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Abstract

The demand for high performance innovative materials is growing day by day with the
rapid advancement of aerospace, automotive, construction and automation industries.
Aluminium Metal Matrix Composites (AMCs) are well known as one of the light
weight, high performance new age materials with tailored properties. The large-scale
production and application of AMCs are limited due to complex fabrication method and
higher cost of conventional reinforcements like silicon carbide, alumina, boron carbide,
tungsten carbide, zirconia etc. Meanwhile, industrial by product of cast iron smelting,
cupola slag is often discarded as solid waste. This cupola slag has the potential to be
used as economic reinforcement materials. This study addresses two major challenges
such as, the demand for affordable high performing AMCs and need to manage
industrial solid waste sustainably. This research explores the potential to enhance
material properties while maintaining the environmental sustainability by investigating

the reuse of cupola slag as novel reinforcement in AMCs.

The state of the art indicates a significant gap to be bridged in development of AMCs.
Most of the academicians have concentrated on conventional reinforcements making
the AMCs costly. The machinability degradation with increased tool wear due to
presence of hard discontinuous abrasives is another challenge prominent in the
literature. Limited investigations have explored the reuse of industrial solid waste as
reinforcement. The introspection on potential of cupola slag as reinforcement remains
severally unattended. In spite of the fact, that cupola slag has physical and chemical
properties similar to hard ceramic abrasives as it contents oxides like Si0., Al>Os, and
CaO. These oxides may improve the properties of composites. A few studies have
focused on slag reinforced composites structural, mechanical, and machinability
characteristics. However, detailed investigations on quality, machinability, heat
treatment of cupola slag reinforced composites with robust analysis of enhancements
and their underlying mechanisms has been observed to be scarce. This thesis addresses
these gaps by systematically investigating the feasibility and performance of novel

cupola slag reinforced AMCs.

The objective of this research is to introspect the key parameters in determining
industrial applicability of cupola slag reinforced AMCs. The experimental

investigations aim to develop, characterize, analyse machinability and heat treatment
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effect on novel cupola slag reinforced composites. The composites are fabricated
following economic and simple stir casting method. The reinforcement cupola slag
particle with varying average size (40, 100pm) and weight percentage (3%, 5%, and
7%) has been incorporated in Al-4.5-Cu (commercially LM11) matrix. Microstructural
analyses using X-ray diffraction (XRD), energy dispersive X-ray spectroscopy (EDS)
equipped scanning electron microscopy (SEM) and optical microscope are performed
to evaluate particle distribution, bonding, and grain refinement. Mechanical testing
focused on properties like microhardness, density, porosity, tensile properties along
with fractography and specific strength has been performed. The machinability of the
slag composites for dry tuning in conventional lathe has been evaluated on the basis of
common indices such as cutting force, tool wear, material removal rate (MRR), power
consumption, chip thickness and surface roughness. The effect of solution heat
treatment on newly developed composites has been investigated in details. The potential
of cupola slag to be reuse as reinforcement have been assessed along with enhancement

of properties of AMCs.

The results indicates that cupola slag is an effective reinforcement for AMCs.
Microstructural characterizations showed refinement of grains from 138.9 pm in the
base alloy to 27.7 um in heat-treated composites with 7 wt.% slag. SEM and EDS
analyses confirmed uniform particle distribution and strong bonding with clean
interfaces between the slag particles and the aluminium matrix. Mechanical properties
analysis reveals an approximate increase of 47% from base LM 11 in microhardness and
70% enhancement of ultimate tensile strength for heat treated composites with 7 wt.%
particle content. The density of the cupola slag reinforced composites reduces by 11%
demonstrating the lightweight nature. These ensures the suitability of cupola slag
reinforced LM11 composites as economic, high performing, light weight material for
demanding industrial applications. The machinability analysis further supports
industrial applicability of these novel composites. The incorporation of cupola slag
enhanced the machinability indices like low cutting force, tool wear and surface
roughness. The particle debonding and participation in micro cutting along with self-
lubricating nature of reinforcements contributes to better machinability especially in 7
wt.% slag reinforced composites. The heat treatment enhances these properties making

composites more suitable for high precision machining.
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The study also highlights the environmental benefits of industrial waste reuse. Cupola
slag uses as reinforcements provides sustainable solution to waste management while
reducing the dependence on expensive reinforcements for fabrication of AMCs. This
dual approach addresses both material innovation and environmental sustainability,
contributing to global efforts in creating eco-friendly engineering solutions. This work
represents a significant step toward integrating waste-derived reinforcements into
advanced materials, providing a pathway for sustainable and innovative engineering

practices.



Chapter 1

Introduction

he evolution of materials over the centuries has been a cornerstone of

technological and societal progress shaping the trajectory of human

civilization. The 20™ century marked a pivotal moment of material evolution,
driven by the need for materials with enhanced performance characteristics to support
the expanding demands of aerospace, automotive, and defence industries. These leads
to innovation of composite material, that are engineered by combining two or more
distinct components to achieve superior mechanical, thermal, and physical properties.
This era of industrial innovation needs new materials with better capability at high
temperature, pressure, reactivity and radiation. Composites serve all these demands as
the properties of monolithic alloy can be tailored as per applications [1]. Composites
consist of a matrix phase where reinforcements are suspended. Composites take the
superiorities from both the matrix and reinforcement; thus, tailored properties can be
achieved. The composite materials can be broadly classified according to the nature of
matrix materials and the nature of reinforcement materials, as shown in Figure 1.1.
Composites with ceramic as matrix where hard metals or nonmetals are suspended are
called ceramic matrix composites (CMCs). These composites possessed greater
refractive index resulting high temperature uses. The challenges of inherent brittleness
of ceramics can be reduced by incorporating metals into the matrix [2]. The second type
of composite is Polymer Matrix Composites (PMCs), which integrate polymeric
matrices like epoxy or polyester with reinforcements such as fiberglass or carbon fibres,

emerged as a breakthrough. PMCs offered a corrosion resistant and lightweight
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alternative to metals and vastly gained popularity in aerospace and automotive
applications [3]. This can be understood from the fact that the commercial aviation in
1940s enabled signification weight reduction of aircraft leading to improving fuel
efficiency and operational performance, by using fibreglass reinforced composites in
aircraft structure [4]. However, PMCs exhibited limitations, particularly lower
mechanical strength, inability to withstand extreme temperature, restricting their

applicability in high-load or high-temperature environments [5].
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Figure 1.1 Classification of composites
These constraints catalysed the Metal Matrix Composites (MMCs) developments,

combining the inherent ductility, thermal conductivity and toughness of metals with
wear resistant, higher strength and other properties of reinforcements. MMCs bridged
the gap between traditional metals and PMCs, offering exceptional improvement in
material performance. The nature of reinforcements classifies the composites as fibre
reinforced and particle reinforced one. Fiber-reinforced composites use continuous or
short fibres to provide directional strength and stiffness, while particulate composites
incorporate small particles to enhance properties like wear resistance and hardness [6].
MMCs opened up new possibilities for lightweight, high-performance materials with
tailored properties [7]. The integration of MMCs into high-performance components,
such as aircraft fuselages, engine parts, and lightweight brake systems, directly

contributed to leaps in efficiency, sustainability and capability across these industries.

1.1. Metal matrix composites
MMCs distinguish themselves in terms of lightweight, higher strength, higher

hardness and enhanced wear resistance properties [8]. The incorporation of second
phase with extremely different properties allows these MMCs to exhibit tailored
properties as per the need of application. The MMC:s also exhibits higher performance
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in extreme conditions like high temperature and excessively corrosive environments.
The MMCs are widely used in various sectors starting from aircraft structures,
automotive clutch plates, automotive engine liners etc., where the monolithic metals fail

due to extreme conditions [9].

MMCs consist of two phases namely, continuous matrix of metal in which discreet
phase of reinforcements is suspended. The properties of these two phases are also
distinguishably different which leads to fabrication of materials with new set of
properties. The continuous metal matrix can be of any metal or its alloy selected as per
requirement. There are various types of reinforcements such as whisker, particulates
and fibres. Among them particulate reinforcement shows better dispersion and bonding
with the metal matrix [10]. These particulate reinforcements can be any material with
enhanced properties which cannot be mixed with metal by the process of alloying. The
most used reinforcements in material science are ceramics due do their inherent
properties of withstanding extreme conditions. The ceramics like alumina, silica,
zirconia and other ceramics are widely used as reinforcements of MMCs while Al, Mg,
Fe etc., have been used as base matrix [9]. However, keeping sustainability and
economy in mind now a days composites are being fabricated using various waste
materials as reinforcements such as fly ash, steel slag, colliery slush, sanitary waste
dust, marble dust, rice husk ash etc [11]. Among the various choice of matrix metals
aluminium sand out as most suitable due to its properties. MMCs made with continuous
phase of aluminium and its alloys is designated as Aluminium Matrix Composites

(AMCs) [12].

1.2. Aluminium metal matrix composites (AMCs)
The demands of lightweight high strength materials for application in the transport

and aerospace industry can be fulfilled by the MMCs with the matrix of Mg, Al, Ni, Cu,
Ti or their alloys [13]. Industries, including aerospace, automotive and construction, are
continuously endeavouring to attain a delicate balance between lightweight components
and great mechanical performance [14]. Great strength to weight ratio along with good
thermal and electric conductivity can be achieved by using Al or its alloy as matrix.
Aluminium composites encompass a group of materials wherein aluminium functions
as the primary matrix, along with the inclusion of other components such as ceramic or

metallic particles [15]. The combination of the lightweight aluminium matrix and the
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reinforcing phases results in a synergistic effect, which imparts numerous advantageous

characteristics to aluminium composites.

The AMCs can be classified further based on the physical appearance of
reinforcements such as continuous fibre, short fibre, particle and monofilament
reinforcements [12]. Among which particle reinforcement AMCs are most widely used
due to ease of fabrication and utilization. In particle reinforced AMCs various types of
hard particles such as a particle of pure metals, carbides, oxides, borides and carbon
nanotubes are used as reinforcements. The AMCs have better performance over
monolithic alloy as improved strength, stiffness, high-temperature characteristics,
hardness, wear and corrosion resistance, electrical properties and damping capacity with
decreased weight and coefficient of thermal expansion [16]. Typical applications of
AMCs may be seen in the production of aerospace parts, automobile parts such as piston
heads, cylinder blocks, chassis, connecting rods, brake components, clutches, golf
clubs, bicycles, cores for high voltage electrical cables, electronic substrates, defence

weapons and safety instruments [17].

Despite the notable characteristics of AMCs, their complete potential has not been
fully realized due to inherent limitations. One of the main constraints pertains to the
cost of fabrication of AMCs with conventional reinforcement such as boron carbide
(B20), silica (Si02), alumina (Al>O3), tungsten carbide (WC) etc. Moreover, aluminium
possesses remarkable tensile strength, reinforcements may have diminished ductility,
making them susceptible to fracture formation and breaking when subjected to specific
stresses [18]. The inherent fragility of these materials has imposed constraints on their
appropriateness for use in situations where components are subjected to dynamic
stresses or impacts. The other challenge that hinders the wider implementation of
aluminium composites is to their machinability. The machining of traditional aluminium
composites poses significant difficulties, mostly attributed to the abrasive
characteristics of the secondary phase. These properties contribute to increased tool
wear and extended machining duration [19]. These problems can be mitigated by using
non-conventional reinforcements derived from waste materials. This reduces the cost
of fabrication but similar property enhancement to the conventional reinforcement can
be achieved. Wastes like fly ash, rise husk ash, sanitary ware wastes, marble dust, blast

furnace slag has already been demonstrated enhanced mechanical properties with



5 Introduction

remarkably higher machinability [20 — 22]. A similar industrial waste is cupola slag

which can be developed to be reused as reinforcement of AMCs.

1.2.1. Fabrication processes for AMCs

The AMCs can be manufactured using majorly three routes such as, solid phase
processes, liquid phase processes and in-situ processes [23]. The suitable process is
selected based on reinforcement type, desired properties and economy in fabrication.
Solid state process like diffusion bonding, powder metallurgy are widely used for AMC
fabrications [24]. These processes are effective for producing composites with minimal
defects and superior structural integrity but are limited in scalability [25]. Liquid-state
methods, including stir casting, infiltration, squeeze casting and spray casting are
economic and best suited for large-scale production but faces challenges like
agglomerations and interfacial reactions [26]. In situ techniques, such as centrifugal
casting and chemical synthesis offer superior thermodynamic stability and
homogeneous reinforcement distribution but are constrained by high costs and complex
equipment requirements [27]. The AMCs have been well equipped to provide superior
properties however, challenges like uniform particle dispersion, minimal interfacial

reactions and reduction of cost remains significant.

1.2.2. Microstructural, physical and mechanical properties of AMCs

Academicians have been investigating AMCs reinforced with different particulates
with the aim of enhanced properties that can be tailored as per application. Akbari et al.
[28] investigate how stir-cast A356 alloy's mechanical characteristics are affected by
Al,0O3 nanoparticles. Compressive strength, wear resistance and hardness were
evaluated with a focus on the particle dispersion in the matrix. The conclusion inferred
that Al,O3 particle inclusion can enhance the properties significantly. The mechanical
characteristics and microstructure of SiC/Al6082 AMCs have been investigated by Zhu
et al. [29]. Enhanced hardness and strength have been reported to be achieved by SiC
inclusion. The microstructure analysis indicates the matrix and reinforcements have
clean interfacial bonding. The impact of fly ash/ B4C hybrid reinforcements on the
microstructure and mechanical behaviour of an aluminium (Al-Mg-Si-T6) hybrid metal
matrix composite has been studied by Kumar et al. [30]. They came to the conclusion
that the mechanical qualities, such as hardness and tensile strength, had improved with
an increasing reinforcing particle content. Microstructure exhibits clean interfaces

between the matrix and reinforcement as well as homogenous second phase dispersion



6 Introduction

in the matrix. Akinwamide et al. [31] introspected the tribomechanical properties of
hybrid AMCs made from ferrotitanium (TiFe) and SiC using stir casting method along
with microstructural study. The microstructure shows homogeneous dispersion of
particles along with refinement in grains. The investigation indicates that 5 wt.% TiFe
composites showed enhanced wear resistance and elastic modulus while improved

tensile properties was observed in hybrid Swt.% TiFe/ 2wt.% SiC composites.

Attempts have been made by using various non-conventional reinforcement
materials other than cupola slag by previous scholars. Sulaiman et al. [32] have
reinforced quartz particles in LM6 aluminium alloy and the hardness of base alloy has
been reported to improve from 36.4 HRC to 74 HRC by 30 vol.% reinforcement. The
hardness of LM-0 alloyed with magnesium increased from 52 to 78 BHN by
reinforcement of 20 wt.% of silica sand by stir casting in the works of Gupta et al. [33].
Umesh et al. [34] has been introspected fatigue behaviour of fly ash reinforced LM6
MMCs by varying the reinforcement composition by 0, 2.5, 5, 7.5, 10, 12.5 and 15
vol.%. The fatigue life of the composites was found to be improved by reinforcement
fly ash up to 12.5 vol.%. The effect of particle size on the abrasive and mechanical
behaviour of Al-fly ash composites has been discussed by Kumar et al. [35]. The study
concludes a composite with coarse reinforcement particle has better mechanical and
abrasive properties than composites with fine reinforcement particles. The density of
aluminium alloy has been reduced by reinforcing fly ash as the second phase in AMC
in the works of Bera et al. [36]. Investigations are performed by Selvam et al. [37] on
fly ash particle reinforced AA6061 aluminium alloy. The fly ash reinforcements
improve tensile properties and microhardness. Shanmughasundaram et al. [38]
performed studies on stir casted Al-fly ash composites mechanical behaviour and
surface micrographs. The density was observed to be reduced with increasing fly ash
amount. Hardness and compressive strength were increased with increasing
reinforcement content. The blast furnace slag inclusion effect in LM6 aluminium alloy
has been observed by Kumar et al. [39]. The study observed an increase in hardness by
35.8 % with 3.5 wt.% reinforcement which is confirmed by microstructural analysis
that reveal uniform distribution of the slag in the matrix. Hardness is found to improve
in the works of Pankaj et al. [40]. They have fabricated composites with pure aluminium
as matrix and blast furnace slag as reinforcement by stir casting. Srikanth et al. [41]

attempted to reinforce the blast furnace slag in aluminium silicon alloy A356, to prepare
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light weight composites. Microstructures using scanning electron microscopy show no
voids and discontinuities in the composites. A good interfacial bonding between
reinforcement and base phase results in increased hardness of composites. Discussions
on the impact of reinforcement particle size on composite properties are uncommon.
Narasaraju et al. [42] have explored rice husk ash and fly ash incorporated AMCs
resulting improved mechanical properties which has been validated by microstructure
analysis. Siva et al. [43] have incorporated waste colliery shale to develop novel AMCs
with properties better than AI-AlO3 and Al-Al;O3-SiC composites. Marble dust
incorporated AMCs have been fabricated and investigated in the works of Muthu [44],
indicating improved wear resistance. Similarly, cupola slag (CS) can be developed to
be used as reinforcement of AMCs. This can be a green solution to manage the

accumulated cupola slag.

Various resent studies have investigated the reinforcement of aluminium alloys with
materials like fly ash, blast furnace slag, and rice husk ash, demonstrating significant
improvements in mechanical properties. However, the use of cupola slag remains
relatively unexplored. The detailed review of literature along with the critical findings
along with chemical compositions of wastes has been presented in Table 1.1. It is
evident from Table 1.1 that using industrial waste as reinforcement material generally
improves the mechanical properties of AMCs with larger similarity with cupola slag
composition. However, most studies have focused on materials like fly ash and blast
furnace slag, with limited research dedicated to cupola slag. The available studies
suggest that cupola slag has the potential to enhance the mechanical properties of AMCs
at low cost, making it a promising candidate for further investigation.

Table 1.1 Property enhancement by waste reinforcing
Matrix (Al

Reinforcement

SI No. Author(s) alloy) Reinforcement Composition Findings
CaO (30-50%), SiO2 Hardness increased by
1 ffl“ggr] Chet M6 gl‘?:/i;”mace slag(28.38%), ALOs (8- 35.8%; uniform dispersion
: 270 24%), MgO (1-18%), observed in microstructure
Fe20; (0.1-3%), MnO Enhanced hardness, wear
2 Dasetal. [45]  Pure Blast furnace slag (0.2-2.5%), S (0.5- resistance, and strength with
1.8%), TiO2 (0.2-2%) slag particles
Si02 (85-95%), MgO
Kulkarni et al. . (0.3-1.5%), Fe20s Significant improvement in
3 [46] AA6063 Rice husk ash (0.1-1%), Al=0s (0.2- wear resistance and hardness
1%), Na20 (0.1-1%)
. CaCOs (94-97%), .
4 Slkg(%ujle o AA5052 Carbonized eggshell ~ Organic matrix (1- IT(?r;)l:ie:s mechanical
: 3.5%), MgCOs (<1%),  P™P
Si02 (45-65%), Al:Os .
S Bhowmiket oo Fly ash and silicon  (20-35%), FesOs (4- 5‘;2?‘:2:2 ::;j:eaff;e”gth’
al. [48] carbide 15%), CaO (1-12%), i

MgO (0.5-4%)

corrosion resistance
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1.2.3. Machinability studies on AMCs

The successful fabrication of novel material requires detailed characterizations in
terms of basic material properties as well as applicability in different secondary
processes such as machining, forging, forming etc. The study of machining is
significantly important in the case of AMCs as machining of AMCs is a challenging
while it is inevitable post processing after casting [49]. The machining can be studied
in terms of ease of machining which can be referred as machinability. There are various
aspects of machinability depending on the responses considered in the analysis.
Previously many researchers have explored the machinability in turning of AMCs.
Studies by various authors using different metal matrix composites and alloys as

tabulated in Table 1.2.

Table 1.2 Some recent works on machinability studies of composites

Sl
No

Article

Working Material

Investigated Parameter

Salient findings

Zakaria et al. [50]

Pradhan et al. [51]

Gobivel et al. [52]

Das et al. [53]

Sharma et al. [54]

Ruban et al. [55]

Pugazhenthi et al. [56]

Pugazhenthi et al. [57]

Shoba et al. [58]

Sujith et al. [59]

Das et al. [60]

AZ31 Magnesium
Alloy

Ti-6AL-4V alloy

Mg/SiCp MMC

AISI D6 steel
AISI D3 steel
AA6061/ZrB,-ZrC

AMCs

AA7075/TiB, AMCs

AA7075/TiB, AMCs

Rice husk ash and
SiC reinforced
AMCs

TiC reinforced Al
7079 AMCs

AISI D6

Tool wear mechanism, Cutting
force, tool-work interface
temperature in dry and wet turning.
Cutting force, Tool temperature,
thermal stress and surface
morphology by experiment and
finite element modelling.

Cutting forces, tool morphology,
chip analysis and surface quality

Tool wear, cutting force, surface
roughness, chip morphology,
comparative study between two

different coated carbide tool inserts.

Cutting force

Cutting force, chip analysis

Surface integrity, cutting force

Cutting force, chip morphology,
surface roughness and tool wear

Machinability in terms of cutting
force

Cutting force, Tool wear,
morphology and roughness of
machined surface using a nano
particle lubrication.

Cutting force, surface roughness,
tool wear, chip analysis

The cutting force found to be reduced in
wet turning.

