compression at elevated temperature

Plateau stress

Densification Strain

Ideal energy absorption

W (MJ/m?) (005 — Edensification) (mm/mm) efficiency (%)
Sample | Relative
ID Density 250

100°C | 175°C | 250°C | 100°C | 175°C oC 100°C | 175°C | 250°C | 100°C | 175°C | 250 °C
SF11 0.95 134.83 | 137.60 | 124.35 | 147.92 | 168.21 |196.44 | 0.48 0.49 0.42 67.22 | 67.74 | 69.46
SF12 0.90 96.04 104.06 | 101.75 | 102.82 | 111.18 | 1055 0.52 0.51 0.46 68.8 69.36 | 73.02
SF13 0.86 75.14 69.63 55.41 79.05 79.73 61.24 0.55 0.53 0.52 69.99 | 71.14 | 75.77
SF21 0.93 11250 | 116.74 | 124.73 | 214.18 | 176.78 |224.13 | 0.44 0.43 0.42 60.35 | 62.75 | 63.72
SF22 0.88 108.06 | 110.09 | 120.47 | 145.37 | 125.85 |159.24 | 0.47 0.48 0.46 65.41 | 62.92 | 66.51
SF23 0.82 104.92 | 101.58 | 114.25 | 15553 | 116.71 |143.05| 0.52 0.52 0.51 68.61 | 65.96 | 72.31
SF31 0.95 123.96 | 133.88 | 136.83 | 200.36 | 192.41 |215.40| 0.45 0.41 041 | 60.57 | 64.85 | 60.99
SF32 0.90 122.40 | 119.10 | 120.19 | 159.84 | 182.03 |155.83 | 0.47 0.45 0.44 61.61 | 66.37 | 64.88
SF33 0.86 11427 | 108.21 | 116.57 | 160.13 | 147.40 | 143.54 0.5 0.48 0.46 67.28 | 69.14 | 73.92
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5.3 EFFECT OF SIZE AND VOLUME FRACTION

5.3.1 Yield stress

Figure 5.3(a-c) shows the yield stress vs. relative density data from the stress-
strain curve tested at different temperatures. The corresponding yield stress values are
recorded at 0.1 % offset strain. Among the different t/D ratios this study chose for
different volume fractions, the yield stress response showed a decreasing trend
respective to the relative density. For room temperature studies, the deviation in the
yield stress is minimal, whereas at high temperatures, a wide range of deviation is
observed concerning the relative densities of the AMFSs. A deviation in the yield
stress values is observed for the sample relative density with different t/D ratios. At
higher temperatures, say 250 °C, a sudden fall in the yield stress values is observed

with a decrease in the relative density.

Similarly, a linear decrease in stress is observed at high-temperature conditions.
This may be attributed to the matrix material's plastic flow due to the temperature
increase. The matrix may tend to soften, increasing the matrix material's plastic flow,
also referred to as the thermal softening of the matrix material. This trend is seen across
all the tests at different temperatures. The effect of temperatures on the yield stress of
the SFs is evident between 25 °C — 100 °C and 175 °C — 250 °C, particularly at high
volume faction of hollow particles, and a similar trend was reported by Linul et al.
[43]. The deviation in the yield stress concerning the relative density may also

contribute to the energy absorption efficiency.
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5.3.2 Densification strain

The role of the particle size and volume fraction in various temperatures can be
explained using Figures 5.4(a-c) and 5.5(a-c). The particle size strongly influences
the volume fraction and relative density. The relative density of the syntactic foams
can be controlled by the selection of volume fraction or by altering the cell wall
thickness. It is observed from Figure 5.4 that the densification strain of the AMSFs is
higher for the particles with a high t/D ratio (i.e., 0.05). The densification strain results
are consistent for samples tested at RT- conditions concerning the volume fraction and
size. There is hardly any deviation in the densification strain for samples tested at 100
°C and 175 °C. But there is a drop in the strain with increased temperatures. At room
temperature, randomly distributed fractured hollow particles remain in the matrix,
which may contribute to the rise in the slope of the plateau region. In addition, with an
increase in temperature, the matrix material failed to retain the particles inside the
matrix. This behavior is displayed in the cross-sectional view of the deformed samples
in Annexure Al. This trend continues when the temperature is raised to 250 °C, which
decreases the densification strain. This phenomenon can be attributed to the early
failure of the particles due to the small t/D ratio for larger particle sizes. The load

bearing offered by the alumina hollow particles is more in the case of a larger t/D ratio.
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Further, the distribution of particles’ typical geometry of the hollow spheres falls
within a small range, as per Figure 3.1 (Refer to Chapter 3). It is observed that the
particle size distribution is of the log-normal type. The t/D ratio of the particles
decreases with an increase in particle size, increasing the plateau region's slope. Also,
the densification strain decreased with the increase in the size of the particles. The low
particle diameter samples may withstand applied loads due to the effective stress
distribution on the cell wall. During the deformation of the coarse particle samples in

the stress-strain curve, the densification strain reached early.

5.3.3 Energy absorption efficiency

The slope of the plateau stress is sensitive to the relative density and temperature,
as observed in Figure 4.3 (Refere to Chapter 4). In energy absorption efficiency, the
plateau region of the curve is considered, and the average value of the curve shown in
Figure 5.2 is taken for at least three curves for each condition and shown in Figure
5.5. Itis evident that the efficiency has increased with a decrease in the plateau region's
slope. The fluctuation in energy absorption efficiency shown by all conditions with
relative density follows a consistent pattern. Also, at a selected relative density, the
efficiency of the AMSFs decreases with respect to relative density. This drop in
efficiency can be attributed to the change in the flow stress of the matrix materials.
Since the melting point of the hollow particles is significantly high, there may be

hardly any effect on the particle's behavior with the temperature range considered.

54 HIGH STRAIN RATE
5.4.1 Hardening Rate

To probe the hardening behavior of the AMSFs, the derivate of the stress-strain

data is calculated and presented in Figure 5.6. These curves are plotted to the
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maximum strain obtained from respective stress-strain data, as reported by Xia et al.
and others [112-114]. The initial stage of the HR curves showed a sudden drop
representing the linear elastic region of the stress-strain data. Later, a rise in the HR
values represents the hardening of the material. The data for all the conditions are
more significant than zero, and this behavior indicates a constant rise in HR without
any stress drops. It is observed from Figure 5.6 that the HR decreased with an increase
in volume fraction and formed a local plateau region for quasi-static tests. The HR
behavior is not evident in samples tested at medium strain rates (900and 1800 s™).
After the initial stage, the curve followed quasi-static behavior. This indicates that the
strain hardening in the samples is more significant beyond 1800 s* across all the

samples of AMSFs.

In contrast to low and medium strain rates, the high strain rate curve continues
to increase after the initial drop in HR data. This hardening behavior is significant with
an increase in volume fraction. Also, the deviation between the low and high strain
rates is evident at low densities. For example, the deviation in the low and high strain
rate data for sample #9 (relative density-0.77) is higher than in sample #1 (relative
density -0.93). Collectively, the produced AMSFs have shown the hardening behavior
prominently at 2700 s strain rates. However, the hardening behavior is not dominant

at lower strain rates, which may be attributed to the material’s response.
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5.4.2 Energy absorption properties

The EA and SEA values for all the samples tested at low and high strain rates
are shown in Figure 5.7. All the measurements are considered up to 40% strain for
assessment purposes, as shown in Table 5.3. The EAC of quasi-static and dynamic
tests followed a decrease in trend with relative density. The maximum EA and SEA
data at low and high strain rates are 52.76 MJ/m® & 21.47 kJ/kg and 69.90 MJ/m® &
28.45 kJ/kg (Sample #7), respectively. Similarly, with an increase in the volume
fraction of the particles, the energy absorption decreases for different sizes of hollow
particles. This suggests that the volume fraction of the particles shows the minimum
effect on energy absorption. But, the energy absorption rises with the increase in
particle size. It is observed that, at 40% strain, the EA and SEA data of AMSFs showed
better performance under dynamic loading. This behavior suggests that the AMSF
performance is superior under dynamic loading (2700 s-1). However, further analysis

is required to understand the overall performance of the samples.

The I-EAE data provides the maximum mechanical energy the sample absorbs
under large deformation. The n;4.4; Values in Table 5.3 are obtained by taking mean
values between the 5% and 40% strain data (plateau region). In general, the efficiency
of a material is based on the slope of the stress-strain curve in the plateau region. The
lower the slope of the curve, the higher the efficiency. Figure 4.4 (Refer to Chapter 4)
qualitatively suggests that the particles of smaller diameters and high volume fractions
may have more efficiency due to the less hardening in the plateau region. Also, the
efficiency trend of all the size ranges increases concerning the volume fraction. At

smaller sizes, this trend is prominently observed.
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Table 5. 3 : Material properties of Al-matrix syntactic foams tested under compression

Quiasi-static (1 s1) High Strain rate (2700 s1)
I | Density

o an | g ae | DTN | e | WO |qaig | MBI |

0.4 strain | 0.4 strain ' 0.4 strain
#1 0.93 45.22 18.00 0.52 69.37 56.53 22.51 0.41 67.47
#2 0.85 38.99 16.98 0.54 70.61 54.32 23.67 0.45 68.78
#3 0.80 31.98 14.80 0.55 72.34 40.70 18.84 0.50 78.92
#4 0.92 50.72 20.41 0.50 63.56 62.09 25.00 0.44 62.27
#5 0.84 42.58 18.77 0.50 66.40 59.32 26.16 0.40 65.52
#6 0.78 35.64 16.92 0.51 66.56 53.06 25.19 0.46 65.66
#1 0.91 52.76 21.47 0.49 67.95 69.90 28.45 0.44 60.11
#8 0.83 44.33 19.78 0.50 67.63 56.93 25.40 0.39 65.01
#9 0.77 30.31 14.57 0.50 69.74 41.89 20.15 0.46 67.04
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Under dynamic loading, the maximum strain attained is less than the sample’s
densification strain. As shown in Annexure, the EAC is considered at 40% strain, as
explained in the previous section. The EAC data has increased under dynamic loading
compared to static tests for low-volume fractions. However, the results are not
encouraging for higher volume fractions. There is a drop in EAC values for all the size
ranges. This behavior can be attributed to the catastrophic failure of the alumina
ceramic hollow particles under dynamic loading. This behavior may also lead to the

structural failure of these samples.

The ideal energy absorption data shown in Table 5.3 of the AMSFs is
encouraging up on its counterpart (quasi-static condition). There is no significant drop
in the absorption efficiency, even at a high strain rate (2700 s). The overall energy
absorption has improved since there is an improvement in the yield stress data
followed by a smooth transition to the plateau region without any stress drops during
the deformation. Also, it is observed that with respect to the volume fraction of the
particles, there is a rise in the ;4.4 fOr both quasi-static and at a high strain rate. This
accounts for the significant role of the volume fraction irrespective of the particle size.
The maximum efficiency is attained at higher volume fractions attributed to the
particles' volume fraction and their uniform deformation without significant stress
drops. This may account for the reduction in the slope of the stress-strain curve and

the increase in the overall EAE.

5.4.3 Compression behavior

The energy absorption capacity and energy absorption efficiency properties are
discussed in the earlier sections. These properties are essential to design a material
based on the maximum expected efficiency and absorption capacity. The correlation

between the energy absorption properties and the stress needs to be further analyzed to
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achieve a suitable porosity at a specific stress level. The results displayed in Figure
5.8(A&B) on a logarithmic normalized scale are energy absorption capacity vs. stress
for quasi-static and high strain-rate data. The Ea is the modulus of the matrix material
(@aluminum). Also, the normalized EAC vs. stress data can be divided into three regions
similar to the stress-strain curve of cellular material, as shown in Figure 5.8(A) [115].
A linear elastic region (A) is where the mechanical energy is absorbed in bending and
displacing the hollow particles inside the matrix. In plateau (B), the region dissipates
energy to fracture the hollow particles and fill the newly evolved voids. In the later
part, the material is a fully dense composite with no traces of pours inside the matrix.
The densification point is termed the ‘shoulder point’ by Zhang et al., which is at the
densification point [116]. At this point, the cellular materials tend to absorb maximum
energy. Later, the W /Ey; vs. a/Ey4; curve becomes horizontal. Also, during the plateau
region, the energy absorption is nearly constant. This study considers the shoulder
point at 40% strain before the densification strain for evaluation purposes. Therefore,

the summary of the normalized EAC vs. Stress data at 40% data.

In Figure 5.8 (C), the shoulder points of quasi-static and high strain rate data are
shown for different densities obtained from the various combinations of size and
volume fractions. The data shows a linear rise in the W /E,; value with an increase in
the o /E,; in both testing conditions. However, a notable offset is observed in the high
strain rate data. For example, for a known value of ¢ /Ej,; (0.003) the normalized data
of energy absorption value for quasi-static and dynamic testing is 6.78x10* and 7.31

x 1074,
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The slope of the linear fit curve for different shoulder points considered from
Figure 5.8(A & B) and its intercept indicates the energy absorption capacity of
AMSFs. This behavior suggests that the AMSFs showed better energy absorption
properties at high strain rate conditions with maximum. W /E,,; value at a given o /E,;.
Further, the mathematical expression for the shoulder point for different test conditions
is shown in Table 3. These expressions come in handy to design a material with an

optimum amount of energy absorption for a given test condition.

Table 5. 4 : Mathematical expression for different conditions

Condition Mathematical expression of the shoulder point
. . w o
Quasi-static log—=0.71log — — 1.37
Ey Ey
. . w o
High strain rate log—=0.72log — — 1.33
Ey Ey

5.5 DEFORMATION BEHAVIOR

The deformation behavior can be better understood by examining the deformed
samples, as shown in Figure 5.9(a-d). Figure 5.9(a) shows the deformation behavior
of the samples tested at room temperature. These images contain samples tested up to
60% of the strain under various temperature conditions. There are multiple cracks on
the external surface of the cylindrical sample due to plastic deformation. These
samples display mixed fracture modes, including a) rupture of the external surface of
the samples, b) degradation of the external periphery of the samples with the center
portion of the sample intact, and c) multiple hinge formation, particularly in samples

with high volume fraction.
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Figure 5.9 : Deformation behavior of SF (a) RT - Quasi-static (b) 100 °C (c) 175°C

(d) 250 °C
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As observed from their corresponding stress-strain curve, no catastrophic failure
can be seen in all the quasi-static conditions. In these conditions, the samples showed
visible cracks at 30 % strain. Further, these cracks have grown into individual
fragments due to the presence of multiple crack-initiating spots on the sample's
surface. The hollow particles on the surface tend to fracture and leave a micro-pore
that grows further. The failure of samples with Vs — 30 % of the hollow particles
showed more cracks due to multiple locations for crack initiation. The crack initiation
probability is higher for large higher volume fractions, which leads to mild structural

failure at the out surface, as shown in the top view of the samples in Figure 5.9(a-d).

