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ABSTRACT

There is growing interest in developing more advanced materials that are cost-effective,
lightweight, and durable, as conventional materials are unable to meet the demands of the
automotive, aerospace, and military industries. Studying the mechanical properties of these
materials is essential to enhance their suitability for demanding industries and ensure that they can
withstand high stress under harsh environmental conditions. To meet the needs of these sectors,
the use of advanced materials with superior properties is important. For this study, aluminium
metal matrix composites (AMMCs) were chosen as they are promising advanced engineering
materials with improved properties. AMMCs are notable in engineering applications due to their
enhanced mechanical properties compared to conventional aluminium alloys. These advanced
materials hold great promise for high-precision applications in various engineering industries.
Aluminium metal matrix composites find essential applications in different technological fields.
These materials have been developed to improve their strength, abrasion resistance, rigidity, creep
resistance, and dimensional stability. Metal matrix composites (MMCs) using aluminium alloy as
a base material have gained significant traction in the aerospace and automotive sectors due to

their extensive and ubiquitous use.

However, the combination of complex loading and high temperatures significantly affects the
durability of these materials. Creep and fatigue failures are more likely to occur when materials
are subjected to cyclic load and elevated temperature. In this research work, experimental
investigations were used to characterize the material behaviour of AMMC and its matrix alloy at
elevated temperatures. Initially, uniaxial tensile tests were performed at room and elevated
temperatures to assess the mechanical properties of the material. The hardness measurements were
also conducted to evaluate the hardness of both composite and matrix alloy. Light microscopy and

scanning electron microscopy were used to analyze the structure of the material.

The results of the microstructural analysis show that the SiC particles are uniformly distributed in
the matrix. The results of the experimental tests indicate that the tensile properties and hardness of
the Al-Si/SiCp composite are significantly higher than those of the unreinforced eutectic alloy. For
Al-Si/SiCp composite, the tensile strength is 21%, the yield strength is 16%, the modulus of
elasticity is 20%, and the hardness is 11% higher than the unreinforced matrix alloy. However, the



unreinforced EN AC-AIl Si12CuNiMg alloy has a percentage elongation of 16% higher than the
composite material. This shows that the Al-Si/SiCp composite has a lower ductility than the
unreinforced EN AC-AIl Si12CuNiMg alloy. The tensile specimens of the tested composite broke
apart in a brittle manner with no discernible neck development, in contrast to the matrix specimens,

which broke apart in a ductile manner with very little discernible neck formation.

The study reveals that the combination of fatigue and creep loading significantly reduces a
material's fatigue life. The fatigue-creep loading sequence results in a 65% decrease in the number
of cycles to failure compared to the full fatigue test. The material experiences more significant
deformation during creep loading stages than during fatigue loading stages, especially when
subjected to constant stress equal to the maximum cyclic stress level for an extended period. The
combination of fatigue and creep loads accelerates material deterioration through mechanisms
such as crack propagation and grain boundary degradation, resulting in a reduced service life. The
fatigue-stress relaxation sequential loading test results show a 60% reduction in the material's

durability due to the combined effect of fatigue and stress relaxation loading.

Fracture surface analysis of the Al-Si/SiCp composite shows fatigue fractures, primarily due to the
debonding of the particle-matrix interfaces at elevated temperatures. The study examines the
fracture behaviour of Al-Si/SiCp composite samples after creep loading at 250°C. The high
temperature softens the Al-Si matrix, leading to microstructural changes that weaken the interface
between SiC particles and the matrix, accelerating the degradation of the composite. SEM analysis
reveals an intergranular fracture mode, cavities, and voids on the fracture surface, indicating
localized deformation and stress accumulation. The composite has a combination of brittle and
ductile properties, with ductile behaviour being dominant during the fracture process. Fatigue-
creep loading leads to a higher degree of intergranular fracture and a higher density of secondary
cracks, indicating a more complex failure mechanism. The material undergoes both ductile and
brittle fracture processes under both fatigue creep and fatigue relaxation loading sequence. In
general, the study presents the significant reduction of durability under fatigue-stress relaxation

and fatigue-creep loading sequence.



STRESZCZENIE

Ro$nie zainteresowanie opracowywaniem udoskonalonych materialow, ktére sa optacalne w
produkcji, lekkie i trwate, poniewaz konwencjonalne materiaty nie sg w stanie sprosta¢ rosngcym
wymaganiom przemystu motoryzacyjnego, lotniczego i wojskowego. Aby zaspokoi¢ potrzeby
tych sektorow, wazne jest stosowanie zaawansowanych materiatbw o doskonatych
wlasciwos$ciach. Badanie wlasciwosci mechanicznych tych materiatéw ma zasadnicze znaczenie
dla zwigkszenia ich przydatno$ci w wymagajacych branzach i zapewnienia, ze s3 one w stanie
wytrzymac duze obcigzenia w trudnych warunkach srodowiskowych. W niniejszej pracy wybrano
do badania kompozyt aluminium z osnowg metalowa (AMMC), poniewaz jest on obiecujacym,
zaawansowanym materialem inzynierskim o ulepszonych wlasciwosciach. AMMC s3 godne
uwagi ze wzgledu na ich ulepszone wlasciwosci mechaniczne w pordéwnaniu do
konwencjonalnych stopoéw aluminium. Te zaawansowane materialy s3 bardzo obiecujace w
zastosowaniach wymagajacych wysokiej precyzji w réznych branzach przemystu. Aluminiowe
kompozyty 0 osnowie metalowej znajdujg wazne zastosowania w r6znych dziedzinach przemystu.
Materialy te zostaly opracowane w celu poprawy wytrzymatosci, odpornosci na $cieranie,
sztywnosci, odpornosci na pelzanie i stabilnosci wymiarowej. Kompozyty na osnowie metalowej
(MMC) wykorzystujace stop aluminium jako materiat bazowy zyskaly znaczng popularnos¢ w

sektorze lotniczym 1 motoryzacyjnym ze wzgledu na ich szerokie i wszechstronne zastosowanie.

Jednak wystepowanie ztozonych obcigzen 1 wysokiej temperatury znaczgco wptywa na trwatos¢
tych materiatow. Pelzanie i uszkodzenia zmeczeniowe sg bardziej prawdopodobne, gdy materiaty
sa poddawane cyklicznym obcigzeniom 1 podwyzszonej temperaturze. W niniejszej pracy
badawczej wykorzystano badania eksperymentalne w celu scharakteryzowania zachowania
materiatu  AMMC 1 jego stopu bazowego w podwyzszonej temperaturze. Poczatkowo
przeprowadzono jednoosiowe proby rozciggania w temperaturze pokojowej 1 podwyzszonej
w celu oceny wlasciwosci mechanicznych materiatu. Przeprowadzono rowniez pomiary twardos$ci
w celu oceny zaré6wno kompozytu, jak 1 stopu osnowy. Do analizy struktury materiatu

wykorzystano mikroskopi¢ swietlng 1 skaningowg mikroskopi¢ elektronow3.

Wyniki analizy mikrostrukturalnej pokazuja, ze czastki SiC sa rownomiernie rozmieSZCzone W
matrycy. Wyniki badan eksperymentalnych wskazuja, ze wlasciwos$ci wytrzymalo$ciowe na
rozcigganie 1 twardo$¢ kompozytu AIl-Si/SiICp sa znacznie wyzsze niz w przypadku

niewzmocnionego stopu eutektycznego. W przypadku kompozytu Al-Si/SiCp przyrosty



wlasciwosci wytrzymatosciowych w stosunku do niewzmocnionego stopu matrycy sg nast¢pujace:
wytrzymalo$¢ na rozcigganie 21%, granica plastycznosci 16%, modut sprezystosci 20%, i1
twardo$¢ 11%. Jednak niewzmocniony stop EN AC-Al Si12CuNiMg ma procentowe wydtuzenie
o 16% wyzsze niz material kompozytowy. Pokazuje to, ze kompozyt Al-Si/SICp ma nizsza
ciggliwo$¢ niz niewzmocniony stop EN AC-Al Sil2CuNiMg. Rozciggane probki badanego
kompozytu pgkaty w sposob kruchy bez widocznego rozwoju szyjki, w przeciwienstwie do probek

matrycy, ktore pekaty sie w sposob ciggliwy z bardzo mato widocznym tworzeniem si¢ szyjki.

Badania wykazaty, ze polaczenie obcigzenia zmgczeniowego i1 pelzania znacznie zmniejsza
trwato$¢ zmeczeniowa materiatu. Sekwencja obcigzenia zmgczeniowego 1 petzania powoduje 65%
spadek liczby cykli do zniszczenia w poréwnaniu z pelnym testem zmeczeniowym. Materiat
doswiadcza bardziej znaczacego odksztalcenia podczas etapoOw obcigzenia petzajacego niz
podczas etapOw obcigzenia zmgczeniowego, zwlaszeza gdy jest poddawany statemu naprezeniu
rownemu maksymalnemu cyklicznemu poziomowi napr¢zenia przez dluzszy czas. Potaczenie
obcigzen zmeczeniowych 1 petzajacych przyspiesza degradacj¢ materiatu poprzez mechanizmy
takie jak propagacja pegknie¢ 1 degradacja granic ziaren, co skutkuje skrdceniem zywotnosci.
Wiyniki testu sekwencyjnego obcigzenia zmeczeniowo-relaksacyjnego wskazuja na 60% redukceje

trwato$ci materiatu ze wzgledu na potaczony efekt obcigzenia zmgczeniowego i relaksacyjnego.

Analiza powierzchni pgknie¢ kompozytu Al-Si/SiCp wykazuje peknigcia zmeczeniowe, gldwnie
z powodu utraty spdjnosci na granicy czgstka-matryca w podwyzszonych temperaturach. W pracy
zbadano zachowanie si¢ probek kompozytowych Al-Si/SiCp po obciazeniu pelzaniem w
temperaturze 250°C. Wysoka temperatura zmigkcza matryce Al-Si, prowadzac do zmian
mikrostrukturalnych, ktore ostabiajg poltaczenie migdzy czastkami SiC a matryca, przyspieszajac
degradacj¢ kompozytu. Analiza SEM ujawnia mi¢dzykrystaliczny tryb pekania, wgltebienia i puste
przestrzenie na powierzchni peknigcia, co wskazuje na miejscowe odksztatcenie i akumulacje
napr¢zenia. Kompozyt ma kombinacje wtasciwosci kruchych i ciggliwych, przy czym zachowanie
ciggliwe jest dominujace podczas procesu pegkania. Obcigzenie zmeczeniowe prowadzi do
wickszego stopnia pgkania miedzykrystalicznego 1 wigkszej gestosci peknig¢ wtérnych, co
wskazuje na bardziej ztozony mechanizm zniszczenia. Materiat ulega zaréwno ciagliwemu, jak i
kruchemu procesowi pekania zarowno pod obcigzeniem petzania zmeczeniowego, jak i relaksacji

Zmeczeniowe).
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1. INTRODUCTION

The development of early civilizations, which are divided into the Stone Age, the Bronze Age, and
the Iron Age, is a direct reflection of their progression in the production and exploitation of
materials to satisfy the demands of society [1]. For example, during the Stone Age, early
civilizations relied primarily on natural materials such as stone, wood, clay, and bone for their
tools and weapons. However, with the advent of the Bronze Age, people began to use metal alloys
such as bronze, which provided them with stronger and more durable tools. This was a significant
advance in their ability to meet their needs and paved the way for further material development in
later times. In the Iron Age, people were able to harness the power of iron, which revolutionized
their ability to create tools and weapons. Iron was much stronger than bronze, which made it
possible to develop even more efficient and effective tools. This advancement in metallurgy also
led to the development of new industries, such as iron mining and blacksmithing, further
contributing to the growth and complexity of civilizations. The progression from stone to bronze
and afterwards shows the ingenuity and adaptability of early civilizations, which continually

sought ways to improve their lives and shape the world around them [2].

Nowadays, there is a strong correlation between the availability of suitable materials and the
progress of various technologies, significantly improving our daily lives. The lack of appropriate
materials for life would seriously hinder the progress of technology. Throughout history, the
progress of human civilization has always depended on the identification and effective use of
appropriate materials. From the discovery of fire and the invention of the wheel to the development
of complex machines and artificial intelligence, each technological breakthrough has relied on the
existence of materials that possess the necessary properties. Without materials like metal alloys,
plastics, or semiconductors, we would not have been able to create tools, infrastructure, or
electronic devices. The availability of sustainable and environmentally friendly materials has
become a pressing concern in today's world as we strive to mitigate the impact of technology on
our planet. Therefore, as materials become more advanced, they enable the development of more
advanced technologies, which in turn helps to create even more sustainable materials with low

environmental impact.



1.1 Traditional and advanced materials

Traditional materials, such as wood, stone, metal, and glass, have been used for centuries.
Traditional materials can be categorized into metals, ceramics, and polymers. Metals are known
for their high strength and conductivity, making them ideal for construction and electrical wiring
applications. They are characterized by metallic properties such as electrical conductivity,
ductility, and high thermal conductivity. Ceramics are valued for their heat resistance and
hardness, which makes them suitable for use in pottery and engineering components. They are
generally composed of non-metallic elements. Ceramics include clay-based pottery, refractory
bricks, and advanced ceramics for cutting tools and electrical insulators. Polymers, including
plastics, rubber, and synthetic materials, are lightweight and flexible, making them widely used in
everyday products such as bottles, packaging, and clothing. Each category has unique properties

and applications, allowing various industrial uses.

Advanced materials are a class of materials that have been developed in recent years to meet the
specific needs of demanding applications. These materials are often more expensive and more
challenging to work with than traditional materials, but they offer superior properties such as high
strength, lightness, and durability. Their production usually requires innovative production
processes and specialized equipment. Despite the challenges, the use of advanced materials has
revolutionized sectors such as aerospace, automotive, marine, and defense, enabling the
development of cutting-edge products with unrivalled performance. As technology continues to
advance, demand for advanced materials is growing. Advanced materials can be divided into:
composites, nanomaterials, superconductors and smart materials. Each category offers unique

properties and benefits that make them suitable for different applications.

Composites are materials made by combining two or more constituent materials with different
properties. For instance, fibre-reinforced composites combine strong fibers (such as carbon or
glass) with a matrix material (often a polymer or metal), resulting in high strength-to-weight ratios.

These are used in aerospace, automotive, and sports equipment.

On the other hand, nanomaterials are materials with structures at the nanoscale, typically involving

dimensions of less than 100 nanometers. Examples include carbon nanotubes and graphene, which



possess extraordinary electrical, mechanical, and thermal properties. These materials have

applications in electronics, coatings, and medical devices.

The third one, superconductors, are materials that exhibit about zero electrical resistance at low
temperatures. This property enables the development of highly efficient electrical and electronic

systems, including magnetic resonance imaging (MRI) machines and particle accelerators.

The fourth type of advanced material is smart materials. Smart materials can respond to external
stimuli, such as changes in temperature, pressure, or electric fields. Shape-memory alloys are a
notable example. These materials have applications in industries like aerospace and healthcare.

1.2 Composite materials and metal matrix composites (MMCs)

Composite materials are those composed of two or more constituent materials, such as polymers and
fibers that possess different physical or chemical properties. Through the combination of these
properties, these constituent materials yield a material that exhibits enhanced properties that enable
them to overcome the weakness of both materials. Composite materials can be classified based on the
types of matrices, such as polymer, metal, or ceramic matrices, and reinforcements, such as fibers or
particulates [3]. Figure 1 shows a flowchart illustrating the classification of composite materials based

on the compositions of their matrix and reinforcement.

Classification of composite material

A A

Based on matrix materials Based on reinforcement materials
v
i. Ceramic matrix composites (CMCs) i.  Continuous fiber reinforced
ii. Polymer matrix composites (PMCs) ii.  Short fiber or whisker
iii. Metal matrix composites (MMCs) reinforced
iii.  Particulate reinforced

Figure 1. Composite material classification flowchart [4]



Ceramic Matrix Composites (CMCs) are nonmetallic composites that use ceramic as a matrix
material, reinforced with fibres, whiskers, or ceramic particles. CMCs provide excellent high-
temperature performance, including heat resistance, wear resistance, and stability. They are used
in applications such as jet engine components, furnace linings, and heat exchangers [5,6].

Polymer matrix composites (PMCs) are the most common type of composite material. They use a
polymer resin as a matrix, which binds the reinforcing fibers. Commonly used polymers in PMC
include epoxy, polyester, vinyl ester, and nylon. The reinforcements can be fibers (glass, carbon,
aramid), flakes (graphite) or particles (ceramic). PMCs are lightweight, strong and corrosion
resistant, making them ideal for a wide range of applications in the aerospace, automotive,

construction and sporting goods industries [7,8].

Metal matrix composites (MMCs) are a group of advanced materials made of a metal matrix and
reinforcing materials such as ceramic particles, whiskers, fibres, etc. The metal matrix, such as
aluminium or magnesium, is typically lightweight, while the reinforcement is usually hard
ceramic, such as alumina or silicon carbide [9,10]. A combination of light metal matrix and
reinforcing materials gives MMCs several advantages over traditional materials, including high
strength and stiffness, high operating temperature, good wear resistance, and tailorable properties.

MMCs are produced using various techniques, including powder metallurgy, liquid metal
infiltration, and stir casting. The processing technique depends on the type of reinforcement and
desired properties of the material. MMCs are used in various applications, including aerospace,
automotive, electronics, and biomedical. Figure 2 shows automotive components made of MMCs.
Some fundamental advances in MMC technology include developing new reinforcement

materials, improved processing techniques, and hybrid composites.

For metal-matrix composites (MMCs), the matrix is a ductile metal. These materials are used at
higher service temperatures than their base metal counterparts. Various materials, including SiC,
Al>03, B4C, TiBy, ZrO2, SiO2, and graphite, are used as reinforcements to improve the mechanical
properties of the AlISi alloy. The reinforcement can improve stiffness, strength, abrasion resistance,
creep resistance, thermal conductivity, and dimensional stability. Super alloys and alloys of
aluminum, magnesium, titanium, and copper are used as matrix materials. The reinforcement can

be in particles, continuous and discontinuous fibers, and whiskers; concentrations typically range



Figure 2 Components made of MMCs [11]

from 10% to 60% by volume. Continuous fiber materials include carbon, silicon carbide, boron,

aluminum oxide, and refractory metals.