Cutting force found to be most important
output that affects tool temperature and
tool stress.

Cutting force found to be decreased with
increasing feed and speed. Cutting force
impacts other outputs such as surface
roughness, tool wear.

Cutting force found to be decreased with
increasing speed and with increasing feed
rate cutting force increases.

Cutting force increased with feed and
speed

Cutting force found to be increased with
increasing feed rate but it decreases with
increasing cutting speed.

Cutting force found to be increase with
increasing feed rate and with increasing
weight percentage of second phase force
requirement reduces.

The cutting force found to be decrease
with increasing cutting speed and feed
rate.

The result shows with increasing cutting
speed the cutting force decreases. Cutting
force found to be increased with
increasing feed rate. Increasing of
reinforcement decreases the cutting force.

The cutting force found to be decreased
with increasing speed and the lubrication
reduces the cutting force.

The cutting force found to be important
output  parameter  for  accessing
machinability. The cutting force increases
with increase in feed rate and speed.
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Other than these various academicians performed machinability studies on AMCs.
Natraj et al. [61] fabricated and investigated machinability of hybrid Al>O3-MoS;
dispersed LM6 matrix composites in turning. Authors highlighted the importance of
considering cutting speed and feed as the most influencing parameters for cutting force.
Machinability of AI-SiC composites in turning has been explored in the works of
Muthukrishnan et al. [62]. Authors studied the impact of input parameters and different
grades of polycrystalline diamond (PCD) tools on machining indices. The results show
1600 grade PCD tool performs best in terms of roughness and power consumed. Wang
et al. [63] have introspected mechanism of turning of Al-SiC, cast composites. A 3D
finite element model was established to replicate the physical turning. The authors
stated that small parts of reinforcement squeezed by the cutting tool can assist the
machining which can be useful in improving machinability. A discussion on
optimization of machining parameters of composites has been presented in the works
of Suresh et al. [64]. The results show Al-10%(SiC-Gr) composite demonstrates

superior machinability.

The analysis of cutting force and tool wear of AMCs with fly ash reinforcement has
been presented in the experimental investigations by Dinaharan et al. [65]. The results
showed that the incorporation of fly ash reduced cutting force. Amount of fly ash affects
the BUE and chip size and thus improves the machinability. Sahoo et al. [66]
introspected tool wear in turning of AMCs. The results show that abrasion and adhesion
are the principal wear mechanisms observed from images of the tool tip, and BUE
formation is noticed at low cutting speed and at high feed combination. The wear on
PCD tools while machining of AMCs has been investigated by Hooper et al. [67]. They
concluded that tool wear reduces with increase of reinforced SiC particles. Tuliano et al.
[68] have investigated the high speed turning of alumina reinforced Al 6061 matrix
composites and reported increased cutting force and tool wear along with superior
surface integrity. The study provides valuable insights for optimizing machining
processes for metal matrix composites. Dabade et al. [49] analysed the mechanism of
chip formation in Al/SiCp composite machining. They explored the dependence of chip
formation mechanisms on parameters of machining, including chip analysis and
concluded that the chips changed from continuous to discontinuous with increasing
feed, depth of cut and speed. Machinability in terms of surface quality, chip thickness
in the turning of hybrid Al17075/SiC/Graphite composites has been discussed in the
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works of Kannan et al. [69]. The investigation concluded that by incorporating
reinforcement material, the surface roughness and chip thickness had been reduced.
Chauhan et al. [70] conducted a study on machining hybrid AMCs with SiC and Red
Mud reinforcements. The study utilized Taguchi grey relational analysis for
understanding the dependency of surface texture on reinforcement parameters such as
average particle size, particle volume fraction, red mud content and turning conditions.
The lowest surface roughness of 0.25 pum has been observed in 6 wt.% red mud

inclusions.

Machinability analysis in turning fly ash reinforced composites based on MRR, chip
thickness and machined surface quality has been presented in the works of
Shanmughasundaram et al. [71]. The impact of graphite content and cutting parameters
on machined surfaces has been explored experimentally. They concluded that nominal
surface roughness has been present in cases of higher weight percentages of fly ash.
Prakash et al. [72] explored the turning of rock dust reinforced AMCs analysing the
effect of process inputs on MRR and surface finish. The results revealed that cutting
speed had the greatest impact on both responses, followed by depth of cut and feed rate.
The study discusses selecting appropriate cutting parameters for achieving both higher
MRR and improved surface quality in turning. Introspection on energy consumption
along with surface integrity in the turning of A1-4032/Granite marble powder AMCs has
been conducted by Saini et al. [73]. The cutting speed is indicated as most significant
process input. The optimal conditions were depth of cut 0.5 mm, feed rate of 0.15

mm/rev and cutting speed of 150 m/min yielded a 31.5% reduction in surface roughness.

1.3. Cupola slag

The term sustainable application in any process is described as the system of
improvement fulfilling the demand of the present without affecting future’s ability to
fulfil their demands [74]. Rapid growth of industrialization to meet the demand of
exponential population growth leads to a large amount of industrial waste. These
industrial wastes are extremely toxic to the environment, thus should be properly
decomposed, reused or recycled for reaching the goal of a cleaner environment. Cast
iron is very potential material that have numerous applications such as in machine tool
beds, automobile components, valve bodies, soil pipe, shipbuilding, manhole cover, and
sanitary castings etc. [75]. Cast iron is produced in cupola by smelting of limestone,

coke, scrap and pig iron together in a proper ratio termed as the charge [76]. This process
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has output of grey cast iron (of different grades) along with slag as waste product. The
recent data shows that total sum of 105.5 million metric tonnes of castings is produced
per annum worldwide [77]. India is producing 10 % of the global production which is
about 11 million metric tonnes of castings per annum. 68 % of total castings produced
in India are cast iron. There are about 5000 cupolas that are producing about 7.5 — 8
million tonnes of castings per annum [78]. Normally 5 — 6% slag is produced for every
batch of melting. The quantity and properties of these slags are highly dependent on
foundry location, melting technology, properties of charge and many other factors so, it
varies from foundry to foundry [79]. This results in annual slag production of 0.4 — 0.5
million metric tonnes in India only [80]. The cupola slag may consist of 25 — 70wt.%
Si0, 10 — 50 wt.% Ca0, 5 — 24wt.% Al>,O3, 2 — 25 wt.% FeO, MgO, MnO, and other
oxides and with a trace of Fe,O3; which is more or less similar to Blast Furnace slag

(BFS) [77 —90]. This suggests there can be different uses of Cupola Slag likewise BFS.

Use of cupolas for producing grey cast iron is continuing with sufficient demand
which leads to generate huge amount of slag, which is a waste product and ends up in a
dump yard or landfilling that pollutes the environment [91]. Blast furnace slag which
has a similar chemical composition is widely used in the cement industry maybe
because production in huge quantity from a single source, rigorous research and proper
implementation [92]. On the other hand, single unit of cupola produces comparatively
lesser amount of slag. In general, cupolas are scattered in many places with different
entrepreneurs as a result reuse of slag in an effective manner is less discussed. This is

wastage of potential resource and a great hurdle for achieving sustainable development.

1.3.1. Origin, types and cupola slag properties
Cupola slag originated as a by-product of melting pig iron, coke, limestone, and scrap

for producing grey cast iron in a cupola. The utilization of this waste product depends
highly upon its properties as directed in various literatures [81,83,93]. Pirbulova et al.
[89] described cupola slag as a non-metallic melt whose temperature dependent physical
properties affects the slag’s potential to be reused. The formation of slag as identified
by the authors are mainly due to impurities from scrap metal such as burned silica sand,
scales of iron, coke ash; SiO», AlbO3 present in furnace wall; oxides, sulphides,
phosphides that generates during melting. The slag physically appeared to be vitrified,
solid and dense material. The slag forming additive has a good effect on the physical

property of the slag. Spontaneously formed slag (without slag forming additives) would
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have high viscosity and high melting temperature, thus it creates a problem in the
melting process [94]. Slag made by using slag forming additives would have optimal
fluidity and low melting temperature [95,96]. Baricova et al. [88] classified cupola slag
on the basis of the cooling method applied for the solidification of slag. Slow or air-
cooled slag is crystalline with a grey, stony dense appearance named Cupola Slag (CS).
Slag melts which cool faster by water quenching breaks into small granulated particles
and solidifies as amorphous materials called Granulated Cupola Slag (GCS). CS shows
a heterogeneous structure with significant pores but GCS shows a homogenous glassy

structure. The relative fineness was observed to be greater in the case of GCS.

The physical property of the cupola slag is essential for its use in the building
industry was investigated by Afolayan et al. [97]. Authors compared the properties with
natural aggregates used for making concrete and found that cupola slag has similar
properties. Thus, cupola slag can have a limitless application in concrete making.
Pavlenko et al. [84] analysed some important physical properties such as absolute
density, crushability, cylinder crushing strength. Aderibigbe et al. [81] indicated
pozzolanic property in cupola slag and stated that it can be an artificial pozzolan. Mistry
et al. [90] in their work analysed the fineness modulus, impact value, water absorption
and moisture content of cupola slag. The physical properties as studied by various
authors are described and tabulated in Table 1.3. The ranges are found to be specific
gravity 2.5 to 2.93, bulk modulus 1210 kg/m* to 1650 kg/m?>, fineness modulus 3.71 to
4.6, crushability 13 to 27% as described in the existing literature. It is evident from the
data that cupola slag has similar physical property when compared with blast furnace
slag and typical pozzolans so there is a great possibility that similar reuse can be

implemented.

1.3.2. Mineralogical and chemical properties of cupola slag
Reuse potential of cupola slag cannot be understood properly without analysing the

chemical and mineralogical properties [98]. The charge material and the melting
technology directly affect the chemical properties of cupola slag [88]. Slag viscosity,
crystallization during cooling depends on the chemical and mineralogical composition.
These affect the porosity, size of the crystal in solid slag which is a significant factor for

the reusability of cupola slag [99].

The cupola slag mainly consists of SiO», AlbO3, CaO, MgO, FeO and other oxides
and sulphides[77 — 86, 89, 96]. Various authors also indicate the predominant phase of
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wollastonite (Ca0O.Si0;), fayalite (2Fe0.SiO2), ramsdellite [81,89]. The authors
analysed that cupola slag is a part of the CaO-Si0,-Al>0Os ternary slag system which is
similar to blast furnace slag which opens the door for many potential applications of
cupola slag. The chemical properties of slag directly depend on the charge of the cupola.
Various authors have observed the chemical and mineralogical properties in different
regions of the world. A collective weight percentage range of different main components
present in cupola slag are shown in Table 1.4 from the available literature. Any slag
sample may have the composition within the range specified in Table 1.4. The authors
have used XRD and SEM (EDX) to analyse and understand the chemical contents. The
chemical compositions as tabulated in Table 1.4 suggest that maximum of the CS is
made of either of three compounds namely Si0,, Al,O3, and CaO. A trace of pure iron
may be found in some of cupola slag composition which may be taken care of for
reutilization of cupola slag. Iron particles may stick in the crusher used to break the CS
for reuse and crusher life would become low which increases the operational cost many
times [89]. Table 1.4 also indicates that the chemical properties of cupola slag is
approximately similar to the chemical contents of other waste materials such as blast
furnace slag [97 — 101], fly ash [102 — 106], rice husk ash [107 — 113] etc. This gives

the indication for reuse of cupola slag in similar sectors for sustainable future.
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1.3.3. Reuse potentials for cupola slag
The properties and composition of cupola slag shows potential to be used as recycled

materials. However, due to lack of rigorous research and management of waste slag it
ends up in landfills. There were some attempts of cupola slag reuse which shows great

potentials. A brief account of cupola slag reuse has been presented in this section.

1.3.3.1. Utilization in construction industry
The physical, chemical, and mineralogical properties analysis has opened a vast door

for reutilization of cupola slag in many sectors. The major raw materials used in
construction industries specially to make concrete are cement, fine aggregates and
coarse aggregate [114,115]. This industry has a very high potential to consume cupola
slag for replacement of coarse aggregates, fine aggregates as well as cement for making
concrete [116]. Concrete making using cupola slag draws the attention of most of the
authors due to the fact that similar industrial wastes have been used for the same. The
wastes such as fly ash, blast furnace slag, sanitary wear wastes, rice husk ash and other
construction wastes has been in use in a commercial level for making concrete
[117,118]. Concrete making has the potential to be one of the major sectors where the
cupola slag may be used to reach the goal of sustainable waste management. The
replacements of aggregates and cement along with the findings by various authors have

been tabulated in Table 1.5.

1.3.3.2. Utilization of cupola slag in road construction
An industrial waste, cupola slag reusability should be studied based on all the sectors

where utilization is possible. One of such sectors is road construction. A comparative
study on the reuse of cupola slag along with Reclaimed Asphalt Pavement (RAP) and
green sand in a mixture of asphalt has been accomplished by Lastra-Gonzalez et al.
[119]. The authors have assessed bituminous mixture made of three waste materials viz.
RAP, slag and green sand in different concentration. Limestone is used as aggregates in
the mix along with bitumen binders. The assessment has been followed by the Marshall
method void content and cohesion loss due to water action along with plastic
deformation resistance. The slag mechanical property allows only 10% use of cupola
slag in the mixture. The mixture of RAP, cupola slag, and green sand along with
limestone aggregate and bitumen binders gives an excellent mechanical performance as
described in Spanish standards for low traffic areas. Potential use of cupola slag has
been studied by Cramer et al. [120]. Authors perform two studies, in first one, cupola

slag is used as filler in base coarse materials and for the second one, natural aggregate
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have been substituted by 30% wt. by cupola slag for making pavement blocks.

Satisfactory strength was achieved in both the studies. Though, the authors have

suggested a nominal use of cupola slag in road construction but for the aim of

sustainable waste management, these small steps create a huge difference.

Table 1.5 Cupola slag use in construction industry

Replacement is done as

Sl. No. Sources Remarks
Fine aggregate Coarse aggregate Cement
The cast samples with up to 40 wt.% partial
Yes replacement of CFS effectively meet
I Sikderetal. [121] No 0t0 %10 50% bya No e for e of
step of 10% the requlr_ements or the M20 grade o
concrete in terms of compressive strength.
5 Pribulova et al. [89] T(isz(), 30, 100% No No ftlrir;lgfiﬁant increase in compressive
Highest of 13 MPa compressive strength
3 Baricova et al. [88] Yes No Yes when fine aggregates are substituted 30
10, 20, 30, 100% 60% by GCS o
wt.%. by cupola slag
Yes 30.68 N/mm’compressive strength is
Yes 2%, 4%, 6%,  obtained in slag concrete while 31.33
4 Afolayan etal. [97] No 100% 8%, and 10%  N/mm? average compressive strength this
by GCS obtained in controlled concrete
Yes Yes 34 N/mm? con_lpressi_ve strength along with
5 Balramanetal [85] 5%, 10%, 15%,20%, 500 970 12 No 3:2 N/mim? split tensile strengh can be
25%, 50%. 100% 0, 25%, 50%, achieved by 20% replacement in fine
100% aggregates
Yes Highest of 31.9% greater compressive
6 Arum et al. [122] No No 0%, 5%, 10%  strength with respect to reference concrete
15% by GCS  is achieved by 15% replacement in cement
Similar in terms of workability, strength,
7 Ladomersky et al. [86] Yes No No elasticity module, penetration of water
’ 25.5% under pressure, and suction capacity with
respect to controlled concrete
Yes Decrease of compressive strength from
8 Balaraman et al. [123] Combined replacement 20% to 40% by a  No 5.33 MPa to 3.92 MPa due to void
step of 10% formation
Significant similar strength with respect to
9 Mistry et al. [90] No No controlled concrete along with 12.65 %
cost saving per cubic meter
. Yes 13 MPa compressive strength achieved
10 Alabietal. [124] 0,2,4,6,10% No No without any dependency on temperature
Yes
510 50% with ~ Significant strength when compared to
1 Stroup et al. [100] No No astep of 5%  controlled concrete has been achieved
by volume
12 Rodriguez-Mendoza, No No Yes Better compressive strength than fly ash
etal. [125] 20, 40, 80% concrete can be achieved
13 Pavlenko et al. [84] No No Yes Strer}gth qbtained is adequate for low and
medium rise structures
Yes Increase in compressive strength of about
14 Sosa et al. [126] No No 0, 10, 20, 30 10% after 28 days when compared to other
vol.% SCM’s.

1.3.3.3. Utilization of cupola slag as reinforcement of AMCs
AMCs are one of the emerging classes of material but the cost of conventional

reinforcements increases the production cost. Industrial waste cupola slag has various

hard ceramics in its constituents and appears to be abrasive in nature if processed

technically. Thus, cupola slag can be reused as reinforcement material for AMCs
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reducing the cost of fabrication and sustainably mange the solid industrial waste. The
cost of transportation and processing of cupola slag as reinforcement particle are
nominal compared to the cost of conventional particle reinforcements. The existing
academia shows reuse of waste rice husk ash, blast furnace slag, fly ash and other solid
waste as reinforcement material enhancing the properties of monolithic materials
[58,127,128]. However, the cupola slag utilization as reinforcement particle and
subsequent property evaluation has been less discussed thus, provide a wide space of
rigorous research. This work majorly delves into this specific space to study the cupola
slag reinforced AMCs and build a comprehensive introspection on cupola slag

reinforced composites with superior properties.

1.4. Knowledge gap

The demand of new era of rapid industrial innovation requires new age materials so
development and characterization of novel materials are well documented in the pre-
existing literature. AMC being one of such new edge materials with application-based
properties and light weight. Despite the huge progress in the field of AMCs research,
significant gaps remain in existing literature. The higher production cost due to the
higher cost of conventional reinforcements like SiC, Al> O3, WC and B4C etc., limits the
wide scale industrial applications of AMCs. Besides, industrial waste derived
reinforcements such as rice husk ash, fly ash, blast furnace slag, cupola slag holds
greater potential but remain underutilized. The comparison of prior reinforcement with
the cupola slag reinforcement in terms of cost, performance and environmental impact
has been presented in Table 1.6. This depicts the usefulness of cupola slag as low-cost

reinforcement.

Very few academicians utilized cupola slag as reinforcement and only some
preliminary studies have been reported on chemical and physical properties of cupola
slag. Cupola slag appears to be an appropriate substitute for expensive conventional
reinforcements as it has a unique chemical composition comprising mixed oxides such
as Si0,, AlbOs, and CaO etc. It offers a solution for property enhancement, besides
being a significant step toward sustainability. The addition of this industrial by-product
in some way may reduce natural resource dependence and decrease environmental
pollution. This, despite the enormous potential, points to one of the critical gaps that the
research will seek to address, the structural, mechanical and microstructural properties

of cupola slag-reinforced composites have been not yet studied.
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Table 1.6 Comparison table of prior reinforcement with cupola slag

Reinforcement Cost (Raw +  Performance in AMCs Environmental Impact
Processing)

SiC High (synthetic, Excellent strength, wear resistance High energy demand, non-waste
energy-intensive) material

AlOs Moderate Good strength, hardness Extracted mineral, limited

sustainability benefit

Fly Ash Low (industrial waste) =~ Moderate performance Waste utilization, reduces landfill

Red Mud Very low (hazardous Limited bonding, processing issues Hazard mitigation, but handling
waste) challenges

Cupola Slag (this Very low (abundant Promising reinforcement: good Direct waste reuse, significant
study) by-product) bonding, competitive strength ecological footprint reduction

The other significant gap persists in the academia that no studies are reported that
introspected the machinability of cupola slag reinforced AMCs. However,
machinability is one of the most significant deciding factors for the material’s industrial
viability. Previous works on AMCs have investigated the machinability parameters by
using conventional reinforcements such as B4C, WC, SiC, TiO, and Al,Os etc. These
studies indicate that such reinforcements are abrasive in nature, leading to high tool
wear and difficulties in getting smooth surface finishes. However, cupola slag is a new

material in this regard and has not been evaluated for machinability characteristics.

The machinability studies require rigorous introspection of some the important
parameters like cutting force, tool wear, MRR, and surface roughness, under different
conditions. This calls for further research on industrial acceptance in terms of how the
cupola slag incorporation as reinforcement influences these parameters. It would be
hard to ensure the feasibility of using cupola slag reinforced AMCs in industry without
detailed and comprehensive investigations. This gap is significant and calls for
immediate action as machinability is a key determinant for material selection in high-

performance aerospace and automotive applications.

Despite technological advancements in waste management, research into utilizing
cupola slag for solid waste solutions is notably absent. While industrial waste
management has recently gained attention due to environmental and regulatory
pressures, cupola slag, a significant by-product of cast iron production, continues to be
largely disposed of in landfills, posing environmental risks. Although materials like fly
ash and blast furnace slag have found successful applications in construction and

composite materials, the potential for reusing cupola slag remains unexplored.
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This research addresses the novel way of waste management using cupola slag as

reinforcement in AMCs to tackle two critical issues simultaneously:

e the demand for high-performance, cost-effective composite materials

e the urge for sustainable solid waste management.

The dual benefit that comes from both an environmental sustainability point of view

and a materials innovation standpoint underline the relevance of this literature gap.