It is essential to retain the structural integrity during the deformation, which is
lacking at higher volume fractions and high temperatures. Due to the softening of the
matrix materials, the deformation behavior is significantly affected at higher
temperatures. This phenomenon is evident in Figure 5.9(a & d). The deformation
mechanism changed due to the matrix softening, considering the high melting point of
the reinforcement particles. In contrast to the room temperature conditions, the overall
efficiency and energy absorption at high temperatures are promising. Unlike reported
elsewhere, the structural damage is minimal among all the conditions [48]. This

behavior helps in applying such materials in various structural applications.
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Figure 5.10 : The fracture surface of the 10% volume fraction AMSF observed

using SEM (a) RT, (b) 100 °C (c) 175 °C (d) 250 °C
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So far, visible digital images have been studied to understand failure behavior.
The SEM micrographs are shown below for a 10% volume fraction tested at different
temperatures to examine the deformation behavior further. The SEM images in Figure
5.10(a-d) show a top view of the four conditions. The damage to the samples took
place mainly on the circumference. In Figure 5.10(a), the particles were restricted
during the deformation, leaving no fractured particle segregation on the boundary.
However, in Figure 5.10(d), the particles have flowed toward the sample
circumference. The cross-sectional micrographs in Annexure Al suggest that a
limited number of porous sites were observed inside the matrix deformed at higher
temperatures. This behavior may be attributed to the matrix flow behavior during high

temperatures.

Therefore, there are multiple possible failure characteristics during the
deformation of the AMSFs. The most important parameters influencing the primary
failure mechanism of the AMSFs are the strength of the matrix alloy, the crush
strength, and the particle t/D ratio of the filler materials. The manufacturing methods
may also affect the failure behavior [19]. Based on the deformation behavior observed
in Figure 5.10 and Annexure Al, the following are the two possible failure modes of
AMSFs under quasi-static deformation, as shown in Figure 5.11. In mode-a, bulging
and shear failure largely dominates, and cracks occur at the top face in the initial stage,
and later, the cracks progress to the bottom face. This behavior is observed at low
temperatures. In mode-b, the flow stress of the matrix and fracture particles contribute
to crack growth. As the temperature increases due to matrix softening at high
temperatures, the fractured hollow particles contribute more to crack growth. In

Figure 5.9(c & d), the earlier ‘v’ and inverted ‘v’ shape cracks are replaced with
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extended cracks. This behavior also supports the argument on the flow of particles to

the circumference during high temperatures studies.

Load Load

1 Crack growth 1

Figure 5.11 : A schematic representation of the AMSFs' probable failure modes

observed from the fractured images

It is essential to retain the structural integrity during the deformation, which is
lacking for higher volume fractions. Due to the softening of the matrix materials, the
deformation behavior is significantly affected at higher temperatures. In this study, the
alumina particles have contributed to the overall efficiency and energy absorption at
high temperatures. A matrix behavior can be softened from the top view of the samples
tested for different temperatures. The number of cracks has reduced with the
temperature rise. Since the samples are tested below the recrystallization temperature
of the matrix, thermal softening, and grain mobility contributed to the deformation.
The DIC analysis was performed using Ncorr, a 2D image correlation software in
Matlab, to analyze the discrete images to develop a correlation between the deformed
and un-deformed samples. Figure 5.12 displays the DIC analysis for three strain rates
captured from the high-speed images. A uniform deformation is observed in the
samples tested in all the strain rates up to the elastic limit. Also, during the shift from

the elastic to the plastic stage, the deformation gradient shown in Figure 5.12 is
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uniform. This behavior agrees with the stress-strain response from Figure 4.4 (Refer

to Chapter 4).

Further, up to the 1800 s, the material response is almost uniform. At a strain
rate of 2700 s, a significant distortion is observed after 0.2 strain. This behavior is
attributed to the plastic flow of the matrix material as a result of cracking and fracture
of the external surface of the samples. Also, it is observed that the DIC analysis failed
to capture the significant distortion in the sample under compression after 0.2% strain.
Further, Figure 5.13(A & B) shows the fractured samples of different particles size
and volume fractions tested at low and high strain rates. In Figure 5.13(A), the quasi-
static test samples are deformed up to 60% strain. The fractured samples showed a
minimum structural failure in all conditions. The failure initiates from the external
surface due to the presence of a large number of unconfined hollow particles with
matrix material. However, the confined particles inside the matrix tend to fracture and
contribute to the densification of the material. These cracks extended further along the
lateral direction to accommodate the external force, which resulted in random cracks
along the surface of the samples. The appearance of such typical plastic deformation

was due to the complete densification of the AMSFs.
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Figure 5. 12 : Deformation process of AMSFs at three strain rates (A) 900 s, (B) 1800 s, and (C) 2700 s using DIC analysis with the

axial displacement field captured at different strains (i) 0.005, (ii) 0.1, (iii) 0.2, (iv) 0.31, (v) 0.475.
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Figure 5. 13 : Representative deformed samples tested at (A) low strain rate (1 s

1) and (B) High strain rate ( 2700 s1)

Figure 5.14 : Cross-sectional images of sample #9 with tested at (A) Quasi-static

and (B) Dynamic conditions
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In contrast to the low strain rate behavior, a large number of cracks are observed
during high strain rate tests deformed up to 40-50% strain. Also, the samples' surface
is significantly affected, and structural failures are observed in samples with hollow
particles above 20 % volume fraction. This behavior is observed due to the reduced
matrix percentage and rapid crack propagation due to the impact, which results in the
hardening of AMSFs. Another factor affecting the hardening and delamination is
matrix failure at the interface of two hollow particles. Figure 5.14 shows the
representative fracture images of samples tested at low and high strain rates. Based on
observation of the cross-section of the samples, during quasi-static deformation, the
hollow particles fractured during the deformation, and the matrix material buckled at
the interface of the two particles. This behavior helps in more plateau slop during the
hardening. However, the matrix interface fractured and failed during the dynamic

loading before attaining the densification zone, as shown in Figure 5.14(B).

Thus, during quasi-static deformation, the hollow particles and matrix material
compensate for the energy absorption in the form of uniform particle failure and the
plastic flow of the matrix. During high strain rates, they show hardening behavior due

to the matrix failure at the interface after the failure of the hollow particles.
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56 SUMMARY

The particles' size, volume fraction, and t/D ratio have significantly affected the
energy absorption properties of the SFs. The yield stress increases with an increase in
volume fraction, and the densification strain and plateau strain decrease. This behavior
helps in the enhancement of energy absorption efficiency. The deformation behavior
of all the test conditions is examined, and the two major fracture modes are observed
and proposed. The sample examined at increased temperatures demonstrated a
decrease in the 1 % offset yield stress values at a lower AMSFs relative density. At

250 °C, the flow stress of 78.88 MPa is found at 0.92 relative density.

Similarly, a maximum energy absorption efficiency of 75.77 % and 78.92 %
percent was achieved at 250 °C and HSRs, respectively, with a relative density of 0.86.
Despite high temperatures, the slope of the curve in the elastic area has led to the
maximum amount of energy being retained. When relative density drops, densification
strain, and energy absorption efficiency improve, this behavior applies to particles of
all sizes. The deformation behavior of the samples roughly follows two failure
scenarios. This effect is very dependent on the temperature at which samples were

examined.

The study of SFs using computational techniques may help to design advanced
materials for future needs. In this regard, different analytical and computational
models are explored in Chapter 6. These models’ data are compared and validated

using the experimental results obtained in Chapter 5.
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5.7 ANNEXURE

Annexure Al:

500 pm 1000 pm 1500 pm

100 °C 25°C

175 °C

250 °C

Figure 5.15 : Shows the cross-sectional view of the deformed samples tested at
different temperature conditions (A1)

The image above shows the sectional view of the samples at different temperature
conditions. These samples are representative images of the AMSFs with a 30% volume

fraction of hollow particles.
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Annexure A2:
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Figure 5.16 : The raw data and the strain vs. strain rate data from the SHPB
studies for sample #3 (A2)
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Annexure A3:
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Figure 5. 17: A representative graph showing the densification strain for quasi-
static deformation. (A3)
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Chapter 6: Numerical and Analytical
Methods

The experimental studies from the previous chapters provide the details of the
mechanical response of AMSFs under quasi-static and dynamic loading. In this
chapter, the syntactic foam materials are studied further using analytical models and
numerical methods to predict the elastic and elasto-plastic properties of the syntactic
foams. Also, the elastic properties obtained from the analytical models are compared
against the numerical data. The key focus is the development of computational models
of syntactic foams using representative volume elements (RVE) and predicting the
elastic and elasto-plastic responses. Further, the macroscopic response of the syntactic

foams is also presented with experimental validation.

In conclusion, numerical simulations have proven to be powerful tools in
comprehending syntactic foams' mechanical, thermal, and acoustic behavior. The
insights gained from these studies have immense practical implications for industries
ranging from marine engineering and aerospace to automotive and packaging. As
computational capabilities continue to advance, further investigations promise to
unlock new possibilities for optimizing and innovating syntactic foam materials for

various applications.

6.1 INTRODUCTION

Understanding the effective properties of composite materials using
homogenization tools and methods has been reported since the 1900s. Recently,
numerical method-based approaches have been developed to predict the actual and

accurate data of the composite materials based on the microstructure. Conventionally,
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to esses the material properties, experimental studies such as compression/tension are
conducted. These measurements are the average values of the specimen, considering
that the material is homogeneous. Similarly, despite utilizing empirical, analytical,
semi-analytical, or numerical FE-based approaches, the assumption of
homogenization is always made when employing any form of material property

predictions.

Understanding the problem domain is necessary to use the computational
method and to address problems. In computational models, the major challenge occurs
in representing the actual physical model. Consequently, many FE users commonly
adopt a representative volume element approach to solve complex problems and
computationally expensive models. The RVE model captures the totality of the
physical model so that the FEM results are obtained close to the predicted values.
These RVE models are much smaller than the physical representation and original
geometry to conserve computational time. Therefore it is essential to choose a
representative volume that captures the effective properties of the original structure.
The unrepresented portion of the model of the virtual domain can be considered by
selecting the appropriate boundary conditions and eventually lead to accuracy in the
effective numerical solution. Figure 6.1 shows the schematic of the RVE model and

homogenization approach.

Numerical and Analytical Methods 109



Homogenization Method

Figure 6.1: The schematic of the RVE model and homogenization approach

Apart from experimental studies, some literature works focused on estimating
the SF’s micro and macroscopic properties using analytical and finite element (FE)
models [93-96]. The micromechanics-based models provide few insights into the
compressive behavior of the foams [95,117]. Estimation of the effective elastic
properties of the metal matrix syntactic foams (MMSF) is challenging using both the
analytical and FEM models due to their structural heterogeneity [40]. Unlike
particulate composite materials, the micromechanical models for SFs require
sophisticated methods to estimate the effective elastic modulus. In earlier studies, Lee
and Westmann developed a model to identify the upper and lower bounds for shear
and bulk modulus values [93]. Later, in subsequent investigations, a significant amount
of work is performed on polymer-based foams [29,30]. The shear and bulk modulus
of polyester resin-based foams with a 35% volume fraction of hollow particles is
reported by Huang and Gibson [94]. In this model, the particles are considered
suspended in a dilute medium. Their results overestimated the effective modulus at

high-volume fractions since the displacement due to the particle interactions is not
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considered. Porfiri and Gupta proposed a single inclusion problem-based model to find

effective properties even at higher volume fractions [38].

The micromechanics-based analytical models consider the interface between the
matrix and the particles as perfectly bonded and provide upper and lower bounds of
the predicted data. Also, these models may not consider the distribution of the particles
and bond interface properties [95]. In this regard, computational micromechanics-
based finite element (FE) models based on the representative volume elements (RVE)
are developed, which may predict the material properties more accurately. These FE
models of SFs may consider the random distribution of particles inside the matrix.
Bardella et al. developed an RVE-based FE model to study the elastic properties of the
polymer SFs and compared it using theoretical models such as Mori-Tanaka, and Self-
Consistent [97]. Szlancsik et al. studied the micromechanical properties of aluminum
foams and compared them against the numerical and FE element modeling using a
macroscopic finite element model [40]. They further developed RVE-based
macroscopic models to study the elasto-plastic behavior under free compression [50].
Additionally, few works focused on generating the RVE domain using advanced
algorithms and micro-computer tomography scans [98,99]. Initially, RVE-based
modeling techniques to predict elastic properties were studied. Later, they were
extended to a macroscopic model to reproduce the stress-strain response during plastic
deformation [6]. A mathematical approach to stress-strain behavior is reported by
Lorgeril et al. [100]. This study is extended to a continuous approach by Orbulov &

Majling to produce the macroscopic behavior of the SFs and the peak function [101].

Historically, experimental testing has been the primary means of characterizing
the behavior of syntactic foams. While experiments provide valuable data, they can be

time-consuming, costly, and limited in scope, especially when studying complex
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phenomena or exploring a wide range of material configurations. This limitation has
spurred the adoption of numerical simulations as an effective alternative or

complement to experimental studies.

Numerical studies influence the power of computational methods, such as finite
element analysis (FEA), computational fluid dynamics (CFD), and discrete element
modeling (DEM), to analyze the response of syntactic foams under different loading
conditions and environmental factors. Through sophisticated numerical simulations,
researchers can gain deeper insights into these foams' mechanical properties, failure
mechanisms, and deformation behavior. Additionally, numerical models provide a
platform to investigate the influence of microstructural features, such as particle

distribution and interfacial bonding, on the overall performance of the foam.