On the other hand, the discontinuous reinforcements are mainly composed of silicon carbide barbs,
staple fibers of aluminum and carbon monoxide, and silicon carbide and aluminum oxide particles.
These reinforcements used to enhance the mechanical properties of the composite material, such

as stiffness, strength, and durability.
Composition and Structure of MMCs

1. Matrix material: The matrix in MMCs is a metal such as aluminum, magnesium, or titanium.
Metals are chosen for their excellent thermal conductivity, high strength, and good workability.
These properties make them ideal for many engineering applications.

2. Reinforcement material: MMCs incorporate a secondary phase of reinforcement, which is
often composed of ceramic materials like silicon carbide (SiC), aluminum oxide (Al.O3), or carbon
fibers. The choice of reinforcement depends on the specific properties required for the application.
3. Volume Fraction: The properties of MMCs can be tailored by adjusting the volume fraction of
the reinforcement material. Higher volume fractions typically enhance mechanical properties due
to increased material density.

MMCs offer several advantages over traditional materials [12]. These advantageous properties are:



o High strength and stiffness: MMCs have a higher strength-to-weight ratio and stiffness-
to-weight ratio than many other materials, making them ideal for applications where weight

reduction is important.

e High operating temperature: MMCs can retain their strength and stiffness at elevated

temperatures, making them well-suited for applications in hot environments.

e Good wear resistance: MMCs are typically more wear-resistant than traditional metals,

making them ideal for applications where surfaces are subject to friction and abrasion.

o Tailorable properties: The properties of MMCs can be tailored to meet specific
application requirements by varying the type, volume fraction, and distribution of the

reinforcement.
Application area of MMCs

Due to their favorable properties, MMCs are employed in many industrial applications, such as

aerospace, automotive, electronics, and biomedical [13].

e Aerospace: aircraft and spacecraft components, such as engine parts, structural
components, and heat shields due to their lightweight, high strength, and resistance to high-

temperature environments.

o Automotive: in applications like brake discs, engine components such as pistons and
engine blocks, and lightweight structural parts, contributing to improved fuel efficiency

and performance.

o Electronics: in electronic packaging applications to improve thermal conductivity and

wear resistance.

« Biomedical: in implants, such as dental implants and artificial joints, due to their excellent

biocompatibility and mechanical properties.

Classification of MMCs

Depending on the type of reinforcement, MMC can be classified into three main categories. The

three main categories are:



Particle reinforced MMCs: These are the most popular types of MMC. They contain hard,
dispersed particles, such as oxides (aluminium oxide, silicon carbide), carbides (boron carbide,
titanium carbide) or intermetallic compounds in a softer metal matrix. Particle-reinforced MMCs
provide improved wear resistance, strength, and stiffness compared to unreinforced matrices.

Short fibers or whiskers reinforced MMCs: These MMCs contain short (discontinuous) fibers
as the reinforcing phase. Short fibers provide improved strength and wear resistance for the matrix.
Continues fibers reinforced MMCs: These long, unbroken fibers are embedded within the metal
matrix, resulting in a composite material with superior properties compared to the unreinforced
metal. Continuous fibers provide the greatest improvement in strength and stiffness. Figure 3

shows different classification MMCs based on their reinforcements.

Compared to traditional materials, MMCs offer superior performance and durability in harsh
environments. In addition, their remarkable properties, such as high corrosion resistance, enhanced
thermal conductivity, and improved wear resistance, make them a promising candidate for
advanced engineering applications. For example, MMCs can be used in aerospace applications to
manufacture aircraft components, such as turbine blades and engine components, which are
typically subjected to harsh environments such as high temperatures, high mechanical loads, and

corrosive environments.

Metal matrix composite

(MMCs)
Particles reinforced. Short fibers or Continues fibers
MMCs whiskers reinforced MMCs

N

Figure 3. Classification of metal matrix composite [14]
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Despite the remarkable mechanical properties of this material in harsh environments, its long-term
exposure causes a time-dependent deformation. For example, their long-term performance when
subjected to constant loads and cyclic loading sequences at high temperatures is a major concern
as they fail over time. Therefore, it is important to consider the time deformation behavior of these
materials to ensure their long-term performance is safe. Creep relaxation and deformation are time-
dependent deformation behaviors of materials. Fatigue deformation is also a major concern for all
materials, as these behave when subjected to cyclic stress. Selecting materials that are resistant to
relaxation, creep, and fatigue by taking into account the operating temperature, stress levels, and

loading conditions is essential to ensuring long-term performance and reliability.

Relaxation phenomenon

Relaxation is the time-dependent decrease in stress under a constant strain. The internal stress
gradually diminishes, even though the strain remains constant. This occurs due to the gradual
rearrangement of atoms within the material, primarily through the movement of dislocations
(microscopic imperfections) in the metal matrix. Additionally, the interface between the
reinforcement and matrix might experience debonding, further contributing to stress relaxation.
The rate of relaxation is influenced by the temperature, applied stress, and microstructure of the
MMC.

Creep phenomenon

Creep is the phenomenon of time-dependent plastic deformation that occurs under constant stress
or loading conditions at elevated temperatures. It can occur at a stress level below a yield stress of
the material due to a long-time exposure to constant stress [15]. Creep behavior in MMCs is often
governed by mechanisms such as dislocation, grain boundary diffusion, and interface debonding
between the matrix and reinforcement phases. Creep deformation has three stages: primary,
secondary and tertiary. In the primary stages, creep deformation is initially slow and steady, as
dislocations begin to build up and accumulate. In the secondary stage, the creep rate increases as
dislocations accumulate further. The tertiary stage is characterized by the rapid acceleration of
creep deformation, often leading to material failure. These three stages of creep are shown in
Figure 4.
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Figure 4. Creep deformation stages

Fatigue phenomenon

Fatigue is another critical phenomenon encountered in MMCs, characterized by the initiation and
propagation of cracks under cyclic loading conditions. Several variables, including microstructure,
stress amplitude, loading frequency, and the existence of discontinuities or flaws, affect how
fatigue influences MMCs. Complex interactions between the matrix and reinforcement phases are
frequently involved in fatigue in MMCs. These interactions can result in processes including
fatigue crack initiation at matrix-reinforcement interfaces, fatigue crack propagation along

interfaces, and ultimately, failure of the composite structure.
Fatigue failure in AMMC:s can result from:

e Crack initiation occur at the interface between the matrix and the reinforcing particles.
Stress concentration at these places is frequently induced by the disparity in mechanical
properties between the two phases.

e Matrix fatigue causes microcracks to occur within the aluminium matrix. This can be
worsened by the presence of hard and brittle reinforcing particles.

e Debonding at the interface, which can further accelerate crack growth under cyclic
loading. Ultimately, this can lead to catastrophic failure of the material if not addressed.
The combination of stress concentration, matrix fatigue, and debonding all contribute to

the weakening of the material and the eventual propagation of cracks.



2. RESEARCH AIMS AND OBJECTIVES

Objectives

The main objective of this research is to investigate the effect of creep, relaxation, and fatigue on
the durability of AISi composites reinforced with SiC particles at elevated temperatures.
Furthermore, the study aims to investigate the effects of individual loading and sequential loading
of relaxation, creep, and fatigue on the structure of the composite material. Even though AISi
alloys and AlSi composite have good mechanical properties and are employed in manufacturing
light mechanical structures, their mechanical properties deteriorate at elevated temperatures. As a
result, the main task of this research is to assess the mechanical properties of AlSi alloy and its
composite material under tension, creep-relaxation, and cyclic loads at elevated temperatures. The
structural analysis of these materials, including metallography and fractography, is another study
task. Investigating the microstructure of the composite material before and after being subjected
to different loading conditions is also important to know the effect of the combined loading
conditions on the structure of the material. Another aim of the study is to analyze the fracture
modes of material under individual loading as well as combined loading conditions.
Microstructural analysis is also performed to ensure the uniform distribution of the reinforcing

particles.
Thus, this research focuses on the following specific objectives:

i.  Conducting material characterization of the matrix alloy under both ambient and elevated
temperatures.
ii.  Investigating the stress-relaxation and creep behavior of the matrix alloy.
iii.  Experimental investigation of the mechanical properties of composite material.

iv.  Assessing the influence of loading sequences on the durability and structure of material

Motivation

A fatigue problem is the main cause of material failure in engineering applications. It causes
gradual deterioration of the material over time due to cyclic loading. Creep is another common
cause of material failure, especially in high-temperature conditions. Relaxation is yet another
important issue that must be considered when designing engineering components. It refers to the

tendency of a material to deform over time under constant stress. While there have been numerous
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attempts to predict material durability under complex loading, these methods often fall short of
accurately predicting durability under complex loading conditions. Fatigue, creep, and relaxation
occur through different mechanisms and have different characteristics. They affect the material
structure in different ways. Despite numerous attempts to assess material failure under complex
loading, predicting the influence of complex loading on material durability remains a challenging
task that requires additional research. This thesis studies the influence of the combined effects of

low cyclic fatigue, creep, and relaxation on the final durability and structure of the material.

For this study, an AlSi composite reinforced with SiC particles was chosen as the research material.
It is a modern and advanced material, along with its superior mechanical properties, that make it a
suitable replacement for traditional alloys in various applications. The AlSi composite reinforced
with SiC particles exhibits superior properties, including high strength, high fatigue resistance, and
corrosion resistance, compared to traditional matrix alloys, making it ideal for various applications
in automotive, aerospace, maritime, defense, etc. Studying the strength and durability of AlSi
composites under complex loading conditions involving relaxation, creep, and fatigue is crucial to

ensuring the safety and long-term performance of this material.

It is essential to understand how AISi/SiC composites respond to low cyclic fatigue to predict their
service life accurately and prevent failures. At elevated temperatures, materials can deform
plastically over time under constant loads due to a phenomenon known as creep. This phenomenon
can result in structural instability and component failure in high-temperature environments such
as engines. Over time, internal stresses in a material can decrease even at constant strain, reducing
the applied load required to maintain that strain; this phenomenon is known as relaxation.

Scope of the research

The scope of the study includes investigating the behavior of material under a sequence of loading,
relaxation, creep, and fatigue. The study was carried out after selecting an AISi composite

reinforced with SiC particles as the research material. The composite specimens were prepared

and then subjected to uniaxial tension, relaxation, creep, and fatigue tests.
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Initially, uniaxial tensile tests were performed to determine the tensile properties of the base
material and the composite material. Afterwards, the effect of combined stress relaxation, creep,
and fatigue loading conditions (loading sequence) on the final durability and structure of the SiC
particle-reinforced AlSi composite was investigated. The work also includes the microstructural
characterization of the base material and the composite material. The structure analysis was
conducted before and after the material was subjected to a combined sequential loading using

scanning electron microscopy (SEM) and optical microscopy (LM).

Structure of the thesis

All of the work covered in this thesis is organized into seven chapters. Below is a brief description

of the content of these chapters.

Chapter 1 presents an overview of traditional and advanced materials, classification composite

materials and their filed of application, and the deformation mechanism of the AMMC:s.

Chapter 2 discusses research aims and objectives. The motivation and scope of the study are also

presented in this chapter.

Chapter 3 provides a detailed literature review related to aluminum alloys and aluminum metal
matrix composites. The literature was presented to discuss the critical contributions made by

various researchers to improve the mechanical properties of the aluminum alloys and AMMCs.

Chapter 4 focuses on the experimental techniques used to characterize the mechanical properties
of the AI-12Si alloy. It discusses the manufacturing methods, experimental procedures, and
detailed analysis of the alloy's microstructure and mechanical behavior. The experimental
techniques used in this chapter include tensile and hardness tests, microstructural observation
under an optical microscope, SEM analysis, etc. In addition, the relaxation and creep behavior of

the alloy are presented in this section.

Chapter 5 presents the material characterization of AlSi composite reinforced with SiC particles.
Similar to Chapter 4, this chapter also describes the detailed analysis of microstructure and

mechanical behavior of AISi/SiCp composite. It provides a comprehensive overview of the
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material characterization of aluminum metal matrix composites. It also presents the comparison of
mechanical properties and microstructure of Al-12Si alloy and AlSi/SiCp composite. The detailed
analysis of microstructure of the matrix alloy and AlSi/SiCp composite were also discussed in this

chapter.

Chapter 6 explores the effects of loading sequences on the final durability and structure of
AISi/SiCp composite. It focuses on how different loading sequences, particularly fatigue-creep
loading, and fatigue-stress relaxation loading, can influence the durability and performance of
AISi/SiCp composite. It also explores how loading sequences can lead to premature failure. The

results of the experimental studies were discussed in this chapter.

Chapter 7 presents a conclusion of the thesis. Key findings of the research carried out are

summarized in this chapter. Recommendations for a future work are also presented in this chapter.
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3. LITERATURE REVIEW

3.1 Aluminum alloys

Significant progress has been made in the provision of "improved” alloys, which offer a
combination of favorable properties such as high strength, low density, and corrosion resistance.
Aluminum is a light metal with a density of 2700 kg/m?. High ductility, good electrical and thermal
conductivity, and corrosion resistance are some of the characteristics of aluminum. However, in
its pure state, aluminium has a low tensile strength of 80 MPa and a low Young’s modulus (E) of
70 GPa when compared to iron, which has a tensile strength of 300 MPa and Young’s modulus of
211 GPa. On the other hand, its specific modulus, which is calculated by dividing the modulus by
the density of the material, is almost similar to that of magnesium, titanium, and iron [16].

Pure aluminum has limited applications due to its relatively low strength. However, its properties
can be significantly improved by alloying it with elements such as copper, magnesium and silicon.
Alloying elements significantly enhance the strength and durability of aluminium and make it
much more suitable for a wide range of industrial applications. Commercial aluminum alloys with
medium-to-high strengths are selected for various applications from a group of aluminum alloys
such as 2xxx, 5xxx, 6xxx, and 7xxx alloys. Due to their strength and good corrosion resistance,
5xxx series (Al-Mg-based) and 6xxx series (Al-Mg-Si-based) alloys are commonly used in
automotive applications [17,18]. For example, EN AC-AIl Si12CUNiMg alloy is widely used to
fabricate engine cylinder heads due to their relatively high strength-to-weight ratio, low
manufacturing cost, and increase in operating parameters of internal combustion engines. Their
manufacturing ease, low density, excellent corrosion resistance, and excellent weldability

contribute to their popularity in the automotive industry [19].

3.2 Classification of aluminum alloys

Based on the processing methods, aluminum alloys are generally classified into two main groups:
wrought aluminum alloys and cast aluminum alloys. A wrought aluminum alloy contains a lower
percentage of alloying elements than a cast aluminum alloy. However, the tensile strength of the
wrought aluminium alloy is generally higher than that of the cast aluminium alloy. This lower

tensile strength is due to the difficulties in eliminating casting defects. Cast aluminum alloys may
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have many internal and surface defects. Despite its low tensile strength, cast aluminium alloy is
often preferred for applications requiring complex designs or shapes due to its ability to be easily
cast into complex structures. Unlike forged aluminium, the increased alloying elements in cast
aluminium alloy provide greater corrosion resistance, making it a popular choice for a variety of

applications.

Both wrought and cast aluminum alloys have a designation system based on the chemical
composition of the alloy, its properties, and its field of application. These include the Military
Specification System (MIL-SPEC), the International Alloy Designation System (IADS), the
Unified Numbering System (UNS), the Aluminium Association (AA) Designation System , and
the European Standard Designation System (EN) [20]. Among these systems, Aluminium
Association (AA) Designation System is widely used for both wrought and cast aluminium alloys
[21]. A designation system use four digits to designate the alloys. There are two designation
systems for aluminium alloys under the European standards (EN designation system): one is based
on a chemical symbol and the other depends on numbers. For wrought alloys, four digits are used,
while cast alloys use five digits. In this case, EN stands for European standards followed by a
space, A represents aluminium, W stands for wrought followed by a dash, and C stands for casting
followed by a dash. EN AW-5754-O and EN AW-Al Mg3-0 are examples of wrought aluminium
alloys. The prefix "EN AC-" is used for casting alloys to differentiate casting aluminium alloys
from wrought alloys. EN AC-42000KT6 is an example of a cast aluminium alloy. Based on
chemical symbols, the EN designation for cast aluminium alloys is similar to that of wrought

aluminium alloys [22].

3.2.1 Wrought aluminum alloys

Wrought aluminum is produced by smelting pure aluminum ingots and adding the necessary
amounts of alloying elements. The smolten alloy is then formed into billets or slabs that can be
forged, rolled or extruded to achieve the final shape. Wrought aluminum is known for its strength,
durability, and lightweight properties. These properties make the wrought aluminum alloy a
popular choice for a wide range of applications in industries such as aerospace, automotive, and

construction.
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The Aluminium Association (AA) Designation System of wrought aluminum alloys have a unique
identification system: a four-digit number. This number indicates the specific alloying elements
present in aluminum alloy. Understanding the unique properties of each series helps with the
selection of the most suitable alloy for different applications, ensuring that the final product meets

the required specifications and standards.

e 1XXX Series: characterized by almost pure aluminium (over 99% Al): known for excellent
formability and electrical conductivity.

o 2XXX Series: primarily made of copper, with small amounts of other elements. Copper
provides high strength but lower corrosion resistance. This alloy is commonly used in
aerospace applications due to its high strength-to-weight ratio. Additionally, the T351
temper provides improved stress corrosion cracking resistance, making it a popular choice
for structural components in aircraft. The most common aircraft alloy is 2024. Alloy 2024-
T351 alloy is also known for its good machinability, making it a versatile option for various
aircraft components.

e 3XXX Series: contains manganese as the main alloying element, with small amounts of
other elements. This type of series is known for its good weldability and formability. 303
alloy is one of this series alloys, which is workable and has a high strength.

e 4XXX Series: contains silicon as the main alloying element, with small amounts of other
elements. Silicon provides good wear resistance and castability. The most common alloy
from this series is 4043, which is known for its high fluidity and good resistance to hot
cracking. Alloy 4047 is also popular for its excellent corrosion resistance and ability to
effectively fill gaps in joints. These alloys are widely used in the automotive industry for
welding applications.

e 5XXX Series: Magnesium is the principal alloying element. These alloys are known for
their high strength, weldability, and corrosion resistance. This alloy series is often used for
marine applications and making pressure vessels and storage tanks.

e 6XXX Series: Magnesium and silicon are added to this alloy, and it is known for its
excellent strength and formability. It has been extensively used in the construction of truck
and boat frames due to its ability to its strength.
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e 7XXX Series: Zinc is the main alloying element of this series and provides the highest
strength among wrought alloys. These alloys are commonly used in aerospace applications
due to their superior strength-to-weight ratio and fatigue resistance. The common alloys
of this series are 7050 and 7075, which are the most widely used for manufacturing aircraft

components.