1.5. Scope of the research

The present work therefore systematically addresses the stated gaps by introspecting
the feasibility of cupola slag reuse as reinforcement for AMCs. The focus of this
research has been on material development, optimization of reinforcement parameters,
and characterization with a view to establishing an all-rounded understanding of cupola
slag-reinforced composites. The central hypothesis is that cupola slag can be
engineered into AMCs that exhibit competitive mechanical and machinability
properties while contributing to environmental sustainability. The objective of this

research are as follows,
Core objectives

e To determine feasibility of cupola slag reuse as reinforcement materials with
respect to their chemical and physical properties along with sustainability.

e To improve the fabrication method to have uniform particle distribution and
proper bonding between slag particle and aluminium matrix.

e To perform rigorous metallurgical investigations to study the grain size,
distribution of phases, bonding at interfaces and formation of any intermetallic
phases.

e To evaluate the mechanical properties, such as hardness, tensile strength, density
and porosity by considering the particle size and weight percentage of slag
reinforcement.

e To introspect the machinability of the fabricated composites by considering
parameters like MRR, surface roughness, tool wear, cutting force.

e To compare the machinability performance with conventional AMCs to

understand industrial applicability.
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e To look into the microstructural evolution and mechanical properties
enhancement due to the influence of heat treatment on novel cupola slag

reinforced composites.
Extended objectives

e To establish an outline of the environmental benefits of the recycling of cupola
slag and its contribution to decreasing the ecological footprint of composite
fabrication.

e To explore the possibility of using slag-based reinforced AMCs for some critical
performance and durability-related applications like automotive, acrospace, and

structural components.

This work bridges the gap between material innovation and sustainability
engineering by offering a holistic approach towards the development of cost effective,
eco-friendly composites. This integrates mechanical, microstructural studies with
machinability providing a comprehensive basis for industrial acceptance of cupola slag
reinforced AMCs. The results from this research may represent a new frontier in the
field of metal matrix composites by offering an economically viable, high-performance,
environmentally benign alternative to conventional materials. These systematic
investigations will make significant contributions to knowledge advancement in

materials science and sustainable engineering practices.

1.6. Thesis Organization
The present thesis has seven (7) chapters. Chapter 1 delves into an introduction and

background foundational to the work. This chapter discusses the state of the art of
studies on particle reinforced AMCs. The introduction to cupola slag with its properties
and compositions along with reuse potential has been also provided in this chapter.
Chapter 2 deals with fabrication and experimental methodology applied in this thesis.
The extensive discussions on material selection, fabrication process, characterizations
along with methodology for machinability investigations have been presented in this
chapter. Chapter 3 present the investigation of reinforcement particle size variation on
physical, microstructural and mechanical properties of novel cupola slag reinforced
AMC. Chapter 4 analyses the enhancement of microstructural and physio-mechanical
properties of AMCs by weight percentage variation of cupola slag particles. Chapter 5

introspected into the machinability of novel cupola slag reinforced AMCs. Chapter 6
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presents insight on the influence of solution heat treatment on novel cupola slag
composites, the comparisons have been based on physical, mechanical and
machinability properties. The comprehensive concluding remarks along with future
research scope is presented in Chapter 7. A complete bibliography has been presented

at the end of the thesis.



Chapter 2

Fabrication of Composites and
Experimentations

he material development study is ineffective without proper understanding of
the individual materials. The properties of AMCs highly dependent on the
qualities of base alloy and the reinforcing material. The properties of
composites also depend on fabrication process. The quality of novel and economic
composites is introspected in terms of physio-mechanical property analysis. The details
of material used along with fabrication and experimentation methodology is presented

in this chapter.

2.1.Raw materials

AMCs are made of continuous phase of an aluminium alloy in which particulate
reinforcements are suspended. The wrought aluminium alloy Al-4.5-Cu, commercially
known as LM11 has been chosen as continuous matrix in this work. LM11 exhibits
excellent strength, hardness and wear resistance, making it a suitable matrix material
[129]. Moreover, this particular alloy responds greatly to solution heat treatment. The
copper present in the alloy improves the mechanical properties of the composite through
solid solution strengthening [ 130]. The microstructure of LM11 alloy indicates presence
of ALCu intermetallic phase which strengthens the composites further [131]. The lower
density of LM11 alloy allows fabrication of light weight AMCs with higher specific
strength, desirable in aerospace, transportation and military equipment sectors. The
LM11 has wide range of applications as aerospace hardware, aircraft construction,

engine radiators, seawater piping and cryogenics due to superior mechanical and
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thermal properties. The LM11 ingots used in this work has been procured from M/S
Kolkata Die Cast, Liluah, Howrah, West Bengal, India. The physico-mechanical
properties and chemical components of LM11 ingots have been presented in Table 2.1

and Table 2.2 respectively.

Table 2.1 Physical and mechanical properties of LM11

Properties Values
Hardness 72+ 3 Hv
Yield Strength 116 +2.4 MPa
Ultimate tensile strength 169 + 2.5 MPa
Density 2.49 g/cm?

Table 2.2 Chemical components of LM11

Elements Cu Mg Si Fe Mn Ni Zn Pb Sn Ti Al

Weight Percentage
(Yowt.)

4.0t05.0 0.1 025 025 01 01 01 0.05 005 0.05t03 Balance

The reinforcement particles for this work have been derived from industrial waste
cupola slag. Cupola slag is a byproduct of cast iron smelting in cupola furnace using a
mixture of pig iron, scraps, flux and charcoal. This waste has no utilization, hence ends
in landfills polluting the environment. However, cupola slag contains many hard
ceramics like silica, alumina, calcium oxide etc, which indicate its use as economic
reinforcement particle for enhancing the properties of base LM11. This utilization of
cupola slag helps in managing a solid industrial, reduces cost of reinforcements in
development of superior properties in novel slag reinforced composites. The cupola slag
used in this work have been fetched from M/S Binoy Udyog Pvt. Ltd. Andul, Howrah,
West Bengal, India. The as received cupola slag appeared to be stony bolder like and
greenish black in colour as shown in Figure 2.1. Cupola slag needs to be processed
technically for the development of low-cost reinforcement particles. The process of
development has been shown in Figure 2.2. The first step in the development of low-
cost reinforcement from waste materials is to collect the cupola slag from a foundry, it
came in the form of a dense stony structure as shown in Figure 2.1. The slags are then
ball-milled using an industrial ball milling machine. Assorted powder of cupola slag has
been produced which is further sieved for categorization into different sizes. Cupola
slag is a waste of cast iron melting process so it is ubiquitous that there may be a
presence of small iron particles in powdered cupola slag. These iron particles may create

difficulties while the fabrication of composites and hence, the iron particles are removed
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by magnetic separation. Developed low-cost reinforcement powders has been shown in
Figure 2.3. The final particle size analysis curve for 100 um cupola slag particle has
been presented in Figure 2.4. The particle size distribution analysis reveals
characteristic size parameters of dio = 79 pm, dso = 100.45 um, and deo = 134.51 pm,
indicating that most particles are between 79 and 134.51 um, with median particle size
of 100.45 pum. The size distribution follows a normal pattern with the highest number
of particles (32%) around 105-110 pm. The particles have fairly uniform sizes, which
is good for reinforcing in composites. This size range helps the particles mix well with
the metal matrix and creates strong bonds, leading to better mechanical properties in the
final composite material. Continuous ball milling and sieve shaking ensure size control.
Developed reinforcements have been gone through various characterization techniques
for getting insight into their chemical and physical properties. The chemical constituents
and phases of cupola slag have been analysed by X-Ray Fluorescence (XRF) using
Rigaku ED-XRF Model-NEX DE Analyzer and X-Ray Diffraction (XRD) using Ultima
III, XRD, Rigaku Corporation. The morphology of developed cupola slag particle has
been analysed using scanning electron microscopy (model: JEOL JSM IT500) equipped
with energy dispersive spectroscopy (SEM-EDS).

Figure 2.1 Picture of received cupola slag
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Collection of cupola slag from foundry
* Dense and solid slag

=
Ball milling of slag N
* Assorted powder from of slag
|
Catigorization using sieves N
» Sorted slag in different particle size (ie. 40y, 70u, 100
etc.)
=
N

Magnetic separation
+ Iron free slag particle of different size

N
Reinforcement particle of different size

Figure 2.2 Process flow chart for developing cupola slag as reinforcement particle

(b)

Figure 2.3 (a) 40 um and (b) 100 pum cupola slag reinforcement particles used for
fabrication of AMCs
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Figure 2.4 Particle size distribution curve of cupola slag (dso =100 pm)
The physical properties of newly developed cupola slag powder have been presented

in Table 2.3. The Table 2.4 shows the XRF outcomes indicating the chemical
constituents of cupola slag used in this work. The mineralogical phase analysis using
XRD has been shown in Figure 2.5. It is evident from Figure 2.5 that cupola slag is
consists of predominant quartz (SiO2) phase as the peak found in 20 = 20.86° and 20 =
26.64° according to reference code 00-046-1045 from International Centre for
Diffraction Data (ICDD). This low angle quartz phase along with noisy XRD curve
signifies the amorphous nature of cupola slag [132]. Other than quartz cupola slag
contains fluorite (CaF»), calcite (CaCO3) and silicon (Si) as per the matched reference
codes 00-035-0816, 00-005-0586 and 00-027-1402 respectively at 20 values shown in
Figure 2.5. Figure 2.6 shows the SEM morphology of CS particles depicting irregularly
shaped particles with sharp, pointy edges beneficial for proper bonding. The EDS
analysis of cupola slag particles before magnetic separation shows higher weight
percentage of iron due to presence of cast iron residue in slag particles as presented in
Figure 2.7. The EDS analysis of CS particles after iron removal through magnetic
separation has been presented in Figure 2.8, depicts presence of Al, Ca, Si, Fe and O
which indicates hard ceramics like Si0,, A1,O3, CaO, Fe,Os3 are major constituents of
cupola slag. These results are well aligned with the XRF and XRD observations

discussed earlier.
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Table 2.3 Cupola slag physical properties

Properties Remarks
Appearance Greenish black, dense stony material
Crystallinity Amorphous
Specific gravity 2.87
Bulk density 1250 kg/m?
Water absorption 0.4 %

Table 2.4 Chemical components of cupola slag

Components SiO, Fe;0; ALO; CaO MnO MgO TiO, K,O  Otheroxides
‘Weight Percentage (wt.%) 53.1 16.1 11.1 10.7 333 194 122 1.05 Remaining

1 S = Silicon (ICDD: 00 - 027 - 1402)
50 Q = Quartz (ICDD: 00 - 046 - 1405)
s C = Calcite (ICDD: 00 - 005 - 0586)
F = Fluorite (ICDD: 00 - 035 - 0816)
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Figure 2.5 XRD plot of cupola slag

50 pm
7

Figure 2.6 SEM morphology of cupola slag
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Figure 2.8 EDS analysis of cupola slag after magnetic separation

2.2.Fabrication of composites by stir casting

AMCs using LM11 matrix and cupola slag reinforcements have been fabricated
through stir casting mode. It is the obvious choice for fabricating low-cost AMCs due
to its easy operation and lower cost with respect to other fabrication techniques like
powder metallurgy, in situ fabrications etc. Stir casting allows large scale production
due to the simple operating process and higher economy [133]. Along with it, the
stirring action facilitated the uniform particle dispersion, essential for property
enhancements of composites. Stir casting is a process of melting and stirring where
reinforcements are poured into molten base metal vortex formed due to stirring. This
process of fabrication provides flexibility in type, size and amount of reinforcements
for successfully tailoring the properties of composites [134]. The bottom pouring type
vacuum stir casting machine (Make: SWAMEQUIP) has been used for this purpose.
The photograph of stir casting setup has been presented in Figure 2.9. The setup

indicates major components of the stir casting setup while the schematic diagram shown
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in Figure 2.10 provide a detailed scientific insight about the stir casting setup. The setup
has one main melting furnace along with it powder pre-heating and a mould pre-heating
furnace are attached. Bottom pouring is assisted by a vacuum pump to get sound cast
composites. The process parameters for stir casting have been shown in Table 2.5.
Rigorous literature survey along with trial experimentations have been performed for
selecting the parameters. The process of fabrication is described in Figure 2.11.
According to required quantity of LM11 ingots has been melted at 750 °C in the main
melting furnace. The melting temperature has been measured with the help of a k-type
thermocouple. While melting desired quantity of cupola slag particles of predefined
average particle size have been preheated at 300°C in the powder preheating furnace.
After successful melting of LM 11, the mechanical stirrer has been pulled down to 3/4™"
depth of the crucible and rotated at a constant rpm of 500 rpm. The rotation continues
till a vortex is formed in the molten LM11 alloy. A small amount (< 1wt.%) of 99% pure
magnesium (Mg) has been added to the molten LM11 to improve wettability in the
casting. Preheated particles of cupola slag have been poured from the powder preheating
chamber to the main melting furnace while stirring. The rotation speed of the stirrer has
been increased to 600 rpm after powder pouring and stirring continues for 8 to 10
minutes for uniform dispersion of powder particles in the mixture. Steel made split type
cylindrical mould has been preheated to 400°C to ensure flawless solidification after
pouring. The mould temperature has been measured using a k-type thermocouple.
Preheated mould has been placed in a chamber in alignment with the bottom pouring
hole. The molten composite after uniform dispersion has been poured into the preheated
mould by opening the bottom pouring valve. A vacuum pressure of 102 mbar
maintained using a vacuum pump. This vacuum helps in producing defect free casting
of composites. The mould has been left at room temperature for solidification for 24
hrs. The final cast composites have been obtained after the opening of the split type
steel mould. A similar process has been repeated for the casting of all the composites
used in this work. The composites have been fabricated firstly by varying average
particle size as 40 um and 100 um with Swt.% inclusion and secondly by varying weight

percentage as 3, 5 and 7 wt.% with average reinforcement particle size of 100 pm.
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Table 2.5 Process parameters of stir casting

Process Parameters Values
Melting temperature 750 °C
Powder Preheating temperature 300 °C
Mould preheating temperature 400 °C
Mechanical stirrer material Stainless steel
Blade angle of mechanical stirrer 45°
Stirring speed before and while reinforcement addition 500 rpm
Stirring speed after reinforcement addition 600 rpm
Stirring time 8 to 10 minutes
Mould dimension @ 30 mm x 300 mm
Mould type Split type
Vacuum pressure while pouring 10”2 mbar

Motor

Control unit

Stirrer

Powder preheating
furnace

Melting furnace

e Y ACUUM pumMp
control unit

Preheated mould

Figure 2.9 Photograph of stir casting setup
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Figure 2.10 Schematic diagram of stir casting setup
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Figure 2.11 Flowchart of cupola slag reinforced composite fabrication
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2.3.Measurement of density

Cupola slag reinforced LM 11 matrix composites are new to the industry. Thus, it is
very much necessary to understand and compare the density and porosity percentage
associated with all variations cast composites. The experimental density (pexp) of the
cast composites has been measured using Archimedes’ principle of volume
displacement. This method reduces the errors of measurements due to presences of
surface pores. Each sample has been weighted in the air (m) and then suspended in
water to measure volume displacement (Av), the density is given by Eq. 2.1. The

measurements have been repeated five times and the average value has been reported.

m g
Z;z;;; (2.1)

The densification behaviour or porosity percentage of the composite dependent on

Pexp =

the theoretical density. Law of mixture has been used to calculate the theoretical density
(o) by following Eq. 2.2, where py, and wt.%,, represents density and weight
percentage of matrix respectively while, pp and wt.%pg represents density of

reinforcement particle and weight percentage of reinforced particles respectively.

pen = (o X WE.%n) + (pp X WE.%¢) 75 (22)

The porosity percentage is an important identifier of uniform reinforcement
dispersion has calculated using theoretical and experimental densities. It is given by
porosity percentage in Eq. 2.3, in terms of experimental and theoretical density.

Pexp

X 100 % (2.3)

Porosity percentage = |1 -
th

The analysis of density and porosity can provide suggestions about the strength to
weight ratio of the newly fabricated composite. Moreover, the porosity percentage

provides insight about hardness and toughness of the materials.

2.4.Microstructural characterizations

Surface microstructures of novel high-performance materials can provide great
amount of information which can indicate its exceptional properties. The micrographs
from detailed microstructural characterizations can provide information about grain size
and orientations, particle distribution, matrix reinforcement interface, homogeneity,

morphology of cast composites. These investigations are vital in understanding the
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properties of the composite, as it helps in explaining the operational property
enhancement by cupola slag incorporation in novel cast composites. The
microstructures have been analysed using optical microscopy in general. Along with it,
comprehensive catheterization of morphology along with elemental chemical
composition study has been introspected using scanning electron microscope equipped
with energy dispersive X-ray spectroscopy (SEM-EDS). The cast composites samples
need to be metallographically prepared for microstructural investigations. Cast samples
have been cut to pieces of 15mm x 15mm x 10mm for characterizations The specimens
have been polished by metallographic techniques. Samples have been polished using
emery paper of grit size 400, 600, 800, 1200, 2000 grade respectively which is followed
by cloth polishing using diamond paste (1) for obtaining mirror finish. Upon achieving
mirror finish according to ASTM E3-01 standard, samples have been etched using
Keller’s reagent to improve the visibility of micrograph features. The Keller’s etchant
contains 2 ml HF (48 wt.%), 3 ml HCI (conc.), 5 ml HNOs (conc.) and 190 ml distilled
water and applied fresh on the surface for 3s which enhance the clarity of grains and
grain boundaries under the microscope. This work utilized an Olympus metallurgical
microscope for general micrograph while high contrast higher magnification
micrographs are obtained using JEOL SEM-EDS setup (model: JEOL JSM IT500).
SEM uses 300 V to 30 kV accelerating voltage in high vacuum mode along with EDS
of 129 eV resolution. The micrographs obtained have been further processed using
standard image processing software to analyse the grain size, refinement percentages,
morphological improvements. Other than these general-purpose use microscopes have
been also used for insights about fractography analysis of fracture surface of tensile

tests of composites.

2.5.Mechanical characterizations

The suitability of novel cupola slag reinforced composites in practical real-world
application is defined by its mechanical properties. The material behaviour under
different operational condition can be predicted by introspection of mechanical
properties. This ensures reliability and safety in practical engineering applications.
Thus, it is necessary to thoroughly introspect mechanical properties of the cupola slag
reinforced LM11 matrix composite. Cast composites after subsequent sample
preparation steps undergone various mechanical characterizations. These include

hardness, tensile properties of composites. All the measurements have been taken
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multiple times and the average has been presented to ensure of experimental accuracy.
The characterization has enabled a deeper insight of the composite's mechanical

properties, making it possible to optimize for specific applications.

2.5.1. Hardness

One of the wide application areas for cupola slag reinforced composites is light
weight parts of automobile and aerospace equipment. These required to be resistant to
wear which can be achieved by tailoring higher hardness in the cast composites.
Hardness is the property of material by which resist the indentation. The micro-
hardness has been measured in a Vickers hardness testing machine (VMHT-MOT)
according to ASTM standard E384 — 99. A diamond indenter has been used with 50 gf
force and for 10 s dwell time along with 50 um/s loading rate for making the indentation
on polished surface. The diagonals of intention mark have been measured from
microscopic image as di and dz and finally, Vickers Hardness Number (Hv) has been
calculated using Eq. 2.4. The indentation has been measured across minimum of 10

different positions in the samples and the average value has been presented.

Hy = 1.8544 X = (2.4)

where, F is the load in kgf and d is the arithmetic mean of diagonals d; and d> in mm.

2.5.2. Tensile behaviour

The tensile properties are vital for novel AMCs as it indicates materials performance
in real time applications. Many properties of material such as ultimate load bearing
capacity, ultimate tensile strength, yield stress, elongation, breaking strain can be
obtained by performing tensile test on newly developed slag reinforced composites. The
tensile test has been done in Zwickroll universal testing machine (UTM), with rate of
elongation of 1.5 mm/min. The test samples have been prepared as per ASTM E — 8
standards with a gauge length 25 mm. The load verses elongation graph has been
obtained from the computer attachment of UTM and then the data has been processed
to plot stress verses strain graph along with 0.2% offset strain for predicting yield stress.
The specific strength which is one of the major parameters for light weight applications
of composites has been calculated. The detailed fracture mechanism has been observed
by fractography using SEM imaging of fractured samples. The elongation and braking
strain have also been calculated from these tensile tests. Each tensile test has been

conducted on three specimens of each variant of composites and the average load versus
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elongation data has been accepted for further calculation of tensile properties. This
understanding of tensile properties is crucial for designing AMCs for high-performance
applications in fields like aerospace, automotive and structural engineering, where

materials need to be strong yet lightweight.

2.6.Introspection of machinability indices

Analysis of machining behaviour is very much essential for the novel cupola slag
reinforced composites. Ease of machining or machinability studies are particularly
important, firstly, as slag reinforced composites are practically more difficult to machine
and secondly, machining is an essential secondary process that any material should go
through to be developed as product. The understanding of chip formation mechanisms,
tool ware assessments, surface integrity enhancements are very important in
determining the applications and life services of these economic composites. The
machinability studies can give a feasibility of adding cupola slag as reinforcement in
AMCs after appraising machinability characteristics in the composites. This
information is vital for identifying applications and commercial viability of these

materials. Hence, in this section details of machinability studies have been presented.