Moreover, numerical simulations extend beyond mechanical properties and
encompass investigations into syntactic foams' thermal and acoustic behavior. These
studies play a pivotal role in optimizing the thermal insulation capacity of foams for
applications in extreme temperature environments and in designing acoustic

absorption materials for noise control.

In literature, most studies have analyzed polymer matrix SFs' behavior using
analytical or numerical techniques [93,118]. Limited works are presented that focus
on the behavior of AMSF. As the use of AMSF is increasing in structural applications,
we aimed to study in detail the behavior of AMSFs by the elastic and elasto-plastic
responses of AMSFs under compression using experimental, analytical, and FE-based
techniques. The AMSFs were processed using the powder metallurgy method, and
their quasi-static compression studies were performed. The elastic constants are

estimated using different analytical models and are compared with the experimental
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data. The sensitivity of different model parameters is examined. Also, RVE-based FE
methods are used to estimate the effective properties of AMSFs. The computational
RVE domain has been generated in the ABAQUS using user-defined algorithms at
different volume fractions by considering the microstructural inhomogeneities.
Further, the RVE-based models are extended to study the elasto-plastic behavior of

AMSF.

6.2 SHELL GEOMETRY AND PARTICLE DISTRIBUTION

Many previous studies estimated the elastic properties of the polymer syntactic
foams and MMSFs using linear homogenization (LH) techniques such as the Rule of
mixtures (RM), Hashin-Shtrikman (HS), Mori-Tanaka (MT), Classic self-consistent
(CSC) and Differential self-consistent (DSC) [40,95,119]. Apart from these models,
empirical relations such as Halpin-Tsai (HT) equations are also used. These LH
models have proven to predict accurate results for continuous fiber-reinforced and
particulate composites. When applied to SFs, these models failed to predict a close
match with the experimentally obtained values for polymer syntactic foams [120] and
for aluminum matrix syntactic foams [40]. On the other hand, it is reported in the
literature that the finite element-based RVE homogenization models can predict better
estimates than LH models [121]. This is because, in FE-based models, geometric
aspects such as particle size and randomness can be implemented. In this work, we
aim to compare the estimates of LH and RVE-based models specifically applied to
AMSFs. The mathematical expressions of LH models are presented in many previous
articles. However, for the sake of completeness, the expressions are given in the

Appendix.
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For RVE models, the geometry of the hollow particle and RVE domain size is
the crucial input parameters. The typical geometry of a circular hollow particle
(diameter and shell thickness) can be represented through the particle radius ratio ().
In the earlier studies reported for polymer-based syntactic foam reinforced with
glass/ceramic hollow particles [95,118], the particle radius ratio (1) considered is
above 0.95. The value 1 suggests the amount of shell thickness for the corresponding
particle diameter. The hollow particle’s relative density and particle radius ratio can

be evaluated using [56].

t
=1-2(—= 6.1
" (5) (6.1)
Pholiow sphere < d3>
—=|1-—= 6.2
Pal, 05 D3 6.2
t Phollow sphere 1/3
—=05[1- (1 - —”) (6.3)
D Pal,05

where t is the thickness of the shell, d is the inner diameter, and D is the outer
diameter of the particles. The p,;,0, represents the bulk density and ppoiow sphere

represents the hollow particle density of Al,0;.

The wall thickness t is estimated based on the FE-SEM images of unbroken and
broken hollow particles, as shown in Figures 6.2(a) and (b). Figures 6.2(c) and (d)

depict the particle distribution and the wall thickness details.

After measuring the wall thickness, the particle radius ratio (n) is calculated as
0.88 for AMSF using Equation 6.1. This is less than the reported values from the earlier
studies on polymer foams. This may be attributed to the significant effect of density

and processing techniques of the alumina. Since the alumina particles are hollow, the
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actual density of these particles may alter from the bulk properties. For the present

case, thickness is estimated as 15 um, outer diameter as 250 um, and n = 0.88.

C) [ Wall Thickness d) [ Hollow sphere

0 10 20 30 40 0 50 100 150 200 250 300 350 400 450 500
Wall Thickness Hollow sphere

Figure 6.2: (a) & (b) Scanning electron micrographs of Al203 hollow particles and

(c) & (d): Distribution histogram for particle shell thickness and diameter

6.3 NUMERICAL MODELING OF SYNTACTIC FOAMS

The mathematical models are presented for estimating the elastic properties such
as shear, bulk, and elastic modulus. Many previous studies estimated the elastic
properties of polymer syntactic foams [93,95,118] and metal syntactic foams [40]
using linear homogenization (LH) techniques such as Rule of the mixtures (RM),

Hashin-Shtrikman (HS), Halpin-Tsai (HT), Mori-Tanaka (MT), Classic self-consistent
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(CSC) and Differential self-consistent (DSC). These LH models have proven to predict
accurate results for continuous fiber-reinforced and particulate composites. When
applied to syntactic foams, these models failed to predict a close match with the
experimentally obtained values as reported in [95] for polymer syntactic foams and in
[40] for aluminum metallic syntactic foams. On the other hand, it is reported in the
literature that the finite element-based RVE homogenization models can predict better
estimates than LH models. This is because, in FE-based models, geometric aspects
such as particle size and randomness can be implemented. In this work, we would like
to compare the estimates of LH and RVE-based models specifically to Al-Al.O3
syntactic foams. The mathematical expressions of LH models are presented in many

previous articles. However, for completeness, we are providing the expression below.

The analytical estimates such as the Rule of the mixtures (RM), Hashin-
Shtrikman (HS), Halpin-Tsai (HT), Mori-Tanaka (MT), Classic self-consistent (CSC),
and Differential self-consistent (DSC) were applied to the AMSF. These models

estimate the effective shear and bulk modulus for different volume fractions.

6.3.1 Analytical models

The RM is the most commonly used technique to attain the initial estimate of
modulus values in composite systems. The shear (Ggy,) and bulk (Kga,) modulus are

calculated using the RM for AMSF [95],

Gry = fF(1 = 1*)G + F(1 = 1°)Gy (6.5)
KRM = f(l - ng)Km + f(l - 713)Kr (6-6)

Where 7 is the radius ratio of particles and f is the volume fraction.
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The HT relation considers the shape of the matrix and reinforcement, which may
provide a better estimate for particulate-reinforced composites [122]. To incorporate
the thickness of the hollow particles, the aspect ratio term is altered using the thickness-
to-diameter ratio, i.e., s = t/D. The reinforcement parameter ¢ = 2s is derived from
reinforcement geometry, distribution, and loading conditions. Since the particles are
spherical, the angle factor (a) is considered 1. The following equations are proposed

for estimated properties using HT relations with thickness-to-diameter ratio,

En(1+ 2sq)V,

Eyr = T—ar, (6.7)
(Mr/Mm) -1

q= -y (6.8)
( T/Mm) —2s

= 9KG 6.9

 BK+06) (6.9)

K = __ke 6.10

~ 3(3G-E) (6.10)

The bulk and shear modulus data are calculated by substituting the proposed

modification in equations (8) and (9).

The shear and bulk modulus are computed using the Classical Hashin-Shtrikman

method [97],

G
fA=1)G6+1-f) =
(1+ &S 2e3) o
(Gr — Gm)
G.OK. +8c) T 1
6(K, + 2G,)

(6.11)

GHS
6(K, + 2G,)
3 r _~-rJ —
fn’ =g +8c. + A-1)

Gp +
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Kyys = (6.12)

The subscripts r and m refer to properties associated with reinforcements and

matrix. Similarly, « and g are constants that can be calculated using the following

equations:
3K
= — 6.
a(G,K) Y&V (6.13)
_ 6(K+26)
B(G,K) = SGKT40) (6.14)

The following equations calculate the shear (G,,7) and bulk (K,,r) moduli of SFs

using MT estimation,

GMT
r \
G
(A= 1Gn + £ =17 G (0K T 8G)
.y (1+ 6G, (K + zgm))ﬁm |61
6(Km + ZGm) (Gr _ Gm)
fe 9K, +8G, fa=n% G G,,(9K,, + 8G,,) +1
\ " 6K + 2Gpn) )
3K, Ky
o _[ampmerras ) (G —) -

3K 3K, — K,
3 m __ — 13 r —mJ
fn’ gz, —fQ ’7)(3Kr+4cm+1)

The Classic Self-Consistent (CSC) estimation applied to the aluminum matrix

syntactic foam material is
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In the equation (16) and (17), acsc (Kese) Gcsc) = Qege AN Pege (KCSCI Gcsc) =
B.sc are calculated based on equations (8) & (9).
The self-consistent differential estimations (DSC) for different volume fractions

can be calculated using the following equations.

1 (1 - nB)KDSC(S) [Kr - KDSC(S) KDSC(S)T'3
1 =5 \Kpsc(s) + apsc(s)[Kr — Kpsc(8)] ~ (apsc — 1)

(6.19)
_ dKpsc(s)
B ds

{ 1 < (1 - 773)GDSC(S) [Gr - GDSC(S) GDsc(s)n3 >}

1-s GDSC(S) + ﬁDsc(s) [Gr - GDSC(S)] (ﬁDsc - 1)
(6.20)

_ dGpsc(s)
ds
In which apse (Kpse) Gpse) = apse and Bese (Kese) Gese) = Bese calculated
according to equations (8) & (9). The DSC estimates of bulk and shear modulus are

obtained using the explicit Euler method, as reported by Szlancsik et al. [40]. The

young’s modulus values for the above equations are determined using equation (8).
6.3.2 Elastic constants using the RVE model

A composite foam reduces the weight of the high-performance component
without sacrificing mechanical properties. These qualities make these materials well-

suited for aeronautical, marine, defense, and transportation applications. Lightweight
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and load-bearing properties are essential in these applications. A syntactic foam
induces porosity using impermeable micro hollow particles. Due to these hollow

particles, these materials are stiffer than the typical foams.

The syntactic foams contain two significant phases, matrix and hollow particles,
with a shell thickness. Another phase may occur due to the processing technique, and
particle geometry is external/undesired porosity. In this study, the external/undesired
porosity is not considered. The tailored properties of the SFs can be achieved by
varying the type of matrix and hollow particle material, the volume fraction, and the
size of the particles. The experimental studies and the FE models are extensively
studied in the literature for polymer and some studies on the metal matrix-based

syntactic foams.

In the literature, the FE-based macroscopic models are created to simulate the
elasto-plastic behavior of the SF structures. The objective of the RVE models in the
literature is to explore elastic behavior. The elastic and elasto-plastic responses of
AMSFs under compression are investigated in this work. Different volume
percentages of RVE models are built and investigated using a user-defined method.
The analytical and FE-RVE models are used to determine the elastic constants. The
properties found using numerical approaches are explored and compared to other

analytical models.

Al>Os-reinforced AMSF comparisons to experimental data and the elasto-plastic
behavior of this material are also reviewed. The experimental data and the FE-based
stress-strain responses are compared. It is investigated how well various models'

sensitivity settings work against the RVE.
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RVE Modeling of AMSFEs:

The representative volume element approach is part of the computational
modeling of materials. This technique considers the constitutive feature of materials
such as size, shape, volume fraction, and particle distributions for modeling. The RVE
models are typically modeled in the size range to capture the microstructural features
of materials. These are replicas of the constituent material in smaller ranges to enhance
computational efficiency. Some studies have proven this estimates the properties using

numerical modeling [95,123].

The microstructure of SF is considered to be randomly distributed hollow
particles across the matrix phase. The modeling of SF RVE involved three significant
steps: 1) selection of the matrix cube/cylinder size, 2) selection of the particle size,
wall thickness, and volume fraction of the particles, and 3) Arrangement of the non-
overlapping particles across the matrix. Cubic RVE models of dimension 1.5 x 1.5 x
1.5 mm are considered to imitate the syntactic foam microstructure. A series of non-
overlapping random points are generated using a user-defined python code and the
sample data for XYZ coordinates of particle position (See Annexure 1 and Table

6.4).

The volume fraction component is introduced into the matrix by varying the
number of particles instead of the size and wall thickness of the hollow particles. This
approach was adopted to make the RVE microstructure resemble the manufactured
samples. At least three RVE models are produced for each volume fraction with
different distributions in a matrix volume to measure the properties. The periodicity in
the geometry was introduced by matching the total number of particles and size on one

plane matches with the opposite plane. A total of eight models are produced with
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particle volume fractions with 10% intervals to evaluate the elastic constants
(including particles and voids together). The micromechanics plugin version 1.16 in
ABAQUS estimates the elastic and shear modulus data for different volume fractions
of RVE models. After creating the models and assigning the material models, the RVE
plugin applies the boundary conditions and provides the model’s material properties.

The scheme of the RVE modeling and simulations is shown in Figure 6.3.

Generate Syntactic
foam microstructure

(RVE)

Periodic Boundary
Conditions

- Yo
User defined Generate Mesh e
Python code

ABAQUS plugin: BC
applied and RVE
analysis run

[nput parameters:
Particle V[ t

Post-processing: Material constants
Homogenization E, G and v

Figure 6.3: Schematic of RVE microstructure generation steps followed and the
FEM analysis to obtaine the material properties. Inset image showing the
distribution of the particles (Left) and Boundary condition of RVE (Right).

Mesh Density and Convergence studies:

The convergence of the FE solution is essential to support the solutions obtained.
There is much emphasis on mesh convergence studies, and significant computational
power is invested to achieve convergence in the results based on the number of

elements in the FE solution. Syntactic foams are considered geometrically complex
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structures[6]. The quadrilateral elements are generally used to obtain accurate results
in a FE solution. However, complex geometry like SFs is challenging to mesh using
quadrilateral and brick types of meshing. So to address this issue, the triangular or

tetrahedral element type can be used.

The model assembly with hollow particles and matrix is meshed automatically
using tetrahedral elements. After performing a mesh convergence study, the
computational domain has meshed with a mesh length of 0.0125 mm using C3D10-
type elements. To address meshing error issues during the simulation, the mesh size of
hollow particles and matrix are maintained the same. The mesh is refined
automatically at the interface of the matrix and particles. The matrix and particle
surface interface is fixed without any frictional penalty. The sample mesh for the 10%
and 60% RVE model is shown in Figure 6.4. Also, Figure 6.4 shows the model and
mesh view of the generated RVE microstructure for 10% and 60% volume fractions.
The discretization density is optimized, as shown in Figure 6.5. The elastic modulus
value converges with a decrease in mesh element thickness. The elastic modulus of a
computational domain is measured for different mesh sizes. The model started giving

uniform modulus values at 0.0125 mm.
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Model View

Mesh View

Figure 6.4: Representative RVE model and mesh view of syntactic foams of

volume fraction-10 % and 60 %o.
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Figure 6.5: A mesh sensitivity study on the RVE model for 30% volume fraction.
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The sample ID is represented as ‘SF ##,” where SF- stands for SFs and ‘##°
stands for the corresponding volume fraction. In the RVE models, the hollow alumina
particles were considered perfectly bonded to the matrix without cracks. The particle

dimensions and the geometry of the RVE details are shown in Table 6.1.