3.2.2 Cast aluminum alloys

Cast aluminum alloys are those manufactured through a casting process, which involves the
process of melting in a furnace and then pouring into a mould to produce the final product. There
are different casting processes used to produce cast aluminium alloys, including die casting [23],
sand casting [24], permanent mould casting [25], centrifugal casting [26], investment casting [27],
etc. Each of these casting processes has its advantages and limitations. Die casting involves
injecting molten aluminium into the metal mould under pressure. Die casting is often used for
high-volume production because of its fast cycle times, while sand casting is used for low-volume
production [21]. In sand casting, the mould is made of sand. Sand is packed around a pattern.
Molten aluminium is poured into the sand mould [28]. In permanent aluminium casting, the mould
is made of metal. As a result, gravity pushes the molten aluminium into the mould at a relatively
slow rate. The mould has a long life due to the durability of metal, which is why it is called a
permanent mould. Casting aluminium in a permanent mould is expensive due to the machining
expenses required for the mould [29,30]. Like die casting, permanent mould casting is used for
high-volume production [23]. In centrifugal casting, the mould is made of metal, plaster, or
graphite. The mould rotates on a centrifugal casting machine while molten aluminium is poured
into the mould. The centrifugal force ensures that the molten aluminium alloy is evenly distributed
throughout the mould [31,32]. Investment casting is also known as lost wax casting because the
wax is injected into the mould to create the pattern of the finished product before the molten

aluminium is poured into the mould [33-35].

Cast aluminum alloy offers various benefits such as high fluidity, which is demonstrated by its
ability to flow smoothly in mould [36], a low melting point which enables efficient casting
processes, a minimal tendency to hot cracking even under high temperatures, good surface finish

for quality products, and excellent chemical stability [29].
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Table 1. Characteristics of cast aluminum alloy series [21]

Series Alloys Characteristics

Good electrical and thermal conductivity; excellent
IXX >99.0% Al corrosion resistance
2XX Al-Cu High strength but low corrosion resistance
Al-Si-Mg, AIl-Si-Cu, Al- High strength and wear resistance; good corrosion

3XX Si-Cu-Mg resistance

High ductility; good impact resistance; medium
4XX Al-Si strength;

Moderate-to-high strength; high corrosion resistance;
5XX Al-Mg good machinability; attractive appearance

Good finish; good corrosion resistance; high strength
7TXX Al-Zn through heat treatment
8XX Al-Sn Low friction

The Aluminium Association Designation System for cast aluminium alloys also based on the
alloying elements. Similar to wrought aluminium alloys, the aluminium association designation
system for cast aluminium alloys consists of four digits but with a decimal point. The first digit
indicates the main alloying element. The second and third digits (xxx.x) are arbitrary numbers
given to identify a specific alloy in the series. The final digit after the decimal point distinguishes
whether the alloy is a casting (marked by '0") or an ingot (marked by '1") [37,38]. Characteristics

of cast aluminum alloys are summarized in Table 1.

Like wrought aluminum alloy, the cast aluminum alloys are mainly made of aluminum, to which
other alloying elements are added to improve their properties and performance [39]. The addition
of alloying elements can improve the strength, corrosion resistance and machinability of cast

aluminum alloys [40].

Factors associated with alloy preparation, such as casting and alloying [41], and those with the
post-casting process, such as heat treatment [42], can affect the microstructure of the alloy, which
in turn can affect the mechanical properties of the alloy. For example, the cooling rate during

casting process can affect the formation of various phases within the alloy and ultimately influence
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its strength and ductility [43,44]. Additionally, appropriate heat treatment after casting can further
improve the mechanical properties of cast aluminum alloys. This implies the benefits of controlling

the microstructure of cast aluminium alloys to achieve the desired mechanical properties.

All alloying elements are completely soluble in liquid aluminium when the temperature is high
enough. On the other hand, the solubility of these elements in solid solutions is limited as none of
the aluminium alloy systems exhibit continuous solid solubility. Aluminium-rich solid solutions
are often formed and are called a-phase, a-Al phase, or a-Al solid solutions. Most of the phases
that appear when a-Al is in equilibrium are of the hard type. Compounds such as Al>Cu, AlsMgs,
AlsMn, AlsFe and AlLI are examples of intermetallic elements or compounds that compose them
[45]. These hard phases significantly improve the mechanical properties of the alloy, making it
stronger and more durable. The presence of these phases also affects the general microstructure of

the material, influencing its performance in different applications.

For example, in Al-Si alloy, the eutectic reaction occurs during solidification of the liquid alloy,
leading to a formation of phase a and phase . Phase a is the solid solution of silicon in aluminium,
while phase beta is the eutectic mixture of silicon and aluminium. The eutectic reaction also plays
a crucial role in determining the microstructure of the material, influencing its behavior under
different conditions. It ensures a uniform distribution of these phases throughout the material,
contributing to its consistency and stability of the material. The basic structure of most cast
aluminium alloys is defined by the Al-Si phase diagram [46], as shown in Figure 5. The eutectic
point can be reached with 12.5 wt% Si and a temperature of 577 °C. Adding or removing other

alloying elements can affect the Si content of the eutectic, causing it to shift to different levels.

Eutectic microstructure forms during solidification and can be broadly classified as lamellar,
coarse, or refined [47]. This eutectic microstructure is mainly affected by the alloying of elements
with certain elements, favouring the formation of refined microstructures. Additionally, the
cooling rate during solidification can also influence the final microstructure, and slower cooling
rates generally result in a more refined eutectic. Lamellar and thick microstructures, on the other
hand, are generally associated with lower mechanical properties due to their larger and less
uniform structure. Only the refined microstructure is considered to have favourable mechanical

properties; this is due to the delicate structure of the eutectic [48].
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Figure 5. Al-Si phase diagram [46]
Cast aluminum alloy elements

Silicon (Si):

Silicon contents of between 5 and 12 wt.% give the cast aluminium alloy better fluidity and also
reduce shrinkage porosity of the cast alloy [47,49]. It promotes the formation of eutectic phases,
which can lead to a more uniform distribution of elements in the material. This can lead to an
improvement in its mechanical properties in the final casting. In addition, the presence of this
element can also influence the nucleation of other phases during solidification, leading to a more
refined microstructure with smaller grain sizes. However, a high silicon content can also lead to
increased brittleness of the casting and make a crack initiation site in the material. Too low a silicon
content can lead to a clustering of intermetallic compounds and an increase in porosity [50]. On
the other hand, the dendrite arm spacing (DAS), which is the distance between the dendrite arms,
can be reduced by increasing the Si volume [51,52], resulting in a more uniform and finer-grained
structure. This reduction in DAS can also improve the strength and ductility of the alloy and make
the material more resistant to deformation. Depending on the level of modification, the different

forms of silicon can be identified as acicular needles, blocky plates, a lamellar structure, or a

20



refined fibrous structure [53,54]. Acicular and refined fibrous structures result in an increased
strength and ductility of the material. In general, the addition of silicon to the aluminium alloy
casting can affect the solidification process, leading to changes in the microstructure and ultimately
impacting on the mechanical properties of the casting.

Magnesium (Mg):

Magnesium can enhance the mechanical properties of Al-Si-Cu alloys by refining the eutectic Si
phase, increasing strength and hardness of cast aluminum alloys [55]. The addition of this alement
mostly leads to the formation of an intermetallic phase, Mg>Si, which precipitates and hardens the
alloys. Magnesium also improves corrosion resistance, making it suitable for applications in harsh
environments. Increased magnesium content up to 1 wt.% leads to enhanced strength, hardness,
and mold filling behavior, however, it decreases ductility of the alloy [56]. However, higher
magnesium content has detrimental effect on the oxidation behaviour and porosity of the alloys
[57,58].

Manganese (Mn):

Manganese reduces the negative effects of iron, which is difficult to remove from aluminum alloys.
It changes the morphology of phases containing Fe to a less harmful structure [59]. The
morphology of the Fe-intermetallic compound can be changed from coarse platelets, enhancing
the alloy's tensile strength. Mn also not only enhances tensile strength but also the low cycle fatigue
resistance of the alloy [60]. The ratio of Fe to Mn should be approximately 2:1, and any excess of
either element will result in a decrease in the amount of B-phase, an increase in the formation of
the a-phase, and an increase in the number of unwanted intermetallic phases that contain Fe
[61,62].

Copper (Cu):

The addition of Cu influences both the strength and hardness of aluminium alloys. Additionally, it
improves the machinability of the alloy. Its limitations are that it reduces the corrosion resistance
of the alloy [63]. Higher Cu content leads to the shift from Al-Si eutectic to a ternary Al-Si-Cu
eutectic. In addtion, further increase of Cu content leads to a decrease in secondary dendritic arm
spacing (SDAS) [64]. Secondary dendritic arm spacing (SDAS) is the distance between dendritic

arms in a solidified alloy. This parameter significantly influences the microstructure and
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mechanical properties of the material. The decrease in SDAS enhances the tensile strength,
hardness, and creep resistance of the alloy [65]. Cu enhance the strength of the alloy by forming
hardening precipitates during heat treatment. A decrease in the amount of copper can also lead to
the initiation of cracks that are associated with the presence of silicon particles in the eutectic phase
[50].

Iron (Fe):

In cast aluminium alloys, Fe is the most common impurity due to the formation of Fe containing
intermetallic compounds. It negatively affects the mechanical properties of the alloy by increasing
the porosity. During casting, it is difficult to completely remove it from the casting, but its presence
can reduce the strength, ductility, and castability of the cast alloy [66,67]. However, there are
several methods to minimize the detrimental effects of Fe in the cast aluminium alloy. The most
common method is grain refinement, which reduces the size of Fe-containing intermetallic
compounds formed during solidification. Furthermore, controlling casting parameters such as
temperature and cooling rate can minimize the effect of Fe impurities on the mechanical properties
of the cast alloy [68]. If the Fe content goes above 0.7 wt%, the A15FeSi phase forms, which causes
a substantial drop in the ductility of the alloy, which can be seen as a change from ductile to brittle
fracture. Such phase formation significantly deteriorates the mechanical properties of the alloy,

making it more vulnerable to crack formation and failure under stress [69-72].

Enhancing mechanical properties of cast aluminum alloy

To improve the mechanical properties of Al-Si alloy castings, two commonly used techniques are
grain refinement and grain modification. Grain refinement is the process of adding a titanium-
based grain refiner (Ti-B or Ti-C) into the melt to refine the grain size of the casting into a fine
equiaxed structure. The modification process involves inoculation of the melt with a strontium-
based modifier to change the morphology of the silicon from acicular flakes to fibrous, resulting

in increased ductility and toughness [73].

Another way to improve the mechanical properties of Al-Si alloy casting is T6 heat-treatment
process. The T6 heat treatment process consists of three steps. The first step is solution heat
treatment, followed by the second step, quenching, and finally, the third step, artificial aging [74—
76]. The heat treatment parameters used to determine the improvement of the mechanical

properties of the treated materials in a given situation. The microstructure of cast aluminum alloys

22



is influenced by solution heat treatment, which improves the morphology of the eutectic silicon
(fragmentation, spheroidisation, and coarsening) and ensures modification of the fracture zones
[76,77]. After prolonged solution heat treatment, a spheroidal shape can be achieved in the Si
phase, changing the properties of the aluminum alloy.

Heat treatment regulates the balance between the solid solution of alloying elements and their
precipitates, which can be coherent or not coherent [61]. The movement of dislocations is
significantly more difficult when coherent precipitates are present as compared to incoherent
precipitates. Consequently, the ultimate tensile stress (UTS) of the alloy increases. Figure 6 shows

a typical precipitation hardening heat treatment cycle.

Another method of enhancing mechanical properties is incorporating reinforcement into
aluminium alloys. Reinforcement, such as silicon carbide (SiC) particles, can enhance the alloy's
strength and stiffness. This type of reinforcement also helps to improve the alloy's fatigue and
corrosion resistance. SiC particles are hard and act as barriers that prevent plastic deformation in

the alloy, resulting in increased strength and durability.
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Figure 6. Heat treatment cycle of typical precipitation [61]
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3.3 Aluminum metal matrix composites (AMMCs)

A metal matrix composite is a combination of the reinforcement and the aluminum matrix. When
the metal matrix is aluminium, the combinations give an aluminium metal matrix composite.
Because of their advantageous properties, including low density, high resistance to corrosion,
abrasion and wear resistance, high thermal conductivity and high specific modulus, aluminium
metal matrix composites are used in various industries, including automotive, aerospace, military
and maritime [78]. In the automotive industry, aluminium metal matrix composites are used to
manufacture lightweight and strong vehicle components [79]. In the aerospace industry, these
composites are used to manufacture strong, durable parts for aircraft that are capable of
withstanding extreme environmental conditions [80]. In the military, aluminium metal matrix
composites are used to develop armour and protective equipment that offer superior protection and
durability in combat situations [81,82]. In the maritime industry, aluminium matrix composites are
extensively implemented to enhance manoeuvrability, fuel efficiency, ship speed, and access to
low-drawing ports [83].

Aluminum metal matrix composites (AMMCs) offer many advantages. They offer superior
characteristics to monolithic alloys. The aluminium matrix layer provides a porous surface in an
aluminum alloy metal matrix composite (AMMC). Other materials embedded in this porous
aluminum matrix layer act as reinforcement, often nonmetallic and ceramic, such as silicon carbide
or aluminum oxide. The characteristics of AMMCs can be modified by changing the composition
and volume fractions of their constituents.

Fabrication processes of AMMCs

The mechanical properties of AMMCs are highly dependent on the processing method. There are
three commonly used AMMC manufacturing processes. These are the solid-state process, the
liquid-state process, and the solid-liquid process [84]. In the solid-state process, the reinforcement
particles are mixed mechanically into the aluminium matrix and then consolidated using methods
like hot pressing or powder metallurgy [85,86]. In the liquid process, the reinforcement particles
are mixed into the molten aluminium alloy, and then the mixture is solidified through methods like
squeeze or stir casting [87,88]. The solid-liquid process incorporates parts of both processes. It
involves partially melting the aluminium matrix before adding the reinforcement particles and
solidifying the mixture using spray deposition or semi-solid processing [89]. Figure 7 shows the
different fabrication processes of AMMC:s.
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Stir casting

The stir casting process is a economical, and simple technique used for the manufacturing of
AMMCs [90]. It involves the addition of reinforcements to a molten liquid matrix and the
subsequent solidification of the MMCs. Following the melting of the matrix, it is stirred vigorously
for some time until a vortex is generated within the melt, and then reinforcement particles are

added, as shown in Figure 8 [14].

Poor interfacial bonding and wettability issues between the matrix and reinforcing materials can
be problems with stir casting. This can reduce the mechanical properties of AMMCs. In addition,
the stir casting process can sometimes lead to an uneven distribution of reinforcement particles,
resulting in inconsistent material properties throughout the final product. Despite these drawbacks,
stir casting remains a popular choice for AMMC production due to its cost-effectiveness and

simplicity in large-scale manufacturing processes.

Fabrication of metal matrix composite (AMMCSs)

A A

Liquid state process Solid state process Liquid solid process

| _ | , |

—» Stir casting

Compo casting

—» Powder Metallurgy

.| Squeeze casting

| Squeeze casting Semi solid

forming

| Spray casting

Figure 7. Fabrication methods of AMMCs [84]
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Figure 8. Schematic view of stir casting process [14]

3.4 Deformation behavior of aluminum alloys and its metal matrix composite

3.4.1 Stress relaxation

Stress relaxation is a material behaviour that occurs when a continuous load is applied while
maintaining constant strain over time [91,92]. During the relaxation test, stress reduction is
measured as a function of time. Over prolonged time, the elastic strain inside the material gradually
transforms into plastic strain [93]. This process allows the material to reach a more stable and
relaxed state by relieving the internal stresses caused by the initial applied load. Stress relaxation
can affect the long-term performance and durability of materials under constant load.

Several studies [94-96] have reported that stress relaxation increases with the operating
temperature. For instance, Authors of a paper [94] investigated the stress relaxation behavior of
polycrystalline aluminum with varying grain sizes. The aluminum was annealed at 500°C and aged
at room temperature for six months. The results clearly demonstrate that stress relaxation is

influenced by aging time. A study described in a paper [95] illustrates the stress relaxation ageing
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(SRA) behavior of AA7B04-P alloy. The study highlights that higher initial stress or temperature
leads to increased stress relaxation. Authors of a paper [96] conducted stress relaxation tests on
AA5182-0 aluminum alloy sheet at 25°C, 100°C, 200°C, and 300°C to observe temperature and
strain rate dependency. Results showed stress dropped more at 100°C during relaxation, and stress
almost disappeared at 300°C. The results showed that the dominant relaxation mechanism is grain
boundary slip due to the influence of temperature. Authors of a paper [97] investigated the stress
relaxation behavior of AA7150-T7751 alloy under various temperatures, initial stress levels, and
pre-strains. The results showed that temperature, initial stress levels, and pre-strains significantly
influence the stress relaxation behaviour. The stress relaxation level increases with temperature.
Similar to aluminium alloys, numerous researchers have examined the stress relaxation
phenomenon in aluminium metal matrix composites (MMCs). Authors of a paper [98] investigated
thermal stress relaxation in aluminium-based metal-matrix composites (MMCSs) using mechanical
loss and dynamic shear modulus measurements. Results indicate that a transient mechanical loss
occurs due to dislocation generation and motion near the interfaces, which arises from the
differential thermal contraction between the matrix and reinforcement. The authors of a paper [99]
examined thermal stress relaxation mechanisms in Al 99.99% reinforced with SAFFIL alumina
short fibres using mechanical spectroscopy. The study revealed that internal friction, elastic
modulus, and zero point drift behaviours are highly sensitive to internal stresses, specifically
related to dislocation generation or dislocation creep.

3.4.2 Creep loading

Creep is a time-dependent deformation that occurs under constant stress or loading conditions at
high temperatures. When subjected to applied load or stress, any material will first deform
elastically and then plastically after crossing the yield limit. In this case, the material deformation
occurs due to creep loading even at stresses below the yield limit under the influence of constant

stress and temperature over a long period of time [100].