2.6.1. Experimental setup

The machinability studies have been conducted on turning operation as it has the
ability to from widest variety of surface generation via machining. The turning has been
conducted on a conventional lathe without any cutting fluid to introspect the true
machinability of novel cupola slag reinforced composites. The composites are hard
material due to presence of hard ceramic particles. Hence, it is recommended to use
carbide coated cutting tool for turning. This work uses CNMG120408 carbide coated
tool inserts along with DCLNR2020K 12 tool holder has been used as cutting tool. The
tool geometry along with photographs of tool insert and the tool holder have been
presented in Figure 2.12 (a) and (b) respectively. The Figure 2.12 depicts that insert has
a nose radius of 0.80 mm and tool holder is a right-hand cutting tool with a relief angle
of 95°.  The machinability of cast composites has been assessed following ISO 3685-
1977 and BS 5623: 1979 standards. Turning of cast composites has been performed in
a conventional centre lathe with a machining length of 50 mm on constant diameter
specimen of 50 mm diameter for each experiment. The experimental set up used for this
work has been presented in Figure 2.13, while a close-up view of tool workpiece

interface has been presented in Figure 2.14. The setup shows robust conventional lathe
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which minimizes the error in measurement due to machine vibration. The cutting force
has only been measured in-situ while the other responses has been measured post

experimentation.

(a) 80°
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-54,5°
30 125
: g

Dynamometcr\'

Power meter

Figure 2.13 Photograph of experimental setup (inset: shows zoomed image of tool
workpiece interface indicating dynamometer)
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Figure 2.14 Close up view of tool workpiece interface
2.6.2. Parameters selection

Any experimental investigation should follow a well thought plan to reduce the time
and material loss which reduces the cost of analysis. The basic step in experimental
planning is to identify the parameters of the experiments. All system of experiments
consists of two major set of variables one is independent other wise said as input or
process parameters and the other ones are dependent or responses generally referred as
output. The input parameters are user controlled while the outputs are process or system
controlled. The inputs clearly influence the responses. Thus, selection of process
parameters and responses are critical in any experimental study. In this machinability
analysis the process inputs are selected as weight percentage of cupola slag (wt.%), feed
rate (mm/rev) and spindle speed (rpm) based on literature and pilot experimentations.
The influence of slag inclusion can be determined by the first process input while the
other two are necessary to introspect the dependency on machining. The other well-
known machining parameter depth of cut (mm) has been kept constant intentionally
throughout the experimentation due to the fact that the effect of depth of cut on
machinability indices is well established in present academia [129, 130]. The ranges of
input parameters have been selected through literature study and rigours pilot

experimentation. The range of process parameters has been tabulated in Table 2.6.

Table 2.6 Process inputs of machining with ranges

Condition Description
Feed rate (mm/rev) 0.083, 0.109 and 0.125
Spindle speed (rpm) 495, 620 and 800
Depth of cut (mm) 1
Cupola slag content (wt.%) 0,3,5,7

Cutting condition Dry
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The machinability has been accessed in terms of various indices these indices has
been taken as response in this experimental investigation. The quality of the finished
product and economy of machining are highly dependent on indices like surface
roughness (pum), chip thickness (mm) and material removal rate (g/min) while cutting
force (N) and power consumption (kW) are other indices of interest, as they are
responsible for the energy aspects of machinability. In addition, tool wear (um) is
another important response as it influences tool life and economy of machining. Thus,
in this work six machinability indices such as cutting force, power consumption,
material removal rate (MRR), surface roughness of machined surface, chip thickness

and tool wear has been selected as responses.

2.6.3. Design of experiments

The experimental investigation of machinability of novel slag reinforced composites
requires a detailed experimental design. The proper design of experiments reduces the
material and time loss of experimentation resulting in cost reduction. The experimental
setup and selection of process parameters has been presented in previous paragraphs.
This work adopts a full factorial experimental design with three input factors as
discussed in section 2.6.2. The full factorial design is very effective as it allows
introspection of multi factor influence along with their interactions. This provides more
comprehensive information about the system of experiments. A full factorial design
estimates all main effect plots and is said to be orthogonal as the influence of every
factor can be isolated and quantified independently. Although, it requires more numbers
of experiments, this gives the fullest insight about the experimental system. The full
factorial design matrix used in this work has been presented in Table 2.7. The bounds
of process input have been taken from Table 2.6. A total of 36 experiments has been
conducted according to experimental design. Each run of experiments has been

conducted using new tool inserts to depict tool wear post operation.
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Table 2.7 Design of experiments for machining

Exp. Spindle Feed Weight Exp. Spindle Feed Weight
No. Speed Rate percentage No. Speed Rate percentage
1 495 0.083 0 19 620 0.109 5
2 495 0.083 3 20 620 0.109 7
3 495 0.083 5 21 620 0.125 0
4 495 0.083 7 22 620 0.125 3
5 495 0.109 0 23 620 0.125 5
6 495 0.109 3 24 620 0.125 7
7 495 0.109 5 25 800 0.083 0
8 495 0.109 7 26 800 0.083 3
9 495 0.125 0 27 800 0.083 5
10 495 0.125 3 28 800 0.083 7
11 495 0.125 5 29 800 0.109 0
12 495 0.125 7 30 800 0.109 3
13 620 0.083 0 31 800 0.109 5
14 620 0.083 3 32 800 0.109 7
15 620 0.083 5 33 800 0.125 0
16 620 0.083 7 34 800 0.125 3
17 620 0.109 0 35 800 0.125 5
18 620 0.109 3 36 800 0.125 7

2.6.4. Responses measurements

The machinability analysis has been conducted by measuring six machinability
indices as discussed earlier. Among all the responses only cutting force has been
measured in-situ while machining. The cutting force has been measured using a
piezoelectric dynamometer (Make: Kistler, Model: 9272) equipped with computer-
based data acquisition system. The resultant of 3 axis force (Fx, Fy and F,) has been
reported as cutting force. The power consumption has been measured using in-built
power meter. The cutting force and power consumptions have been measured in real
time while machining and the arrearage value has been reported. The tool wear has been
measured by using optical imaging of cutting tool inserts before and after turning. A
surface roughness tester (Make: Taylor Hobson) was used to measure the machined
surface integrity. It was measured after each machining pass with a sample length of 4
mm. The roughness was measured at five different positions and the mean was reported.
The experimental MRR was calculated by weight loss method, samples initial and final
weights were taken using high precision weighing scale (Make: Mettler Toledo -

BBA236-4A3N) with accuracy up to 0.001 g after each machining pass. The chips were
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collected after each pass of turning. Chip thickness was measured using a pointed
micrometre. The chip thickness was measured at various points in a chip and the average
value had been reported. Moreover, a rigorous introspection of chips formed in various

cutting parameters was performed using chip analysis.

2.6.5. Methodology of Analysis

The analysis of the experimental data from the machinability studies has been
performed using Minitab — 18 software. The main effect plots of each response have
been obtained to introspect the influence of process parameters on the responses. The
infographic presentation of responses with respect to individual process inputs yield
robust observations on machinability properties of novel composites. The detailed chip
analysis has been performed to introspect the underlying mechanism of chip formation.
A comparative analysis of machinability has been presented with the help of radar
diagram, which has been constructed by normalizing the values of machinability indices
from 0 to 100, as the maximum value for each index has been assigned as 100 and
subsequently the other values have been converted to percentage of the maximum value.

This eases the comparisons of machinability visually.

2.7.Heat treatment of cupola slag reinforced composites

The base LMI11 alloy are highly responsive to solution heat treatment. This
significantly improves the properties and internal orientations of the alloy. The copper
present in LM11 alloy effectively dissolved back into aluminium matrix during the
solution treatment. This reintroduction of copper into the microstructure with uniform
dispersion throughout the matrix can form strengthening precipitates upon subsequent
natural aging. This improves the overall properties and performance of the LM11 alloy.
Given the importance of this heat treatment-induced strengthening mechanism in the
base LM11 alloy, it is essential to investigate the impact of heat treatment on novel
cupola slag-reinforced LMI11 composites. The presence of the cupola slag
reinforcement may influence the alloy's response to heat treatment, potentially altering
the microstructural changes along with the resulting mechanical and machinability
properties. In this section detailed heat treatment process adopted in this work has been

presented.
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2.7.1.Selection of schedule

The heat treatment schedule followed in this work has been based on the literature
review and trial and error experimentations. The literatures indicate the parameters of
heat treatment as heat treatment temperature, holding time, aging temperature and aging
time. These parameters have been selected as per the literature as, heat treatment
temperature 500 °C to 530 °C, holding time as 2 to 6 hrs, aging temperature as 80 °C to
120 °C and aging time as 4 to 8 hrs [131, 132]. The trial-and-error experiments has been
designed using 4 factor 3 level Taguchi Lo orthogonal array with hardness as decision
variable. The 7 wt.% slag reinforced composites have been treated in these pilot
experiments, as this has the maximum amount of slag included in the metal matrix.
These pilot experimentation reveals the optimum parameter for solution treatment as
heating at 530 °C for 6 hours followed by water quenching at 70 °C and aging at 100 °C
for 4 hours. This decision has been based on the maximum enhancement of hardness

when compared with as cast composites.

2.7.2. Process of heat treatment

This solution treatment process consists of heating the composites to a specific
temperature, holding it at that point for a predetermined duration, and then cooling at
room temperature. This followed by an aging of composites to a certain aging
temperature for predetermined amount of time. The cast composites have been heat-
treated according to T6 condition as per selected parameters. The T6 condition is a
common heat treatment for aluminium alloys that involves three steps: solution heat
treatment, quenching, and artificial aging. The alloy is heated (490540 °C) to dissolve
soluble phases, rapidly quenched to form a supersaturated solid solution, and then aged
(100-190 °C) to precipitate fine, coherent phases that strengthen the matrix. This
treatment gives higher hardness and strength and is widely used in aerospace,
automotive, and industrial parts. In AMCs, T6 also improves hardness and strength, but
the presence of reinforcement particles affects how precipitates form, so the treatment
schedule is adjusted for each composite. The samples are heat-treated in a muftle
furnace and aged in an induction heating chamber. The schedule of heat treatment
followed for all the composites is treating at 530 °C for 6 hours followed by water
quenching at 70 °C and aging at 100 °C for 4 hours and natural aging which further
artificially aged at 100 °C for 4 hours. The heat-treated samples have been cut and

prepared metallographically for microstructural characterizations. Moreover, the heat-
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treated composites have been characterized for physical properties, mechanical and
machinability analysis similar to the as cast composites. Detailed comparisons of all
properties and machinability studies of heat-treated and as cast composites has been

discussed in this work.

2.8.Summary

This experimental study on novel cupola slag reinforced aluminium metal matrix
composites has followed a well-structured methodology presented as flowchart in
Figure 2.15. The work has been conducted in four major steps, first cupola slag has been
procured, processed and general characterizations has been done. This followed by
inspection of effect of particle size and further studies on weight percentage variation
and finally study on heat-treated composites, as depicted in Figure 2.15. The
experimentation, raw material analysis and reinforcement procurement, development

along with characterization has been already discussed in Section 2.1.

The influence of particle size has been analysed by fabricating cast composites with
constant 5 wt.% cupola slag inclusion and varying average reinforcement particle size
as 40 um and 100 pum along with base metal. The cast composites have been
introspected on the basis of microstructural alterations, grain refinements, physical and
mechanical property enhancement and comparative study with base metal. The decision
taken from this stage of experimentation has been carried to the next stage along with-

it detailed understanding of particle size influence in composite has been presented.

Procurement, development and characterizations of cupola slag and LM11

Introspection on Impact of avarage particle size

Introspection on Impact of ammount of cupola slag

Introspection on impact of heat treatment on cast composites

Figure 2.15 Flowchart of methodology adopted
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The selected particle size of the cast composites has been taken constant for further
stages of experimentation. The impact of slag content has been studied by fabrication
of cast composites with varying wt.% of cupola slag as 0, 3, 5 and 7 wt.%. The slag
content is varied only up to 7 wt.% because in the pilot experimentation it has been
observed that beyond 7 wt.% slag inclusion highly defective casting with pores and
agglomerations are formed which are visible even by naked eye. This reduction of
quality is the result of reduced wettability beyond 7 wt.% slag inclusion. These cast
composites have been undergone rigorous microstructural, physical, mechanical and
machinability characterizations as discussed in previous paragraphs of this chapter. This
study concluded with detailed discussion and comparison on enhancement of material

properties by inclusion of waste cupola slag.

The last stage in this experimental study is the heat treatment analysis. The cast
composites with varying weight percentage have been undergone heat treatment as per
the procedure discussed in Section 2.7. The solution treated composites has been
analysed in terms of mechanical, physical and microstructural investigations. Moreover,
analysis on machinability behaviour and comparisons with LM11 as well as as-cast
composites has been performed. The detailed analysis on property enhancement and

justification of cupola slag as reinforcement particles has been introspected.



Chapter 3

Study on Particle Size Variation of

Reinforced Cupola Slag Particles

ew era of innovation requires noble materials with tailored properties.
AMCs are one of such new age materials with light weight, high
performance along with desired application-based properties. However,
mass-scale production of AMCs has not been observed since the cost of AMCs is higher
than conventional monolithic alloys. This leads to compromise property improvement
in most of the application areas. Only specific applications have been accepted AMCs

as an alternative due to the higher cost [137].

The cost may be reduced by lowering the cost of fabrication and the cost of
reinforcement material. Stir casting is an economic alternative for the fabrication
process. It is simple in operation and greater control over the process can be established
[138]. The cost of reinforcement particles can be reduced by using non-conventional
reinforcement cupola slag. Cupola slag is an industrial waste that has no material cost.
Only transportation and cost of reinforcement particle development will occur to use it
as reinforcement. Mechanical property improvement may be expected in cupola slag
reinforced AMCs. The added advantage would be in conversion of industrial waste to
resource for the development of engineering material. The attempts have been made to
fabricate and introspect the cupola slag reinforced composites. The effect of average
particle size of reinforcement has been investigated. The average reinforcement particle

size is important as the properties and strengthening mechanisms of the composites
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highly dependent on the particle size. The microstructural, physical and mechanical
properties of cupola slag reinforced composites have been evaluated and the results

have been reported in this chapter.

In this experimental investigation on effect of average particle size of
reinforcements, as received stony cupola slag has been used to develop two types of
reinforcement material for the fabrication AMCs those are cupola slag of 40 pum and
100 um particle size. Now, three types of AMCs have been fabricated using stir casting
route, LM11 casting without any reinforcement, LM11 AMC with 5 wt.% cupola slag
of 40 um particles size as reinforcement and LM11 AMC with 5 wt.% cupola slag of
100 pm particles size as reinforcement. The selection of 5 wt.% reinforcement was
based on prior studies where lower percentages of waste-based reinforcements ensured
uniform dispersion and improved properties. Literature also indicates that particles in
the 40—100 pum range provide better wettability and bonding. Pilot trials confirmed that
5 wt.% with 40 pm and 100 pum sizes offered optimal dispersion and interfacial bonding.
The quality of developed composites (LM11/5wt.% 40 pm CS composites,
LM11/5wt.% 100 um CS composites) has been characterized for density, porosity,
hardness, grain refinement along with optical and SEM — EDS microstructural analysis.
Detailed experimental procedures and setups have been discussed in Chapter 2. The
feasibility of the process to develop low-cost cast composites with improved properties
has been assessed. The confirmation of the successful development of AMCs has been
observed with the help of EDS and elemental mapping. The influence of the average
particle size on the properties of cast composites has been discussed. The insights on
underlying mechanisms of property enhancement have been presented. Moreover, the
reinforcement particle size showing better properties has been chosen for further

investigations.

3.1.Effect on microstructure

Optical microstructures of base LM11 along with two variants of cast composites
have been shown in Figure 3.1 (a—c). The microstructure indicates a uniform dispersion
of cupola slag throughout the matrix as well as the grain boundaries as illustrated in
Figure 3.1 (b) and Figure 3.1 (c). Clean interfacial bonding has been found between
cupola slag particles and the LM 11 matrix. There is very low amount of agglomeration
has been present as a small amount of Mg is used while fabrication to improve

wettability [139]. The reinforcement-matrix interfaces have been identified as clean and
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free from any intermediate phases which lead to higher interfacial bond strength [140].
A more detailed analysis of the microstructure, interfaces and cupola slag inclusion has

been discussed using scanning electron microscopy results.

_Uniformly distributed cupola slag particles 1&“

Figure 3.1 Optical micrographs of (a) LM11, (b) LM11/5wt.% 40 pm CS and (c)
LM11/5wt.% 100 um CS composites
The optical microstructures shown in Figure 3.1 indicate refinements of grains as

cupola slag is dispersed in the metal matrix. The grain size has been measured by the
masking technique. The process is described with the help of Figure 3.2 (a — f). Figure
3.2 (a) is the microscopic image of base LM11 alloy which is masked to find the grain
boundaries prominently in Figure 3.2 (b). Similarly, Figure 3.2 (c) represents
LM11/5wt.% 40 pm CS composite’s microstructure and its masked grain boundaries
have been shown in Figure 3.2 (d). LM 11/5wt.% 100 um CS composite’s microstructure
and its masked grain boundaries have been depicted in Figure 3.2 (e) and Figure 3.2 (f)
respectively. The grain size has been extracted from the masked images in Figure 3.2
using the line interception method in accordance with ASTM E112 standard. After
masking, the grain boundaries become clearly distinguishable, as shown in Figure 3.2
(b), (d), and (f). A set of uniformly spaced straight lines were overlaid on these masked
images, and the number of grain boundary intersections per unit length was counted.
The average grain size was then calculated from the reciprocal of the lineal intercept
length. This procedure was repeated over multiple fields of view to minimize statistical
error. The histograms for particle size for base LM11, LM11/5wt.% 40 um CS and
LM11/5wt.% 100 um CS composites have been presented in Figure 3.3 (a), Figure 3.3
(b) and Figure 3.3 (c¢) respectively. The average particle sizes have been reported in
Table 3.1. It is clearly observed from Figure 3.2 and Figure 3.3 that grains have been

refined due to cupola slag inclusion. Same kind of grain refinements has been
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investigated in the previous works [141,142]. Table 3.1 suggests that LM11/5wt.% 40
pm CS composites have lower grain size than LM11/5wt.% 100 um CS composites.
Smaller particle size creates dense dispersion of reinforcement in the case of 40 um
which upon solidification creates smaller grains [143]. This smaller grain size can also
be a result of incomplete grain growth of the matrix while solidification due to dense
dispersion of the second phase [144]. The overall percentage reduction in grain size,
when compared with base LM11, was observed to be 82.84 % for LM11/5wt.% 40 pm
CS composites and 71.08 % for LM11/5wt.% 100 um CS composites which indicates

the improvement of mechanical properties of the developed cast composites [145].
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Figure 3.2 Optical microscopic images of (a) LM11, (c) LM11/5wt.% 40 um CS, (e)
LM11/5wt.% 100 um CS composites and masked grain boundaries for grain size
measurement for (b) LM11, (d) LM11/5wt.% 40 pm CS, (f) LM11/5wt.% 100 pm CS

composites
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Figure 3.3 Histograms of particle size of (a) LM11, (b) LM11/5wt.% 40 um CS, (¢)
LM11/5wt.% 100 um CS composites
Table 3.1 Average grain size results

% Frequency of occurence

Composites Average grain size (um)
LM 11 160.98
LM 11/5wt.% 40 pm CS 27.61
LM 11/5wt.% 100 pm CS 46.55

SEM micrographs have been shown in Figure 3.4 (a — c). Figure 3.4 (a) depicts no
presence of the second phase in base LM 11 alloy but nearly equiaxed grains are visible.
Figure 3.4 (b) represents LM 11/5wt.% 40 pm CS composites with visible reinforcement
and interface. Similarly, in Figure 3.4 (¢) LM11/5wt.% 100 um CS composites have
been shown with visible slag sites and interface. It is clear from Figure 3.4 (b) and
Figure 3.4 (c) that successful slag inclusion along with good interfacial bonding has
occurred in the process of development of these low-cost cast composites. It is also
visible from SEM micrographs that cupola slag particles dispersed not only at the grain
boundaries but also inside the grain which would show property improvement of the

base materials [146].
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Reinforced cupola
slag

Figure 3.4 SEM micrograph of (a) LM11, (b) LM11/5wt.% 40 pm CS and (c)
LM11/5wt.% 100 um CS composites

The confirmation about cupola slag inclusion was further analysed using EDS. The
results of EDS have been shown in Figure 3.5 (a — ¢). Figure 3.5 (a) shows the spot of
EDS along with the EDS curve for the base LM 11 alloy. The results show the presence
of Al and Cu elements which are the major constituents of the LM11 alloy. No oxygen
peak has been observed in the EDS curve of the base which suggests that no oxides
have been formed during casting. Figure 3.5 (b) indicates the EDS analysis of
LM11/5wt.% 40 pm CS composites. The presence of elements such as O and Si ensures
cupola slag addition as these element maps to SiO2 which is the major constituent of
cupola slag. The presence of Mg in the EDS is due to the addition of Mg to improve
wettability while casting. Similar results have been seen for LM11/5wt.% 100 um CS
composites in Figure 3.5 (¢). The other elements of cupola slag have been not traced
using EDS due to the low weight percentage and smaller size of cupola slag particles
[147]. The EDS analysis confirms the inclusion of slag in the metal matrix of developed

composites.
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Figure 3.5 EDS analysis results for (a) LM11, (b) LM11/5wt.% 40 pm CS and (c)

LM11/5wt.% 100 um CS composites

Positional analysis by elemental mapping has provided robust proof of slag
inclusion. The elemental mapping for each element has been shown in Figure 3.6 (a, b).
The highlighted sections in Figure 3.6 show the corresponding elements. Figure 3.6 (a)
shows elemental mapping for LM11/5wt.% 40 um CS composites. It is clear from the
figure that the position identified as cupola slag has rich O and Si which may validate
the claim of cupola slag inclusion in developed metal matrix composites. Consequently,
Figure 3.6 (b) depicts that O and Si-rich regions are part of identified cupola slag

particle. Thus, detailed microstructural analysis supports the claim of the successful
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casting of low-cost AMCs and the feasibility of the method has been proven. Kok [148]

has previously reported similar results in microstructural analysis.