Table 6.1: Geometry of RVE models

Foam Mean Particle shell Number of Effective
ID diameter thickness (um) Particles in volume fraction

(um) RVE (%)

SF10 250 15 12 9.08

SF20 250 15 22 20.45

SF30 250 15 30 29.32

SF40 250 15 44 39.87

SF50 250 15 58 40.03

SF60 250 15 72 59.81

6.3.3 Elasto-Plastic FE models

The elastic behavior of MMSF was evaluated using a commercially available
ABAQUS/Standard (2020) solver. The computational domain is the same as proposed
in Section 6.3.2. Three-volume fractions of Al>Os3 particles (10 %, 20 %, and 30 %)
are considered to study the elasto-plastic properties. The earlier studies on the
modeling of composite materials suggested that the periodic boundary conditions
(PBC) better estimate the experimental works' results [124]. The periodicity is
maintained along with the faces of the cube in all three XYZ directions. For instance,
Bardella et al. and Xia et al. incorporated PBC constraints to attain material response

[95].
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are used in simulations
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The surface of the hollow spheres is considered smooth and traction-free. The
material properties and stress vs. strain curve of Al [10] and Al>O3 [125] used in this
analysis are shown in Figures 6.6(a) and (b), and Table 6.2. The plastic data is
considered in Figure 6.6(a) while performing the elasto-plastic simulations. The
displacement load is applied, and stresses are equal throughout the volume during the
simulation. The RVE size and microstructure shown in Figure 6.4 are used to study

the elasto-plastic behavior of the SFs.

Y Deformed RVE

Undeformed RVE

Interactions

T—-rRP

S Dlsplacement
RP

Total Strain

Figure 6.7: Boundary conditions, interactions, and deformation representation of

micro-scale transitions for an SF.

Table 6.2: Material properties used for numerical simulations

Material Density (g/cm®) | Young’s modulus (GPa) Poisson’s ratio
Aluminum | 2.7 70 0.33
Alumina 3.9 350 0.22
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Figure 6.7 shows the boundary conditions of the RVE before deformation. The
RVE models are allowed to deform homogeneously during the loading in the X-
direction periodic boundary conditions applied on all three backside faces of the
models in XYZ directions. These planes can roll in their respective directions, allowing
the models to replicate the desired loading scenario. Also, a compressive uniaxial load
Is applied to the reference point (RP). This reference point has assigned an interactive
property respective to the front face of the RVE in the X-direction. The RP is
kinematically tied to the front face of the RVE in the X-direction to apply uniform

deformation during the loading[121].

UxFront — ykP = @ (6.21)

Where UXFront and URP are the displacement vectors of the front face of the

RVE and reference points, respectively.

6.4 ELASTIC PROPERTIES OF SYNTACTIC FOAMS

The elastic properties of the AMSF are estimated using various analytical models
and FE-based RVE models. The properties obtained from these models generally
depend on the constituent material properties and particle volume fraction. Also, the
effective moduli difference between the matrix, hollow particles, and geometric
features of the particle are crucial parameters. Figure 6.8(a-c) shows the shear, bulk,
and elastic modulus values of AMSF predicted by different analytical and RVE
models. The shear and bulk modulus values are estimated based on the models given
above (See Section 6.3.2). Later, the elastic modulus values are calculated from the
bulk and shear modulus values. The obtained elastic modulus values are compared

with experimentally measured values. It is to be noted that from FE-based RVE
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models, the elastic modulus is also estimated. Since the FE-based model results are
susceptible to the chosen mesh size, a mesh convergence study has been conducted.
Figure 6.8(c) shows the elastic modulus values of AMSF obtained from experiments

and different models.
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Figure 6.8: (a) and (b) The effective shear and bulk modulus of different
homogenization and FE-RVE models. (c) Comparison of the effective elastic

modulus of different homogenization models, FE-RVE, and experimental results;

It can be observed that the RM data increases linearly with an increase in volume
fraction. However, the experimental elastic modulus values decrease with volume
fraction. The RM failed to capture the foam behavior because this model is based on

an iso-strain assumption. This assumption implies an equal amount of strain among
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matrix, reinforcement, and composite. However, this assumption is not valid in reality.
The HS model, which works on the concept of minimum potential energy, also
predicted a linear increase in elastic modulus with volume fraction. The model failed
to capture the aspects of geometry and particle distribution. It is noted that predicted
values refer to the upper bound of the HS model. The lower bound is assumed to be

null for this case, similar to others for syntactic foams [95].

The HT model is an empirical-based model developed to predict the elastic
properties of composite materials. In this model, the shape factor (£) is used to consider
the geometric aspects of the reinforcement [122]. However, the HT model's major
difficulty is estimating this shape factor (§). When & — oo, the HT model reduces to
RM. The literature uses curve fitting with the experimental data to find the shape
factor. It is observed that this model shows a non-linear increasing trend for AMSFs.
This may be because the thickness-to-diameter ratio alone does not contribute to
predicting the effective modulus of AMSFs. Therefore, the HT model also failed to
capture the effective properties. Generally, the modulus data of AMSF follow a
decreasing trend concerning the volume fraction [40]. Hence, the modulus data
obtained by the models (RM, HT, and HS) may not give the best prediction regarding

MMSF.

The CSC model considers a particle in an infinite medium. The major limitation
of this model is that it cannot be used at higher volume fractions [117]. For evaluating
the modulus properties of AMSFs, the CSC model predicts a decreasing trend with
respect to the volume fraction. After a 60% volume fraction, the model yields negative
values. Further, in finding the effective modulus of a composite, the DSC follows a

different approach than the CSC models [95,117]. In this approach, the particles are
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iteratively added into the medium to calculate the properties. The final properties are
obtained when the required volume is achieved. This technique is also called the
variable volume approach [117]. In these analytical models, the matrix is considered a
continuous phase without considering the adjacent void phases in the physical samples.
For AMSF, the DSC method predicted higher modulus values than the CSC models.
The general MT model considers a single ellipsoid particle immersed in a large
medium (matrix) without interaction of the particles and their influence. This
consideration may be suitable only during low-volume fractions in a practical scenario
[40,96]. Despite its broad application to predict the average stress in a matrix, the major
challenge is that this model fails to apply to the non-dilute cases when the interaction
of the nearby particles is considered. For AMSF, the MT model predicts a linear

decrease of elastic modulus with volume fraction.

The CSC, MT, and DSC estimates closely match the RVE model results. Though
the MT and RVE models follow a decreasing trend similar to the experimental values,
a significant deviation is observed due to the microstructure-based anisotropy in the
samples. The interaction between the particles is not considered in the analytical
models, which is influenced by factors such as particle geometry and manufacturing

process.

6.4.1 Sensitivity coefficients

The numerical model data for the Al-Al2O3 system are discussed in the previous
section, showing variability in the elastic properties. This behavior needs further study
to understand the variation in property sensitivity concerning the models. The
sensitivity coefficients govern the response of the composite structure responses. The

coefficients are computed using the state function’s partial derivatives concerning the
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input parameters[126,127]. In general, the sensitivity coefficients identify the model’s
accuracy or parameter to predict the properties of the composite materials. Similar
studies are reported in detail by Noor et al., discussing the effect of micro-mechanical

models and their sensitivity study on various parameters.

Figure 6.9 shows the normalized sensitivity coefficients (1 0Z/ 0A)/Z vs.
volume fraction data for different normalized Young’s modulus data for different RVE
and numerical models. Here Z refers to the elastic properties (E/Em), and A refers to
the properties related to the constituent materials (Vf ). Figure 6.9 shows that all the
elastic modulus predictions using micro-mechanical models are not in close agreement
with the RVE data. Most of the derivatives of the elastic properties concerning the

constituent properties are more than RVE predictions, except for the CSC model.

These models, such as the Rule of the mixture, HT, and HS, have shown
significant deviation in the derivatives of the elastic modulus from the FE models. The
derivatives of the elastic modulus concerning the volume fractions increase in these
three models. On the contrary, the MT and DSC models are reasonably close to the FE
model data. These derivatives are decreasing concerning the volume fraction. In the
CSC model, the sensitivity coefficient data matches the RVE data at low-volume
fractions. At higher volume fractions, a significant deviation is observed. It is worth
noting that DSC, the elastic modulus data in Figure 6.8, shows a close agreement with
the RVE model. However, the sensitivity data follows the trend of the RVE model at
initial volume fractions at about Vf- 40% a deviation is observed. This behavior

suggests the model is relatively less sensitive at higher volume fractions.
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6.4.2 Elastio-Plastic Properties

This section discusses the predicted elasto-plastic behavior of AMSFs under
uniaxial compression by RVE-based FE models. The complexity in generating RVES
with high-volume fractions is that many particles must be introduced in the
computational domain. Such models may lead to a complex geometry that requires
fine mesh and high computational capacity for macroscopic studies. In this regard, we
limited to three volume fractions to study the elasto-plastic response, i.e., 10%, 20%,
and 30%. The FE model is solved for the stress and strain by applying displacement
boundary conditions. Following the mesh convergence in Figure 6.8(d), the same
mesh size is used to estimate the elasto-plastic behavior of AMSFs. The volume-
average technique given in Equation 6.5 is used for computational homogenization to
obtain the mechanical response of the AMSFs. The obtained homogenized
macroscopic response (stress-strain data) by RVE models are compared against the

experimental data.

Figure 6.10(a-c) shows the representative graphs of measured compressive
stress-strain data for three different volume fractions of AMSFs using both FE and
experimental results. The displacement-based contour images of FE models after
deformation are shown in Figure 6.10 (d-f). The experimental and FE data show three
typical phases commonly observed in foam-based materials, such as 1. Elastic region,
2. Plateau region, and 3. Densification zone. In the plateau region, stress values
constantly increase with respect to the nominal strain range (0.05 - 0.5). Further, the
densification arises from the failure of the hollow particles, plastic flow in the matrix,

and filling up pores with fragmented particles and matrix.
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The FE-based RVE model was able to capture the uniaxial compression
behaviour. The stress-strain response obtained from the FE model followed a linear
response in the elastic region. The stress value of the FE model at the yield point (0.2%
strain) is more than the measured value for SF10 and SF20. This stress values
continues to increase in the plateau region with a constant plastic stiffness. But the
model overestimated the stress values in this region. This is due to the deformation of
hollow particles and matrix densification translated into the stress-strain response in

the plastic regime.

However, the deviation from the experimental results accounts for different
physiological factors such as friction between the particles and matrix, deviation in the
particle geometry, and testing conditions that may influence the data. After the
densification zone, the FE models largely deviate from the measured values for SF10
and SF20. Further, for slightly larger volume fractions SF30, the FE domain closely
matches the experimental results from the elastic region to the densification zone. This
suggests that the model was able to follow the physical behavior of the AMSFs under

uniaxial deformation.

The deformation behavior based on the measured and predicted stress-strain
response can be further studied using deformation energy and energy absorption
efficiency (EAE). The deformation energy is obtained by measuring the area under the
stress-strain curve. The efficiency is calculated by dividing the deformation energy
with the stress at each instance, i.e., EAE. The deformation energy obtained from the
simulation data and experimental results are compared in Figure 6.11. It can be
observed that the FE model predicted the deformation energy values close to the

experiments.
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The deformation energy is obtained by measuring the area under the stress-strain
curve and EAE = fog ade/o’. Where ¢°, the stress corresponding to the stress-strain

data. The deformation energy of experimental data showed a maximum value of up to
Vi - 20%. Apparently, for the Vi - 30%, the trend altered (FE- 82.41 MJ/m?® and
Experiment- 78.56 MJ/m?, and the simulation data showed high values. The deviation
between the experimental and FE results seems to be reduced with increased volume
fraction. All the FE curves showed similar deformation behavior under the given

boundary conditions concerning the experimental.
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The EAE curves obtained from the experimental and FE model are shown in
Figure 6.12. The earlier studies stated that the peak value of the EAE curve represents
the densification starting point in porous materials [48,101]. The densification starting
point and the respective energy absorption efficiency values are shown in Table 6.3.
It is observed that the FE model and experimental densification starting points matched
for SF30 FE model. This is due to the fact that the current model predicts the exact
experimental stress-strain behavior for the 30% volume fraction, as shown in Figure

6.10. The densification starting point decreases with an increase in volume fraction.

Table 6.3: Densification strain and energy absorption efficiency data for

experimental and FE models.

Sample ID Densification Strain Energy absorption efficiency
at Densification Strain

Experimental FE model | Experimental | FE model
SF10 0.54 0.62 0.276 0.348
SF20 0.56 0.573 0.284 0.33
SF30 0.492 0.52 0.32 0.34

The RVE macroscopic stress-strain behavior predicted for AMSF agrees with
the experimental data. The model trend in the elastic region followed the linear
behavior similar to the experimental data. Later during the plateau region, the
simulation results overestimated the stress values. This trend is observed for the initial
two volume fractions where the matrix fraction is dominant. In the FE-SF30, the model
trend followed the observed hardening behavior. Also, in this model, the stress value
at the yield point is more than the measured values. Later, the model follows the

measured path up to the densification strain as shown in Figure 6.12.
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Figure 6.12: Energy absorption data for experimental and FE models

The EAE follows an increase in trend concerning the volume fraction with a
maximum of 0.29 and 0.34 for SF30. The earlier studies state that the peak value of
the EAE curve represents the densification point in the porous materials [49]. The FE
models for f-10 % and 20 % have shown a significant deviation in the densification
point. These models overestimate the densification density concerning their
experimental data. However, the FE- SF30 model with a maximum number of particles

inside the matrix has shown better agreement with the experimental data.