Numerous experimental studies and theoretical models have been developed to characterize creep
damage under a range of creep conditions. These studies have focused on the mechanisms of creep
deformation and the factors that affect the creep life of the material. For example, the Larson-
Miller model [101] is a widely used method for predicting the creep life of materials under high
temperatures and constant stress levels. It considers the combined effects of time, temperature, and

stress on creep deformation. However, the model has a limitation in its ability to accurately predict
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creep conditions because some other factors, such as material composition, variable loads, and
variable temperature that affect the creep life of the material, have not been considered. In a study
by authors of a paper [102], the Larson-Miller parameter was modified to include factors like
microstructure and alloy composition, improving the accuracy of predicting material creep life.
Taking these factors into account, the modified model showed a stronger correlation between
predicted and actual creep-life outcomes. This suggests that the original Larson-Miller model did

not adequately account for these factors, highlighting a limitation in its accuracy.

Similarly, the authors of a paper [103] proposed a non-linear cumulative creep damage model that
considers the damage history and loading effect to describe the creep deformation behaviour of
metallic materials under variable stresses and temperatures. However, this model may not
accurately predict the creep deformation of metallic materials with shorter lifespans under variable
temperature conditions, mainly when high temperatures are initially applied under varying
temperature conditions [104]. The author of a paper [105] proposed a non-linear model for creep
damage accumulation that considers loading sequence damage and creep strain. However,
contradictions were found in the model, making it difficult to establish a correct creep damage
accumulation rule for the strain under the same loading conditions. A new creep damage
assessment model based on Batsoulas” model was presented in a paper [106]. The model takes
into account the loading process and the material's creep behaviour under different conditions.
However, the proposed model lacks clear physical significance, which is essential for its practical

implementation.

Like stress relaxation, the creep behaviour of aluminium alloys is also influenced by operating
temperature. The two important creep parameters, creep strain and creep strain rate, tend to

increase with temperature, as reported by the studies conducted by [107-109].

The authors of a paper [107] investigated the creep behaviour of 2A14 aluminium alloy at different
temperatures by conducting a creep test, and the results show that the creep strain and creep strain
rate increase with temperature. Other authors of a paper [108] suggested that the creep resistance
of cast aluminium alloys decreases with increasing temperature, especially between 200°C and
300°C. The authors of a paper [109] examined the effects of temperature on the creep behaviour
of the AlSi12CuNiMg aluminium alloy. They found that an increase in temperature resulted in a

decrease in the creep lifetime and an increase in the minimum strain rate. The authors of a paper
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[110] studied the creep behaviour of the Al-Cu-Mg alloy and constitutive models that describe the
high-temperature creep behaviour of the alloy. They reported that the creep behavior of the Al-

Cu-Mg alloy depends on temperature.

3.4.3 Fatigue loading

Fatigue is a phenomenon in which cyclic or fluctuating stresses, often below the material's yield
strength, induce progressive and localized microstructural changes in a material, resulting in an
accumulation of plastic strain that leads to a potential failure of the material [111]. Fatigue loading
induces plastic strain, which leads to the formation of microcracks. These gradually grow and
propagate under the effects of repetitive loading and unloading of the material. There are two
typical fatigue failure modes: high-cycle fatigue and low-cycle fatigue. High cycle fatigue occurs
when the material fails after a high number of stress cycles at a typically low stress level below its
yield stress, while low-cycle fatigue occurs when a material fails after a smaller number of stress

cycles, usually at a stress level exceeding its yield strength.

The two most commonly used approaches for modelling fatigue damage under cyclic loading are
the stress-life approach and the strain-life approach. The stress-life approach is the graph of the
stress versus number of cycles to failure, which is usually plotted. In strain-life approaches, the
graph of strain versus the number of cycles to failure is plotted. Both approaches are useful for
predicting the fatigue life of a material under cyclic loading conditions. The two most commonly
used approaches for modelling fatigue damage under cyclic loading are the stress-life approach
and the strain-life approach. The stress-life approach is the graph of the stress versus the number
of cycles to failure, which is usually plotted. In strain-life approaches, the graph of strain versus
the number of cycles to failure is plotted. Both approaches are useful for predicting the fatigue life
of a material under cyclic loading conditions. The main drawback of these methods is that they
only depend on a stress/strain criterion to determine fatigue life without involving loading or

specimen geometry [112].

There are three phases of fatigue failure: crack initiation, crack growth (propagation), and ultimate
failure. Crack initiation sites are mainly influenced by material defects due to stress concentration
around the defects. The second phase is fatigue crack growth/propagation, where the crack begins

to expand as the material is subjected to cyclic loading. The third phase is the ultimate failure,
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where the crack has reached a critical size and the material can no longer withstand the applied

external load, resulting in complete structural failure.

Low Cycle Fatigue (LCF) is defined as cyclic plastic deformation caused by irreversible
microstructural changes occurring under cyclic loading. It can occur even when the effective stress
is below the elastic limit of the material [61]. These microstructural changes accumulate around
the stress concentration zone, causing progressive deformation of the material under loading and

unloading, which ultimately leads to material failure.

Due to load reversals, dislocations tend to accumulate in ladder or cell structures [61]. In addition,
dislocation movements tend to be concentrated in a limited number of slip bands. This leads to
relatively thick sliding steps, which in turn lead to crack initiation. This crack initiation can
eventually lead to the formation of cracks in the material, which can then propagate and lead to
failure. The accumulation of dislocations in slip bands can also lead to localized plastic
deformation, which can further contribute to fatigue failure. The continued accumulation of
dislocations in slip bands can weaken the strength and durability of the material, ultimately making
it more vulnerable to fatigue failure. Under certain circumstances, cracks caused by dislocation
movements can often go undetected until catastrophic failure occurs. In reference [113], the
processes that can cause fatigue of materials and components under cyclic loading and the
corresponding dislocation behavior were deduced. Figure 9 shows a chronological overview of the

damage processes that lead to failure.

Hardening/ Softening Saturation Strain localization

Dislocation mechanism

Strain localization Crack initiation Crack propagation

Fatigue failure mechanism

Figure 9. Summary of damage mechanisms leading to failure (adapted from [61])
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In low cycle fatigue, the applied strain has a significant plastic component and resultant lives fall
up to 10°; on the contrary, in high cycle fatigue, the applied stress is primarily within the elastic
range of material, and the resultant lives (cycles to failure-life) are high. The stress-life or S-N
approach is standard for high cycle fatigue, whereas the strain-life approach is suitable for low
cycle fatigue analysis. Basquin [114] observed that the stress-life data could be linearized on a log-
log scale for steel and copper materials. This linearization led to the development of the Basquin
equation, which relates the stress range to the number of cycles to failure. For low-cycle fatigue
analysis, strain-life curves are typically plotted to describe the relationship between stress

amplitude and the number of cycles to failure.

Low cycle fatigue of aluminum alloys

Authors of a paper [115] conducted low-cycle fatigue tests on two aluminium alloys, AA2024-T6
and AA7020-T6, under the same heat treatment. Results showed that strength and chemical
composition significantly affect transition fatigue life. The compatibility and precipitation of zinc
and copper on the parent metal led to higher fatigue properties in AA7020-T6. Different lifetime
approaches were reported in reference [116] for fatigue analysis of aluminium engine components.
The complex damage rate model of Neu/Sehitoglu was evaluated, and the Sehitoglu model
provided the best accuracy in describing experimental lifetime results.

Other authors of a paper [117] investigate the effects of strain rate and mean strain on the cyclic
behaviour and lifetime of aluminium-silicon alloys under thermo-mechanical and isothermal
fatigue loadings. Low-cycle fatigue tests were performed on A356 and A357 alloys. Results show
that HT-LCF lifetime and plastic strain energy are almost the same under TMF loadings,

suggesting the use of lower-cost, lower-running time LCF tests for further research.
Low cycle fatigue of metal matrix composites

Several studies reported the fatigue behaviour of aluminium metal matrix composite. The author
of a paper [118] investigated the fatigue behaviour of unreinforced and Al>Os-reinforced Al2014
alloy metal matrix composites. The study result showed that the Al>Os-reinforced Al2014 alloy
metal matrix composites exhibited higher fatigue strength. The author of a paper [119] examined
the fatigue properties of aluminium alloy (6061) metal matrix composites reinforced with different
SiC particles. The study demonstrated that the uniform distribution of SiC particles primarily

attributed to the improvement in the fatigue strength of the composite.
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Other authors of a paper [120] examined the fatigue behaviour of a 20 vol. % SiCp reinforced
A359 aluminium alloy matrix composite, analyzing its microstructure and thermo-mechanical
properties. Various heat treatments were used, revealing a strong dependence on the treatment.
The T6 composites showed better endurance limits but a 70% fatigue limit due to the enhanced
cohesion and improved matrix-particulate interfacial properties. The HT1 condition had weak
interfacial strength, resulting in de-bonding and compromising the fatigue performance of the
composites. The T1 condition exhibited similar fatigue behavior but with reduced ductility,
affecting its performance under cyclic loading.

The authors of a paper [121] examined the fatigue behavior of aluminium matrix-silicon carbide
(SiC) particulate reinforced composite specimens compared to a matrix aluminium alloy with
12wt% Si. The results demonstrated that higher SiC particulate content led to a significant
improvement in hardness and a notable enhancement in fatigue resistance. SiC particulates acted

as barriers to cracks and decreased crack propagation rates, resulting in less fracture cycles.

Researchers of a paper [122] investigated the low cycle fatigue (LCF) resistance of 6061 Al/20
vol% alumina particulate metal matrix composites (MMCs) using reversed strain control testing.
They reported three stages of composite response: initial fast hardening, gradual softening, and a
rapid drop in stress-carrying capability.

Authors of a paper [123] examined crack-tip shielding mechanisms in metal matrix composites,
focusing on crack bridging by uncracked ligaments. Simple analytical models are developed for
bridging induced by overlapping cracks and coplanar ligaments in the wake of the crack tip. The
predicted shielding degree is not large but consistent with experimental observations in high-

strength P/M aluminum alloys reinforced with SiC particulate.

The study of metal matrix composites processed using powder metallurgy under strain control
loading conditions was detailed in reference [124]. The study reported a direct correlation between
the increase in SiCp content and the degradation of fatigue properties, as well as a significant
alteration in stress-strain response due to varying strain ratio values. The increase in volume
fraction and particle sizes directly correlates with the early initiation of cracks, highlighting the

critical role of these factors in the structural integrity of the composites.
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The study the fatigue behavior of a naturally aged powder metallurgy 2xxx series aluminum alloy
and a composite with 15 vol pct SiCp are presented in a reference [125]. Results show that mean
stress significantly influences fatigue life, with SiC reinforcement increasing it at low and
intermediate stresses. However, composite materials have inferior fatigue resistance. Fatigue

cracks initiate from various microstructural features or defect types.

The authors of a paper [126] investigated the effect of particle size, volume fraction, and matrix
strength on the fatigue behavior and fracture probability of 2124 aluminum alloy reinforced with
SiC particles. Results showed higher tensile and yield strengths and fatigue life in reinforced
alloys. The frequency of particle fracture during crack propagation was dependent on matrix

strength, particle size, volume fraction, and maximum crack tip stress intensity.

Authors of a paper [127] presents a microstructure-sensitive fatigue model for analyzing a
discontinuously reinforced aluminum alloy metal matrix composite. The model reveals that the
aluminum alloy's fatigue damage is strongly influenced by the volume fraction of the particulate
reinforcement phase. The model accurately characterizes the evolution of fatigue damage into
crack initiation and growth stages, highlighting the importance of particle size and volume fraction

in determining fatigue lifetime.

3.4.4 Combination of stress relaxation, creep and fatigue loading

During the real application of AMMCs in various industries, including automotive, aerospace,
marine, and military, there is a challenge from the combination of loading such as; a combination
of relaxation and fatigue and/ or creep and fatigue especially at high temperature These
combination of loadings are the main causes of premature failure of the material [128].

Deformation and failure mechanisms of AMMCs at high temperatures have become very complex
and depend on material properties. The life assessment of such structures became a significant
challenge for both the scientific and industrial communities [10]. There are several attempts made
by researchers to find the failure criteria for MMCs. However, there are a lot of limitations to
predict the failure characteristics of MMCs. Relaxation, creep, and fatigue are measured in
different ways. The influences between these cognitive operations are not counted. According to

the standards, MMCs failures are measured only for the dominant types of failure. In many
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applications, where temperature operating conditions are high, this is creep or low cycle fatigue.

Therefore, accepting loading history alone in finding the failures of MMCs has a lot of limitations.

Furthermore, the manufacturing process's effect on the durability of the MMC is not taken into
account. It is well known that MMCs are better than other materials in resisting corrosion and
wear, but this still affects the durability of MMCs. Therefore, environmental effects such as wear

and corrosion must be taken into account when measuring MMC's durability.

This dissertation focuses on measuring the influence of combined relaxation, creep, and fatigue
interaction on the durability of AMMCs, considering other factors that increase the damage of
AMMC.
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4. EXPERIMENTAL STUDIES OF EN AC-AI Si12CuNiMg

ALLOY’S MECHANICAL PROPERTIES

A high strength-to-weight ratio and the ability to withstand high temperatures are typical
requirements for the manufacture of various mechanical structures. Aluminium alloys possess a
number of these distinctive properties that make them suitable for a wide range of applications,
including the automotive, aerospace, and military industries [129-131]. For example, engine
blocks, piston heads, steering boxes, inlet manifolds, rocker covers, deferential casings, brackets,
and wheels are among the many components made from aluminium casting in the automotive
industry [132]. Compared to other cast alloys, aluminium alloys offer excellent corrosion and
oxidation resistance and favourable properties such as low density, wear resistance, high strength-
to-weight ratio, and other good technological properties [133]. However, one of the main
drawbacks of aluminium-silicon alloys is their propensity to produce coarse-grained structures,
resulting in severe degradation of mechanical properties [134].

The most common alloying elements used in the production of aluminium alloys are Si, Mg, Cu,
and Zn. Al-Si alloys have good casting properties and are widely used to manufacture automotive
components that operate at ambient and moderately high temperatures [135,136]. Alloying
elements have an impact on both microstructural and mechanical properties [137]. Al-Mg, Al-Cu,
and Al-Zn alloys have better mechanical properties than Al-Si alloys, but their casting properties
are often poor. The silicon content of standardized commercial cast aluminum alloys ranges from
5 to 23 % by weight. Adding Si to aluminium alloys improves the fluidity and casting properties
of the aluminium alloys, while Mg enhances corrosion resistance [138]. Typically, Cu is added to
Al-Si alloys to improve machinability. Increasing the Cu and Mg content of an alloy enhances
strength while decreasing ductility. Similarly, increasing the Fe content of an alloy decreases the
ductility of the alloy [139]. On the other hand, Na in cast Al-Si alloys significantly improves
mechanical properties, especially ductility [140]. A small amount of Ni is added to aluminum-
silicon alloys to improve hardness and strength at high temperatures [141].

The presence of Cu, Mg, Ni, and Fe in the Al-Si alloy causes the formation of various intermetallic
compounds such as: AloCu, MgaSi, a-Ali2(Fe, Mn)sSiz, and B-AlsFeSi in the microstructure

[142]. The presence of the intermetallic phases influences the physical properties of the alloy such
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as ductility, thermal expansion, and hardness. In addition, the physical properties of individual
constituents, such as the relative distribution of Al matrix and Si crystals, their volume percentage
in the mixture, and morphological distribution, size, and shape, determine the mechanical
properties of these alloys [143,144].

Several studies reported that various factors, such as: superheating of the melt, holding duration,
and solidification rate, affect the microstructure of the cast aluminium-silicon alloy [145-147].
Superheating Al-Si alloys produces a shift in the eutectic reaction toward higher levels of silicon,
accompanying with the appearance of dendrites in the hypo-eutectic and eutectic Al-Si alloys
[148,149]. The solidification rate determines the coarseness of the microstructure, the formation
of dendrites and defects [150,151]. The microstructural coarseness includes the percentage, size,
shape, and distribution of intermetallic phases and the segregation profiles of solute in the a-Al
phase.

Aluminum-silicon alloys are composed of the aluminium phase (o -phase) and the silicon phase
(B -phase). It should be noted that the aluminum phase has excellent ductility characteristics, while
the silicon phase has brittle characteristics and mostly needle-like structure [152].

Despite the importance of the Al-Si alloy and its wide range of applications, its functionality is
limited to low and moderate temperatures because its strength decreases significantly when
exposed to high temperatures. The ability of an aluminum alloy to retain its desirable properties at
elevated temperatures is critical in several applications where it is widely used. Therefore, to
ensure structural stability and determine the temperature range in which components made of this

alloy can operate, mechanical characterization of Al-Si alloys at various temperatures is essential.

4.1 Tensile specimen preparation

The academic staff of the Department of Materials Technologies at the Silesian University of
Technology prepared the specimens in accordance with the following procedures: Initially, a 2.5
kg ingot was cut and then melted in the resistance furnace at 720°C. After melting, the molten
metal (charge) was kept at the same temperature for 15 minutes to ensure a uniform material
composition (homogenization). Throughout the heating process, argon gas was continuously fed
into the furnace chamber at a rate of 0.5 In/min to create an inert atmosphere and prevent the alloy
from oxidizing. Before casting, the oxide layer, which can negatively affect the casting quality,

was removed with a trowel.
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The castings were prepared using the MetalHealth system, a system known for maintaining a stable
mold heating temperature throughout the casting process. The mold feeding system was based on
the KALPUR-POURING SLEEVES system, known for its efficient metal flow control, along with
Foseco's SVX OR X 22/10 filter, which ensures precise filtration of impurities. Following the
casting process, the required specimen parts were sectioned out of the casting. Both ends of these
specimens were then threaded to the required M16 dimensions using a threading machine. A total
of 27 tensile specimens with a length of 60 mm and a diameter of 10 mm were prepared. The
prepared tensile specimens are shown in Figure 10. The chemical composition of the investigated

alloy, which is presented in Table 2, was measured by optical emission spectroscopy (OES).