(6] Mg Al Cu Si
’ -----
(b) ---.-

Figure 3.6 Elemental mapping of EDS spot on (a) LM11/5wt.% 40 pm CS and (b)
LM11/5wt.% 100 um CS composites

3.2.Physical properties analysis

Density and porosity of the base alloy LM11 along with two variants of cast
composites namely, LM11/5wt.% 40 pum CS and LM 11/5wt.% 100 um composites have
been reported in Table 3.2. It is clear from Table 3.2 that density has been decreased in
cast composites when compared with base alloy. It is due to the fact that cupola slag
particles have a lower density when compared with base LM11. Sridhar Raja et al. [149]
has observed similar decrease in density by incorporating steel slag in Al356 alloy.
These developed cast composites of aluminium alloy with low density could be a
potential member for rotary parts in automobiles and other applications in transportation

[150].

Table 3.2 Density and porosity percentage results

Composites Density (g/cm®) Porosity Percentage (%)
LMI11 2.489 £ 0.006 5.74+0.29
LM11/5wt.% 40 pm CS 2.415 £ 0.006 3.75+0.19
LM11/5wt.% 100 pm CS 2.381 £0.006 12.34 £ 0.61

The variation of density and porosity with respect to the increasing particle size of
reinforcement has been plotted in Figure 3.7. The density has been observed to be
decreased in the case of both variants of cast composites. The density has been observed
to be lower in the case of LM11/5wt.% 100 um CS composites as shown in Figure 3.7.
Inclusion of larger cupola slag particle of 100 pm results in larger grains as compared
with composites with 40 pm CS addition as described in microscopic analysis [151].

The porosity on the other hand decreased initially when compared between base LM11
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and LM11/5wt.% 40 um CS composites. This has been identified as another supporting
fact for the claim of grain refinement which may result in better mechanical properties
[152]. Porosity percentage has been observed to be increased when 100 um CS particles
are reinforced which is a result of more voids due to the larger grain size of the cast

composites [153].

2.50 14
—a— Percentage porosity
% —a— Density I
2.48 mE:
2.48
10
= >
- 244 [
= o
o
3 =
= % oS
6
2.40 5
238 \E % 4
0 20 40 60 80 100

Particle Size (um)

Figure 3.7 Variation of density and porosity with respect to particle size
3.3.Microhardness analysis

Improvement of mechanical properties in the developed low-cost composites has
been indicated by the microstructural and physical property analysis. The effect on
microhardness has been analysed in this work and reported in Table 3.3. Figure 3.8
pictorially represents the microhardness analysis results. Improvement of
microhardness of cast composites, when compared with base LM 11, has been observed.
This improvement in hardness is the result of hard ceramic inclusion in the form of
cupola slag. Hamid et al. [154] has concluded a similar increment in hardness of
aluminium alloy by hard ceramic inclusion. The load applied while hardness has been
distributed over the hard reinforcement which leads to greater hardness values. In the
works of Sridhar Raja et al. [155] improvements of hardness due to steel slag inclusion
in Al 356 alloy have been investigated and observed to be in line with the current
experimental investigation. It is evident from Figure 3.8 that a maximum hardness of

82.8 Hv has been observed in LM11/5wt.% 100 um CS cast composites. Interestingly
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grain size of LM11/5wt.% 100 pm CS composites is higher than LM11/5wt.% 40 pm
CS. This larger value of hardness by using larger particle size as reinforcement is due
to the dense distribution of smaller 40 um cupola slag leads to limited grain growth
which acts as potential crack sites. These potential crack sites may take the indentation
load and decreases the hardness value although 40 um CS reinforced composites have
smaller grains [156]. The higher porosity in the 100 um composite does not reduce the
microhardness because the larger slag particles act as load-bearing agents during
indentation. Since microhardness is a localized test of limited depth, values may also
vary depending on whether the indentation falls on a grain or reinforcement-rich region.
Therefore, bulk hardness tests such as Brinell or Rockwell are recommended for a more
representative assessment of the overall hardness of the composites. The analysis has
indicated microhardness improvement in cast composites which make them a potential

member of application in various automobile, acrospace and defence industries.

Table 3.3 Microhardness results

Composites Microhardness (Hv)
LM 11 73.1£2
LM11/5 wt.% 40 pm CS 80.8+1.2
LM11/5 wt.% 100 pm CS 82.8+1.7
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Figure 3.8 Microhardness analysis results
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3.4.Summary
The study on reinforcement particle size variation indicates that it is feasible to use
cupola slag as a reinforcement in AMCs which yield enhancement of properties. The

major findings indicates that,

e Successful fabrication of cupola slag composites using the liquid metallurgy stir

casting process has been identified.

e Microstructural analysis shows uniform dispersion of cupola slag in the base

LM11 matrix.

e QGrain refinement indicated, yielding improved mechanical properties of the

LM11 alloy.
o SEM analysis indicates good interfacial bonding with a clean interface.

e EDS and elemental mapping confirm cupola slag inclusion in both cast

composite variants.
e The density of base LM11 decreases by cupola slag inclusions.

e Density further decreases with increasing particle size, making the composites
lighter as hardness is governed more by particle strengthening than bulk density,
with 100 pm particles acting as load-bearing sites despite lower density, while

40 pum particles refine grains but introduce crack sites.

o Composites with smaller cupola slag particles (40 pm) exhibit higher density

compared to those reinforced with larger particles (100 pm).

e The microhardness of LMI11 increases with incorporation of cupola slag

particles as reinforcements.

e Microhardness trends upward with increasing particle size, reaching a maximum

of 82.8 Hv in composites with 100 um cupola slag reinforcement.

e Composites with 100 um particle size show better particle dispersion, grain

refinement, microhardness, and clean matrix—reinforcement interface.

o The average reinforcement particle size of 100 pm is selected for further

investigations.






Chapter 4

Study on Weight Percentage Variation
of Reinforced Cupola Slag Particles

apid evolution in engineering and manufacturing demands light weight

material with enhanced mechanical properties. Aluminium metal matrix

composites with ceramic reinforcement particulates serve this demand due
to their reduced density, improved strength and hardness along with higher resistance
to wear and corrosion. However, the material cost hinders the full potential of
utilization. To overcome these challenges, in this work cupola slag, has been
incorporated as reinforcement of aluminium composites using low-cost stir casting
method. The enhancement of material properties by cupola slag inclusion on base alloy
has been investigated in detail. The impact of amount of slag inclusion has been
introspected. Moreover, discussion about the underlying mechanisms responsible for
the improvement in material properties has been presented with detailed microstructure
and fractographic analysis. This chapter is dedicated to reporting and discussion of
microstructural, physical and mechanical property enhancement, providing thorough
insights about the impacts of cupola slag content in the composites, mechanisms
responsible for improvement of properties. Additionally, the effectiveness of

incorporating an industrial waste to develop an economic novel AMCs has been judged.

The investigation of reinforcement weight percentage variation in the properties of
LMI11 cast composites has been analysed by fabricating the composites with inclusion
of cupola slag particle in varying weight percentage as 0, 3, 5 and 7wt.%. The average
particle size of cupola slag particle has been kept constant as 100 um as discussed in

Chapter 3. The fabrication has been followed economic stir casting process. The cast
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composites have undergone rigours microstructural, physical and mechanical
characterizations following the detailed methodology presented in Chapter 2. The grain
refinements, particle dispersion, density, porosity, hardness, tensile properties along
fractography have been studied in detailed. The comparative analysis of increase in

cupola slag content along with best weight percentage selection has been discussed.

4.1.Effect on microstructure

The optical microscopic image of base LM11 matrix, which is free from slag
particles and with larger grains as presented in Figure 4.1 (a). The inclusion of slag is
clearly visible in the case of cast composites with 3 wt.%, 5 wt.% and 7 wt.% of cupola
slag reinforced composites in Figure 4.1 (b — d). The yellow arrows in Figure 4.1 are
the slag particles and the red circles show the porosity. The grain size has been reduced

with increasing slag percentage as depicted in grain distribution curve shown in Figure

4.2 (a-d).

Figure 4.1 Optical micrographs of (a) LM11, (b) LM11/3wt.%CS (c) LM11/5wt.%CS
and (d) LM11/7wt.%CS where yellow arrows show slag particles and the red circles
show porosity
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Figure 4.2 Grain size distribution of (a) Base LM11 alloy (b) 3 wt.% CS/LM11
composites, (¢) 5 wt.% CS/LM11 composites and (d) 7 wt.% CS/LM11 composites

More detailed view of microstructure along with matrix reinforcement interfaces has
been observed using scanning electron microscopy imaging as depicted by Figure 4.3
(a —d). Figure 4.3 (a) shows the SEM image of base LM11 where Cu precipitation is
visible in the grain boundaries. The included slag in the matrix has been indicated by
yellow arrow in Figure 4.3. The black dots as visible clearly in Figure 4.3 (b) represent
the porosity which generated as a result of gas entrapment while casting. However, the
porosity found to be minimized with increasing weight percentage of cupola slag. It is
also observed from scanning electron microscopy imaging that the matrix reinforcement

interface improves with increasing cupola slag content as the interface becomes cleaner.
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Figure 4.3 Scanning electron microscopy micrographs of (a) LM11, (b)
LM11/3wt.%CS (c¢) LM11/5wt.%CS and (d) LM11/7wt.%CS where yellow arrows
show slag particles.

The evidence of slag inclusion has also been observed in energy dispersive
spectroscopy results along with elemental mapping presented in Figure 4.4 (a — d). The
major constituent of LM11 has been observed from Figure 4.4 (a) as aluminium and
copper along with 5.3 wt.% Cu in elemental mapping. Figure 4.4 (b — d) made it evident
that cupola slag particles which contain various metallic and non-metallic oxides such
as silicon dioxide (SiO,), calcium oxide (CaO), ferrous oxide (Fe2Os3) etc. has been
successfully incorporated in the metal matrix of LM11 as the trace of oxygen (O),
calcium (Ca), silicon (Si) and iron (Fe) can be observed in energy dispersive
spectroscopy of cast composites whereas, base material are free from these particles.
The microstructural results observed to be in agreement with the previous literatures

with fly ash reinforcement and rice husk ash reinforcement [37,157].

Properties of cast composites is highly dependent on the microstructure of the
material [158]. The microstructure studies using optical microscopy show the
refinement of grains with increasing amounts of cupola slag in the matrix. It should be

noted that the optical micrographs of base LMI11 alloy as presented in Figure 4.1 (a)
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have no cupola slag particles and has larger grains as compared with other cast
composites. Cupola slag has been introduced in the matrix and the slag particles act as
the site of nucleation and generate new grains while solidification. The numbers of
refined grains have been increased with increasing slag content. This is attributed to the
fact that with increasing cupola slag, the amount of grain nucleation sites increases
along with-it resistance to growing grains, generating finer grains. The porosity, on the
other hand, has been observed to be reduced with increasing slag content. This can be
explained by the phenomenon of void packing with increased amount of slag. Void
packing refers to the arrangement of empty spaces within the material. Its importance
lies in controlling mechanical properties by minimizing void concentration and size,
ensuring enhanced strength and stiffness. Efficient void packing contributes to a higher
material density, crucial for lightweight applications. When amount of slag is very less,
maximum of particles act as grain nucleation site and irregular grains have been formed
with inherent porosities. On the other hand, when amount of slag has been increased,
the slag particles have been dispersed uniformly in the grain boundary and inside the

grains which pack the porosity generated while solidification [159].

The SEM micrographs shown in Figure 4.3 indicates a clean matrix reinforcement
interface with nominal agglomeration of slag particles in the matrix. The inclusion of
slag has been evidenced by energy dispersive spectrometer analysis. The amount of Si,
Fe and Ca has increased with increasing slag percentage has been observed in Figure
4.4, which indicates successful inclusion of cupola slag particle in cast composites. The
scanning electron microscopy along with elemental mapping indicates the presence of
cupola slag in the grain boundary along with inside the grains which evidenced the two
reasons of grain refinement such as by acting as nucleation sites and by prohibiting the

grain growth to form new grains [37,146].
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Figure 4.4 Energy dispersive spectroscopy analysis along with elemental mapping for
(a) LM11, (b) LM11/3wt.%CS (c) LM11/5wt.%CS and (d) LM11/7wt.%CS

4.2.Improv

ements of density and porosity

The bar chart comparing theoretical density, experimental density and porosity

percentage of base LM11 along with cast composites has been presented in Figure 4.5.
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Inclusion of cupola slag reduced the density and percentage porosity and minimum
density with much lower porosity have been observed for the case of LM11/7wt.%CS
composites as depicted from Figure 4.5. It is noteworthy that the theoretical density
remained more or less similar for all the cast samples. Previous works with waste

reinforced AMCs reported similar decrease of density and porosity [160,161].
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Figure 4.5 Bar diagram of density and porosity for all the cast samples
The experimental density has been observed to be reduced with increasing cupola

slag percentage according to Figure 4.5. Density of cupola slag is lower than the density
of base metal, thus while mixing by fabrication of composites the density of cast
composites has been reduced. The porosity percentage has also been observed to be
reduced with increasing cupola slag content, which is in accordance with the optical
micrograph presented in Figure 4.1. The reduction in porosity may be due to increased
cupola slag content, which fills the gaps between grains. The comparative analysis of
reduction of density and porosity show that composites with slag contents have lower
density and porosity percentage which results in higher strength to weight ratio and
higher hardness. Moreover, 7 wt.% of cupola slag inclusion has the highest reduction
of density and porosity percentage as 11.39% and 92.67% respectively. This suggests
that with low density cast composites with 7 wt.% cupola slag inclusion has better
strength at low weight and lower porosity yields higher hardness. Incorporating low
density hard ceramic like particulate reinforcement results in reduction of density and

porosity [162,163].
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4.3.Hardness enhancement

The results of microhardness test by varying weight percentage of cupola slag has
been presented in Figure 4.6. The increasing cupola slag reinforcement weight
percentage increased the microhardness. It shows that base material has the lowest
hardness of 72 Hv whereas it increases with increasing cupola slag percentage. The 7
wt.% cupola slag reinforced composites observed to have the maximum hardness of
93.43 Hv. Inclusion of secondary phase resulting improved hardness has also been

observed in other waste reinforced composites [157,164].
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Figure 4.6 Variation of microhardness with respect to slag content
It has been observed from Figure 4.6 that with increasing cupola slag percentage,

micro-hardness value in terms of Vickers hardness number increases. The percentage
enhancements for 3, 5 and 7 wt.% cupola slag reinforced composite when compared
with base LM11 alloy are 9.35%, 13.65% and 29.76%, respectively. The observation
indicates continuous improvement of hardness with increasing cupola slag content in
aluminium composites. There are two major reasons for this improved hardness, firstly,
with increased slag percentage, the grain size has been reduced, as discussed in section
4.2. Hence, according to Hall patch equation, the hardness is increased with decreasing
grain size [165]. Secondly, the closely placed grain boundaries and slag contents resist
the movement of dislocation inside the matrix after indentation which resulted in
increased resistance to indentation. Moreover, cupola slag is a mixture of various hard
abrasive ceramics like silicon, alumina etc. and appears to be hard and stony which

increases the hardness of the cast composites by bearing the load of indentation. It is
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clearly observed that 7 wt.% cupola slag reinforced composites have the highest
hardness of 93.43 Hv which is 1.29 times higher in comparison with respect to base
LMI11 alloy. This enhancement of hardness makes this novel material applicable in
applications which require higher hardness to withstand a larger amount of wear and
tear such as clutch plate, bearing ring in automobile and aerospace industries. The
improvements in hardness of base materials by incorporating particulate reinforcements

have been in line with the previous works of various academicians [30,166].

4.4. Tensile property enhancement

The load versus elongation curve obtained by tensile test of base alloy along with
composites shown in Figure 4.7 which depicts the loading behaviour along with the
breaking loads for different cast composites. The stress-strain diagram presented in
Figure 4.8 (a — d) indicates the tensile behaviour of cast composites along with the
samples after tensile with ultimate tensile stress and yield stress marked. The tensile test
results such as breaking load, ultimate tensile stress, yield stress, % elongation, specific
strength and braking strain have been reported in Table 4.1. It is evident from the tensile
test results that with increasing slag percentage the tensile behaviour of cast composites

improves.
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Figure 4.7 Load versus elongation curve of cast composites
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Figure 4.8 Stress-strain plots of (a) LM11, (b) LM11/3wt.%CS (c) LM11/5wt.%CS
and (d) LM11/7wt.%CS

Table 4.1 Tensile test results

Weight %  Breaking Ultimate Tensile Yield Stress Specific Breaking % Elongation
Load (N) Stress (MPa) (MPa) Strength (kN- Strain
m/Kkg)
0 2660.61 168.12 88.43 59.77 0.063 6.338
3 2756.73 183.96 102.97 68.81 0.081 8.141
5 2890.90 197.49 116.35 77.14 0.072 7.202
7 2908.78 198.71 129.66 79.63 0.045 4.465

The tensile test results show that with increasing slag percentage the tensile
behaviour of cast composites improves. The percentage change in tensile properties
shows improvement of all the properties by incorporating cupola slag particle as
reinforcement except the percentage elongation for 7 wt.% slag incorporated
composites as reported in Table 4.2. It has been observed to be reduced by 29.55%
(denoted by negative sign) due to increased brittleness of composites with higher
amount of cupola slag. The breaking load is the maximum tensile load that can a
material withstand. The LM11/7wt.%CS composites observed withstand 9.33% more
load when compared with base LMI11. All other cast composites possess higher

breaking load when compared with base alloy. The enhanced breaking load is attributed
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to distribution of load to the hard ceramic reinforcement from the matrix. Moreover,
hindrance in movement of dislocation due to refined grains results in higher load
capacity [167]. This increased breaking load made the cast composites usable in higher
strength applications. The breaking load improves with increasing weight percentage of

cupola slag.

Table 4.2 Percentage change in tensile properties with respect to base alloy

Percentage change in

Composite
Breaking Load Ultimate Tensile Stress Yield Stress Specific Strength % Elongation
LM11/3wt.%CS 3.61 9.42 16.44 15.12 22.15
LM11/5wt.%CS 8.66 17.47 31.57 29.06 13.63
LM11/7wt.%CS 9.33 18.20 46.62 33.23 -29.55

Table 4.2 depicts that the ultimate tensile stress increases by 9.42, 17.47 and 18.20%
by compositing with 3, 5 and 7 wt.% cupola slag reinforcements respectively. Yield
stress has been found to be improved with incorporation of slag particle into LM11
matrix. The percentage increases as 16.44, 31.57 and 46.62% increase by introducing
cupola slag of 3, 5 and 7 wt.% respectively. The increase in ultimate tensile stress and
yield stress is attributed to various factors such as, the incorporation of slag particle
enhances the refinement of grains which results in higher strength. The strengthening
of material due to smaller grains has been achieved through Hall-Petch strengthening
[168]. Moreover, presence of discontinuous phases of hard cupola slag particles in the
matrix hinders the movement of dislocation while tensile loading which results in
prevention of crack propagation hence, higher strength has been reached. The strength
has been increasing with increasing slag percentage as with increasing slag amount of
more refined grains with a greater number of nucleation sites has been formed which
can be evidenced by Figure 4.1. The percentage in elongation increases by addition of
3 wt.% cupola slag when compared with base LM11 alloy. The elongation then reduced
with increased slag amount. The variations in percentage elongation as reported in Table
4.2 from base LM11 alloy are 22.15% and 13.63% increase for 3 wt.% and 5 wt.% slag
reinforced composites while 29.33% reduction in case of 7 wt.% cupola slag addition.
The increase in elongation percentage due to incorporation of 3 wt.% and 5 wt.% cupola
slag as reinforcement to monolithic LM11 matrix is the result of three major
phenomenon those are, refined grains of composite, increased strain hardening rate and

crack inhabiting nature of cupola slag particles [169]. The cupola slag particles provide
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new nucleation sites which refines the grain resulting in higher capacity to withstand
deformation. Along with it the reinforced cupola slag particles restrict the movement of
dislocation and creates a stress field around itself which pile up other dislocations
resulting in higher elongation percentage. The cracks generated while tensile loading
also get trapped by the hard cupola slag particles which enhances the elongation
percentage. It has been also notable that with increasing wt.% of cupola slag the
elongation has been reduced, this may be attributed to the fact that with increasing
cupola slag particles number of stress concentration sites increases which results in
premature failure of the material. Moreover, higher amount of hard ceramic
reinforcement like cupola slag increases the stiffness of composites which make it more

brittle [170].