Hence, this suggests that the material model (elasto-plastic) combined with the
representative geometry selected for the respective volume fraction led to the closest
representation of the experimental data. However, the trend is similar to experimental

data in all the stress-strain curves during the elastic region. The simulation data
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differing from the experimental data in the plateau zone may be attributed to the RVE
geometry. This deviation has been reduced for models with an increase in particles.
The other sources of variations can be due to the assumptions taken while modeling

the RVE.

6.4.3 Effect of particle wall thickness on the macroscopic behavior

It is to be noted that the wall thickness has a significant influence on the
macroscopic stress-strain behavior. Therefore, a parametric study has been conducted
to investigate the effect of particle wall thickness. The wall thickness is altered for 30
% volume fractions by keeping the volume fractions constant. Figure 6.13 illustrates
the compressive stress-strain responses of SF30 AMSFs FE models. However, the
number of particles may change to maintain the volume fraction. Also, the boundary
conditions and analysis steps are similar to the details given in Section 6.3.2. In these
models, three different wall-thickness £5 pum to the earlier simulation domain. The
three computational models corresponding to the hollow particle’s wall thickness are
compared. There is an increase in yield stress and densification strain with respect to
wall thickness. The densification stress has shifted to the left side with an increase in
wall thickness. This shows that the model is able to capture the geometric features.
These parameters can significantly affect the mechanical properties and energy

absorption behavior of SFs.
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Figure 6.13: FE compressive stress-strain data of AMSFs of 30% volume fraction
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6.5 SUMMARY

The simulation results obtained for alumina hollow sphere-reinforced syntactic
foams are compiled in this chapter, which includes the estimation of the elastic
properties of the SFs using different analytical models. The FE results obtained using
a representative volume element model showed a close agreement at higher volume
fractions. The macroscopic stress-strain response of the SFs for three-volume fractions
has shown good agreement with the experimental results. The deviation in the slope
of the stress-strain curve produced based on the wall thickness of the hollow particles
Is shown strong dependency. The FE model was able to capture this effect. These
results suggest that the homogenized models can predict the macroscopic properties.
Also, there is scope to explore further by introducing the cohesive effect between

matrix and hollow particles.

Further, to understand the AMSEF’s response under the influence of different
chemical solutions such as acidic, neutral, and base with varying molar and pH

concentrations the electrochemical studies are studies in Chapter 7.
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6.6 ANNEXURE

The following is the python code used to arrange the random hollow particles

inside the matrix material.

from abaqus import *

from abaqusConstants import *

from caeModules import *

from driverUtils import executeOnCaeStartup
executeOnCaeStartup()

import numpy

# Inputs

#cube dimensions
height,width,depth=1.0,1.0,1.0

# Void dimensions

dia=0.25

th =0.02

# Part names

voidmat,void,cube = 'void_mat','voids','cube’
# Part Instances name
voidMatisn,voidisn,misn = 'void_mat-1', 'voids-1','cube-1'
# Coordinates file name

inpFile ='RVE30.txt'

vp = session.currentViewportName
viewport = session.viewports[vp]

mdl = mdb.models['Model-1']

Numerical and Analytical Methods 143



s = mdl.ConstrainedSketch(name="__profile__', sheetSize=200.0)
s.setPrimaryObject(option=STANDALONE)
s.rectangle(point1=(0.0, 0.0), point2=(width,height))

pcube = mdl.Part(name="cube’, dimensionality=THREE_D,
type=DEFORMABLE_BODY)

pcube.BaseSolidExtrude(sketch=s, depth=depth)
s.unsetPrimaryObject()
viewport.setValues(displayedObject=pcube)

del mdl.sketches[' __profile_ ']

s = mdl.ConstrainedSketch(name="__profile__', sheetSize=200.0)
s.setPrimaryObject(option=STANDALONE)
s.ConstructionLine(point1=(0.0, -100.0), point2=(0.0, 100.0))
s.resetView()

mdl.sketches['__profile__"].sketchOptions.setValues(gridSpacing=0.1,
gridAuto=0FF)

s.ArcByCenterEnds(center=(0.0, 0.0), pointl=(0.0, dia/2.0), point2=(0.0, -
dia/2.0),

direction=CLOCKWISE)
s.Line(point1=(0.0, dia/2.0), point2=(0.0, -dia/2.0))

pvd = mdl.Part(name=void, dimensionality=THREE_D,
type=DEFORMABLE_BODY)

pvd.BaseSolidRevolve(sketch=s, angle=360.0, flipRevolveDirection=0FF)
s.unsetPrimaryObject()

viewport.setValues(displayedObject=pvd)

del mdl.sketches['__profile_ ']

s1 = mdl.ConstrainedSketch(name='__profile_', sheetSize=200.0)
s1.setPrimaryObject(option=STANDALONE)

s1.ConstructionLine(point1=(0.0, -100.0), point2=(0.0, 100.0))
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s1.ArcByCenterEnds(center=(0.0, 0.0), point1=(0.0, dia/2.0), point2=(0.0, -
dia/2.0),

direction=CLOCKWISE)

mdl.sketches['__profile__"].sketchOptions.setValues(gridSpacing=0.05,
gridAuto=0FF)

s1.ArcByCenterEnds(center=(0.0, 0.0), point1=(0.0, dia/2-th), point2=(0.0,
-dia/2+th), direction=CLOCKWISE)

s1.Line(point1=(0.0, dia/2), point2=(0.0, dia/2-th))

s1.Line(point1=(0.0, -dia/2), point2=(0.0, -dia/2+th))

pvmat = mdl.Part(name=voidmat, dimensionality=THREE_D,
type=DEFORMABLE_BODY)

pvmat.BaseSolidRevolve(sketch=s1, angle=360.0, flipRevolveDirection=0FF)
s1.unsetPrimaryObject()

viewport.setValues(displayedObject=pvmat)

del mdl.sketches[' __profile_ ']

# Assembly

asm = mdb.models['Model-1"].rootAssembly
asm.DatumCsysByDefault(CARTESIAN)

asm.Instance(name=misn, part=pcube, dependent=0N)
asm.Instance(name=voidMatisn, part=pvmat, dependent=ON)

asm.Instance(name=voidisn, part=pvd, dependent=ON)

fin = open(inpFile)
coords =[]
for line in fin:
if not line: break
if not line.strip(): break
data = [float(i) for i in line.split()]

coords.append(data)
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fin.close()

vmisns,visns = [voidMatisn,], [voidisn,]
nl=2

spcl,spc2=0.25,0.25

n = len(coords)

origin = 0,0,0 # center coordinates of void and void material

if n%2.0 1= 0.0:
n2=n/l2+1
else:
n2 =n//2

# Creating the linear pattern of void and void material part instances
mdl.rootAssembly.LinearInstancePattern(instanceList=(voidisn,voidMatisn ),
direction1=(1.0, 0.0, 0.0), direction2=(0.0, 1.0, 0.0),
numberl=nl, number2=n2, spacingl=spcl, spacing2=spc2)

for i in range(nl):

ifi==0:
nstart = 1
else:
nstart =0

for j in range(nstart,n2):
visns.append(voidisn+'-lin-%d-%d'%(i+1,j+1))

vmisns.append(voidMatisn+'-lin-%d-%d'%(i+1,j+1))

# Translating the void and void material instances
ic = len(visns)//2

idir = numpy.array([0.0, 0.0, 0.0])
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offset = spcl
kk =0
for k,coord in enumerate(coords):
if k==ic:
print('In the if condition’)
idir = numpy.array([spc2, 0.0, 0.0])
offset = spc2
kk =0
# origin of each instance w.r.t original instance
# idir2 = idir * offset*kk
idir2 = idir[0] ,spcl*Kkk, idir[2]
# origin of each instance w.r.t. global coordinate system
origin2 = numpy.array(origin) + numpy.array(idir2)
vec = numpy.array(coord)- numpy.array(origin2)
# print(k+1,0rigin2)
kk +=1
# break
# moving the void material instance
mdl.rootAssembly.translate(instanceList=(vmisns[k], ),
vector=tuple(vec),)
# moving the void instance
mdl.rootAssembly.translate(instanceList=(visns[k], ),

vector=tuple(vec),)

if len(visns) > len(coords):
visns = visns[:len(coords)]

vmisns = vmisns|[:len(coords)]
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# Cutting the cube instance using void part instances

mainisn = mdl.rootAssembly.instances[misn]

visnObj =[]

for visn in visns:
visnObj.append(mdl.rootAssembly.instances[visn])

newlISN = mdl.rootAssembly.InstanceFromBooleanCut(name="cube_merged’,
instance ToBeCut=mainisn,cuttingInstances=tuple(visnObj),
originallnstances=SUPPRESS)

# originallnstances=DELETE - for deleting the original part instances.

Numerical and Analytical Methods 148



Table 6.4: Random distribution of the hollow particle position in size the
computational domain used in the python code (RVE30).

X Y Z

0.845145 1.86733 2.4485
0.845145 1.86733 -0.0515
0.640718 1.59318 0.841591
0.552693 0.461975 2.0218
0.331097 2.21934 0.721202
2.10905 1.29193 2.46865
2.10905 1.29193 -0.03135
0.429503 1.21779 2.02118
1.10155 1.18514 1.87482
0.555354 0.76264 0.299671
2.4299 0.097298 2.15556
-0.0701 0.097298 2.15556
2.4299 2.5973 2.15556
-0.0701 2.5973 2.15556
0.536279 2.42193 1.46966
0.536279 -0.07807 1.46966
-0.09102 0.451033 1.04992
2.40898 0.451033 1.04992
2.51295 1.39036 1.52273
0.012952 1.39036 1.52273
0.040862 1.58342 0.735412
2.54086 1.58342 0.735412
1.10841 2.61752 2.20444
1.10841 0.117518 2.20444
1.07154 0.697614 1.23897
1.52864 1.37108 0.855993
1.48904 1.75633 2.07908
1.42076 0.501911 1.86438
2.53118 0.809049 2.06452
0.031182 0.809049 2.06452
1.66951 0.77742 0.901238
2.04129 2.51589 0.389099
2.04129 0.015886 0.389099
0.854594 0.270385 0.352833
1.54293 1.17824 2.54119
1.54293 1.17824 0.041195
1.00214 0.008146 1.02664
1.00214 2.50815 1.02664
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Chapter 7: Corrosion Studies on AMSFs

The previous chapters extensively present the microstructural and mechanical
response of the AMSFs. This chapter studies the electrochemical response of the
produced AMSFs in detail. The AMSFs have a broad range of applications not limited
to automotive, marine, and aerospace, and it is essential to understand the
environmental aspects, such as the corrosion response under various environmental
conditions. In this regard, the corrosive response and the mechanism of the AMSFs for
different volume fractions of the hollow particles are explored. In this chapter, the
electrochemical response of the AMSFs is explored using techniques such as
potentiodynamic polarization and the electron impedance spectroscopic response. The

obtained results are further analyzed by exploring the affected surface under SEM.

7.1 INTRODUCTION

Aluminum matrix syntactic foams (AMSF) are cellular materials that offer
extended plateau stress and multifunctional properties in contrast to metal foams. Due
to their low-density high performance, applications of syntactic foams have increased
during the past few decades. The syntactic foams (SF) contain ceramic/metal-based
hollow particles in a matrix. This may account for high specific stiffness and up to
80% of energy absorption efficiency, and metal foams are the materials that exhibit a
unique mix of physical and mechanical qualities. Most commercially available cellular
metals do not possess the mechanical characteristics expected by scaling relations.
This is partly attributable to morphological flaws in the structure, such as missing cell

walls and wall wiggles. However, syntactic foams exhibit mechanical and structural
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properties under different loading conditions[92,128]. Most SFs find their applications
in marine, automotive, aerospace, and defense industries to reduce weight and retain
structural stability. The electrochemical characteristics are still unexplored despite its
high reputation for structural properties. In the literature, polymer and metal-based

syntactic foams are studied.

Many technical applications, such as aircraft, automotive, and railway, require
energy absorption materials with low weight and high strength. Aluminum foams are
widely suited for lightweight energy absorption applications due to their low relative
density, high specific energy, and significant compressive deformations. AMSFs that
contain hollow ceramic particles, such as alumina hollow spheres, contribute to the
foam's structure. As a result of the support provided by the shells of the alumina hollow
particles, SFs have greater moduli and strengths than conventional foams synthesized

using gas-releasing chemicals.

There are few studies on the corrosion behavior of AMSFs. In research on Al-
Alloy syntactic foams, including hollow glass particles, the authors indicate that the
syntactic foam samples exhibit more excellent corrosion resistance in a 3.5% sodium
chloride (NaCl) solution than the base alloy[106]. This is due to alumina hollow
particles, which lower the matrix's surface area. Similarly, it has been observed that
silica nanospheres increase the corrosion resistance of Mg in both Hank's buffered
saline and PBS solutions. There is potential for using syntactic foams in structural
applications where they may be subjected to a corrosive environment. Several
investigations are insufficient to verify their corrosion behavior sufficiently. Thus,
more research is necessary to give additional information and understanding of their
corrosion behavior, particularly for those manufactured using a powder metallurgy

(PM) technique. So, the present work aims to contribute to the body of knowledge in
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this area by elucidating the influence of microspheres on the microstructure and

corrosion behavior of AMSF.