Table 2. The measured chemical composition of EN AC-AI Si12CuNiMg (weight percentage)
Fe Si Cu Mg Zn Mn Ti Ni

0.4 114 1.27 1.24 0.18 0.18 0.04 1.48

HTHIE

i

Figure 10. Tensile specimens

4.2 Uniaxial tensile test

In accordance with 1SO 6892-1, uniaxial tensile tests were performed on these specimens in their
as-cast condition on the Zwick/Roel Z100 universal testing machine. The testing machine was
fitted with a furnace and universal 3-zone furnace controller. A 3-zone universal furnace controller
is used to control the furnace temperature and specimen surface temperature via six thermocouples.
The tests were conducted at room temperature and elevated temperatures of 150, 250, 300, and
350°C. Figure 11 a) and b) illustrate the experimental setup of the uniaxial tensile tests, showing
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the configuration at both room temperature and elevated temperatures. At each temperature, the
tensile tests were repeated five times. A high temperature extensometer with ceramic sensor arms
was used to record load elongation data in the elastic zone. Figure 12 shows a Maytec high
temperature extensometer with ceramic sensor arms. For the elevated temperature tensile test, the
heating furnace on the Z100 universal testing machine was used to heat the specimens. The strain
rate of 6.7 x 10 s was employed in all tensile tests. The specimens were loaded under a uniaxial
tensile load until a fracture occurred. The Zwick testXpert software was used to monitor and
control the load application and temperature through a digital closed-loop control system. The
recorded load-extension data was used to plot the stress-strain curves, which were then used to
determine the tensile properties of the as-cast specimens, such as their yield strength, ultimate
tensile strength, Young's modulus, and percentage of elongation. Subsequently, the impact of

temperature on the tensile properties of the alloy was investigated.

Figure 11. Specimen clamped in a testing machine at: a) normal b) elevated temperature
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Figure 12. Extensometer with ceramic sensor arms

Uniaxial tensile test results

Stress-strain curves

The stress-strain curve is used to describe the tensile properties of materials, such as yield strength,
tensile strength, Young's modulus, and fracture strain. Figure 13 shows the engineering stress-
strain curve of the investigated alloys at room temperature. Figure 14 shows stress-strain curves at
various temperatures. As the temperature increases, the percentage of elongation increases. At
room temperature, the material tends to exhibit brittle failure behaviour. However, it tends towards
ductile fracture behaviour at elevated temperatures, despite the absence of a cup shape and cone at

the fracture site. Therefore, the fracture behaviour of this material changes in response to

temperature changes.
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Figure 13. Stress-strain curve of EN AC-Al Si1l2CuNiMg at room temperature
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Figure 14. . Stress-strain curve of EN AC-AIl Si12CuNiMg at various temperatures
The tensile strength is the maximum stress value on the stress-strain curve. Figure 15 shows the
tensile strength of EN AC-AIl Si12CuNiMg alloys as a function of temperatures. The values shown
are the average of five test results compared with the result presented in a paper [153]. The figure
clearly shows the decrease in tensile strength with increasing temperature. For example, at room
temperature, the tensile strength of this alloy is 140 MPa, but at 150°C and 250°C, the tensile
strength is 125 MPa and 112 MPa, respectively. Therefore, the tensile strength decreases by 5%
to 15% from room temperature to 150°C and 250°C, respectively. On the other hand, temperatures
between 250°C and 350°C led to a 40-50% reduction in the tensile strength of the alloy. This
indicates that the decrease in tensile strength is very small at low and moderate temperatures, but

when the temperature exceeds 250°C, the tensile strength dramatically degrades.

The low tensile strength of this investigated alloy results from various casting conditions and the
nature of microstructures compared to those in the literature [153]. The coarse-grained
microstructures of these alloys have a detrimental effect on their mechanical properties at low and

high temperatures.
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Figure 15. Ultimate tensile stress of the alloy at various temperatures

Figure 16 shows the yield strength and fracture strain of the alloy plot against temperature. The
average values of the five test results are presented in this graph. Unlike the 10% drop of the yield
strength observed in the temperature range from room temperature to 250°C, a rapid decline of the
yield strength is observed at temperatures above 250°C. In other ways, the fracture strain of the
specimen at low testing temperature is extremely low compared to the fracture strain at high
temperature. Therefore, the relationship between fracture strain and test temperature is contrary to
yield strength. For temperatures above 250°C, the deformation of the fracture increases
significantly with increasing temperature. The fracture strain determines the ductility of the
materials. Therefore, the ductility of the alloy increases with increasing temperature.
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Figure 16. Yield strength and fracture strain of EN AC-Al Si12CuNiMg alloy at various

temperatures

Young's modulus measures the resistance of a material to elastic deformation. Its value is obtained
by measuring the slope of the axial stress-strain curve in the elastic region. The temperature of the
test affects Young's modulus of materials. Figure 17 shows the effect of temperature on Young's
modulus of this alloy. The average Young's modulus of the five test results was plotted against
temperature. The test result reveals that Young's modulus of EN AC-Al Sil2CuNiMg alloys
increases in the low temperature up to about 150°C and then decreases with the increase of

temperature.
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Figure 17. Young’s modulus versus temperature of EN AC-Al Si12CuNiMg alloy

4.3 Hardness measurement

An axial load of 2450 N was applied for 15 seconds using a Brinell hardness tester to measure the
macrohardness of the aluminum alloy as well as EN AC-Al Si12CuNiMg with 10 wt.% SiC
composite. In accordance with the ASTM: E8/E8 M-11 standard, tensile specimens were cut from

each of the cast composites and alloy EN AC-AIl Si12CuNiMg. Figure 18 shows the specimens of

the alloy for hardness measurement.

Figure 18. Specimens EN AC-AI Si12CuNiMg of the alloy for the hardness test
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Figure 19. Brinell hardness measurement and ultimate tensile stress versus temperature

The ultimate tensile stress and Brinell hardness value of the alloy for various temperatures are
shown in Figure 19. As the temperature was increased over 150°C, both tensile strength and the

Brinell hardness of the alloy declined considerably.

4.4 Experimental procedures of stress relaxation and creep test

The stress relaxation and creep tests were performed on the same testing machine used for the
tensile tests. These tests were carried out at temperatures of 150, 250, and 350°C. To study the
effect of these temperatures on the stress and creep properties of the alloy, an initial stress level
equivalent to 50% of the alloy's yield strength was used. The mechanical properties of the alloy at
each temperature are described in Section 4.2 and have also been published in a paper [154].
Initially, the specimen was installed and aligned in the center of a furnace, then heated for about
one hour until steady state temperature was reached. Throughout the entire process, heat transfer
was controlled using a 3-D universal furnace controller through thermocouples. Once the target
temperature was attained, 50 N of preload was applied to ensure that no slippage occurs during the
testing process.

The relaxation tests were conducted in accordance with ASTM E328-21 [155]. During the

relaxation test, the load was applied at a strain rate of 2 x 10 s until initial stress was imposed.
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Once the initial stress level was reached, the strain was kept constant while the stress was dropping
until the end of the test. Throughout the process, the load was monitored as a function of time, and
the test was generally continued for about 24 hours.

During the creep test, the load was applied until the initial stress was reached, at which point the
stress was kept constant for about 45 hours. The extensometer was used to measure the elongation

of the specimen.

4.5 Rheological model of stress relaxation and creep behavior

The Standard Linear Solid Model (SLSM) is a constitutive model commonly used to analyze the
relaxation and creep behavior of materials [156,157]. This model assumes that the material is a
linear combination of a spring element and a dashpot element, the spring element representing the
elastic response of the material and the dashpot element representing the viscous response of the
material. It is usually represented by two different forms: Maxwell and Kelvin forms. Figure 20
show the Maxwell and Kelvin forms of the standard linear solid model. For this study, the Kelvin
form of the SLSM was used.
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Figure 20. The three parametric standard linear solid model: a) the Maxwell and b) the Kelvin
form

Based on a standard linear solid model, the stress relaxation behavior of the material can be

described using either Equation (1) or Equation (2):

o(t) =E& (EIE-ll- 5t Elbji— T €Xp (— (Elr—:_ E) t>> @

o(t) = Eg; <g + (1 _ %) exp (‘%)) )

Where, &, stands for the constant strain during relaxation, E =E. stands for the relaxation modulus

at the beginning of stress relaxation, E stands for the relaxed modulus that describes how much
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the relaxation modulus drops from the beginning of stress relaxation to the end, n, stands for
viscosity which describes the material's ability to flow under applied stress, and H stands for the
relaxation modulus as time approaches to infinity (t — o) and n is a time constant. The model
parameters of Equation (1) can be related to the model parameters of Equation (2), which can be
described by Equations (3) and (4).
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The creep strain, as per the SLSM model, can be described as a function of time by using
either Equation (5) or (6).

e(t) = %[§+ (1 —%) exp (—%t)] ®)
-2l il ) ©

where oo Is the constant stress during the creep test. The other quantities are the same as the

relaxation parameters.
Stress relaxation curves

Relaxation curves indicate a good agreement between experimentally obtained results and the
SLSM curve fits with coefficients of determination (R?) values more than 0.99. The value of stress
is expressed as a function of time. Figure 21 shows the stress relaxation curves obtained at various
temperatures and the fitted curves achieved through the SLSM of Equation (1). The initial stress
level used at this temperature was about 50% of the yield stress (50, 45, and 30 MPa) at each
corresponding temperature. As clearly indicated in Figure 21, the amount of relaxed stress
increases with increasing temperatures. For example, at 150°C, the relaxed stresses are 23 MPa,
indicating that the material release 46% of its initial stress. As the temperature increases to 250°C,
the relaxed stresses increase to 33 MPa, with a stress level drop of 73%. Finally, at 350°C, the
relaxed stresses reach 27 MPa, with a stress level drop of about 90%. The most significant drop in
the stress level occurs within approximately 2 hours of loading. Depending on the level of stress

relief, the entire relaxation process can be categorized into three distinct stages. In the initial phase,
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stress exhibits rapid relaxation; however, in the subsequent phase, stress demonstrates a slower
relaxation rate. After a long period of relaxation, the stress eventually approaches a steady state
where the relaxation rate becomes almost constant in the third phase. In the first stage of relaxation,
the relaxation behavior is nonlinear and decreases with the duration of the test as it progresses. In
the second stage of stress relaxation, the material develops compressive stress, and the stress
relaxation rate decreases significantly. Finally, in the third stage, the rate of stress relaxation

becomes almost constant.

60
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Time, h

Figure 21. Experimental stress relaxation curves and fitted curves at various temperatures

Creep curves

Figure 22 shows the obtained creep-strain curves of the investigated alloy. These curves were
obtained at various temperatures of 150, 250, and 350°C with the corresponding 50% of the yield
stress of the material, 50, 45, and 30 MPa. As clearly shown in Figure 22, the creep strain increases
as the temperature increases. For example, at a time of 10 hours and a temperature of 150°C,
250°C, and 350°C, the creep strain values are 0.09%, 0.19%, and 0.48%, respectively. This
indicates the significant effect of temperature on the creep behavior of the investigated alloy. It
also shows that at higher temperatures, the material is more vulnerable to creep deformation. There
are similarities between the plotted creep curves and typical creep curves defined by two stages:
the primary stage where the creep rate decreases and the secondary phase where the creep rate
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becomes constant [158,159]. As stated in reference [160,161], the creep rate in the primary creep
stage is initially high due to the initial formation and movement of dislocations and is followed by
a rapid decrease as the dislocations continue to accumulate and their mobility decreases. As shown
in Figure 23, the creep strain curve corresponding to a temperature of 350°C shows higher creep
rates than the creep rate associated with temperatures of 250°C and 150°C. This suggests that a

higher creep temperature results in higher creep strain.

Curve fit

0 10 20 30 40 50
Time, h

Figure 22. Creep curves at various temperatures
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Figure 23. Creep rate curves of the primary stage at various temperatures

The standard linear model of solids (SLSM) parameters determination

The test result indicates that all parameters of the SLSM relaxation model vary significantly with
temperature. For example, the relaxation modulus at the beginning of relaxation (E) decreases as
the temperature increases. When the temperature increased from 150°C to 250°C, it decreased by
about 7%. However, a significant reduction was observed when the temperature increased from
150 to 350°C, with its value reduced by approximately 32%. For the relaxation modulus Ej, there
IS no significant change in temperature from 150°C to 250°C. However, when the temperature
increases from 150 to 350°C, it decreases by 45%. Additionally, the viscosity decreases
significantly as the temperature increases. The values of viscosity decreased by 30 to 70% as the
temperature increased from 150 to 250°C and 350°C. This shows that temperature significantly
affects the relaxation model parameters of the investigated alloy. The chart in Figure 24, which
displays the relaxation model parameter values as a function of temperature, clearly illustrates the

trend of decreasing values as the temperature increases.
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Figure 24. Relaxation model parameters of the investigated alloy at various temperatures
The creep model parameters of the studied alloy are influenced by temperature. Figure 25
illustrates how these parameters change with temperatures. The three standard model parameters
(E, E1, and n) all decrease with increasing temperature, with E1 experiencing a more significant
reduction compared to the other parameters. Specifically, as the temperature increased from 150°C
to 250°C, the value of E1 decreased by approximately 85%. This reduction becomes even more
noticeable as the temperature increases from 150°C to 350°C, with E; decreasing by approximately
95%. Since E1 measures the material's resistance to creep deformation, these substantial decreases
in this parameter indicate that the alloy's ability to resist creep deformation decreases at elevated
temperatures. This means that at elevated temperatures the alloy may experience more plastic
deformation and structural changes. As the temperature increases, the thermal energy within the
material increases and promotes the mobility of dislocations and the diffusion of atoms [161]. The
enhanced mobility of dislocation and diffusion of atoms are likely attributed to these changes in

creep behavior.

In both stress relaxation and creep, both model parameters (E and n) decrease as temperature
increases by almost the same values. However, E1 drops significantly as the temperature increases
from 150 to 350°C during creep rather than during stress relaxation. This indicates that the increase

in temperature has a greater impact on E: during creep compared to stress relaxation.
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Figure 25. Creep model parameters of investigated alloy at various temperatures

4.6 Metallographic specimen preparation

Metallographic samples were prepared using standard metallographic preparation processes such
as grinding and polishing. Waterproof SiC emery papers with grit sizes up to 2000 were used to
polish the surface of the specimens. Then, polishing was continued using a 3 and 1 um diamond
suspension on a disc polisher until a mirror-like surface was obtained. This was done to allow for
better microstructural observation. The polished surface of the specimens allowed for clear and
detailed observation of the microstructures present in the samples. Figure 26 shows the prepared
metallographic specimens. After preparing the metallographic samples, the microstructures were

examined using a light microscope (LM).

Figure 26. Metallographic specimens
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4.7 Microstructural surface analysis

The microstructures of the investigated alloy were observed, and their micrographs are presented in
Figures 27. The micrographs observation shows the presence of a-Al matrix, eutectic Si particles, and
other intermetallic particles in the microstructure of the alloy. Gray silicon plates and other
intermetallic particles are embedded in a large white a-Al matrix. In all specimens, microstructural
observation reveals dendrites of a-Al as the main constituent and with an elongated needle-like
structure (flakes) of silicon. The aluminium dendrite arms are visible in the framework, indicating that
the cast samples have not solidified under equilibrium conditions. In Figure 27, the aluminum
dendrite arms are clearly visible. Non-equilibrium solidification of the cast produces non-
homogeneity in the microstructural of the the alloy. This non-homogeneity includes micro and macro-
segregation of eutectic Si solute in the a-Al phase. The dark semi-circular shape shown in the
microstructure is a shrinkage pore. The formation of shrinkage porosity is related to the parameters
used in the crystallization and casting processes. In general, the shrinkage porosity and segregation of
the solute components resulting from non-equilibrium solidification are detrimental to the mechanical
properties of the alloy. For example, the segregation of Si solute atoms in the composition of that alloys

affects the mechanical properties of these alloys by reducing the ductility [151].
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Figure 27. Microstructure of as-cast EN AC-Al Si12CuNiMg alloy

4.8 Fracture surface analysis
Fractographic analysis of all the samples reveals that they have a similar appearance. A
transcrystalline fracture was observed in all samples. In addition, the dimpled fracture surface of

the specimens, despite the absence of typical ductile cup cone fracture, suggests ductile fracture of
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cast aluminum alloys when subjected to high-temperature tensile loads. Figures 28 show the
fracture morphology of EN AC-AI Si12CuNiMg alloys samples after room temperature tensile
test. On the fracture surface of this sample, intergranular-like fractures, as well as tiny cleavage-
like brittle cracks, can be seen. Additionally, a few fracture planes and a few dimples can be seen
on the morphology of these fracture surfaces. However, the dimples’ size is tiny, exhibiting a semi-

brittle behavior.

Figure 29 shows the fracture surfaces of the EN AC-Al Si12CuNiMg alloys after a tensile test at
350 °C temperature. Like the sample tested at room temperature, the cleavage-like brittleness is
observed but very low. In addition, the observation demonstrates the presence of a large and more
extensive dimple size, suggesting ductile fracture [162]. The larger the dimple size and depth, the
greater the fracture strain. In general, particle dislocation due to high temperature, high stresses at
specific locations, or plastic deformation around inhomogeneous inclusions or other defects are

factors that contribute to the formation of micro-cracks.

Dimples

S-3400N x500 SE

Figure 28. Fractography of the specimen broken at room temperature tensile load
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Dimples
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Figure 29. Fractography of the specimen broken at 350°C temperature tensile load
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5. EXPERIMENTAL STUDIES OF MECHANICAL

PROPERTIES OF ALUMINUM SILICON COMPOSITE

REINFORCED WITH SILICON CARBIDE PARTICLES

Aluminum alloys enhanced with SiC particles (SiCp) can withstand high temperature operating
conditions and exhibit high strength, stiffness, wear and abrasive resistance capability, creep
resistance behavior, and lower thermal expansion compared to other conventional aluminum alloys
[163,164]. Because aluminum alloy matrix composites reinforced with SiC or Al,Os3 particles are
lightweight and resistant to wear and thermal deformation, they are widely used in the automotive
and aerospace industries. For example, engine components, including pistons, cylinder heads,
connecting rods, and other applications where operating temperature is critical, are made from this
composite material. In the aerospace industry, advanced aluminium metal matrix composites, and
boron fibres are used to reinforce the space shuttle orbiter and continuous graphite fibres for the
Hubble telescope [137,165].

At elevated temperatures, the mechanical properties of the Al-Si alloy deteriorate and reduce the
performance of the structure [166,167]. Therefore, it is essential to enhance the mechanical
properties of Al-Si alloy and increase its resistance to temperature and load variation for this type
of application. Reinforcing the alloy with a suitable reinforcement material is one way to enhance
the material's mechanical properties. It provides additional strength and stability to the alloy,

making it more resistant to temperature and stress variations.