The percentage increase in specific strength when compared with base LM11 has
been observed to be 15.12%, 29.06% and 33.23% for 3 wt.%, 5 wt.% and 7 wt.% cupola
slag reinforced composite, respectively. The comparative bar diagram for specific
strength indicating progressive increment has been presented in Figure 4.9. The
enhancement of specific strength is the result of lower density and higher strength of
cupola slag reinforced composites as discussed earlier. The increasing amount of cupola
slag increases the strength due to grain refinement, strain hardening and crack inhibition
and low density of cupola slag reduces the density, hence the specific strength increases
and highest specific strength has been observed for LM11/7wt.%CS composites. The
higher specific strength of composites made it suitable for light weight high strength

application in aerospace and transportation industries.

Cupola slag reinforced AMCs show enhanced tensile properties with improved
efficiency and ductility than conventional ceramic reinforcements. This work inferred
that incorporation of 7wt.% CS outperformed the conventional reinforcements by
18.2% with a reinforcement efficiency of 4.4 MPa per wt.%. SiC composites achieve
an UTS of 365 — 430 MPa but require 15 — 25 wt.% reinforcement, while WC and B4C
systems shows lower tensile strengths [29,147,171]. The increase in yield strength also
shows a typical 15 — 24% higher than conventional TiC system [169]. The ductility and
specific strength also improved highlighting cupola slags potential for lightweight, high

performing sustainable composite applications.
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Figure 4.9 Comparison of specific strength and toughness
Another important property that can be inferred from tensile test, more precisely

from stress strain curve is toughness of the material. The toughness can be calculated
using area under the curve until fracture of stress strain curve using Origin 8 software.
Incorporation of cupola slag enhances the toughness of base material by 42.67% for
LM11/3wt.%CS composites which reduced by further addition of cupola slag into the
matrix as reported in Table 4.3. The comparative bar diagram for toughness indicates
increase of toughness which reduced by addition of higher weight percent of cupola
slag as depicted in Figure 4.9. The increase in toughness by 3 wt.% cupola slag addition
is the result of refined grain and hindered dislocation movement which reduced as with
increasing cupola slag percentage the brittleness of the material increases due to more
stress concentration sites. The toughness also increases by cupola slag particles which
are mainly hard ceramic by crack deflection and crack bridging [172]. Slag particulates
can bridge a crack and prohibit its propagation due to higher strength as compared to
the matrix and enhances the toughness. Along with it, the hard cupola slag particles
resist the crack tip deflecting its straight-line propagation and requires more energy for
failure. The toughness begins to decline as weight percentage of cupola slag rises as the
slag particle starts to interfere with each other which make it difficult to deform
plastically and absorb energy. Moreover, reinforcements serve as stress concentrators

which spread the cracks to facilitate brittle fracture like ceramics.
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Table 4.3 Toughness values along with percentage change

Composites Toughness (MJ/m?) Percentage Change (%)
LMI11 8.621 -
LMI11/3wt.%CS 12.300 42.67
LMI11/5wt.%CS 11.470 33.05
LM11/7wt.%CS 6.794 -21.19

The tensile test samples after fracture have been prepared metallographically and
fractographic analysis has been performed for detailed introspection of fracture
mechanisms. Figure 4.10 (a— d) presented fractographic images in lower magnification.
The mountain and valley feature with higher depth of dimples which indicate ductile
failure of LM11 alloy in Figure 4.10 (a). However, presences of aluminium copper
intermetallic in the alloy lead to formation of some tear ridges which indicate the failure
to be brittle. Hence, it can be stated that the failure mechanism follows majorly ductile
mode with nominal brittle fracture. Mixed mode of fracture with dimples, cleavages and
tear ridges has been observed for cast composites as depicted from Figure 4.10 (b — d).
Moreover, with increasing weight percentage of cupola slag from 3 wt.% to 7 wt.% of
amount brittle fracture increases as per Figure 4.10 (b — d). Figure 4.10 also show that
the depth and number of dimples decrease with increasing cupola slag. The tear ridges
along with flat facet have been observed to be increased with increasing slag content.
This fractographic analysis evidenced the ultimate tensile stress and elongation trends

identified from tensile test.

Introspection of micro void coalescence along hindrance in crack propagation has
been clearly visible from higher magnification fractography presented in Figure 4.11 (a
— d). Micro void coalescence along with intra-granular and trans-granular crack
propagation without any hindrance as shown in Figure 4.11 (a) indicates lower strength
of base alloy when compared with slag reinforced composites. The propagating cracks
has been resisted by reinforcement particles, clearly visible in Figure 4.11 (b — d), these
raised the stress required for plastic deformation. Figure 4.11 (b — d) also indicates the
amount of flat facet and tear ridges increases with increasing slag percentage. This
confirms reduction of elongation and toughness with increasing slag content. The
fractography for LM11/7wt.%CS composites shown in Figure 4.11 (d) depicts higher
amount of crack resistance and cleavages which indicates increase in strength by
resistance to dislocation movement but the induced brittleness decreases the elongation

and toughness [173,174].
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Figure 4.10 SEM fractography for (a) LM11, (b) LM1 1/3wt %CS (c) LMI11/5wt.%CS
and (d) LM1 1/7wt %CS

Figure 4.11 Higher magnification (2000x) SEM fractography for (a) LM11, (b)
LM11/3wt.%CS (¢) LM11/5wt.%CS and (d) LM11/7wt.%CS
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4.5.Summary

This work investigates the influence of weight percentage of industrial waste cupola

slag particle reinforcement on enhancement of properties of Base LMI11 matrix

composites, the introspection indicates that,

The fabricated specimens are defect free and sound up to 7 wt.% slag inclusion,

beyond which deterioration occurs due to reduced wettability.

Microstructural analysis reveals grain refinement and new nucleation sites with
cupola slag incorporation in the LM11 matrix, indicating improved material

properties.

Density and porosity of the composites are reduced, while hardness increases

with higher slag content, making the material lightweight, stiffer, and harder.

The material's enhanced properties make it suitable for applications requiring

higher wear resistance.

Tensile properties, including breaking load, ultimate tensile stress, and yield
stress, improve with increasing slag content. The highest tensile property
values are observed in composites with 7 wt.% cupola slag reinforcement:
Breaking load increased by 9.33%; Ultimate tensile stress increased by

18.20%. Yield stress increased by 46.62% compared to the base alloy.

Fractography analysis indicates a mixed mode of failure, with increased

brittleness at higher slag content.

Fractography also evidences enhanced tensile properties due to crack

propagation hindrance and dislocation movement prohibition.

Improved specific strength results in a higher strength-to-weight ratio, making

these composites suitable for lightweight applications.



Chapter 5

Machinability Analysis of Novel Cupola

Slag Reinforced Composites

omposites fabricated using a low cost easy to operate stir casting method

generates a near net shape design. However, machining is an essential process

to achieve a high quality precise final product with the desired dimension and
surface finish. AMCs contain hard and abrasive reinforcements, which hinder the
machining process reducing tool life and machining efficiency. Thus, an investigation
of the machinability of AMCs can help optimize the process of machining to improve
the integrity of machined parts. Machining operations that involve turning are highly
significant due to their ability to generate a diverse range of desired surfaces. Hence,
the machinability of a novel material should be studied in terms of turning. The
machinability can be assessed as per the machining indices which include surface
roughness, MRR, chip analysis, tool wear, power consumption and cutting force. The
process inputs of the machinability analysis can be cutting process inputs such as depth
of cut, feed and speed along with cutting tool and workpiece materials, use of cutting
fluid. A thorough investigation into machinability must involve a detailed analysis of
how process parameters affect the outcomes. Investigating the impact of inputs on
responses commonly requires the use of a statistical design of experiments, such as a

full factorial design.

The machinability has been accessed in terms of various machinability indices. The

cutting force, power consumption, tool wear, surface roughness, MRR, chip thickness
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has been measured in dry turning. The turning experimentation has been designed using
process inputs as weight percentage of cupola slag, feed and spindle speed. The details
of experimentation in turning have been presented in Section 2.6 of Chapter 2. The term
better machinability is used for turning that yield low cutting force, power requirement,
tool wear and surface roughness with higher MRR, chip thickness. In this work first the
machinability indices have been measured some in-situ while others after the turning.
The chips have been collected after every run and a detailed chip analysis has been
presented. The effect of weight percentage of cupola slag on machinability has been
compared and discussed. A note should be taken that the outputs have been measured

several times while experimentation and the average has been tabulated.

5.1.Machinability results

The experimental investigation of machinability of novel slag reinforced
composites requires a detailed experimental design. This work adopts a full factorial
experimental design with three input factors as discussed in section 2.6.2. The full
factorial design is very effective as it allows introspection of multi factor influence
along with their interactions. A full factorial design estimates all main effect plots and
is said to be orthogonal as the influence of every factor can be isolated and quantified
independently. Although, it requires more numbers of experiments, this gives the fullest
insight about the experimental system. The full factorial design matrix used in this work
has been presented in Table 2.7. The process input ranges have been taken from Table
2.6. A total of 36 experiments has been conducted according to experimental design.
Each run of experiments has been conducted using new tool inserts to depict tool wear
post operation. The variations in machinability results could not establish conclusive
trends, may be due to limited levels and narrow process input range. Along with it. the
robust turning operation in conventional lathe and measuring systems has some
limitations which leads to these results. However, the purpose of this work is to gain
better understanding of comparative behaviour of slag composites with varying wt.%

which could be well established by the machinability results.

Experimental output as per the Table 2.7 design matrix has been presented in Table
5.1. It is evident from Table 5.1 that the experiments with base alloy have the lowest
machinability. The machining has been observed to be easy with a larger amount of CS
content in LM11/CS composites. The results table also indicates that by CS addition the

cutting force, power consumption and tool wear has been reduced. Maximum reduction
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has been observed in case of LM11/7wt.%CS composites. Detailed discussions on

responses and their dependency upon process input have been discussed in subsequent

paragraphs.
Table 5.1 Machinability results
Exp. No. Cutting Power Consumed Tool Wear Surface MRR Chip thickness

Force (N) (kW) (um) roughness (um) (g/min) (mm)
1 14.347 13.9 415.825 3.713 7.50 0.110
2 24.048 14.1 52.091 6.833 7.50 0.137
3 29.482 14.3 304.668 4.727 11.25 0.127
4 9.619 14.6 29.580 1.353 11.25 0.127
5 28.135 14.2 327.351 4510 9.23 0.220
6 31.566 14.3 236.824 4.633 9.23 0.223
7 29.891 14.5 447.793 5.750 13.85 0.230
8 9.629 13.9 339.714 3.033 9.23 0.227
9 31.219 13.8 89.542 6.537 15.00 0.280
10 33.117 15.5 131.103 7.953 10.00 0.293
11 34.410 15.3 436.374 5.400 10.00 0.277
12 16.564 15.1 42.053 2.923 15.00 0.270
13 27.071 15.2 47.828 3.670 9.23 0.160
14 29.972 16.2 52.711 5.640 13.85 0.157
15 29.761 15.9 53.137 4.880 9.23 0.150
16 12.823 15.6 70.854 1.397 4.62 0.140
17 62.320 15.7 102.826 3.807 10.91 0.227
18 43.771 15.2 82.481 5.990 11.54 0.230
19 42.156 15.8 544.478 4.023 11.54 0.230
20 14.202 14.9 294.707 1.423 11.54 0.200
21 63.464 14.6 529.460 7.363 13.33 0.290
22 52.971 16.5 128.986 8.660 13.33 0.287
23 63.730 16.7 61.013 5.437 13.33 0.283
24 25.778 16.6 399.099 1.783 13.33 0.237
25 29.612 15.9 303.581 7.557 17.31 0.190
26 35.625 17.2 64.167 6.643 12.00 0.173
27 28.959 16.1 286.848 6.613 12.00 0.173
28 18.147 16.8 293.546 1.004 12.00 0.120
29 41.785 15.3 99.992 4.593 15.00 0.607
30 51.926 16.4 46.389 6.820 15.00 0.543
31 73.883 16.3 98.888 6.750 15.00 0.523
32 16.379 17.2 312.162 1.220 22.50 0.257
33 66.037 16.2 53.811 6.183 17.14 0.563
34 62.760 16.5 64.414 6.503 8.57 0.453
35 73.729 16.8 60.800 6.620 17.14 0.497

36 20.871 15.2 281.352 1.917 8.57 0.310
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5.1.1. Analysis on cutting force

Cutting force is significant parameters for energy aspects of machinability. The
cutting force should be as small as possible for better machinability. The cutting force
main effect plots have been used to introspect the effects of process inputs on force
requirements. The main effect plots for cutting force have been presented in Figure 5.1
indicating cutting force increases with increasing spindle speed and feed rate. This
happens because with increasing cutting speed and feed rate, the contact length in
workpiece-tool interface increases inducing more friction and thus, more force would
be required to overcome it [175]. The cutting force reduces at higher speed because of
localized thermal softening due to heat generated by friction. The cutting force was
found to be reduced in the base alloy but increased with the inclusion of 5wt.% CS,
which then decreased significantly with the inclusion of 7wt.% CS. This reduction of
cutting force is due to more amount of slag inclusion. Higher amount of abrasive CS
particles with sharp edges and small protrusions while turning these CS particles
deboned from the matrix and accumulate in tool-workpiece interface resulting micro
cutting of the samples. This micro cutting reduces the force requirements and eases the
machining process [176]. Figure 5.2 shows bar diagram of cutting force versus spindle
speed for different weight percentage and feed. Figure 5.2 depicts that the cutting force

has been increased in higher spindle speed for all the feed and weight percentage.

It is noteworthy that the base alloy, 3wt.% and 5wt.% CS reinforced composites
turning requires more or less similar cutting force while major drop in cutting force has
been observed in turning of 7 wt.% CS reinforced composites for all feed and spindle
speed. This is because with increasing CS percentage abrasive SiO; content in the
matrix increases which breaks while turning and assists the cutting process. Similarly,
Figure 5.3 presents the bar diagrams of cutting force versus feed rate for various spindle
speed and CS percentage. Figure 5.3 depicts increase of cutting force with increasing
feed for all weight percentage and spindle speed similar to the main effect plots. The
increased feed rate increases the contact length between cutting tool and workpiece
which in turn increases the cutting force. Figure 5.3 also shows major drop of cutting
force while machining of LM11/7wt.% CS composites. These results indicate
improvement of machinability in terms of cutting force by 7wt.% CS reinforcement

when compared with base LM11 alloy.
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Figure 5.3 Cutting force versus feed rate plots for spindle speed(a) 495 rpm, (b) 620
rpm, (c) 800 rpm
5.1.2. Analysis on power consumption
Improved machinability has been identified as the machining which consumes

lower power. The main effect plots for machining of base LM11 alloy along with CS
reinforced cast composites with varying weight percentage have been presented in
Figure 5.4. Consumed power has been observed to be increased with increasing feed
and speed as observed in Figure 5.4 as force requirement for machining increases at
higher feed and spindle speed which requires more power [177]. The power consumed
was found to be lowest in base alloy which increases with 3 wt.% CS inclusion and then
reduces with increasing weight percentage of CS. The presence of abrasives in CS
composites hinders the machining process and thus requires more power. The power
requirement reduces with increasing slag percentage due to the self-lubricating nature
of abrasive CS particles which assisted the machining process [178]. The range of power
consumed when machining of 7wt.% CS composites is within the range of 0.5 kW when
compared with base alloy turning. Figure 5.5 shows the spindle speed versus power
consumption plots for different feed and weight percentage of CS. It is observed from

the bar graphs presented in Figure 5.5 that the variation of power consumption is very



79 Machinability Analysis of Novel Cupola Slag Reinforced Composites

nominal due to the robustness of conventional engine lathe used in the experimentation.
Yet, the power requirement found to be increase with increasing spindle speed for all
feed rate and weight percentage. Feed rate versus power consumption graphs have been
shown in Figure 5.6 which indicates that with increasing feed rate the power
requirement increased. The effect of weight percentage on power consumption has been
clearly presented in Figure 5.5 and Figure 5.6 indicates that CS inclusions of 7 wt.% in
metal matrix require same or lower power than the base alloy which indicates

improvement in machinability.
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Figure 5.4 Main effect plots for power consumption
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Figure 5.6 Power consumption versus feed rate plots for spindle speed (a) 495 rpm,
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5.1.3. Analysis on tool wear
Tool wear is an important characteristic of machinability as it directly affects the

tool life. In this experimental work TiN coated carbide tool has been used. This tool has
shown very nominal wear in the observation. Built up edge (BUE) is most prominent
wear mechanism that generates wear in the cutting tool in this turning of LM11/CS
AMCs. This formation of BUE is attributed to the fact that while machining of
LM11/CS AMC:s the CS particles hinder the cutting process due to hard abrasive nature
of CS particles. This would increase the friction in tool tip and workpiece interface
leading to increase in tip temperature. Along with it the abrasive particles get deboned
due to turning, these free CS particles got stuck on the cutting edge by localized welding
by fictional heating at tool tip. This creates BUE at the cutting edge of the tool [179].
The other tool wear such as flank and crater wear has not been observed due to higher
hardness of the cutting tool [180]. Thus, in this experimental work tool wear has been
measured as the width of BUE formed. The morphology of flank face and rake face
views of cutting tool before and after cutting has been shown in Figure 5.7 (a—f). Figure
5.7 (a — b) depicts that before cutting the flank face and rake face had no wear with
clean tool tip and nose radius. Nominal tool wear of 29.580 um has been measured in

case of process input such as spindle speed 495 rpm, feed rate 0.083 mm/ rev and 7
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wt.% CS inclusion and has been presented in Figure 5.7 (c —d). Figure 5.7 (e — f) shows
morphology of tool for maximum observed tool wear of 544.478 um for process inputs
620 rpm spindle speed, 0.109 mm/ rev feed and LM11/5wt.%CS composites turning
with prominent BUE. The detailed analysis of input influence on tool wear has been
presented in terms of main effect plot in Figure 5.8. The tool wear has been observed to
be reduced with increasing cutting speed as shown in Figure 5.8, because with
increasing speed the time of contact between tool tip and workpiece reduced which
leads to reduced temperature rise due to friction thus reducing the tool wear [181]. The
impact of feed and weight percentage of CS on tool wear has been found inconsistent
as it increases and decreases with increasing feed and wt.% of CS. However, it should
be noted from Figure 5.8 that the lowest tool wear has been observed for a feed of 0.083
mm/rev and for LM11/3 wt.%CS composites. The tool wear versus spindle speed plots
in terms of bar graph has been shown in Figure 5.9 for all the feed rates and weight
percentage of CS. It is evident from Figure 5.9 that with increasing speed tool wear
reduces and addition of CS in base material reduces the tool wear in most of the spindle
speed and feed inputs. LM11/3wt.%CS composites have been observed to produce
nominal tool wear in most of the spindle speed, feed settings. Influence of feed has been
observed in detail by the bar graphs of tool wear versus feed rate as shown in Figure
5.10. It is clear from Figure 5.10 that with increasing feed rate the tool wear has been
increased for all speed and weight percentage. This attributed to increasing feed rate
that increases the contact length between tool and workpiece resulting more friction

thus tool wear has increased [182].
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Figure 5.7 Tool wear morphology for cutting tool (a) flank face before cutting, (b)
rake face before cutting, (c) minimum tool wear flank face, (d) minimum tool wear
rake face, (¢) maximum tool wear flank face, (f) maximum tool wear rake face
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5.1.4. Analysis on surface roughness
Better machinability can be defined by the integrity of the surface generated

through the machining. The surface roughness should be nominal which indicates better
quality of machined surface. The surface roughness main effect plots have been
presented in Figure 5.11. It indicates that surface quality deteriorates at higher feed and
spindle speed. This is caused by the fact that at higher feed and spindle speed the force
acting while cutting would be increased which leads to higher chatter and vibrations
and deteriorates the surface integrity [183]. According to the main effect plots, slag
inclusion improves the surface quality. This is because the CS particles have a special
shape with sharp edges and small protrusions that act like tiny cutting tools and make
the machined surface smoother. Moreover, metallic oxides and sulphide contents of CS
act as self-lubricating material while turning which reduces the tool-workpiece interface
friction hence the quality of the surface improved. Similar improvement of surface
roughness by the addition of reinforcement has been reported by several academicians

[56,73,183]. Figure 5.12 (a — c) presents the feed rate versus surface roughness plots. It
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is evident from Figure 5.12 (a — c) that surface quality reduces with increasing feed rate
and improves with increasing CS percentage for all spindle speeds. The cutting speed
versus surface roughness plots for different feed rate and weight percentage has been
shown in Figure 5.12 (d — ). It has been clearly seen from Figure 5.12 (d — f) that with
increasing spindle speed the surface integrity reduces for all feed rates and weight
percentages. It is interesting to notice that surface finish improves with increasing CS
percentage in the matrix and LM11/7wt.%CS composite has the lowest surface
roughness. This may be attributed to the mechanical effect of sharp-edged CS particles
acting as micro-cutting tools and the self-lubricating effect of metallic oxides and
sulphides. These reduce friction and vibrations at the tool-workpiece interface during
machining leading to better surface finish. The surface roughness analysis indicates
improved machinability for CS reinforced composites compared to the base LMI11

alloy.