7.2 Potentiodynamic Polarization Measurements and Surface Morphologies

7.2.1 HCL

The potentiodynamic polarization behavior of the three different ASF (#1, #2,
and #3) of 30% volume fraction of alumina hollow particles(HP) each were evaluated
using potentiodynamic polarization (PDP) measurement. The sample ID is assigned
based on the size of the alumina HP, as shown in Table 7.1. The PDP measurements
were in various molar concentrations (0.01, 0.1, and 1 M) in an acidic (HCI), neutral
(NaCl) , and alkaline media (8, 10, and 12). The corrosion parameters, corrosion
current density (lcorr) and corrosion potential (Ecorr), were obtained from the Tafel

extrapolation measurement, and data presented in Table 7.1.
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Figure 7.1: The polarization curve of AMSF #1, #2, and #3 samples were tested

in an acidic HCI solution.
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Table 7.1: Corrosion current (lcorr) and corrosion potential (Ecorr) at different HCI

molar concentrations

ECOH‘

Type of | Sample | Particle size | Molarity lcorr
solution ID (um) (M) (Alcm?) (V vs.
sec)
0.01 5.68E-11 -0.49
#1 500 0.1 1.26E-10 -0.5
1 2.96E-05 -0.72
0.01 1.18E-10 -0.48

HCI

(Acidic) #2 1000 0.1 1.20E-10 -0.56
1 2.05E-06 -0.86
0.01 3.94E-10 -0.46
#3 1500 0.1 5.50E-05 -0.7
1 1.25E-03 -0.79

In Figure 7.1, the Polarization curves (PDP) for three distinct samples (#1, #2,
and #3) were immersed in an acidic (HCI) solution with different molar concentrations,
and corresponding Icorr and Ecorr values are represented in Table 7.1. From
polarization curves Figure 7.1 and Table 7.1, noticed that AI-500 pm-1.3 in 0.01
exhibited notably low Icorr value (5.68E-11 A/cm?) in 1M HClI solution, in comparison
with 0.1 and 1M concentrations. there isa minor increment in Icorr values is observed,
i.e 5.68E-11 A/cm? to 1.26E-10 A/cm? (Table 7.1). Also, the Ecorr was found to shift
towards the negative side (-0.49 to -0.5). Generally low Icorr values represent lower
corrosion rates and better corrosion resistance. The ASFs with low particle size (500
um) showed excellent corrosion resistance in 0.01 and 0.1 M HCI solution. However,
as the CI- ion concentration in the HCL solution reaches to 1M, high Icorr values
(2.96E-05 A/cm?) and a decrease in the Ecorr value of -0.72 can be observed in #1

sample, indicates high corrosion rates. The observed high corrosion rates imply high
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rate of metal dissolution at Ecorr, due to the breakdown of the passive layer on the

alloy surface.

In another case, the 1000um sample (#2) tested at 0.01 M HCI solution displays
higher Icorr values, i.e., 1.18E-10 A/cm?, than sample #1. Also, the corresponding
corrosion rate of Ecorr is -0.48. When the CI- ion concentration increased from 0.01M
to 0.1M, displayed negligible variance Icorr values, holding steady at the rage of
1.18E-10to 1.20E-10 A/cm? (Table 7.1), and the Ecorr moved to a more negative side.
Upon further increase in the Cl- a concentration in a 1M HCI solution, no marginal
change in the Icorr values (2.05E-6 A/cm? ) are noted, and the sample demonstrated
enhanced resistance to corrosion across all three different molar concentrations of the

acidic HCI solutions.

Sample #3 showed good corrosion resistance when tested in 0.01M HCI solution
(3.94E-10 A/cm2) among three molar concentrations, but compared to #1 and #2 the
Icorr value of the #3 is found to be slightly higher. As the CI- ion concentration
increased from 0.01M to 1M, a drastic increase in the Icorr value is observed (Table
7.1). The Icorr values were significantly increased in the other two solutions (0.1 and
1M), indicating a high metal dissolution rate at Ecorr. This suggests that the ASF
becomes anodically activated as the CI- ion concentration increases, leading to the
deterioration of the passive layer, and consequently, an increase in metal dissolution
rate. Further, it was observed that the rate of corrosion tends to increase with the

particle size.

Thus, the AI-500pum sample (#1) shows excellent corrosion resistance in the
acidic environment at various molar concentrations than the other two ASFs (Figure

7.1 and Table 7.1). However, a significant difference was not observed in the Icorr
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values at lower concentrations of Cl ions (0.01 M to 1 M) in different sizes of hollow
particles (#1 and #2). High Icorr values lead to elevated corrosion rates, as observed
in sample #3. Generally, it has been found that metal matrix composite (MMCs)
exhibits better corrosion resistance than pure Al alloys due to the presence of oxide
particle inclusions possessing higher corrosion resistance [6,13]. Interestingly, even
though the corrosion rate tends to increase with particle size (from samples #1 to #3),
the ASFs exhibit superior corrosion resistance than the reported MMCs (Al+SiC) due
to the high agglomeration percentage of the alumina hollow particle as compared to
the conventional MMCs [13]. These hollow particles are distributed uniformly
throughout the sample, forming a protective layer acts as a corrosion barrier,
effectively preventing corrosion. Based on the present corrosion test parameters from
Table 7.1, the outcomes establish a corrosion rate hierarchy for the ASFs in an acidic
medium is #3 > #2 > #1. This ranking suggests that an increase in alumina HP size

along with the CI- ion concentration leads to accelerated metal dissolution rate.

After performing the PDP analysis, the affected surface of the samples exposed
to different corrosive environments is examined using SEM. Figure 7.2(a-f) shows
representative surface morphologies of the corroded surface of the samples (#1, #2,
and #3) tested in HCI solution at 0.01M and 1M. For 0.01M HCI solution, The surface
shows a deep pit without significant cracks. But in the case of sample #2 (Figure
7.2(c)), the corroded surface is covered with multiple pits and finer cracks. This
correlates well with PDP results, in which #1 showed better corrosion resistance.
Further, for particles of 1500 um (Figure 7.2(e)) tested in 0.01M HCI solution, the
whole surface was affected with deep pits and cracks. This may be attributed to the
breakdown of the aluminum hydroxide (Al(OH)s3) passive layer, which causes a high

corrosion rate on the alloy surface.
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Figure 7.2: SEM morphologies of the corroded surface of #1, #2, and #3 samples

tested in HCI solution at 0.01 M and 1 M.
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Subsequently, at higher ClI- ion concentrations of 1M, the entire surface of all
three ASFs was corroded with multiple deep pits and large cracks, as observed in
Figure 7.2(b, d & f). This behavior indicates the surface of the ASFs shows high
corrosion rates. Based on the Pourbaix diagram [14], Al and its alloys are found to be
resistant to corrosion within moderatly aggressive environments, attributed to the
development of a protective aluminum hydroxide (AI(OH)3)/ Al>O3 passive layer. This
protective layer acts as a barrier and can repair damaged parts by itself in an oxide
environment [14]. However, in acidic condition at low pH levels (pH<7) and CI" ion
concentration, ASFs displays less stable. This is mainly due to the increase in anodic
current density, causes excessive release of hydrogen gas from the alloy surface. This
leads to local breakdown of the AI(OH)s surface passive layer [12]. Consequently,
more pronounced and extensive cracks and pits become evident on the sample surface,
resulting in high corrosion rate. The SEM morphologies shown in Figure 7.2 are in
complete agreement with the polarization results from Figure 7.1 and the data in Table
7.1. Pitting with minor cracks was observed in the 0.01 M HCI solution, mainly due to
the low chloride ion concentrations. In contrast, the whole surface damage is observed

under the conditions of a 1 M HCI.

7.2.2 NACL

Figure 7.3 presents the anodic and cathodic polarization curves of AMSFs tested
in different molar concentrations of the NaCl solution. The corresponding data is
displayed in Table 7.2. Figure 7.3 shows sample #1 in 0.01M NaCl solution exhibits
a low lcorr (2.36E-11 A/cm?) value and the corresponding Ecorr, Which is -0.96 V. Also,
with an increase in the Al>Os particle size to 1000 pm, a slight increment in the lcorr
value (3.86E-10 A/cm?) was observed at 0.01M NaCl solution. Further, with an

increase in the CI" ion concentration drastic increase in the current density values is
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observed for 1 M NaCl solution, i.e., 1.51E-05 A/cm?. For a 1 M NacCl solution,
compared to an HCI solution, there is no drastic change in the lcorr Value observed, and
it exhibits similar behavior. Interestingly, the corrosion behavior of AMSF samples

(#1 and #2) revealed similar corrosive behavior.

Table 7.2: Corrosion current (lcorr) and corrosion potential (Ecorr) at

different NaCl molar concentrations

E
Type of | Sample | Particle size | Molarity lcorr o
solution ID (um) (M) (Alcm?) (Vvs.
sec)

0.01 2.36E-11 -0.96

#1 500 0.1 1.68E-10 -0.95

1 1.51E-05 -1.22
0.01 3.86E-10 -0.91
#2 1000 0.1 3.08E-10 -0.9

1 4.43E-05 -1.16
0.01 2.03E-10 -0.9
#3 1500 0.1 9.74E-06 -0.82
1 3.86E-05 -1.09

NaCl
(Neutral)

In the case of sample #3, there is a noticeable difference when compared to the
other two ASF samples. As the CI" ion concentration increases from 0.01 M to 1 M in
the NaCl solution, higher Icorr values are observed. concurrently, Ecorr values shift
towards the more negative side -0.9 to -1.02 V. this shift in Ecorr values indicates
reduced stability of the alloy in the presence of increasing chloride ion concentrations.
A significant change in Icorr values is observed with shift in Cl ion from 0.1 to 1M in
NaCl solution, suggesting a high corrosion rates under these conditions. Compared to
the HCI data (Figure 7.1), the samples tested using NaCl solution (Figure 7.3) showed

better passivity in all molar concentrations. This implies that the ASFs exhibited
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elevated corrosion resistance in NaCl solution compared to corrosive effect of the

acidic HCI media.

-0.2
] NaCI O #1-0001M O #1-0.1M
04 4 A #1-1IM Y/ #2-0.01M
' O #2-0M < #2-1M
> #3-0.01M O #3-0.1M
-0.6 - Yo #3-1M
el
-0.8 o oo :@;QE&WM

‘llzr%
D

-1.6

-1.8 T T T T T T T T T T T
1E-13E-12E-111E-10 1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 0.001 0.01

lcorr (A/cmz)

Figure 7.3: The polarization curve of AMSF #1, #2, and #3 samples were tested

in a neutral salt NaCl solution.

Figure 7.4(a-f) provides visual insights into the surface morphologies of the
corroded samples (#1, #2, & 3) when exposed to NaCl solutions at concentrations of
0.01 M and 1 M. In Figure 7.4(a) shows sample #1 tested in 0.01M NaCl solution, it
was observed that a small pit was detected, and no significant surface damage was
observed on the surface. Pit along with more surface damage was identified with an
increase in the hallow particle size to 1000 um (Figure 7.4(c)). In the case of sample
#3 (Figure 7.4(e)), for 0.01M NaCl solution, the surface damage has increased with

broader pits was noticed, as compared to #1 and #2. This suggests that compared to
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both the large particle size foams, samples with 500 um exhibited excellent corrosion

resistance, this conclusion aligns well with the Icorr values provided in Table 7.2.

15.9mm 650x 20,00 kY essum 1.00E-3 Pa ETD Standard

Figure 7.4: Morphologies of the corroded surface of #1, #2, and #3 samples tested

in NaCl solution at 0.01 M and 1 M.

Additionally, as the chloride ion concentration increased to 1 M for 500 pum
samples (Figure 7.4(b)), the size of the pit grew along with minor surface damage,

and no cracks were found. The SEM micrographs of samples with 1000 um and 1500
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um HPs revealed surface cracks with broader pits and deeper cracks. Among all,

sample #1 exhibited low corrosion rates, and sample #3 displayed high corrosion rates.

Nevertheless, compared to HCI data, the surface damage in all the samples is
less aggressive compared to the NaCl solution. Based on the Pourbaix diagram for
aluminium, in a neutral solution (pH=7), aluminium tends to move towards a more
passive side, forming an oxide layer owing to the less aggression of Cl-ion. The formed
Al2(0OH)3 passive layer is partially stable, thereby acting as a barrier against the
corrosion. Thus, lower corrosion rates were detected in the NaCl solution compared to

the HCI solution.

7.2.3 NAOH

Figure 7.5 and Table 7.3 represent the polarization curves of three different
sizes of alumina HP-reinforced ASFs tested in alkaline NaOH solution under varying
pH levels, i.e., 8, 10, and 12. From Figure 7.5, sample 1# tested in all pH levels showed
low Icorr values indicating good corrosion resistance, suggesting excellent corrosion
resistance. Similar behavior was observed for sample #2. Compared to #1 and #2,
slightly higher Icorr values were observed in sample #3, indicating high corrosion rates
in alkaline. Among all, AI-500um composite at pH8 shows very less Icorr values i.e

1.51E-10 A/cm?, suggesting excellent corrosion resistance.
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Figure 7.5: The polarization curve of AMSF #1, #2, and #3 samples were tested

in a NaOH solution.

Table 7.3: Corrosion current (lcorr) and corrosion potential (Ecorr) at different

NaOH molar concentrations

Type of solution Alloy Molarity (m) | lcorr (A/cm?) Seort
(V vs. sc)

pHS8 1.45E-10 -1.03

500-1.3 pH10 4.56E-10 -1.21

pH12 6.96E-07 -1.2

pH8 2.98E-10 -0.96

NaOH (alkaline) 1000-2.3 pH10 151E-10 -1.01
pH12 8.59E-05 -1.5

pH8 1.68E-10 -0.52

1500-3.3 pH10 6.65E-07 -1.24

pH12 1.30E-06 -1.2

The SEM morphologies of the three ASF samples tested NaOH alkaline media

at different pH environments are shown in Figure 7.6. From Figure 7.6(e & f), a
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deeper pits and cracks with surface damage were observed in sample #3 when tested
in pH8 and pH12. This could be attributedto the deterioration of the passive layer, an
indication of high corrosion rates. The number of pits and size of the pit increase in
pH12 compared to pH8. With a decrease in the HP to 1000 um (Figure 7.6(c & d)),
only a few micro-pits and no significant surface damage were identified. Further,
reducing the particle size in 500um (Figure 7.6(a & b)) only single pit with no surface
damage was observed. This suggests the presence of an AI(OH)® protective layer
covering the entire surface and helping to protect from corrosion, which is insoluble
in NaOH solution [15]. Therefore, less degradation in NaOH alkaline media can be
noticed. As the pH level from pH8 to pH12, aluminium degradation intensifies by the
strong adsorption of the OH- ions. This resistance to the formation of an active anodic
region results in an increase in corrosion rates in alkaline media. Interestingly, the
corrosion rate at pH 12 in alkaline NaOH solution was found to be lower than that
observed in neutral NaCl and HCI solutions. This highlights the complex nature of
corrosion behaviour in different environments. The SEM images of ASFs in the
alkaline medium, in Figures 7.6(a-f), indeed correlate well with the polarization

results presented in Figure 7.5 and the data in Table 7.3.