Silicon carbide (SiC) and aluminum oxide (Al203) are inexpensive reinforcement materials
commonly used to reinforce aluminum alloys. Other ceramic particles such as silicon oxide (SiOz),
titanium carbide (TiC), titanium diboride (TiB2), aluminum nitride (AIN), zirconium diboride
(ZrB»), and silicon nitride (SisN4) are also used to reinforce the aluminum alloy [168-170]. These
ceramic phases are very durable and hard. Due to their low density and strong specific mechanical
properties, aluminum matrix composites (AMCs) reinforced with SiC particles are among the most
favorable materials for lightweight applications. Compared to unreinforced aluminum alloys, SiC-
reinforced aluminum matrix composites exhibit higher strength, stiffness, creep resistance, and

wear resistance [171-175]. Due to their favourable properties, SiC-reinforced aluminium matrix
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composites are gradually replacing traditional aluminium alloys in many applications involving

operation under complex and harsh conditions [170,176].

Numerous studies have incorporated silicon carbide (SiC) particles as a reinforcing material within
an aluminum matrix composite. Tamer Ozbenet et al. [177] investigated the mechanical and
machining properties of an aluminum matrix composite (Al-MMC) fabricated with silicon carbide
(SiC) particles. The AMC material showed an improvement in tensile strength, hardness, and
density with an increasing reinforcement ratio. However, a corresponding drop in impact
toughness was observed in their study. In their study, Ozden et al. [178] examined the impact
behavior of particle-reinforced aluminum matrix composites (AMC) made of aluminum (Al) and
silicon carbide (SiC) at different temperatures. The particle clustering, particle cracking, and poor
bonding between matrix and reinforcement significantly influence the impact behavior of the
composites. These results imply that temperature variations do not significantly affect the impact

behavior of aluminum matrix composites.

Shuvho et al. [179] studied the mechanical behavior of an aluminum matrix composite reinforced
with SiC, AI203, and TiO2. Their study revealed that the reinforced aluminum matrix composite
exhibits higher hardness, tensile strength, and yield strength than the base alloy. Zhang Peng et al.
[180] investigated the impact of particle clustering on the mechanical response of aluminum matrix
composites. The authors suggest that elastic deformation is less sensitive to clustering than plastic

deformation and that early clustering promotes interface disconnection and void formation.

Pawar et al. [181] studied the mechanical properties of aluminum matrix composites reinforced
with silicon carbide (AMC) particles to fabricate power transmission elements, such as gears,
which are subjected to a continuous load. The authors used two manufacturing methods, i.e.,
casting and powder metallurgy. They presented that powder metallurgy is better for achieving

uniform distribution of reinforcement particles but is not as economical as the casting method.

Studying the mechanical properties of AMMC at elevated temperatures is essential to
understanding its behavior under various operational conditions during its use [182]. However,
few studies have been reported on the tensile properties of AlSi12/10SiCp composites at elevated
temperatures. In this work, the tensile properties of EN AC-Al Sil2CuNiMg alloy and

AISi12CuNiMg/10SiCp composite were investigated at room temperature and elevated
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temperatures ranging from 150 °C to 350 °C. The effect of temperature on tensile properties was

described.

5.1 Specimen preparation and uniaxial tensile test

Tensile specimen preparation

In this study, eutectic EN AC-AISi12CuNiMg aluminum alloy was used as the matrix material and 10
wt.% SiC particles was used as the reinforcement. Stir casting was used to manufacture AISi/ SiCp
composites because of its low cost and ease of manufacture. The EN AC-Al Si12CuNiMg ingot
was initially melted in the resistance furnace. When the desired temperature was reached, a
constant volumetric flow of argon was used to prevent the aluminum alloy from chemically
interacting with the oxygen and nitrogen in the air. A trowel was used to gently remove the slag.
The SiC reinforcement particles were then weighed according to the specifications of the
experiment and preheated in a preheating chamber. Preheating was carried out to ensure proper
mixing of the reinforcement, to remove moisture and air trapped between the reinforcement
particles, to reduce the temperature gradient between the reinforcement particles and the molten
alloy, and to remove impurities from the reinforcement particles.

Once the aluminum alloy was completely melted, the stirring device was adjusted to stir the melt.
Using the speed control, the stirrer speed was set and the melt was stirred to create a vortex to
allow the reinforcements to mix evenly into the melt. At this point, the preheated reinforcements
were carefully added, and the mixture was stirred for an additional time before being poured into
the mold. The entire melting process was carried out under the supply of argon. In addition, the
mold was preheated to ensure uniform solidification. The melt was then poured into the preheated

mold. The melt was cooled in the mold and finally, the specimens were removed from the mold.

A uniaxial tensile test

A uniaxial tensile test was performed to determine the basic mechanical properties of the fabricated
composite specimens. These specimens had the same dimensions as the alloy specimens described
in Section 4.1. The tensile testing procedure described in Section 4.2 was followed for the
composite specimens. The tests were repeated five times at each temperature, and the average of
the five results was considered the final tensile test result. The prepared tensile specimens are

shown in Figure 30.
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Figure 30. Tensile specimens of composite material
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5.2 Microstructural characterization

Microstructural characterization of EN AC-AISi12CuNiMg alloy

Both the matrix alloy and the composite were subjected to microstructure studies. Metallographic
samples were taken from the cast aluminum alloy and the composite. A standard metallographic
procedure was used to polish the samples. Waterproof SiC emery papers with grit sizes up to 2000 were
used to polish the surface of the samples. Then, polishing was continued using a 3 um and 1 pm diamond
suspension on a disc polisher until a mirror-like surface was obtained. This was done to allow for better
microstructural observation. A light microscope (LM) and a scanning electron microscope (SEM)

working with an X-ray spectrometer were used to perform microstructural analysis.

The LM and SEM micrographs of the investigated cast EN AC-AISi12CuNiMg alloy are shown in
Figures 31 and 32 respectively. As can be seen, the microstructure of the base EN AC-Al
Si12CuNiMg eutectic alloy consists mainly of the primary phase (a-Al), needle-like a(Al)+B(Si)
eutectic mixture (its amount depends on the Si content in the Al alloy), and plate-like Si primary
crystals in the shape of polyhedrons. The presence of the Cu, Mg, Ni, Mn, and Fe elements results in
the formation of various intermetallic compounds correlated with the chemical composition of the
eutectic Al-Si alloy. The Al>Cu and Mg>Si phases and more complex compounds in different systems
like Al-Ni-Cu, Al-Fe-Si Al-Fe-Mn-Si, were identified in the microstructure. The morphology of Si
phases can change after modification and heat treatment. In addition, the cooling rate influences the
microstructural composition's size, morphology, and distribution, including intermetallic phases.
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Figure 32. SEM micrographs of the EN AC-AI Si12CuNiMg alloy at different magnification
Microstructure of the AISi composite reinforced with 10 wt.% SiC

The micrographs of the AISi composites reinforced with SiC particles are shown in Figures 33 and
34. The microstructure of the AISi composite consisted of several phases, including matrix-Al, Si
and intermetallic phases. The intermetallic phases were formed by the combination of Mg, Ni, Fe,
Cu, and Al, which significantly improved the base alloy's high-temperature properties [183,184].
The SiC particles appear as dark spots and are uniformly dispersed throughout the aluminum
matrix. Some porosity could be observed around the structures of reinforcement particles. The
eutectic Si phase was heterogeneously nucleated in the form of needles on the surface of the
reinforcement, as shown in Figures 33 and 34 and mentioned in [176]. Due to the formation of
intermetallic compounds at the interface, the SiC particles are also observed to have a strong bond
with the aluminum matrix, as stated in the literature [185]. The added SiC particles significantly
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affect the grain refinement of the base alloy. This is because the grain size of the (Al) + (Si)

eutectics is noticeably finer than that of the base alloy
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Figure 34. SEM micrographs of the AlSi composite at different magnification

5.3 Tensile and hardness test results of matrix alloy and composite

Tensile properties

The addition of 10 wt.% of SiC particles have a substantial impact on the tensile properties of the
produced composites. Therefore, it is important to test materials at room and elevated
temperatures. Table 3 shows the test results of the EN AC-Al Sil2CuNiMg alloy and SiC-
reinforced composite at room temperature. The room temperature tensile test results show that

SiC-reinforced composite has a higher base tensile strength than non-reinforced alloys. The yield
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strength, ultimate tensile strength, and modulus of elasticity of SiC-reinforced composites are 17%,

20%, and 6% higher than those of the unreinforced alloy.

Table 3. The determined tensile properties of EN AC-Al Si1l2CuNiMg alloy and AISi composite
at room temperature

Materials Yield Strength Tensile Strength ~ Young’s Modulus Elongation
(MPa) (MPa) (GPa) (%)

EN AC-Al 120+ 6 140 + 12 73+5 0.57+0.1

Si12CuNiMg

AMMC 145+8 175+8 78 £ 4 0.5+0.12

Relative change >+17 >+20 > +6 <-20

(o)

The excellent interfacial bonding between the matrix and the reinforcement could be a reason to
improve the tensile properties of the composites. On the other hand, the EN AC-AI Si12CuNiMg
alloy showed a 20% higher percentage elongation. This implies that the SiC-reinforced composite

has a low ductility compared to the matrix alloy.

Figure 35 shows the ultimate tensile strength of both the EN AC-Al Si12CuNiMg alloy and its
composite at various temperatures. The values presented are the average of three test results with
their error bars. The graph clearly shows the decrease in ultimate tensile strength with increasing
temperature. For example, the ultimate tensile strength of EN AC-AIl Si12CuNiMg alloy at room
temperature is 140 MPa, but at 150°C and 200°C, it decreases to 125 MPa and 120 MPa,
respectively. From room temperature to 150°C and 200°C, it decreases by about 5% and 15%,
respectively. In addition, the ultimate tensile strength of the matrix alloy decreases by 20-50% for
the temperature between 250 and 350°C. In the case of the composite material, the ultimate tensile
strength decreased by about 3-6% for the temperature range of 150-200°C compared to the result
at room temperature. However, for the temperature range between 150 and 350°C, the ultimate
tensile strength of the composite was reduced by about 17% to 50%. This shows that the decrease
in ultimate tensile strength at low and moderate temperatures is negligible; however, when the

temperature exceeds 250°C, both materials' tensile strength deteriorates significantly.
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Figure 36 shows a plot of the yield strength and fracture strain of the SiC-reinforced composite
and the unreinforced alloy versus temperature. The average values of the three test results are
shown in this graph. The yield stress was reduced by 8% from room temperature to 200°C in the
case of the EN AC-AI Si12CuNiMg alloy. At 350°C, however, it dropped by about 50%. In the
case of EN AC-AIl Si12CuNiMg/10%SiC composite, it was dropped by 4% from its room
temperature to 200°C. But it dropped by about 40% at 350°C. This implies a rapid decrease in the

yield strength of both the matrix alloy and composite at temperatures above 200°C.

On the other hand, the fracture strain of the EN AC-AIl Si12CuNiMg alloy increases rapidly for
temperatures above 200°C, while the fracture strain of the composite increases slowly. This relates
to the ductility properties of the EN AC-Al Sil2CuNiMg alloy and the composite. The
unreinforced alloy has a higher fracture strain at both low and elevated temperatures. The ductility
of both the unreinforced alloy and the composite increases with temperature.
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Figure 35. Ultimate tensile stress of EN AC-Al Si12CuNiMg alloy and composite at various
temperatures
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Figure 36. Yield strength and fracture strain of EN AC-AIl Si12CuNiMg alloy at various
temperatures
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Figure 37. Young’s modulus of EN AC-AI Si12CuNiMg alloy and composite at various
temperatures
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Young's modulus is used to measure the resistance of materials to axial deformation. The operating
temperature of materials can have an impact on Young's modulus. Figure 37 shows how
temperature affects the Young's modulus of the matrix alloy and the SiC-reinforced composite.
The average Young's modulus of the three test results was plotted against temperature. The study
shows that Young's modulus of the EN AC-Al Sil2CuNiMg alloys increases from room
temperature up to about 200 °C and then starts to decrease as the temperature increases. The same
pattern was observed for the SiC-reinforced composite. The SiC-reinforced composite exhibited a
more significant decrease in Young's modulus over a higher temperature range than the EN AC-
Al Si12CuNiMg alloy.

Hardness measurement

Following the standard test method ISO 6506-1, an axial load of 2450 N was applied for 15 seconds
using a Brinell hardness tester to measure the hardness of both the aluminum alloy and the prepared
composite specimens. Figure 38 illustrates the prepared composite specimens for hardness
measurement. An average hardness value of the five test results for the EN AC-Al Si12CuNiMg
alloy was about 120 HB * 5, while for the composite it was around 140 HB % 8, each with their
respective deviations. This implies a remarkable improvement in the hardness of the composite
when compared with EN AC-AIl Si12CuNiMg alloy. An improvement of 15% is observed in the
hardness of the composite when compared with the unreinforced alloy. The strong bond between
the matrix material (AlISi12CuNiMg) and the silicon carbide (SiC) particles could be the reason
for the increased surface hardness value of the composite specimens. SiC, a hard reinforcement,
renders the inherent property of hardness to the matrix material, thereby enhancing its resistance
to deformation. It is an experimentally proven fact that the hardness of the matrix material can be
improved significantly by adding hard reinforcement into a soft ductile matrix material like
aluminum alloy [186]. The hardness behavior of composite is also affected by grain refinement of
matrix alloy and fine and even distribution of reinforced particles. Reduction in grain size always
enhances the hardness of the composites. The smaller the grain size, the higher the obstructions
for dislocation motion, thereby improving the resistance to plastic deformation, resulting in
increased hardness [187]. This characteristic of SiC could be the cause of the increased hardness

of the composite specimens.
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Figure 38. Hardness test specimens of the composite material

5.4 Tensile fractography

Fractographic analysis of the matrix alloy and composite material was carried out for tensile
fracture tested at various elevated temperatures. Figure 39 shows the EN AC-Al Si12CuNiMg
alloy fractographies at various temperatures. The result showed that the test temperature directly
influenced the fracture behavior of the matrix alloy and composite material. The room temperature
tensile fracture of the matrix alloy shows small dimples and a few cleavage planes, indicating the
semi-brittle behavior of the matrix alloy. However, as the temperature increases from room
temperature to 150, 250, and 350°C, the size of the dimples increases, and the fracture surface of
the matrix alloys changes from semi-brittle to ductile. The presence of larger dimples on the

fracture surface indicates larger plastic deformation during fracture.

On the other hand, the fracture properties of the composite material depend on the properties of
the reinforcement, matrix, and interface, as well as on the test temperature. Figure 40 shows the
fractography of the composite at various temperatures. Fractographic observation shows that the
composite material exhibits a brittle fracture mode at room temperature, with a fracture surface
characterized by cleavage planes. This is due to the presence of the SiC particle reinforcement,
which is very hard and brittle. Since the alloy is semi-ductile at room temperature, the crack can
initiate at the interface between the matrix and the reinforcement and propagate through the
reinforcement. As the temperature rises from room temperature to 150, 250, and 350°C, the
fracture mode becomes semi-ductile. This is because the matrix alloy becomes more ductile at
higher temperatures, allowing cracks to propagate more slowly. The degree of plastic deformation

of the composite material also increases with temperature.
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Figure 39. Fractography of matrix alloy specimens broken at various temperatures: (a) room
temperature, (b) 150°C, (c) 250°C, and (d) 350°C
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Figure 40. Fractography of the composite specimens tested at various temperatures: a) room
temperature, b) 150°C, c) 250°C, and d) 350°C
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6. STUDY OF LOADING SEQUENCE ON THE STRUCTURE
AND DURABILITY OF THE AlSi COMPOSITE

REINFORCED WITH SiC PARTICLES

In this chapter, the effect of sequential loading (fatigue-relaxation and fatigue creep) on the
durability of the AlSi composite reinforced with SiC particles is described. Several applications of
AISi composite, such as aerospace components like turbine blades and automotive components
like engine pistons, are subjected to fatigue, creep, and relaxation loading conditions. Therefore,
it is important to investigate the behavior of the AISi composite under these loading conditions to
ensure the long-term performance of the material. Fatigue is the phenomenon of deterioration of
the mechanical properties of the material under cyclic loading, leading to failure. Creep is the
gradual deformation behavior of a material under constant stress, which typically prevails at
elevated temperature (T> 0.4*Tm, where Tm is the melting point of the material in Kelvin).
Relaxation is the phenomenon of the gradual decrease in stress in a material over time under

constant strain.

6.1 Damage mechanism of the composite under sequential loading

AlSi composite is an advanced material with favourable properties such as a high strength-to-
weight ratio, low density, and corrosion resistance. AlSi composites have several applications in
various industries like aerospace, automotive, and defence industries that require lightweight,
high-performance materials [188-190]. In such applications, AISi composites are often subjected
to a combination of several types of loading, such as fatigue, creep, and relaxation, which can
affect their durability and structure. For example, fatigue loading can cause microstructural defects
that serve as nucleation sites for creep deformation. On the other hand, creep loads can cause
plastic deformation, which, in turn, can alter the microstructure of the material and make the

subsequent fatigue loading worse.

Incorporating reinforcements, such as SiC particles, into matrix alloys enhances the mechanical
properties and fatigue resistance of the composite compared to an unreinforced matrix alloy. They
prevent dislocation movements, enhance crack deflection by acting as barriers, and significantly

improve the resistance of the composite to crack propagation. Research studies [191] have shown

68



that the dispersed phases of SiC effectively enhance the fatigue resistance of the unreinforced
alloy. However, the composite may also show inferior fatigue resistance compared to unreinforced
alloy, this is related to the ductility of the compared to the matrix alloy. In addition, the size, shape,
and distribution of the reinforcement, as well as the interfacial bonding between the matrix and the
reinforcement, play an important role in determining the fatigue resistance of the composite
material. For example, a higher volume fraction of SiC particles may lead to a lower fatigue
strength [126]. Finer and more uniformly distributed SiC particles can enhance the fatigue
resistance of the material. A strong interfacial bond prevents cracks from initiating at the

reinforcement and matrix interface.

Several types of damage that can occur to AlSi composites include matrix cracking, interfacial
debonding, microvoid formation, and reinforcing particle cracking [192-194]. These types of
damage start to show up early in the fatigue life of composites [195]. Fatigue can cause the
formation of voids and microcracks, while creep contributes to plastic deformation, leading to the
degradation of the mechanical properties of AlSi composites. Relaxation leads to dislocation
movement that changes the microstructure of composites. The microstructural changes, such as
interfacial debonding and microcrack formation, can reduce the durability of the composite under

sequential loading, leading to premature failure.