Speed Feed Wt. Percentage
(rpm) (mm/rev) (wt.%)

Surface Roughness (um)
=2

495 620 800 0.083 0109 0125 0 3 5 7
Figure 5.11 Surface roughness main effect plots
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5.1.5. Analysis on material removal rate
The MRR holds an important place for the analysis of machinability in the

conventional machining process. Machinability is highly dependent on MRR as it is one
of the greatest factors that are directly related to economy of machining. The MRR
should be as high as possible for higher machinability since higher MRR results in

desired surface generation in a shorter time. The main effect plots for MRR have been
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presented in Figure 5.13. It has been depicted from Figure 5.13 that MRR increases with
increasing spindle speed since, with increasing speed, stress developed in the tool-work
piece interface is more which eases the machining and thus, more material has been
removed. Feed rate increase results in an increase of MRR as with increasing feed rate
the tool and workpiece contact length increases per revolution which results in increased
chip thickness and hence MRR has been increased. In the works of Suresh et al. [64]
similar influence of inputs on MRR have been reported. The influence of weight
percentage on MRR observed to be inconstant. The dependency of MRR on feed rate
has been presented as feed rate versus MRR plot in Figure 5.14 (a — ¢) for all spindle
speeds and weight percentages. Figure 5.14 (a — c) indicates an increase in MRR with
the increasing feed rate which is the same as observed from the main effect plots. The
spindle speed versus MRR graphs for different feed rates and weight percentages has
been illustrated in Figure 5.14 (d — f). Figure 5.14 (d — f) depicts similar results of
increasing MRR with increasing spindle speed for all feed rate and weight percentage.
It is evident from Figure 5.14 that the MRR, in case CS addition in all the weight percent
is the same or more than that of base LM 11 alloy. This indicates that, although the trend
of MRR versus weight percentage is inconstant but an overall improvement in MRR
has been observed. Hence, it can be inferred that CS addition modifies the MRR and

results in better machinability than base LM11 alloy.
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Figure 5.13 Main effect plots for MRR
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5.1.6. Analysis on chip thickness
The machinability indices have an indirect dependency on chip thickness. Hence, it is

necessary to analyse the thickness of cut chips. The main effect plot generated from the
experimentation has been presented in Figure 5.15. Figure 5.15 shows that speed
increase results in increased chip thickness. Since increase in spindle speed increases
chip — tool interface strain which initiates larger shear cracks leading to higher chip
thickness. This increased chip thickness at a higher speed also results in higher MRR.
Feed rate increase yields increase in chip thickness as the contact length between tool
and work piece increases with increased feed which results in a larger contact area

increasing the chip thickness [184]. The impact of weight percentage on chip thickness
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shows an opposite trend that is the chip thickness reduces with increasing CS content
this is due to the fact that the presence of abrasive particles like Si02, A12O3 in CS the
composite workpiece has discontinuity which leads to reduced chip thickness. This
reduction in chip thickness by reinforcement addition observed to be similar with the
investigations by Kannan et al. [69]. This reduced chip thickness compromises the MRR
but as the material is removed in small steps the surface roughness found to be improved
in composites with higher concentrations of CS. Figure 5.16 (a — c¢) shows feed rate
versus chip thickness plots for all the spindle speeds and weight percentages. The
influence of feed on chip thickness as per Figure 5.16 (a — c) has been indicated to be
similar to the main effect plot for all the spindle speeds and weight percentages. Spindle
speed versus chip thickness plots for all feed rates and weight percentages have been
presented in Figure 5.16 (d — f). Figure 5.16 (d — f) depicts that chip thickness increases
with spindle speed for all feed rate and weight percentage. The lowest chip thickness
has been observed for LM11/7wt.%CS composites for all feed rates and spindle speeds.
This reduces the MRR but the surface integrity improved many times. Further depiction
from Figure 5.16 shows chip thickness reduces with increasing weight percentage and

surface roughness has improved in the expense of a reduction in MRR.
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Figure 5.15 Main effect plots for chip thickness



90 Machinability Analysis of Novel Cupola Slag Reinforced Composites

0.20
—&—Base (d)
0.30 -|
—~ 0.25 -
E £
E E
@2 @ 0454
2 020 o
X x
L2 ]
e =
(e [= 8
g 0.15 4 5
0.10 | 0.10
Spindle Speed = 495 rpm Feed Rate = 0.083 mm/rev
——— 7777
0.08 0.0 0.10 011 012 013 450 500 550 600 650 700 750 800
Feed rate (mm/rev) Spindle Speed (rpm)
e —— (b) 060 | ——Base (e)
0.30 - —— Base {1 | —®—3Wt%
055 | —A—5Wt%
1 [—¥—7Wt%
- 0.25 0.50 —
£ T 1
E E 045
(] w 4
§ 0.20 - § 0.40
[ £ o035
(=% o 4
= 0.5 je!
5 S oa0
0.25 -
0.10 o ]
Spindle Speed = 620 rpm 020 4 Feed Rate = 0.109 mm/rev
T T T T T T T T T T T T T T T T T T T
0.08 0.09 0.10 011 0.12 0.13 450 500 550 600 650 700 750 800
Feed rate (mm/rev) Spindle Speed (rpm)
(c) 060 | —W—Base 43]
05 ——3Wt%
) 055 | A5 WL%
—r—7 Wt.%
— 0.5 _ 4
S £ 0.50
E E
&"‘: 04 § 0.45 -|
= | =
3 S 040
£ 034 £
a (=%
2 2 0351
o [&]
0.2 0.30 -|
. _ 0.25 -|
8.1 Spindle Speed = 800 rpm Feed Rate = 0.125 mmirev
T T T T T T T T T T T T
0.08 0.09 0.10 0.1 012 0.13 450 500 550 600 650 700 750 800
Feed rate (mm/rev) Spindle Speed (rpm)

Figure 5.16 (a — ¢) Feed Rate vs. Chip thickness plots for speed and weight
percentage, (d — f) Spindle Speed vs. Chip thickness plots for feed and weight
percentages

5.1.7. Chip analysis
The machinability can also be assessed by analysing the chip formation due to

various process parameters and the composition of materials. In dry turning chips can
be segmented, C-type, spring type or helical and continuous in nature [49]. The
formation of chips while turning of composites mainly depends on feed rate and spindle
speed. The typical photographs of chips formed during machining have been shown in
Figure 5.17 (a — 1) to Figure 5.19 (a — 1). The photographs depict that at lower spindle
speed, the chips are segmented and of C-type as observed from Figure 5.17 (a — d),
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Figure 5.18 (a — ¢) and Figure 5.19 (a — c¢). Since, at lower speed the composites show
brittle fracture as there is no major effect of strain rate due to machining [185].
Increasing feed rate at low-speed results in change in chip formation such as segmented
C-type chips converted to connected C type and Y circle C-type chips as with increasing
feed the tool-workpiece contact length increase leads to higher MRR yielding heavier
chips with different form [186]. The effect of weight percentage at low speed observed
to be nominal until LM11/5wt.%CS composites. However, a major change in chip
formation reported in case of LM11/7wt.%CS composites at medium and higher feed
rate as investigated from Figure 5.18 (d) and Figure 5.19 (d). Shape of chips has been
changed from C-type to spring type in LM11/7wt.%CS composites as the higher
percentage of CS acts as a solid lubricant and enhances the reinforcement particle

displacement thus, chips tend to be continuous and spiral.

At medium spindle speed the segmented chips tend to continuous spiral chips as a
results connected C-type chips are formed as per Figure 5.17 (e —g), Figure 5.18 (e — g)
and Figure 5.19 (e — g). The feed rate increase increases the chip thickness and formed
heavier chips with 2 circle C-type chips and connected C-type as the cutting
temperature increased due to larger contact length due to larger feed rate. It is also
observed from Figure 5.17 (h), Figure 5.18 (h) and Figure 5.19 (h) that the curls become
more frequent for LM 11/7wt.%CS composite at medium speed and increasing feed rate
which indicates that CS particle assisted the machining. This indicates ease of
machining by CS inclusion. Particularly for LM11/7wt.%CS, the chip thickness is
observed to be lower, which can be attributed to the lubricating effect of the higher slag
content that reduces cutting forces and promotes easier shearing of material. However,
the same slag particles assist in localized plastic flow, leading to the formation of curly

or helical chips despite their reduced thickness [182].

The influence weight percentage of CS and feed rate on chip formation at high
spindle speed has been shown in Figure 5.17 (h —1), Figure 5.18 (h — 1) and Figure 5.19
(h —I). The photographs show conversion from large radii C-type to large radii helix
type as the feed increases. Since, at higher speed the brittleness of composites has been
converted to ductile due to a rise in temperature and strain rate which results in helical
chips [187]. In high speed also for 7 wt.% slag included composites show spring like
chips due to the self-lubrication nature of metal oxides present in the CS reinforcement

particles. The 7 wt.% CS, chips appear thinner but tend to curl or form helical shapes,
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as the reduced cutting resistance lowers chip thickness while the enhanced ductility

from lubrication and particle displacement facilitates continuous curling.
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Figure 5.17 (a —1) Photographs of chips formed at different spindle speed for feed rate
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Figure 5.18 (a — 1) Photographs of chips formed at different spindle speed for feed rate
0.109 mm/rev
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5.2. Comparisons of machinability indices

The effect of slag content on machinability has been studied in depth. Table 5.2
shows different values of average machining indices respective to all the cast
composites. The data suggests that good machinability with low cutting force, power
consumption, chip thickness, tool wear and surface roughness along with higher
material removal rate has been achieved in composite turning when compared with base
LMI11 alloy. The percentage change in machinability indices has been reported in Table
5.3. The increment in the investigated machining indices has been taken positive and

the decrement of indices from base has been chosen negative.
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Table 5.2 Average machinability indices respective to all cast composites

Surface Roughness Power Consumption . Tool Wear Chip Thickness
Samples Force (N) (um) g (kW) p MRR (g/min) (um) p (um)
LM 11 40.44 6.66 14.98 12.74 21891 0.29
LM11/3wt.%CS 40.64 8.03 15.77 11.22 95.46 0.28
LMI11/5Wt.% CS 45.11 6.87 15.74 12.59 254.89 0.28
LM11/7wt.% CS 16.00 2.23 15.54 12.00 229.23 0.21

Table 5.3 Percentage change in machinability indices with respect to base composite

Percentage change in

Surface Power Tool Chip
Samples Force (%) Roughness (%) Consumption MRR (%) Wear Thickness
8 ° (%) (%) (%)
LM11/3wt.%CS 0.49 20.57 5.27 -11.93 -56.39 -3.45
LM11/5Wt.% CS 11.55 3.15 5.07 -1.18 16.44 -3.45
LM11/7wt.% CS -60.44 -66.52 3.74 -5.81 4.71 -27.59

Effective comparison and estimation of machinability has been presented as radar
diagram as shown in Figure 5.20. The cutting force has been increased with adding
cupola slag particles up to 5 wt.% which then reduced many times for 7 wt.% cupola
slag reinforced composites as observed from Table 5.3 and Figure 5.20. The presence
of hard ceramic like cupola slag reinforcements in 3 and 5 wt.% cupola slag reinforced
composites gets rubbed with the cutting edge while turning increasing the friction in the
tool workpiece interface and the force required to initiate cutting by shearing should
overcome this friction. Moreover, abrasive cupola slag particles increase the
temperature workpiece which harden the cutting interface locally and increases the
cutting force requirement [188]. Now for composites reinforced with 7 wt.% cupola
slag, higher amount of slag creates a nearly homogeneous distribution in the matrix with
finer grains. This composite when turned the crack initiated by the cutting edge
propagates through the grain boundaries and force requirement becomes nominal [189].
Apart from this, the slag particles which come out from the composites while turning
rubs against the workpiece in chip tool interface which generates additional micro
cutting of workpiece due to abrasive action and reduces the cutting force. The maximum

reduction on cutting force of 60.44% has been observed in LM11/7wt.%CS.

The surface integrity analysis of the machined surface inferred that inclusion of slag
particle first deteriorates the machined surface but finally at 7 wt.% cupola slag
inclusion results in improvements of 66.52% as compared to the base as visualized in
Table 5.3 and Figure 5.20. This can be attributed to higher cutting force in case of
turning of 3 and 5 wt.% cupola slag reinforced particles. In case of LM11/7wt.%CS
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composites low cutting force along with abrasive rubbing action of loose slag particle
improves the surface roughness. It should be noted that the worst machined surface with
maximum surface integrity deterioration of 20.5% has been observed in case of
LM11/3wt.%CS composites because of formation of built-up edge in the tool tip while
cutting. The abruptly present cupola slag particle in 3wt.% cupola slag incorporated
particle while cutting initiate very high amount of friction and heat when tool tip came
in contact with slag particles. This friction and heat create a localized welding of cut
chips to the tip of the tool making the tip blunt and hence deteriorate the surface

integrity.

The power consumption while machining does not vary much as for the rigid and
robustness of the conventional lathe used in this investigation. Although, A trend of
reducing power required has been observed as wt.% of slag particle increased. This has
been in line with the results of cutting force. The lowest increase in power consumption
has been observed as 3.74% from the base metal in case of LM11 composites with 7
wt.% of slag. The increase in power consumption can be reasoned by the vibration of
rotating spindle holding the workpiece while each encounter of hard abrasive cupola
slag particle in the matrix [190]. In case of LM 11/7wt.%CS composites the cutting eases

with every encounter thus required power is less than that of other cast composites.

The MRR has been observed to be similar in all the cast composites except
LM11/3wt.%CS composites may be because of bluntness of tool generated by built up
edge. A reduction of 11.93% of material removal rate when compared with base LM11
has been obtained in case of LM 11/3wt.%CS composites while 5 and 7 wt.% composites
reduce the material removal rate by 1.18% and 5.81% respectively. The tool wear has
been observed to be reduced in case of LM11/3wt.%CS composites by 56.39% which

increases in case of 5 and 7 wt.% slag inclusion with respect to LM11.

The decrease of tool wear is due to the deposition of abrasive particle into the tool
tip due to localized welding by the heat generated due to friction, this deposition works
as a coating over the tool workpiece interface hence protects the tool from wear out.
The Chip thickness has been reduced for all the composites while maximum reduction
0f 27.59% has been observed in LM11/7wt.%CS composites. This lower chip thickness
indicates better surface finish with low tool wear which are in accordance with the

experimental investigation.
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Figure 5.20 Radar chart for comparison of machinability for as cast composites

The aim is to judge the machinability of novel slag reinforced composites has been
successfully justified using radar diagram shown in Figure 5.20. The better
machinability means ease of machining which in terms of machining indices can be
written as low cutting force, surface roughness, power consumption, tool wear and chip
thickness along with high material removal rate Now, it is clearly visible from Figure
5.20 that cutting force and surface roughness is minimum for 7 wt.% slag included
composites while other two slag reinforced composites show similar results as base
alloy. Power consumption shows similar range as base material for all the cast
composites. The material removal rate has been observed to be in range of 12%
deviation when compared with base alloy for all the cast composites. The MRR slightly
decline for LM11/3 wt.% CS composites may be due to tool bluntness resulting from
built-up edge formation. Conversely, LM11/5 wt.% and LM11/7 wt.% CS composites
exhibit only marginal reductions in the range of 1-6%, indicating that the overall MRR
remains nearly constant, with no marked improvement or deterioration. The tool wear
and chip thickness reduced for all the cupola slag included composites. The
LM11/3wt.%CS composites yield lowest tool wear and LM11/7wt.%CS composites

generate least chip thickness. Hence, overall machinability of cast cupola slag
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reinforced composites said to be enhanced from the base LM 11 alloy and 7 wt.% cupola
slag inclusion in the matrix gives best machinability in terms of cutting force, surface
roughness and chip thickness and 3 wt.% slag included composites yield best
machinability character in terms of tool wear. The distinct behaviour at 7 wt.% arises
because increasing slag fraction changes particle distribution and the dominant cutting
mechanism: while 3-5 wt.% samples have isolated hard particles that raise local
friction, promote built-up edge formation and local work-hardening (increasing cutting
force and roughness), the 7 wt.% material shows a more homogeneous/fine dispersion
and stronger particle—particle interactions that favour crack propagation along grain
boundaries and micro-abrasive chip formation. These changes reduce the average

cutting resistance and improve surface finish.

5.3. Summary

The machinability study of novel cupola slag reinforced composites with varying

cupola slag weight percentage has depicted the following observations:

e The cupola slag inclusion reduces cutting force requirement likely due to hard and
abrasive nature of slag particles. Nominal cutting force has been required for turning
of LM11/7wt.%CS composites and the cutting force increases with increasing
spindle speed and feed rate.

e Power consumption during machining increased with increasing speed and feed rate.
The lowest power was consumed for machining of base LM11 alloy, however, it
increased for LM11/3wt.%CS composite and then decreased with increasing weight
percentage.

e Tool wear has been decreased with increasing spindle speed. LM11/7wt.%CS
composite shows nominal tool wear while turning.

e The surface finish is deteriorated with increased spindle speed and feed rate while it
is improved with increased weight percentage of CS. Composites with 7 wt.% CS
when machined in low speed and feed have shown a nominal surface roughness of
1.36 um.

e The MRR is increased with increasing feed and spindle speed. Maximum MRR of
22.50 g/min is reported in LM11/7wt.%CS composites when machined with speed
800 rpm and feed 0.109 mm/rev.
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The chip thickness is increased with increasing feed and spindle speed but reduces
with increasing weight percentage of CS. The lowest chip thickness has been
observed in composites incorporated with the highest amount of CS.

Chip analysis indicates that slag inclusion changes the chip morphology from
segmented type to continuous spring type chips with increasing weight percentage
while increasing speed resulted in an increase in the radii of chip curls and increasing
feed resulted in increasing chip curls.

The results suggest that incorporation of cupola slag enhances the machinability of
cast composites. The comparison of machinability depicts that with increasing slag
weight percentages in cast composites, machinability has improved by considering
lower cutting force, similar power consumption, and lower tool wear, lower surface
roughness, along with higher MRR and chip thickness. The best machinability can
be seen in LM11/7wt.%CS composites, as the turning of this cast composite
generates a surface with a better surface finish, reduced chip thickness and similar
MRR when compared with the base LM11 alloy. The increase in CS content may
lead to better machinability. However, due to reduced wettability of reinforcement

CS particle the fabrication of composites via stir casting route is not feasible.



Chapter 6

Effect of Heat Treatment on Novel
Cupola Slag Reinforced Composites

he LM11 alloy are well known to be highly responsive to the heat treatment.

The heat treatment of LMI11 alloy primarily aims to dissolve alloying

elements, particularly copper, into the aluminium matrix during the solution
treatment stage, followed by the controlled precipitation of strengthening phases during
aging. This sequence results in the formation of finely dispersed precipitates that
significantly improve hardness, tensile strength, and wear resistance. The heat treatment
for LMIl—cupola slag composites, additionally contributes to microstructural
refinement and promotes more effective load transfer between the matrix and the
reinforcement. Consequently, both the mechanical performance and machinability of
the composites are expected to be enhanced. In this chapter the experimental
investigation results of solution heat treatment of cast composites have been presented

along with comparisons with as cast composites.

The as cast composites have been solution treated in T6 condition which refers to
solution heat treatment, quenching, and artificial aging of aluminium alloys to increase
hardness and strength. The schedule of heat treatment has been selected by performing
rigorous literature review and pilot experiments as described in Chapter 2. The final
schedule has been selected based on hardness value of pilot experiments. A common
schedule of heat treatment followed for all the composites is heating at 530 °C for 6

hours followed by water quenching at 70 °C which further artificially aged at 100 °C for
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4 hours. The heat-treated samples have been cut and prepared for microstructural
characterizations. The heat-treated composites have been characterized in same manner
as for as-cast composites presented in Chapter 2. The heat-treated composites have been
undergone machinability analysis in turning at a conventional lathe without using any
cutting fluid (Dry turning). The details of machinability experimentation parameters
have been presented in Chapter 2. The machinability experimentation utilizes full
factorial experimental design for robust understanding the process parameters influence
on output. The cutting parameters such as feed rate, spindle speed and slag weight
percentage has been selected as input whereas machinability indices like, surface
roughness, cutting force, MRR, power consumption, tool wear, chip thickness are
responses. A constant depth of cut has been kept influence of it on turning is well
established in literature. Total 36 numbers of experiments have been performed for all
combinations of levels and factors of inputs. This work followed the same scheme of
machinability experiments that has been followed for machinability studies of as cast
composites as presented in Chapter 2. Detailed chip analysis and chip thickness
measurement has been done using the collected chips. The observations have been
analysed in a rigorous manner to introspect process input effects and underlying
mechanisms. The comparative study of machinability has been performed as the last
step of this work. The comparison has been done among the heat-treated composites
and along with the as cast composites. The comparison of machinability performance

has been done by normalising the experimental data and processing it subsequently.