While comparing the overall corrosion behavior of the samples (#1, #2, and #3)
tested in acidic, neutral, and alkaline media in both acidic and neutral solutions with
increasing the concentration from 0.01M to 1M, noticed that an increase in the lcorr
values and the corrosion current density decreases with increasing the concentration
of Cl"ion. The increase in pH value leads to the dissolution of the AMSFs. The value
of the lcorr reducing is in the following order based on the pH level in electrolyte

solutions: lcorr-NaoH> lcorr-Nacl > lcorr-Hel.
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Figure 7.6: Morphologies of the corroded surface of #1, #2, and #3 samples tested

in NaOH solution at pH 8 and pH12.
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On the other hand, in all three media, acidic (HCI), neutral (NaCl), and alkaline
(NaOH), AMSF with 500 um shows less lcorr Values, indicating excellent corrosion
resistance and samples with 1500um HP displays high lcorr Values, suggesting high
corrosion rates. Sample #2 showed high corrosion resistance in 1M acidic HCI media.
This could be due to the optimal distribution of the hallow particles (Al203) into the
Al matrix, thus forming the strong AI(OH)s passive layer, which resists high CI" ion

concentration. Overall, the order of the corrosion is as follows #1>#2>#3 of AMSFs.

The produced AMSFs samples were compared with the other syntactic foam
samples such as Al,033D/5083Al foam [129], AA2014 - 45% cenosphere syntactic
foams [130], Al+5%Al,03 [131], and Magnesium alloy AZ61/fly ash microspheres
(FAMs) syntactic composite foams [105]. All these syntactic foams were tested in
3.5% NaCl neutral solutions, as shown in Table 7.4. and the corresponding lcorr Values

are 6.41E-6 A/lcm?, 9.32E-6 A/cm?, 1.33E-4 A/lcm? and 2.79E-6 A/cm?.

Compared with the literature data, the lcorr values of all AMSFs (Al-Al;O3 SFs)
at NaCl solution were found to be lesser. In the present investigation, for the HCI and
NaOH solution, it is interesting to note that the lcor Values were found to be
significantly less in all three different Clion concentrations (Table 7.1) and pH
environments (Table 7.3). This may be attributed to forming of a stable Al;O3
protective oxide layer. This layer helps to protect from aggressive corrosion. To the
best of the author’s knowledge, most of the syntactic foams are only tested with NaCl
solutions; the present AMSFs are tested in all three aqueous environments and showed

lower lcorr, indicating superior corrosion resistance.
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Table 7.4: lcorr values of AMSF at different molar concentrations from literature

Material Electrolyte Molarity (M) | lcorr (Alcm?)
Al;033D/5083Al foam NaCl 35 6.41E-06
[129]
AA2014 - 45% cenosphere
syntactic foams [130] NaCl 35 9.32E-06
Al+5%Al,03 [131] NaCl 3.5 1.33E-04
AZ61/ FAMs syntactic
composite foams [105] NaCl 35 2.79E-06

7.3 Electrochemical Impedance Spectroscopy (EIS) Measurements

Electrochemical impedance spectroscopy (EIS) is a powerful tool for studying
corrosion behavior. It provides insights into physical, electrochemical, and electrical
processes. Figure 7.7 displays Bode and Nyquist plots for samples tested in acidic,
alkaline, and neutral environments. Here Figure 7.7 (a-c) and Figure 7.7 (d-f) displays
Bode plots of impedance (Z) and phase angle (©) plots vs. frequency (f). Figure 7.7
(g-i) presents Nyquist plots. The position of absolute impedance (|Z|) and phase angle
(©) curves in these plots reveals the corrosion mechanism of the syntactic foam
samples. This mechanism is influenced by factors like pH, chloride ion (Cl-)
concentration, and alloy composition. The impedance analysis was analyzed byusing

an equivalent circuit to better understand these corrosion mechanisms.
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Figure 7.7: Bode plots [a—c represents log f vs. log Z; and d-f represent log f vs.
O] and Nyquist plots [g-i represent the Zrea vs. Zim] of Al-500 um-1.3, Al-1000
um-2.3, and Al-1500 um-3.3 syntactic foam samples. (a-b) Acidic HCI and
Neutral NaCl solutions in 0.01 M, 0.1 M, and 1 M and (c) basic/ alkaline NaOH

solution at different pH levels.

Figure 7.7(a & d) displayed the bode impedance and phase angle plots of the
ASFs samples (#1, #2, & #3) tested in acidic HCI solution at various molar
concentrations. The results showed that ASF of 500um tested in 0.01M solution
displayed a high absolute impedance value |Z| is evident within the low-frequency
regions in compared to samples #2 & #3, indicating good passivation behavior. With
an increase in the hallow particle size from 500 to 1000 um, little difference towards
the negative side is witnessed in sample #2 (1000 pm ). With further increase in the

particle size to 1500 pm, absolute impedance value |Z| shifting even further to the
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negative side at low-frequency regions, thus suggesting high corrosion rates. When
investigating the impact of increasing Cl-ion concentration from 0.01 M to 1 M
(Figure 7.7(a)), it is observed that both samples #1 and #2 exhibited high impedance
values at low-frequency regions. Whereas in the case of sample #3 at 1M HCI solution,
there were less impedance values than the other two samples, indicating high corrosion
rates. Figure 7.7(d) represents the phase angle plots for all samples (#1, #2, & #3). For
sample #1 tested in 0.01 M HCI, a high phase angle at a high-frequency region with a
large curvature radius signifies high corrosion resistance. As the CI- concentration
increases from 0.1 M to 1 M, a suppressed phase maximum is observed, aligning with

the polarization results in Figure 7.1 and Table 7.1.

The Bode impedance and phase angle plots of the ASF samples tested in neutral
NaCl solution at different ClI™ ion concentrations, as presented in Figure 7.7(b & e).
The bode impedance results revealed that the behavior of the samples at NaCl is similar
to the HCI solutions. In Figure 7.7(b), we observe high absolute impedance |Z| values
at low-frequency regions across all concentrations in NaCl, which is different from the
HCI solution (Figure 7.7(a)). Likewise, in Figure 7.7(e), in sample #1 observed high-
phase maxima in the high-frequency region, indicate better corrosion resistance and
strong passivation behavior. This is because of the formation of a stable alumina
passive layer. It indicates the sample shows good passivation behavior with increased
pH levels from acidic to neutral. Within this, #1 sample displayed high impedance
values indicating good corrosion resistance, and low impedance values recorded in #3
samples suggesting high corrosion rates, due to the sample was less aggressive in a

neutral solution.

Figure 7.7(b & e) represents the bode impedance and phase angle plots of the

samples tested in neutral NaCl solution at different molar concentrations. The bode
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impedance results revealed that the behavior of the samples at NaCl is similar to the
HCI solutions. Nevertheless, the high absolute impedance |Z| values were recorded at
low-frequency regions in all concentrations in Figure 7.7(b), compared to the HCI
solution (Figure 7.7(a)). The sample shows good passivation behavior with increased
pH levels from acidic to neutral. Within this Al-500 um-1.3 sample displayed high
impedance values indicating good corrosion resistance, and low impedance values

recorded in Al-1500 um-3.3 samples displayed high corrosion rates.

Similarly, from Figure 7.7(e), high-phase maxima were observed in the high-
frequency region. The high phase maxima observed in Al-500um-1.3 displayed better
corrosion resistance and good passivation behavior. NaCl showed improved results
compared to HCI due to the formation of the stable Al,Oz passive layer, and the sample

was less aggressive in a neutral solution.

The Bode impedance and phase angle plots of all samples tested in NaOH
alkaline media at different pH environments (Figure 7.7(c & f)). Compared to the HCI
(Figure 7.7(a & d)) and NaCl (Figure 7.7(b & e)), high impedance value at low-
frequency region and dominated phase maxima at high-frequency region observed in
Al-500um-1.3 sample, followed by samples #2 & #3. However, #1 at pH8 displayed
excellent passivation behavior and corrosion resistance. By combining all the bode
results of HCI (Figures 7.7(a & d)), NaCl (Figures 7.7(b & €)), and NaOH (Figures
7.7(c & 1)), Al-500 um-1.3 displayed high impedance and phase maxima at a high-
frequency region in all media, very high in alkaline medium. Low impedance values
and suppressed phase maxima were observed in the Al-1500 um-3.3 sample. This
means sample #1 is more stable than the other two samples in all the pH environments,

which agrees with the polarization results (Figures 7.1, 7.3 & 7.5).
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Figures 7.7 (g, h, 1) represents the Nyquist plots all AMSFs tested in acidic,
neutral, and alkaline media at different Cl~ concentrations and pH environments.
Figure 7.7(g) shows the Nyquist plot of the syntactic foam samples tested in HCI
solution at 0.01M and 1 M concentrations. It was observed that sample #1 displayed a
large radius of curvature and high imaginary values. The large radius of curvature and
high imaginary values indicate high corrosion resistance. With an increase in the
hallow particle size (1000 um), a radius of curvature and imaginary values is reduced,
followed by very low in sample #3. With an increase in the Cl"ion concentration from
0.01 M to 1 M (Figure 7.7(g)), a small radius of curvature and low imaginary values
were observed in all three samples. It means that the composite absorbs the anions on
the surface. With an increase in hollow particle size, the adsorption rate increases due
to the less compact nature because of the increase of oxidation by consuming the metal
electrons from the alloy. This leads to pit initiation on the sample surface, as seen in
Figure 7.2. The curves are too small at 1M HCI solution, indicating high corrosion
rates. The Nyquist plots of the HCI correlate well with the polarization results (Figure
7.1) and SEM morphologies (Figure 7.2). Similar results were observed from Nyquist

plots in Figures 7(h) and 7(i), which correlate well with PDP results.

(a) (b)

R1

1

Q —~MA—]
R1 c1
c1 R2

R2

Figure 7.8: Randle’s equivalent circuit for (a) Al-500 um-1.3 (b) Al-1000 pm-2.3
and Al-1500 um-3.3 syntactic foam samples tested in the present alloy in HCI,

NacCl, and NaOH.
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Quantitative results of the EIS plots were obtained from the impedance analysis
by EC lab software, as displayed in Tables 7.4, 7.5, and 7.6.The Figures 7.8 (a & b)
shows the equivalent circuits that explain the corrosion behavior of the three syntactic
foams tested in various aqueous solutions. To simulate the impedance spectra, two
different equivalent circuit models were developed. The two equivalent circuit models
were fitted by adjusting the individual parameters through iterations to reduce the
residual error in both real and imaginary impedance components. This indicates the
difference in forming the passive surface film characteristic and electrochemical
response in the presence of ions [132]. These equivalent circuit models signify the
metal/oxide layer/electrolyte reaction. Figure 7.8(a) is the simple Randle’s equivalent
circuit of sample #1 tested in HCI, NaCl, and NaOH solutions, with a description code
(CDC) as R+(C+Q/R) for the Nyquist plots. Similarly, Figure 7.8(b) shows the
equivalent circuit description code (CDC) as R/(C+Q/R) for samples #2 and #3 tested

in HCI, NaCl, and NaOH solutions.

Table 7.5: Electrochemical parameters of the #1 AMSFs from impedance fitting

diagram.

Material | CONCENTRATION | R1(@) | R2@) | 1 @F) | Q1E.SY) | n
0.01M HCl 001 | 004 | 2329 | 342 |08

1M HCI 7'%915 0.01 |5.74E+15| 394 |08

0.01M NaCl 95| 009 |150E+09| 74 |08

#l 9.80E-

1M NaCl T | 007 |248E412| 903 |08

pH8 NaOH 001 | 220 | 730 | om |1

pH12 NaOH 0.4 | 043 |460E+14| 096 |05
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Table 7.6: Electrochemical parameters of the #2 AMSFs from impedance fitting

diagram.
Material | CONCENTRATION | R1(@) | R2(Q) | Cl(uF) | Q1(F.sM | n
0.01M HCI 0.036 | 9.50E+11| 081 | 4077 |01
1M HCl o |930E04 | 2 | 765603 1
0.01M NaCl 0.059 |450E+11| 067 | 1423 | 0
& 1M NaCl P02 | 15605 | 143 | 192603 | 1
pH8 NaOH 024 |281E+12| 074 | 247 |01
pH12 NaOH 0044 |7.99E+12| 355 | 799 |01

The circuit in Figure 7.8 (a & b) consists of two resistors (R), one capacitor (C),
and one constant phase element (Q). Electrochemical parameters such as solution
resistance (R1 Ohms), charge transfer resistance (R2 Ohms), double-layer capacitance
(C1 pFarads), constant phase element (Q), and Constant phase element exponential
(n) of the circuit were obtained from the EC lab software, displayed in Table 7.4, 7.5
and 7.6. Here, the ‘n’ value varies between 0 to 1. The “n” value gives information
about the Warburg impedance (Zw) and coating capacitance. The equation for the

infinite Warburg impedance (Zw) is:

Warburg impedance (Zw) = (o)™ (1-)) (7.1)

where ¢ is the Warburg coefficient (Q cm? s72) and w=2xf (rad s ). Here (cw)'/?
is the frequency impedance real part, and (cw) 2 (-j) is the imaginary part [133]. These

parameters are used to study the corrosion process kinetics.
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Table 7.7: Electrochemical parameters of the #3 from impedance fitting diagram.