To predict the durability of AlSi composites under loading sequences accurately, it is important to
know the deformation mechanisms induced by each type of loading and the effect of their
combination. Under fatigue loading, AISi composite can be affected by factors such as crack
initiation at the interfaces between the matrix and reinforcement particles. When AlSi composites
undergo creep loading for a prolonged time, the interfacial bonding between the particles and
matrix may weaken, leading to gradual deformation of the material. When AISi composite is
subjected to stress relaxation, the internal stresses within the material will slowly decrease over
time as the atoms rearrange themselves to reach a more stable state. This can result in a reduction

in the strength and stiffness of the material.

Stress- and strain-based descriptions are still widely used in measuring the fatigue life of the
material. However, energy-based approaches are now becoming popular for describing material
behavior during cyclic loading [196,197]. Unlike traditional stress or strain-based methods for

predicting fatigue life, the energy-based approach considers factors such as loading frequency and
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material properties including strength, ductility, and work-hardening behavior [198]. Considering
loading frequencies in fatigue life prediction is important as a higher frequency can accelerate
deformation even at low stress, strain amplitudes. The strain energy dissipation is often the basis
of energy descriptions of the fatigue process [199].

The aim of this study is to investigate the effect of loading sequences, specifically fatigue-creep
and fatigue relaxation loading sequences on the durability and microstructure of AlSi composites
reinforced with SiC particles. The study was conducted by analyzing individual effects of fatigue,
creep, and relaxation on the durability of the composite, followed by analyzing their sequential
effects. Furthermore, the study focuses on the influence of loading sequence on the microstructure
of the composite. Using scanning electron microscopy (SEM), the effect of the loading sequence

on the microstructure of the composite was analyzed.

6.2 Plastic strain energy under uniaxial cyclic loading

Energy is dissipated during cyclic loading due to plastic deformations. Some of the energy is
dissipated in the form of heat, and certain parts are converted into others that are unrecoverable
during each cycle of loading due to the absorption of energy. This phenomenon leads to irreversible
plastic deformation, which accumulates gradually and leads to material failure. The dissipation of

plastic strain energy depends on the material properties and loading conditions.

The hysteresis loop represents the amount of plastic strain energy dissipated during each cycle of
loading and unloading. The larger the area of the hysteresis loop, the more energy dissipates, and
the higher the material damage, which is known as hysteresis [200,201]. Figure 41 shows a scheme

of energy dissipation during one cycle.
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Figure 41. Scheme of strain energy dissipation under uniaxial cyclic load

The energy-based fatigue life approach uses the relationship between stress ¢ and strain ¢ to
describe the characteristics of the hysteresis loop. The most commonly used method to describe
the relationship between cyclic stress and strain is the Ramberg—Osgood model [202], which
defined by Equation (7). The equation could be fitted by the least-squares method [199].

()
2 2E
Where Ac is the total strain range; Ao is the stress range; E is Young's modulus of the material,

1
As _Aa+ (Aa)?
2K’

which could be determined from the monotonic tensile test; K’ is a cyclic hardening coefficient,

and n' is a cyclic strain-hardening exponent.

The equation describing the ascending branch of a hysteresis loop can be obtained from equation
(7) by multiplying with 2. Once n' and K' parameters are determined from a stress-strain
relationship of the Ramberg-Osgood model, plastic strain energy AW,,;, of one hysteresis loop can

be obtained for any level of A and Ae.
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Figure 42. Scheme of plastic strain energy determination procedures
Figure 42 shows the procedures of plastic energy determination based on the Ramberg—Osgood

equation. Assuming A1=A2=A, a plastic strain energy (AW,,), can be calculated as:

Ao A Ao 1 (8)

g T
Awplea-Ae—ZAzAa-Ae—zfo F+2(2K'>n do

This Equation (8) can be rewritten as equation (9) as its detail is described in the literature [203]

1
Ac? Aon't ©)
AW, = Ag - Ae ———— 4

E ((21(')%) : (nl +1)

6.3 Fatigue life prediction using strain energy density (SED) approach

Strain energy density can be used to estimate the fatigue life of the material. It can be used for
both stress control, in which g, is constant and strain control, in which &,is constant. Dissipated
energy accumulated in the fatigue test until the sample failure, } AW,,, is calculated as the sum of

the areas of all the hysteresis loops:

Ny (10)
ZAWpl = Z AWpl(i)
i=1
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When calculating the total energy (3 AW,,;) dissipated under constant stress amplitude, it is usually
assumed that the area of each hysteresis loop is equal, i.e., the same amount of energy is dissipated
during each cycle. Consequently, the total amount of energy dissipated in the material to failure
can be determined by multiplying the energy of a single loop (AW,,(;), corresponding to the

material's stabilization period by the number of cycles to failure. If no stabilization period is
observed during the cyclic loading, the energy of a single loop at half the fatigue life %Nf §

multiplied by the number of cycles to failure [204].

6.4 Experimental procedures

The material used in this study was AlSi composite reinforced with SiC particles of about 20 pm
size. The weight fraction of the SiC reinforcement was 10%. Test specimens were manufactured
using a stir-casting method, as described in Section 5.1. Figure 43 shows the prepared specimens
to test the effect of fatigue, creep and relaxation sequential loading on the durability of the material.
Each specimen had 60 mm of gauge length and 10 mm of diameter. The microstructure of the
specimens was characterized using scanning electron microscopy (SEM) after sequential loading
test to analysis the loading effect on the structure of the material. Metallographic samples were

taken from the part of broken specimens then prepared by grinding and polishing.

=
:
H

Figure 43. The prepared fatigue, relaxation, and creep test specimens
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6.4.1 Fatigue test

Before fatigue testing, a static tensile test was performed on the Zick/Roel Z100 universal testing
machine (shown in Figure 44), to determine the ultimate stress of the material. The ultimate tensile
strength of the composite material corresponding to 250°C was obtained to be 140 MPa. After the
static tensile test, a fatigue test was performed on the same machine at a temperature of 250°C and
a stress ratio of 0.1. The maximum stress for the cyclic loading test was decided to be 50% of its
ultimate tensile strength. The test was conducted at a strain rate of 1 x 103 s, The aim of the test
was to evaluate the behaviour of the materials under cyclic loading and determine the number of
cycles to failure (Nf). Load versus elongation was recorded and used to analyze the stress-strain

response of the material.

Figure 44. Fatigue, relaxation, and creep test set-up

6.4.2 Creep and stress relaxation tests

Creep is a time-dependent deformation phenomenon that can adversely affect the material's
performance over a prolonged period. Engineering components, especially those that operate under
high-temperature conditions and even below their yield strength for prolonged periods, are more
susceptible to creep deformation. A creep test is typically performed at constant stress levels at
elevated temperatures over an extended period. Figure 45 shows a schematic representation of
creep loading. Several factors, such as stress level, temperature, and exposure time, can affect the
creep behaviour of the material [205]. As the stress level, temperature, and exposure time increase,

the creep behaviour of materials deteriorates, and material failure accelerates.
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Figure 45. A schematic representation of creep loading

For this study, the creep behavior of SiC-reinforced aluminum matrix composite was performed
at a temperature of 250°C. To perform the test, 50% of the ultimate tensile stress of the composite
was used as a constant stress. 50% of the ultimate tensile strength corresponding to a temperature

of 250C is 70MPa. During the test, a strain response of the material versus time was recorded.

Like creep test, the initial stress imposed on the specimen for the relaxation test was 50% of the
composite ultimate tensile stress. Then, the strain was held constant once this initial stress was
imposed. As the test continued, the stress began to decrease. The amount of this stress drop was
then recorded. A schematic representation of relaxation test is shown in Figure 46. The graph
shows a relaxation curve under constant strain. The initial stress (o,) gradually decreases over time

(t) until reaching a steady-state stress level (6x).

Constant strain Stress dropping

Strain
Stress

Time Time
Figure 46. A schematic representation of relaxation loading
6.5 Fatigue and creep sequential loading conditions
Two types of loading were applied in sequence, as illustrated in Figure 47: fatigue and creep

loading. In the fatigue loading stage (FLS), constant stress amplitude was used so that the upper

and lower stresses of the cycles were kept constant. Following the fatigue loading stage, creep
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loading was applied. During the creep loading stages (CLS), a constant stress equivalent to the
maximum stress level of the fatigue stage was used. The creep duration was the same for all creep

stages during a loading sequence.

During the uniaxial fatigue test, the total number of cycles to failure (Nf) for the composite
specimens at 250°C was determined as described in Section 6.4.1. This total number (Nf) was then
divided into 10 stages for the fatigue-creep sequential loading test, with the division being arbitrary
for this experimental design. During each fatigue loading stage, the specimen was subjected to
repetitive loading and unloading cycles for 10% of N at a stress ratio of 0.1. The test was

conducted at a strain rate of 1.0 x 102 s,

Creep loading stages
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Figure 47. A sequence of creep and cyclic loading stages
The total creep life of the material at 250°C, which was determined in Section 6.4.2, was divided
into 10. Therefore, the first fatigue loading stage of the sequential load test was set at 10% of the
total number of cycles to failure, with the subsequent first creep stage lasting 10% of the creep life
of the material. During each creep loading stage, specimens were loaded at a constant stress of 70
MPa, i.e., the same as the upper stress of the cyclic stress. This sequence of cyclic loading and
creep loading continued until the material failure. After material failure, the fractography of the

failed specimens was studied.
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Table 4 presents the planned test of fatigue and creep loading stages in their sequential order. It
also shows the planned structural analysis (SA) of the material following the loading stages. For
example, after the first stage of the fatigue loading, the test was stopped, and portions of the
specimens were cut out and prepared for further structural analysis. The purpose was to investigate
the effect of fatigue-creep sequential loading on the material structure. Afterwards, a new test
started with a new specimen that was subjected to fatigue stage 1, creep stage 1 and fatigue stage
2. Then, the test was stopped, and the specimen was taken for structural analysis. The sequence of
the loading test was continued until the specimen failed as a test plan. Accordingly, the distribution
of dislocations, the interface between the matrix and reinforcement, and crack initiation site were
analyzed.

Table 4. A planned test of fatigue-creep sequential stages

No. Stages of test sequences

1|F 5A Where; F is fatigue

2|F C F 5A Ciscreep

3|)F € F C F SA SA is structural analysis
4 ' F C F C F C F SA

5|/F C¢C F C F C F C F SA

6/F ¢C F C F C F C F C F SA

7F €C F C F C F C F C F C F SA

8 F ¢ FC FC FC FC F C F C F SA

9,$F ¢ ¥F C F C F C F C F C F C F C F SA
10|F ¢ F C F C FC FC FC FC FC F C F SA

6.6 Fatigue and stress relaxation sequential loading conditions

Similar to the fatigue creep loading sequence test, this experiment employs two sequential loading
stages depicted in Figure 48: fatigue and stress relaxation. Stress relaxation loading stages (SRLS)
replaced creep place in this case. Following each fatigue stage, the specimen undergoes stress
relaxation. This involves applying an initial stress equivalent to the maximum stress from the
fatigue stage and holding the specimen at the corresponding strain for a duration equal to the time
used in the creep stages of the previous test. Table 5 presents the planned test of fatigue and stress

relaxation sequential loading and structural analysis. In this case, stress relaxation loading stages
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(SRLYS) replaced the place of creep stages described in Section 6.5. After the sequential fatigue-
relaxation tests, portions of the specimens were cut out and prepared for further structural analysis.
The purpose was to investigate the effect of fatigue-relaxation sequential loading on the material
structure. The analysis was carried out using SEM. Accordingly, the distribution of dislocations,

the interface between the matrix and reinforcement, and the crack initiation site were analyzed.
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Figure 48. A sequence of relaxation and cyclic loading stages
Table 5. A planned test of fatigue-stress relaxation sequential stages

No. Stages of test sequences

1|F 5A Where: F is fatigue

2|F R F 54 R is stress relaxation

3/ F R F R F SA SA is structural analysis
4/ F R F R F R F SA

5/F R F R F R F R F SA

6 F R F R F R F R F R F SA

7F R F R F R F R F R F R F SA

8/F R F R FR FR FR FR F R F SA

9,F R F R FR FR FR FR FR F R F SA
10|/F R FR FR FR FR FR FR FR F R F SA
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6.7 Results and discussion

6.7.1 Fatigue test results

This section describes the results obtained from a complete cyclic test of the specimen to failure
before sequential loading tests started. Figure 49 shows the stress-strain response of the material
under cyclic loading. A continuous increase of maximum strain as the number of cycles increased
was observed. In the initial stages, the maximum strain increases faster until it stabilizes. After
stabilizing, the increment of maximum strain is almost constant. This phenomenon shows a cyclic
material flow that increases the material's maximum strain (shift of hysteresis loops along the strain
axis), as shown in Figure 50. The shift of hysteresis loops along the strain axis indicates a
progressive material degradation over time. This progressive degradation led to the failure of the

material.

0.001N¢ 0.005N¢  0.01N¢ N

Stress, MPa

Strain, %
Figure 49. Stress strain responses under constant stress amplitude and temperature of 250°C
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Figure 50. Increment of maximum strain under constant stress amplitude
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Figure 51. Accumulation of energy dissipated of the SiC reinforced Al12Si alloy at 250°C
temperature
The energy density versus lifetime curve defines the relationship between the amount of energy
stored in the material and the number of load cycles to failure. The values of the stored energy
X AW,, versus fatigue life Ny, (calculated based on Equation (11)) are shown in Figure 51. This
curve indicates that energy density increases with the number of cycles. This means that as the
accumulated energy increases, the material becomes more vulnerable to failure. In other words,

higher energy density leads to faster material degradation and failure.
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6.7.2 Creep test results

The strain versus time curves of the composite is shown in Figure 52. The curve shows time
dependent deformation behaviour of the composite under constant stress. Typically, creep curve
has three stages, primary, secondary, and tertiary stages [206,207]. However, the tested composite
material showed only two stages: primary and secondary stages. The composite has not shown the
tertiary stages, this could be because of the presence of hard and brittle SiC, reinforcement in the
composite structure. After 120 hours of creep loading, the specimen was broken. The total

elongation of the specimen until failure under the full creep loading was about 2.2%.
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Figure 52. Creep curves of AISi composite at 250°C temperature

6.7.3 Sequential loading test results

A.Fatigue-creep sequential loading test results

The combined effect of fatigue and creep loading leads to a significant decrease in the material's
fatigue life. As described in Section 6.7.1, the number of cycles to failure under the full fatigue
test was 1.0 x10° cycles. However, under sequential fatigue-creep loading, the average fatigue life
of three specimens dropped to 3.5 x 10* cycles. This indicates a decrease of approximately 65% in
the number of cycles to failure compared to the full fatigue test described in Section 6.7.1. Table
4 presents the planned fatigue-creep sequential test; however, this combination of loading led the

specimens to rupture during the fourth and fifth stages of fatigue during the sequence.
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Figure 53 illustrates the number of cycles endured by one specimen until the fifth step during the
fatigue-creep loading sequence. This specimen exhibited the longest life among the tested
specimens. When subjected to the combined full fatigue creep loading sequence, this specific
specimen experienced a decrease in fatigue life of approximately 57%. The final axial strain at the
end of each loading stage of the specimen shown in Figure 54 are:

- Cyclic loading stages: 1.70%, 1.85%, 1.99%, 2.1%

- Creep loading stages: 1.82%, 1.95%, 2.05%, 2.2%
Therefore, the elongation under each fatigue loading stage is 1.7%, 0.03%, 0.04%, and 0.05%,
while the elongation under each creep loading stage is about 0.12%, 0.1%, 0.06%, and 0.1%,
respectively. The deformation in creep loading stages is greater in comparison to each cyclic
loading stage with respect to axial strain, except during the initial stages of fatigue loading. This
indicates that the deformation was mainly influenced by creep loading. In general, these results
indicate that the material experiences more significant deformation during creep loading stages
than during fatigue loading stages, especially when the material is subjected to a constant stress
equal to the maximum level cyclic stress for an extended period. After the initial stages of cyclic
loading, the material stabilizes and exhibits minimal deformation. This behavior indicates the
material's ability to withstand cyclic loading without experiencing substantial deformation once it
reaches stabilization. This stability in deformation could be due to the material's microstructure

changes, which allow it to resist deformation under cyclic loading conditions.

The combination of fatigue and creep creates a synergistic effect that accelerates material
deterioration through mechanisms such as crack propagation and grain boundary degradation,
resulting in a reduced service life. The combination of fatigue and creep loads increases the damage
accumulation more than what is observed in full fatigue tests. The sequential application of cyclic
loads and sustained stresses during the creep phase causes microstructural changes such as
microcrack formation, grain boundary sliding, and dislocation movements in the composite

material, ultimately resulting in premature failure.
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Figure 53. Fatigue-creep sequential loading
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Figure 54. Strain increment under fatigue-creep sequential test

B. Fatigue-stress relaxation sequential loading test results

Similar to the fatigue-creep loading sequence, the combined effect of fatigue and stress relaxation
loading greatly affects the material's fatigue life. As described in Section 6.7.1, a full fatigue test
resulted in failure at 100,000 cycles. However, the number of cycles to failure decreased to about
30,000 cycles on average in the full fatigue-stress relaxation loading sequential test. This indicates
a 60% reduction in the material's durability due to the combined effect of fatigue and stress
relaxation loading. The reduced durability under the combined loading sequences could be due to

the accelerated damage accumulation caused by stress relaxation. Table 5 presents the test plan of
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fatigue-stress relaxation sequential loading. However, this combination of loading resulted in the

specimens rupturing during the third stage of fatigue in the sequence.

Figure 55 illustrates the number of cycles endured by one specimen until the third step during the
fatigue-creep loading sequence. Other tested specimens exhibited similar durability under the
combined loading of fatigue and stress relaxation. Figure 56 shows the percentage of strain
increment under fatigue-stress relaxation loading. The final axial strain at the end of each fatigue
loading stage of the specimen is 1.85%, 1.95%, and 2.1%. Since the material was held at constant
strain during the stress relaxation stages, the increment in axial strain of the material is observed

only during the fatigue loading stages of this sequence.

The combination of fatigue and stress relaxation causes a synergistic effect that accelerates
material degradation through microstructural changes like dislocation movement, rearrangement
of grain boundaries, and microcrack nucleation. These changes ultimately lead to premature

failure.
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Figure 55. Fatigue-relaxation sequential test
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Figure 56. Strain increment under fatigue-stress relaxation sequential loading
6.7.4 The effect of loading sequence on the structure of the material
The influence of loading sequence on microstructure of material
SEM was used to study the microstructural analysis of the loading sequence of SiC particle-
reinforced AlSi composites. Two distinct loading sequences, fatigue-creep and fatigue-relaxation,

were studied.

Fatigue-Creep loading Sequence:

After being exposed to the first stage of fatigue loading, the composite undergoes microstructural
analysis. SEM analysis after the first stage of fatigue revealed microstructural damage such as
interfacial debonding, microcracking, and crack initiation sites, as shown in Figure 57 a). The
interfacial debonding between the SiC particles and the matrix, microcracking within the matrix,
and crack initiation sites could be observed at the particle-matrix interface. After the first stage of
creep and the second stage of fatigue are applied to the composite material, SEM again observed
the microstructure, as shown in Figure 57 b). Following the interaction between the creep and
fatigue stages, interfacial debonding between the SiC particles and matrix increased, along with
an increase in the size of microcracks. This observation suggests that creep shortens the fatigue

life, accelerates microstructural changes, and induces plastic deformation in the material.
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Fatigue-Relaxation Sequence:

Here, the composite undergoes cyclic fatigue loading followed by periods of complete stress
relaxation. SEM analysis was conducted after the specimen underwent the first fatigue stage, initial
relaxation stage, and second fatigue stage. SEM analysis reveals the presence of secondary cracks
and fatigue striations, indicating structural weaknesses within the matrix. Figure 58 a) and b)

display the micrographs of the composite illustrating the effects of fatigue loading and fatigue-

stress relaxation.

S-3400N x200 BSECOMP 200um S-3400N x200 BSECOMP 200um

Figure 57. Micrograph of the composite a) first fatigue stage loading, b) first stage of fatigue and
creep, and second stage of fatigue sequential loading

S-3400N x200 BSECOMP 2 S-3400N x200 BSECOMP

Figure 58. Micrograph of the composite after a) first fatigue stage loading, b) first stage of fatigue

and relaxation, and second stage of fatigue sequential loading
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Fractography of specimens after sequential loading

The fractography analysis of the failed specimens revealed the presence of fatigue cracks and creep
cavities, indicating the failure mechanism of the material under the combined loading conditions.
The distribution and size of the cracks and cavities shows the progression of damage leading to
failure. For this study, the fracture surface of the Al-Si/SiC, composite were analyzed using SEM
after failure due to fatigue, creep, fatigue-creep sequence and fatigue-relaxation sequence.

A. Fracture surface analysis of the broken specimen after fatigue loading

Fatigue fractures occur in the Al-Si/SiCP composite by the formation of microcracks, followed by
debonding of the interface between the Al matrix and SiC, reinforcement. Figure 59 shows the
SEM fracture surface of the Al-Si/SiCp composite after failure due to fatigue at an elevated
temperature of 250°C. The fracture surface exhibits numerous shallow dimples, which are
indicative of ductile failure, along with voids, and some cleavage planes suggesting brittle fracture.
The formation of these shallow dimple structures can be attributed to the cracking of particles, the
separation of SiCp from the Al matrix due to decohesion, and fractures within the matrix. The
fracture of particles occurs when the interface between the SiC particle and the AISi matrix is
stronger than the strength of the particles [208]. While the fracture surface exhibits both ductile
and brittle features, it predominantly indicates a ductile failure mechanism. As a result, the
composite material becomes more susceptible to fatigue failure over time as the voids continue to

grow and weaken the entire structure.

At elevated temperatures, it is assumed that the particle and matrix interfaces are easy to decohere
due to the mismatch in thermal expansion coefficient between the particle and matrix [209]. The
coefficients of thermal expansion for the SiC particle and Al-Si matrix are approximately 4.7 x
107 K and 22 x 10°° K™* over a range of temperatures, respectively [210,211]. The fatigue crack
propagated along the interface between the matrix and particles, resulting in further weakening of
the material. Consequently, the fatigue failures in the composite material were primarily attributed

to the debonding of the particle-matrix interfaces at elevated temperatures.
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Figure 59. Fracture surface of the composite after fatigue loading

B. Fracture surface analysis of the broken specimen after creep loading

The fracture behaviour of Al-Si/SiCp composite samples was observed by SEM after being
subjected to creep loading at 250°C. Figure 6060 shows the fractography of a sample after creep
loading. Initially, the high temperature softens the Al-Si matrix. As a result, creep loading induces
microstructural changes in the Al-Si matrix. These changes weaken the interface between the SiC
particles and the matrix, thus accelerating the degradation of the composite. The initiation of cracks
and debonding between the SiC particles and the Al-Si matrix is mainly due to the weakened
interface between the matrix and the SiC particles.

SEM analysis reveals an intergranular fracture mode, indicating that the fracture path follows the
weakened boundaries of the composite structure. The cavities and voids on the fracture surface, as
shown in Figure 60, are likely due to the formation of microcracks around the SiC particles, which
gradually contribute to crack propagation. These cavities indicate localized deformation and stress
accumulation, specifically induced by the elastic load within the composite structure. However,
these cavities are less pronounced under creep loading compared to the composite failure under
fatigue loading. In addition to the intergranular fracture mode, the existence of transgranular
cracking suggests a slightly brittle fracture mode. However, the presence of several dimples on the
fracture surface indicates the ductile-dominated fracture behaviour of the composite under creep
loading. This suggests that the composite has a combination of brittle and ductile properties, with
ductile behaviour being dominant during the fracture process. The presence of dimples indicates
that the material was capable of deforming and absorbing energy before finally
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Figure 60. Fracture surface of the composite after creep loading

breaking, thus providing some level of resistance to fracture. SEM analysis reveals that the main
cause of composite failure under creep loading is the degradation of the interface between the

matrix and the reinforcing particles.

C. Fracture surface analysis of the broken specimen after fatigue-creep loading sequence

Figure 61 shows a scanning electron microscope (SEM) image of the fracture surface of an Al-
Si/SiCp composite specimen following failure caused by sequential fatigue and creep loading. The
image reveals clear debonding along the interface between the SiC particles and the Al-Si matrix.
It also revealed distinctive fatigue striations as well as extensive coalescence of microvoids in the
fractography of the composite. The difference in fracture morphology was identified between the
sample subjected to fatigue loading alone and that subjected to sequential fatigue and creep
loading. This difference was particularly visible in the different crack propagation patterns and in
the characteristics of the final fracture surfaces. Fatigue-creep loading led to a higher degree of
intergranular fracture and a higher density of secondary cracks, indicating a more complex failure

mechanism compared to pure fatigue loading.

The fracture from the fatigue-creep loading sequence shows more surface dimples and cracked
SiC particles, due to the combined effects of fatigue and creep. However, with fatigue loading,
interfacial cracks appear on the fracture surface, as shown in Figure 59. The dimples on the fracture
surface are shallower under the fatigue-creep loading sequence compared to fatigue loading alone,
mainly due to sustained stress and temperature exposure causing more creep deformation and

cracking of SiC particles. This indicates that the combination of fatigue and creep loading leads to
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Figure 61. Fracture surface of the composite after fatigue-creep sequential loading

a more complex failure mechanism in the composite. The presence of shallow dimples and
interfacial cracks suggests that the material undergoes both ductile and brittle fracture processes
under different loading conditions, indicating complex fracture behaviour. The fracture
mechanisms in Al-Si/SiCp material undergo significant changes with different loading conditions,
characterized by a notable increase in ductile void coalescence observed on the fracture surface,

specifically during fatigue and creep loading.

D. Fracture surface analysis of the broken specimen after fatigue-relaxation loading
sequence
Figure 62 shows the fractography of the Al-Si/SiCp composite sample after failure due to fatigue-
stress relaxation sequence loading at 250°C. On the composite sample's fracture surface, dimples,
minor cleavage planes, and tear ridges can be seen. These features show mix-mode fracture
behavior, but ductile fracture is the main type of failure behavior for the composite. The fracture
surface analysis revealed a combination of fatigue cracks and secondary cracks, including
intergranular and transgranular cracks, around the SiCp particles. These cracks directly result from
the fatigue-relaxation sequential loading, causing localized damage within the composite material.
The fatigue cracks primarily occur around the SiCp particles, indicating that these regions
experienced the highest stress concentrations during loading. The presence of localized plastic
deformation and the formation of microcracks indicate that the material experienced significant
stress concentrations and deformation during the loading sequence. The presence of fatigue cracks
and debonding of SiC particles were clearly observed, signifying the active initiation and

propagation of cracks within the material.
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The relaxation periods after fatigue cycles could have exacerbated the debonding between the SiC
particles and the Al-Si matrix, possibly due to cyclic loading-induced microstructural changes that
impacted the interface strength. This suggests that stress relaxation may contribute to damage at
the interface, regardless of its initial strength. The observations suggest that the material was
experiencing progressive degradation due to cyclic loading. The weakening of the interface
between the SiC particles and the matrix likely led to further crack initiation and growth, ultimately
leading to the material's failure. The comparison highlights the significant role of stress relaxation
in the fatigue behavior of the material, especially when compared to the composite's fracture

surface under fatigue loading alone, as depicted in Figure 59.
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Figure 62. Fracture surface of the composite after fatigue-stress relaxation sequential loading
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7. CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

This dissertation deals with the influence of combined stress relaxation, creep and fatigue on the
final durability and structure of aluminium silicon composite reinforced with SiC particles. To
achieve this, the study began with investigating the basic mechanical properties and microstructure
of the unreinforced alloy (EN AC-AIl Si12CuNiMg), followed by analysis of the composite

material.

Light microscopy (LM) and scanning electron microscopy (SEM) were also used to perform
microstructural analysis of the EN AC-Al Si12CuNiMg alloy. The analysis revealed a structural
composition such as a-Al matrix, eutectic Si particles, and other intermetallic compounds. In the
structure of the alloy, aluminium dendrite arms, which could be a result of non-equilibrium
solidification conditions during casting, and micro-pores, which were likely due to shrinkage

during solidification, were observed.

The monotonic uniaxial tensile test on the unreinforced alloy at various temperatures (room
temperature, 150, 250, 300, and 350°C) was conducted. The aim was to evaluate the effect of
temperature on the alloy's tensile properties, such as ultimate tensile strength, yield strength,
Young’s modulus, and ductility. The experimental data indicated a gradual decrease in ultimate
tensile strength and yield strength with increasing temperatures up to 250°C. However, a
significant drop in the tensile strength of the alloy was observed between 250 and 350°C. However,
the Young’s modulus of the alloy showed a different trend, initially increasing with temperature
up to around 150°C then declining with further temperature increase.

Following the monotonic tensile test at various temperatures, the tensile fracture surface analysis
was conducted using SEM. The fracture surface of specimens ruptured at room temperature
exhibited intergranular fracture behaviour, cleavage facets, and dimples, indicating a semi-brittle
fracture mode. However, the fracture surface of specimens ruptured at elevated temperatures,
particularly 300 and 350°C, exhibited deeper dimples, fewer cleavage facets, and several
microvoids, indicating a transition towards a more ductile fracture mode. This suggests that the
EN AC-AI Si12CuNiMg alloy becomes less brittle and shows more plastic deformation at elevated

temperatures.
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Further study of the behaviour of EN AC-AI Si12CuNiMg alloy under stress relaxation and creep
loading at various temperatures was conducted. The experimental tests were conducted at 150,
250, and 350°C temperature. A least squares method was used to fit stress relaxation and creep
curves obtained from experimental tests with a standard linear solid model (SLSM). From the
curve fit, the SLSM parameters were determined. The results showed that the model parameters
vary with temperature. The fitted curves showed good agreement with the experimental result,
indicating that the determined SLSM model parameters can define the alloy's stress relaxation and

creep behaviour under various temperatures.

The stress relaxation test revealed a rapid drop in stress levels within the initial phase of the
loading, with the most significant reduction occurring within 2 hours of loading, followed by a
gradual decrease with time. This rapid stress relaxation of the initial phase could be a result of a
rapid rearrangement of dislocation within the alloy's crystal structure at elevated temperatures.
Additionally, the experimental result showed that the rate of stress relaxation increases with

increasing temperature.

Like stress relaxation rates, creep rates showed a continuous increase with temperature. This
indicates that the material undergoes continuous plastic deformation under sustained load at
elevated temperatures. The initial rapid changes were attributed to the rearrangement of
dislocations within the alloy’s microstructure. As dislocations rearrange themselves, the stress
relaxation and creep rates decrease, gradually reaching a steady state where the rates become

almost constant.

Similar to unreinforced alloy, the mechanical properties and microstructure of an AlSi composite
reinforced with SiC particles were investigated. The composite's microstructure and mechanical
properties were then compared with those of the unreinforced alloy. The aim was to evaluate the

potential enhancement by incorporating SiC particles as reinforcement.

Microstructural analysis performed using LM and SEM showed a uniform distribution of SiC
particles within the aluminium matrix. In addition, SEM observation showed the strong interfacial

bonding between the matrix and the reinforcement particles.

The tensile testing and harness measurement proved the enhancement of the mechanical properties
of the composite except for ductility. The tensile tests were performed at various temperatures
(room temperature, 150, 200, 250, 300, and 350°C). The composite material exhibited higher
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ultimate tensile strength and yield strength compared to the unreinforced alloy at all test
temperatures. This indicates that the composite can withstand higher loads before deformation than
unreinforced alloy. Additionally, the composite displayed a higher Young's modulus, indicating
higher stiffness of the composite. However, the composite exhibited lower ductility compared to
the unreinforced alloy, indicating a lower ability to deform plastically before fracture than

unreinforced alloy.

Hardness measurement further proved the enhancement of the hardness of the composite
reinforced with SiC particles. A considerable improvement in the hardness of the composite by
20% compared to the unreinforced alloy was also observed. This increase in hardness could be

due to the dispersion of the SiC particles within the matrix.

Similar to the unreinforced alloy, the composite tensile fracture surface was further investigated
using SEM. Fractographic observation of the composite revealed smaller dimples and cleavage
planes compared to unreinforced alloy, which indicate a lower degree of ductility. The decrease in
ductility could be due to strong interfacial bonding between the matrix and reinforcement particles.
The ductility increases as the temperature increases from room temperature to 150, 200, 250, 300,
and 350°C. This indicates the weakening and breaking of the interfacial bonding between the

reinforcement and matrix.

After proving the enhancement of the basic mechanical properties of the composite compared to
unreinforced alloy, the further study of the combined effect of stress relaxation, creep, and fatigue
sequential loading on the durability and structure of the composite was continued. SEM analysis
was conducted to analyze the influence of individual loading and sequential loading on the

microstructure of the composite.

The combined effect of fatigue and creep loading significantly decreases the material's fatigue life.
The fatigue-creep loading sequence results in an average fatigue life of 3.5 x 10 cycles, a decrease
of approximately 65% compared to the full fatigue test. This combination of loading leads to
specimen rupture during the fourth and fifth stages of fatigue, indicating a significant deformation

during the creep loading stages.

The combination of fatigue and creep loads accelerates material deterioration through mechanisms
such as crack propagation and grain boundary degradation, resulting in a reduced service life. The

sequential application of cyclic loads and sustained stresses during the creep phase causes
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microstructural changes, leading to premature failure. Fractography analysis of the failed
specimens revealed the presence of fatigue cracks and creep cavities, indicating the failure

mechanism of the material under the combined loading conditions.

Fatigue fractures occur in the Al-Si/SiCp composite by the formation of microcracks, followed by
debonding of the interface between the Al matrix and SiCp reinforcement. The fatigue fracture
surface of the composite exhibits numerous shallow dimples, voids, and some cleavage planes,

indicating semi-brittle fracture mode.

At elevated temperatures, it is assumed that the particle and matrix interfaces are easy to decohere
due to the mismatch in thermal expansion coefficient between the particle and matrix. This results
a further weakening of the material and enables the fatigue crack propagation along the interface

between the matrix and particles.

The fracture behavior of Al-Si/SiCp composite samples was analyzed using scanning electron

microscopy (SEM) after being subjected to creep loading at 250°C.

Fracture surface analysis of the specimen ruptured due to creep loading shows an intergranular
fracture mode, with cavities and voids on the fracture surface likely due to the formation of
microcracks around SiC particles. However, these cavities are less observed under creep loading

compared to fatigue loading.

Fatigue-creep loading led to a higher degree of intergranular fracture and a higher density of
secondary cracks, indicating a more complex failure mechanism compared to pure fatigue loading.
The fractography of the specimen ruptured due to the fatigue creep loading sequence reveal more
surface dimples and cracked SiC particles, which could be due to the combined effects of fatigue
and creep loading. The presence of shallow dimples and interfacial cracks suggests that the
material undergoes both ductile and brittle fracture processes under the combination of loading

conditions.

Fatigue-stress relaxation sequential loading at 250°C resulted in a combination of primary and
secondary cracks, including intergranular and transgranular cracks, around the SiCp particles. The
presence of micro cracks and debonding of SiC particles was clearly observed, signifying the
active initiation and propagation of cracks within the material. The relaxation periods following
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the fatigue cycles might have worsened the debonding between the SiC particles and the

aluminium-silicon matrix (Al-Si).

In general, the combined effect of stress relaxation, creep, and fatigue sequential loading
significantly decreased the material durability. Under the fatigue-creep loading sequence, the
material endured about 35% of its full fatigue life. Similarly, the material endured about 30% of
its full fatigue life under the fatigue-stress relaxation loading sequence. This decrease in material

durability could be related to the structural changes during the loading sequence.

7.2 Recommendations for future work

The primary focus of this thesis is to analyze the effects of combined relaxation, creep, and low-
cycle fatigue on the durability and structure of Al-Si/SiCp composites. The study examined the
behaviour of Al-Si/SiCp composite under combined loading conditions, fatigue-relaxation, and
fatigue-creep sequence, which are commonly employed in engineering applications such as
combustion engines. A specific stress level and temperature were chosen to investigate the impact
of these combined loading conditions. Future work could consider the following:

« Investigate the combined relaxation, creep, and low-cycle fatigue behaviour of Al-
Si/SiCp composites at various stress and temperature levels.

« Explore the influence of different amounts of SiC particles on the combined relaxation,
creep, and low-cycle fatigue on the durability of the composite.

o Explore the influence of alternative reinforcement types that could enhance the durability
of the composites under the combined effect of relaxation, creep, and low-cycle fatigue.

« Explore the impact of other environmental factors, such as corrosion, on the durability of

the composite.
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