Material | CONCENTRATION | R1(Q) | R2@) | C1@F) | Q1E.sY | n
0.01M HCl 0067 | 0017 | 288 | 9392 | o0

1M HCl o |219E+00 | 239 | 6825 | 0

0.01M NaCl 0092 | 274E+12 | 375 | 1726 |01

" 1M NaCl 9'3(;%5 1.89E+09 | 425 | 2141 | 0
pH8 NaOH 144 | 044 | 032 | 1692 |1

pH12 NaOH 0023 | 9522 | 305 | 107 |o1

The electrochemical parameters such as R1, R2, C1, Q, and n are obtained from
the EIS measurement for HCI, NaCl, and NaOH solution (listed in Tables 7.4, 7.5, and
7.6). From the above tables, it can be observed that AMSFs in both acidic and neutral
solutions, with an increase in the CI- concentration from 0.01M to 1M, decrease the
R2 value. This indicates that the corrosion resistance of the alloy decreases with an
increase in the CI” ion concentration and does not form a protective layer on the
surface. Correspondingly, with an increase in the CI™ ion concentration, the C1 value
of the SF increased from 0.01 M to 1 M in both HCI and NaCl solutions (Tables 7.4,
7.5, and 7.6), suggesting an increase in defects on the oxide film and restrict the AMSF
to form a protective layer in aqueous solution. This can be correlated with increased
pores/defects on the alloy surface (from SEM images Figure 7.2 & 8.4). In the NaOH
alkaline medium, the R2 value decreases, and the C1 value increases with an increase
in pH concentration from 8 to 12 (Tables 7.4, 7.5, and 7.6). This further suggested

that the protective layer is less stable with an increase in the pH level.
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On the other hand, at pH 8, fewer C1 values were observed. This happened
mainly due to the AI** metal ion reaction and oxidization and formed AI** and OH-
ions at the oxide/solution interface, forming the Al.Os protective oxide layer, causing
high corrosion resistance with minor defects on the sample surface at pH 8. It is also
observed from Table 7.4 that the CPE exponential value of sample #1 is nearer to 1,
signifying the ideal capacitor behavior indicating the formation of a passive oxide layer
on the alloy surface. It also reveals that with an increase in the pH value, the
concentration of the CI" ions reduces, and an excellent passive layer forms on the
surface. The R2 and C1 values agree with the corrosion rate measured by polarization

curves (Figures 7.1, 7.3 & 7.5) and SEM morphologies (Figures 7.2, 7.4 & 7.6).

7.4 EDXANALYSIS

The chemical composition of the ASF samples was performed by using Energy
Dispersion X-ray Spectroscopy (EDS) to support the polarization results (Figures 7.1,
7.3 & 7.5), SEM (Figures 7.2, 7.4 & 7.6) and EIS results (Figure 7.7). The chemical
composition with an atomic percentage of the syntactic foam samples is displayed in
Table.7.8. The composition of all three syntactic foam samples tested in 1M HCI
solution identified that the sample contains Al, O, and CI content. The composition
reveals a reduction in Al content with an increase of O and CI content near the pit and
cracks region in all three samples. From Table 7.8, sample #1 in 1M HCI solution
shows that Al content is 54.82, O is 44.53, and the CI content is 0.2. With further
increase in the particle size from 500pum to 1000pm and 1500um, both samples

observed that the reduction in the Al content increases in the O and Cl content.

Corrosion Studies on AMSFs 174



Table 7.8:

Composition of a passive film obtained by EDS on the ASFs in

different aqueous solutions.

Material Solution Al © ¢l Na
(at%o) (at%) (at%0o) (at%o)
HCI(1M) 54.82 44.53 0.2 -
#1 NaCl(1M) 73.6 27.1 0.07 0.44
NaOH(pHS8) 75.37 24.55 - 0.17
HCI(1M) 48.03 51.48 0.49 -
#2 NaCl(1M) 70.87 28.91 0.19 0.46
NaOH(pH8) 72.87 26.64 - 0.3
HCI(1M) 47.61 51.67 0.72 -
#3 NaCl(1M) 58.62 41.22 0.28 2.23
NaOH(pH8) 64.58 35.22 - 0.4

No chemical composition difference was detected in samples #2 and #3 for 1M
HCI solution. Based on the chemical composition from Table 7.8, it was observed that
sample #1 displayed good passivation behavior in the HCI solution. The corrosion
behavior of any material mainly depends on the chloride ion concentration, pH value,
and environmental conditions. Mainly corrosion happens due to the adsorption of
corrosive ions present in the environment, such as ClI- and OH" ions [134]. Generally,
in aqueous solutions, Al or Al>Os reacts with the water molecules (H20), forming a
thick Aluminum hydroxide passive layer (Al(OH)3). The probable chemical reaction
IS given in equations.7.2 & 7.3 [135]. Based on Table 7.8, in an acidic medium (HCI)
at high CI" ion concentration, CI ions contact with the AI(OH)3, CI" ions adsorbed on
the interface between the passive layer and alloy surface. Due to contact with CI-ions
causing Al dissolution with the evolution of the hydrogen. Thus CI" replaces the OH"
ions to produce aluminum chloride (AICIs), as shown in Eq. 7.4 & 7.5. From equation
7.5, it was observed that the presence of O?  ions makes Al,Os basic in nature,

implying that it can react with acid. This leads to the breakdown of the Al,03.3H20/
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Al(OH)3 passive layer. As a result, larger pits and deeper cracks were observed at a
higher molar concentration resulting in a higher corrosion rate in the acidic medium

(from Figure 7.1 and 7.2).

2H,0 + 2e~ - 20H™ + H,xx (7.2)
Al, 05 + 3H,0 — 2AL(OH); (7.3)
Al(OH); + 3HCl - AlCl; + 3H,0 (7.4)
Al,05 + 6HCl — 2AICl3 + 3H,0 (7.5)

The EDS data of ASFs were tested in 1M NaCl solution. The results are
displayed in Table.7.8. The results indicate that, compared to 1M HCI solution with
increasing the pH level from acidic to neutral media, in ASF with 500 um particles,
there is a great reduction in O content from 44.53% to 27.1% and CI content from
0.2% to 0.07% along with an increase in the Al content from 54.82% to 73.6% and
addition of Na element. Whereas in the case of samples #2 and #3, the O content is
slightly higher (Table 7.8). AI** ion reacts with CI- ions present in the NaCl solution
form AICIs (equation 7.6). However, compared to HCI, CI ions are less aggressive in
NaCl solution, and corrosion potential moved to the more positive side leading to the
formation of the partial passive layer. It means the Al ions are less soluble in the NaCl
solution. Thus the protective oxide layer does not break down completely, leading to
lesser corrosion rates observed in the NaCl solution (Table 7.2). Overall, all three
syntactic foam samples show less soluble in NaCl solution than the HCI, observed
improved corrosion resistance. However, some pits and cracks were observed with

increased Cl ion concentration.
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Al3* + 3NaCl - 3Na' + AlCl, (7.6)

The EDS mapping of ASFs samples tested in pH8 NaOH alkaline solution
displayed the results in Table 7.8. compared to the HCI and NaCl solutions, Al content
is the highest, with a significant reduction in O and Na content (Table 7.8) in the
NaOH solution. Generally, in aqueous solutions, the alloy forms Al(OH)s passive
layer, which is naturally formed, highly stable, and gives significant protection from
corrosion to the alloy. In NaOH alkaline solution, AI** ions have a very high positive
charge density which makes it possible to attract and react with OH- ions present in
alkalis to form AI(OH)4 (Equation 7.7), leading to less degradation of the passive film
in NaOH at pH 8 (Figure 7.5 & 7.6). Moreover, with an increase in the pH level from
8 to 12, Al degrades due to the strong adsorption of the OH" ions than the Na* ions.
This behavior resists the formation of an anodic region, leading to an increase in the

corrosion rate.

Al(OH)5 + OH™ > Al(OH), + 2e~ (7.7)

(or) Al,0s + 2NaOH + 3H,0 — 2NaAl(OH), (7.8)

Interestingly, it was observed that in alkaline media at pH12, fewer corrosion
rate values were observed than the NaCl solution due to the absence of CI" ion. This
contributes to excellent passive behavior with increased pH, thus resulting in excellent
corrosion resistance in alkaline NaOH solution. EDS results in Table 7.8 correlates
well with polarization and EIS analysis. The high degradation with poor corrosion
resistance was observed in acidic HCI solution compared to NaCl and NaOH solution.
High passivation behavior with lower corrosion rates was observed in NaOH alkaline

media.
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In a related investigation, Zhichao Zhang et al. [136]conducted electrochemical
tests on a pure Al 2024 coating and an Al 2024-Al>0s composite tested in a 3.5%
neutral NaCl solution to evaluate the effects of Al.Os on corrosion behavior. The
results of the corrosion test reveal that significant anodic protection with the best
corrosion resistance and no pores were observed in Al 2024-20 wt% Al,O3 composite,
compared to Al 2024-40 wt% Al;Oz and Al 2024-60 wt% Al,O3 composite. This is
mainly due to the denser arrangement of Al2Os particles. In the case of the Al 2024-
60 wt% Al>Oz composite, it was observed that, even though the composite contains
more Al,Oz particles, there are large cracks and pores on the sample surface, implying
severe dissolution of the Al 2024 matrix. Similarly, in the present investigation, an
increase in the composition of the Al.Osz particle size from ASFs of 500um and
1500um size particles along with the CI™ ion concentration, leads to a high rate of metal
dissolution. It is also interesting to note that, based on current investigations such as
polarization results (Figures 7.1, 7.3 & 7.5), SEM images (Figures 7.2, 7.4 & 7.6),
EIS measurement (Figure7.7), and EDS results (Table 7.8) of ASF samples reveal
significant passive behavior in all the three different solutions (acidic, neutral and
alkaline) compared to the previously developed syntactic foams. Among all, high
corrosion resistance was observed in sample #1 and low in sample #3 syntactic foam
sample in all three solutions. The low corrosion rates in the sample are mainly due to

the better hallow particle distribution in sample #1.

7.5 SUMMARY

Based on the current investigation, such as polarization results (Figures 7.1, 7.3
& 7.5), SEM images (Figure 7.2, 7.4 & 7.6), and EIS measurement (Figure 7.7) of
three different solutions. Samples #2 and #3 revealed significant passive behavior in

all three solutions (acidic, neutral, and alkaline) compared to the previously developed
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syntactic foams. High corrosion resistance was observed in AMSF sample #1 and low
in samples with 1500 um syntactic foam sample in all three different solutions. The
low corrosion rates in the sample are mainly due to the better hallow particle
distribution in AMSF #1 was tested in various Cl™ ion concentrations and at different
pH levels to identify their biodegradable behavior. The SFs are found to be exhibited
good corrosion resistance in all solutions. So far, the studies are focused on alumina-
reinforced syntactic foams. Further, in the next chapter attempt is made to reduce the
relative density of the SFs by combining multiple particles in the matrix. The effect of
multiple hollow particles in the aluminum matrix in the microstructure and mechanical

properties are explored.
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Chapter 8: Novel Hybrid Syntactic Foams

In the earlier chapters, the effect of alumina hollow particles is extensively
discussed in the context of quasi-static room temperature, high temperature, and
dynamic compression. The mechanical properties and energy absorption behavior are
explored in detail. The alumina hollow particles have shown some effect on the overall
density of the syntactic foams. However, due to the high density of the alumina (4
g/cm?), the relative density achieved at a low volume fraction is limited. In this regard,
a novel combination of multi-particle combination is attempted in this chapter. Adding
another hollow particle (cenosphere, density-0.8 g/cm?®) to the alumina-based SFs is
studied in detail. This study aims to reduce the relative density with minimum

deviation from the structural strength.
8.1 INTRODUCTION

In the quest for materials that push the boundaries of strength, lightweight, and
versatility, researchers' search for advanced materials has led to hybrid syntactic
foams. These extraordinary materials represent an intriguing blend of disparate
components, ingeniously combined to harness the best of both worlds. Hybrid
syntactic foams seamlessly integrate different types of hollow particles or
microspheres, each possessing unique properties within a matrix material, resulting in
an interaction surpassing traditional foams' capabilities. This innovative approach
opens possibilities where the tailored combination of constituents empowers these
foams with enhanced mechanical, thermal, and acoustic characteristics. From
aerospace applications demanding impeccable strength-to-weight ratios to underwater

systems requiring exceptional corrosion resistance, hybrid syntactic foams offer a
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tantalizing array of solutions for the most challenging engineering conundrums.
Embark on a journey with us as we unravel the secrets of hybrid syntactic foams,
exploring their ingenious composition and delving into the astounding array of
applications that harness their remarkable potential. Together, let us embark on a path
towards materials engineering excellence, where the fusion of diverse elements ushers
in a new era of limitless possibilities. The metal matrix syntactic foams are low-
density, high-strength porous composite materials [31,55]. In recent years, the demand
for advanced and alternative materials increased. These materials also need to possess

properties that operate under different loading conditions.

Owing to the lightweight and high performance of SFs, conventional SFs are
engineered using different combinations of materials, such as multi-particle SFs
(MPSFs, also known as hybrid SFs) and alternative materials. The reported hybrid
foams showed limited plateau strength under dynamic loading [137]. The cenospheres
and glass-based particles significantly reduce the SFs' density. However, they exhibit
little mechanical strength even at high-volume fractions of the particles [48]. The
alumina-based SFs have proven to show maximum vyield stress up to 80 MPa under
quasi-static loading. However, despite high-strength ceramic particles, the samples
failed to retain their structural integrity during large deformations due to their large

size and repaid crack growth during the deformation.

The major applications of the SFs are sandwich panels and engineering
structures. Combining the two brittle materials has enhanced properties under quasi-
static compression [48]. However, sparse literature is available on the mechanical
behavior of MPSFs at quasi-static and HSR. The MPSFs are produced using a low-
cost hot compaction technique, and the energy absorption behavior under dynamic

loading up to 2700 s is investigated to fill this gap.
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8.2 MICROSTRUCTURE AND PHYSICAL PROPERTIES

Figure 8.1(a-e) represents the freeze-fracture micrographs of the syntactic foam
materials produced using different volume fractions of cenospheres, alumina, and
both. There is a uniform distribution of the hollow spheres concerning their volume
fraction. In Figure 8.1(c) - (d), the hollow spheres are submerged in the matrix, which
appears small concerning the size mentioned by the authors. Random cavities are

formed due to the spurt of spheres during the sample preparations.

Figure 8.1: Micrographs of syntactic foam materials (a) #1 (b) #4 (c) #7 (d) #11

(e) #14.
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The physical properties of aluminum-based syntactic foam samples are listed in
Table 8.1. The densities of the hybrid syntactic foam materials produced are in the
range of 2.17 g. cm™ to 2.57 g. cm™. The experimental density reported for alumina
samples shows different values for the same volume fraction, which may be attributed
to the size difference in the sphere diameter [88]. Due to the combination of both
spheres, the properties of the hybrid syntactic foams (H-SF) samples are enhanced.

The overall density is reduced in contrast to #3 and #9.

8.3 MECHANICAL PROPERTIES

8.3.1 Single-sphere syntactic foam materials

Figure 8.2(a) shows the compressive stress-strain curve of cenospheres
reinforced aluminum matrix syntactic foam (#1, #2, #3). In these samples, initially,
there is a linear rise in the flow stress to the maximum in the plastic region (yield
strength — 55MPa) and the