6.1.Effect on microstructure

The heat-treated composites micrographs along with grain distribution has been
presented in Figure 6.1 (a — h). It is observed from the optical micrographs that
homogeneous distribution of slag particles had been occurred along with minimal
agglomerations. The white arrows in Figure 6.1 (c, e and f) shows incorporated cupola
slag particles. The interface between slag and matrix has been observed to be clean and
free from intermetallic compounds indicating good bonding between matrix and
reinforcements [191]. The slag inclusion majorly effects in refinement of grains as
observed from Figure 6.1 (b, d, f, h). Base LM11 has mean size of 138.89 um which
reduces to 48.46 pum, 38.83 um and 27.70 um respectively for LM11/3wt.%CS,
LM11/5wt.%CS and LM11/7wt.%CS. This refinement has been resulted from the

initiation of solidification surrounding reinforced slag particles [192]. Moreover,
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homogenization of grains has been resulted from solution treatment [193]. The effect of
this refinement in microstructure would result in enhancement of machinability and
mechanical properties. The grain size is gradually reducing with increasing reinforcing
cupola slag content as per Figure 6.1. This is due to the fact that with increasing slag
content number of nucleation sites increases while solidification. The grain size of as
cast composites has been reported in Chapter 4, was much higher than that of heat-
treated composites due to homogenization and result in enhanced properties. A detailed
comparison chart has been presented in Figure 6.2 depicting the reduction of grain size

with increasing slag content, moreover heat treatment reduces grain size even more.

Figure 6.3 (a — d) presents SEM images for heat-treated composites. Base LM11
depicts larger grains with porosities as observed form Figure 6.3 (a). The cupola slag
inclusion in grain boundaries and inside the grains has been observed in Figure 6.3 (b —
d), the reinforcement — matrix interfaces are free from intermetallic formation and clean
yielding better mechanical and machinability properties [194]. The grains are observed
to be reduced with increasing slag content and there are minimal agglomerations of
reinforcement particle ode to the successful stirring. Composites with 7 wt.% cupola
slag have clean interface showing better bonding between matrix and reinforcement as
per Figure 6.3 (d). The inclusion of slag particle has been further evidenced by
elemental analysis using EDS plots shown in Figure 6.4 (a — ¢). The slag particle content
oxides of iron (Fe), calcium (Ca), aluminium (Al), silicon (Si) etc. Hence, presence of
oxygen (0O), Si, Al, Ca, Cu and Fe in low electron level as presented in Figure 6.4,
indicate presence of cupola slag in the composites. The quantitative analysis indicates
the composition of the mapped area shown. The total amount of foreign element to Al
and Cu has been increases with increasing slag content. These, indicates successful
inclusion reinforcement in matrix. Similar studies on reinforcement inclusion have been

reported by pervious authors [195-197].



Effect of Heat Treatment on Novel Cupola Slag Reinforced Composites

102

& 9w o= W

£ c E g g s E
= = L= - S W
— = m mp.! =
- m e = ] /. ja— A
= =L A o o
o % % £ 2z || &5
M._n_m e m m I m -4 - \p\.\..ﬂ\x\x.xxx.. m 1] 7
... s
m [l M\\‘.. W & . - - = ....\.\\..-x.x.”.\.........x ) W m _..\\.”x ; H -
2w s - I N eyl £ EEEEEEE — _\\\\\ / = E
s = = AR
M ..m el = B <= e E B e m s : i s E
...\x... - m .l............\.\lx.....x..x z = B s = T =
; — A T W@ e e
fre e \ e x.x - m .w.\u......x\\\ ~Mx\ N rxx.x\\..x\x.ﬂx\\.x.\x.\:.\\ m 4 M
e & M s - R R * “
o o o e H._m x\x\\xx\\.\m\..xxx\vxx.. & .fliffl.\x...\\\\\\\\.v\\ £ .m
R i o 7 S #
/...\\ \x\\x \...\\xxx..\ ; m T \.xx\xx\\\\x ey - m A..LF\?..\\\\\.\\\\ m Fid
A o : z e, = w
.m....::“-.....\\ — & .I.rra..!-\t\\x..;. Niw ........r;., i b
] - g A A
L, w\\\\ T.Pﬂ.r:.\\ Vﬂ\.\.\x
e, g e
] A —-— o
. i e,
e LN e _.u) ra s ~
2 \ = <
" YR Y S T T T
]

= Wi ) i

— - " -l —
U230 jo Sauanbasyg o 2u3an230 Jo Lauanbaag o

%CS (g, h)

f) and LM11/7wt

b

%CS (e

Figure 6.1 Optical micrographs and particle size distribution curve for heat-treated
LM11/5wt

LMI1 (a, b), LM11/3wt.%CS (c, d),



103 Effect of Heat Treatment on Novel Cupola Slag Reinforced Composites

160 —

| | As Cast
110 % Heat treated
120
g i
=l
= 100 4
[-F]
N i
w2
= i
.E 80 %
> %
&0 60 | N
=
e J
g
Z 4 NN ; 2
. O |
- = et
A o
204 % o X
o)
% o
[ [ [ T
LM11 LM11/3wt.%CS LM11/5wt.%CS LMI11/7wt.%CS
Composites

Figure 6.2 Comparison chart for grain size refinement

Porosity

20 ym
%

T A ISy e ¢
o RS
‘\r Cupola slag particle

»
L3
r F
R ‘:AQ“\”

o YR

{1 K 20 ym (d) » /I". 20 ym

g ¥

Figure 6.3 SEM images of heat-treated (a) LM 11, (b) LM11/3wt.%CS, (c)
LM11/5wt.%CS and (d) LM11/7wt.%CS




104 Effect of Heat Treatment on Novel Cupola Slag Reinforced Composites

a)
3.06K Al K Element | Weight %
272k 0K 36
238K Mg K 0.5
204K ALK 84.0
1.70K SiK 02
136K CaK 0.2
1.02K Fel FeK 1.9
ossk [Catl — KK . -
s cul] KK GK CuK 95 :

* ale K Mg [si Cak FeK FekK [CuK |cuK
OIDO‘((),O ) 13 ) 26 ) 39’ 52 65 78 9.1 104 17 130
b)

333K AK Element Weight %
2.96K OK 23
250K Mg K 04
2.22K] AlK 86.8
1.85K SiK 07
148K CaK 0.5
111K Fel FeK 1.4
074K @ e CukK 7.9
siL &= |ca K
037K - - N—
Ale K Mofisik CaK FeK FeK |CuK [CuK
O'Oog.o i 13 B 26 39 52 6.5 7.8- 9.1 104 11.7 130
)
B.60K; Al K Element | Weight %
B.20K' 0K 29
280K, Mg K 0.6
A AIK 87.5
fpooK] Si K 0.2
1.60K Cak 0.3
.20k Fel
Fe K 1.2
P.80K: @ w—
baok SIE u iad L L :
7 al@ K| Mgflsik [cak FeK FeK |Cukl [cuk
T — ——
0.0 13 26 39 52 6.5 78 9.1 104 1.7 13.0
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6.2.Effect on density and hardness

The heat-treated composites density along with as cast composites has been
presented in Figure 6.5. It is depicted from Figure 6.5 that higher cupola slag content
reduces the density as cupola slag possesses comparatively lower density. The variation
in density for as cast composites has been observed to be more as slag percentage
increase whereas it is consistent in case heat-treated composites due to homogenisation
of Cu into aluminium solid solution. The percentage decrease in density has been
observed as 5.82, 2.83 and 0.382% for base, 3% and 7% slag included composites

whereas, 0.898% increase in density observed for Swt.% slag reinforced composites.
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Figure 6.5 Graphical representation of density results of heat-treated samples
The microhardness plots for heat-treated and as cast composites has been presented

in Figure 6.6. It has been noted that microhardness increases as the slag percentage rises,
owing to the refinement of grains associated with the higher slag content. This is
governed by three major mechanisms such as load transfer, dislocation strengthening
and grain refinement. Load transfer strengthening in composite occurs when reinforcing
particles resist deformation, leading to dislocation at the particle-matrix interface. This
creates a stress field hindering dislocation movement, enhancing composite strength.
Interfacial strength is vital for efficient load transfer. Dislocation strengthening further
boosts hardness by impeding dislocation movement through the introduction of
numerous dislocations at the interface [198]. The inclusion of slag reinforcement can
lead to grain refinement, which increases the hardness and strength of the composite
according to the Hall-Petch relationship [199]. Sharma et al. [200] has reported that the
brass slag reinforcement results in remarkable improvement in hardness for Al-Si alloy
(LM30) composites. Improved hardness of solution treated composites has been
observed when compared with as cast composites. An improvement of 28.71%, 25.33%,
23.84% and 13.10% from as cast composites has been obtained respectively for base,
3wt.%, Swt.% and 7wt.% slag included composites. The improvement of hardness is
due to formation of Al,Cu, which stops movement of dislocation to increase material
strength [201]. Sun et al. reported similar enhancements of hardness and density in heat-

treated SiC/Al-Cu composites [202].
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Figure 6.6 Graphical representation of microhardness
6.3.Effect on tensile properties

The stress stain curve for heat-treated composites is presented in Figure 6.7, which
shows that higher slag content yields increased ultimate tensile stress. Moreover, the
stress strain curve area denoting the modulus of toughness increases with increasing
slag percentage. The yield strength is also observed to be increased with increasing slag
content as per Figure 6.7. This enhancement of tensile properties is the result of
increased strength due to good interfacial bonding, refinement of grains and
strengthening due to inclusion of reinforcements [203,204]. Moreover, as the
microstructure shows in Figure 6.1 that the reinforcement particles are reduced in size,

which can distribute the stress within the matrix yielding higher tensile strength.
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Figure 6.7 Stress strain curve for all heat-treated composites
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The ultimate tensile strength (UTS), yield stress along with the comparisons with
the as cast tensile values has been presented in Figure 6.8. The UTS increasing with
increasing cupola slag percentage and heat-treated composites show better UTS. The
uniform distribution of grains achieved in solution heat treatment has resulted in this
betterment [205]. The UTS indicate the overall strength of material and heat-treated
composites with 7 wt.% slag inclusion with UTS value 243.26 MPa observed to be
approximately 25% higher when compared to solution treated base LM11 (193.38 MPa)
and more than 70% enhancement comparing with as cast base alloy (141.45 MPa). The
yield stress also increases with increasing slag content but heat-treated composites show
more uniform increase. This increase is the result of strengthening effect of the cupola
slag particles within the composite material [206]. The implications of this increase in
yield stress include enhanced mechanical properties, such as improved strength and
durability. The UTS has been enhanced due to heat treatment as 37.03%, 26.81%,
32.26% and 22.88% respectively for base, 3, 5 and 7 wt.% slag incorporated

composites.
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Figure 6.8 Comparison of UTS and yield stress
The ultimate load indicates maximum load bearing capacity of any material which

is another important mechanical property for structural applications. Along with-it



108 Effect of Heat Treatment on Novel Cupola Slag Reinforced Composites

specific strength gives the strength to weight ratio which is most important property for
light weight composites. The ultimate load and specific strength results has been plotted
in Figure 6.9, which shows that the ultimate load increases with slag inclusion although
with increasing slag weight percentage it becomes consistent. However, the ultimate
load of heat-treated composites significantly surpasses that of as-cast composites, which
can be the outcome of the homogenization resulting from solution heat treatment [207].
The increase in ultimate load is due to overall strengthening. This indicates enhanced
mechanical property result from waste material inclusion. The specific strength
increases with increasing slag percentage for both heat-treated and as cast specimens,
although, heat-treated composites show better specific strength. This improvement
arises from the dissolution of alloying elements during solution treatment and
subsequent precipitation hardening, which refine the microstructure and enhance the
load transfer between the aluminium matrix and slag reinforcement. The highest
specific strength has been observed for solution treated 7 wt.% slag reinforced
specimens. The enhanced specific strength indicates higher strength to weight ratio of
waste incorporated aluminium matrix composites. Similar enhancement in tensile

properties has been reported in the works of Kumar [208], Saini et al. [161].

—u— Heat treated ultimate load
1¢ o —a— As cast ultimate load
—#— Heat treated specific strength

1 —4— As cast specific strength 2
_______.—-—-"'-7-
84 - i

=100

2
o E
i a0 o 2
o
"g w =
3 P =
g ] o @S
£ A ]
= - =2
= - w2
- B
4 - &
-
-
/’ iy
2 T = - = — = a= == - 60
1 L L I L L) I )
0 1 2 3 4 5 6 7

Cupola slag percentage (wt.%)

Figure 6.9 Ultimate load and specific strength vs slag content plot

The toughness has been calculated using area under the curve of stress-strain
diagram. The results of toughness have been demonstrated in Figure 6.10 showing

enhanced toughness for 7 wt.% slag reinforced composites. The heat-treated composites



109 Effect of Heat Treatment on Novel Cupola Slag Reinforced Composites

observed to have better toughness as expected from the tensile property results. This
increased toughness would allow the novel slag reinforced composites to be used in

applications required sudden contact and release such as clutch plates of automobile
[209,210].

—a— Heat treated
25 o =@ As cast

20 -

Toughness (MJ/mJ)
=
1

10 -

-
—
-
-
-
—

Cupola slag percentage (wt.%)

Figure 6.10 Toughness plot

The fractured surface of the tensile test specimens has been analysed using SEM to
introspection into fractography which may reveal the fracture mechanisms. The low
magnification fractography images has been presented in Figure 6.11 (a — d). Figure
6.11 (a) depicts fracture surface for base LM11 alloy showing a cleavage and dimples
indicating ductile fracture. The cupola slag inclusion has induced brittleness into the
composites as evidenced by flat facets with nominal grooves and tear ridges as depicted
in Figure 6.11 (b — d). The higher magnification fractography has been presented in
Figure 6.12 (a — d). The mountains and valley structure has been visible in case of base
LMI11 alloy where as other composites show flat faces with depth of valleys and ridges
of tearing indicating a mixed mode of fracture. The strengthening by hindrance in crack
propagation has been visible in Figure 6.12 (b) and (d). The fractography indicates
similar results when compared with as cast composites however the amount of tear
ridges increased in heat-treated composites which indicates greater strength in case of

heat-treated composites.
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Figure 6.11 Scanning electron microscopy fractography for heat-treated (a) LM11, (b)
LM11/3wt.%CS (c) LM11/5wt.%CS and (d) LM11/7wt.%CS

Figure 6.12 Higher magnification (2000x) scanning electron microscopy fractography
for heat-treated (a) LM11, (b) LM11/3wt.%CS (c) LM11/5wt.%CS and (d)
LM11/7wt.%CS
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6.4.Effect on machinability

The results have been documented in this section with adequate explanation of
underlying mechanisms and trends. The efficiency and quality of novel composites

depend on the machinability behaviour.

6.4.1. Cutting force

The machinability of a material is highly influenced by the force requirement for
machining. Thus, cutting force is measured. The cutting force is obtained in 3 directions
(Fx, Fy and F,) and the resultant force has been treated cutting force (F). The force
required for cutting for all the variations of process inputs has been presented in Figure
6.13. In the inset of Figure 6.13 the cutting force factorial plot has been presented. It is
evident from Figure 6.13 that with higher feed and spindle speed the force increases.
This increasing trend is visible as higher speed and feed yields increased uncut chip
thickness which increases the shear zone which requires more force to shear leading to
increased force requirements [202,211]. Initially the cutting force reduces slightly with
addition of cupola slag particle but it increases sharply with addition of 7 wt.% of cupola
slag. The decrease of cutting force with slag inclusion is the result of self-lubrication
and refined grains that allows the cracks to propagate easily facilitating ease of cutting
[173]. However, the sudden increase with 7 wt.% slag is due to agglomeration and
excessive porosity which hinders the cutting by hardening of the workpiece [212]. It is
noteworthy, that in heat treated condition cutting force requirement increases as
compared to the cutting force requirement at as cast condition shown in Figure 5.1. This
is attributed to the fact that in the as-cast state, cupola slag particles are weakly bonded
to the LM11 matrix, leading to easier particle pull-out that actively participate in micro
cutting and fracture during machining, which lowers resistance to cutting. However, the
matrix undergoes strengthening due to phase redistribution and spheroidization of
silicon after solution treatment. Particle—matrix interfaces become stronger and more
effective in load transfer, reducing pull-out and forcing the cutting tool to shear through
intact, harder regions increasing the required cutting force. Kannan et al. [69] and Saini
et al. [73] have reported similar trends of force requirement in turning of AMCs without

cutting fluid.
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Figure 6.13 Impact of process inputs on cutting force for dry turning of heat-treated
composites (inset: factorial plots for cutting force)

6.4.2. Surface roughness

The quality of the machining is accessed by the smoothness of the generated surface.
Hence, surface roughness becomes an important index of machinability analysis. The
roughness is measured at different position along the surface for each experimental run
and the average roughness in terms of Rms has been reported. The Rims has been
calculated from the peek and valley observed in measured surface profiles. The surface
profile for the extremities such as highest (Ryms = 10.222 pum at speed = 495 rpm, feed
=0.0125 mm/rev on heat treated base LM11 alloy) and lowest (Rims =2.567 pm at speed
= 495 rpm, feed = 0.083 on heat treated 7wt.% slag incorporated LM11 composites)
value of surface roughness values has been shown in Figure 6.14. Figure 6.14 depicts

that profile of machined surface has been changes greatly with changing parameters.
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Figure 6.14 Surface profiles of best and worst machined surface of heat-treated
composites
The dependency of the surface roughness on inputs has been represented graphically

on spindle speed versus surface roughness plot presented in Figure 6.15. The best
surface has been obtained for 7 wt.% slag included composite in low feed and low
speed. The inset of Figure 6.15 represents the factorial plot for surface roughness. Figure
6.15 depicts that higher speed and feed rate results in deteriorated surface integrity. As
that with higher values of spindle speed and feed, area of tool-work piece contact
increases which in result increases the rubbing action leading to higher surface
roughness [213]. Moreover, increasing feed rate and spindle speed results in increase of
frictional heat in tool workpiece interface which may blunt the tool tip by softening that
changes the nose radius resulting deteriorated surface integrity [214]. The factorial plot
shows that with addition of secondary CS particulate the surface roughness improves
and 7 wt.% slag reinforced composites yield lowest roughness. The improvement of
machined surface integrity by cupola slag reinforcement can be explained by assisted
micro cutting and self-lubrication of the reinforcements. The hard abrasive ceramic
cupola slag particles have small protrusions with sharp cutting edges, thus when breaks
from the matrix and rub between tool workpiece surface acts as micro cutting tool and
smoothen the machined surface. The self-lubricating properties of oxides and sulphides

of cupola slag lowers the tool interface friction which improves the surface integrity.
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Research by Pugazhenthi et al. [56], Saini et al. [73] on machining behaviour of Al-TiB»

and Al-granite marble dust composites, respectively concluded similar observations.
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Figure 6.15 Impact of inputs on surface integrity for dry turning of heat-treated
composites (inset: factorial plots for surface integrity)

6.4.3. Material removal rate
MRR in conventional machining directly relates to the machining cost as with higher

MRR the cost would reduce due to lower running time. Hence, MRR is one of the
necessary indices in machinability study. The MRR for all the experimental runs has
been presented in Figure 6.16. The highest MRR has been observed in 3 wt.% slag
reinforced composites machined with high speed and high feed as shown in Figure 6.16.
The factorial plot for MRR has been presented in the inset of Figure 6.16. The increase
in feed and speed yields higher MRR as per Figure 6.16. Inclusion of cupola slag first
increases the MRR then it’s become stagnant with increasing cupola slag content. The
rise in MRR with higher spindle speeds is because increased speed amplifies the stress
at the chip-tool interface, facilitating crack propagation and thereby boosting MRR [64].
The increased feed rate increases the MRR by increasing the chip tool contact length
which yields higher chip thickness [55]. The addition of cupola slag enhances the MRR

as homogeneously distributed slag particles creates sites of crack initiation simplifying
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the chip formation [188]. The results of MRR analysis are in alignment with the

experiments of various academicians on machinability of AMCs [215,216].
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Figure 6.16 Impact of process inputs on MRR for dry turning of heat-treated
composites (inset: factorial plots for MRR)

6.4.4. Power consumption

The energy aspect of turning is incomplete without analysis of power consumed
while the process. The power consumption gets influenced by work piece material,
cutting tool and machine tool. The conventional lathe used here was a robust machine
hence very small amount of variation in power consumption has been observed. The
variation of power consumed for all the speed, feed and cupola slag content has been
shown in Figure 6.17. Although variation has not been visible in bar graphs, the factorial
plot presented in the inset shows the influence of inputs on power consumed while
turning. Figure 6.17 shows that rising spindle speed and feed first increased the power
consumed and then it reduces. This reduction of power consumed indicates lower
resistance to chip formation. This trend occurs because, initially, the increasing speed
and feed enlarge the contact area, which in turn raises chip-tool friction and the
temperature at the tool tip. This increased friction and higher temperature hinders the

propagation of cracks in the shear zone resulting increased power consumption. Further
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at higher feed and speed the chip tool interface temperature even more leading to
localized softening of workpiece leading to lower power requirement for cutting [217].
Figure 6.17 also depicts that cupola slag inclusion decreases the power consumption
with increasing slag weight percentage. This results from the lubrication and micro-
cutting properties of the cupola slag particles. Moreover, the discontinuous
microstructures also assisted the crack propagations reducing the power requirement for
chip formation [218]. Bhushan [219] reported the similar trends of power required for

turning SiC/Al composites.
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Figure 6.17 Impact of process inputs on power consumption for dry turning of heat-
treated composites (inset: factorial plots for power consumption)
6.4.5. Tool wear

The experiments with carbide coated tool produces very nominal tool wear because
of hard cutting tool inserts and only a distance of 50 mm has been turned using each
cutting tool. The micrographs of tool wear have been presented in Figure 6.18 (a — f).
The major wear has been occurred in terms of built-up edge (BUE) formation as there
is secondary hard abrasive in composites. These hard abrasives hinder the cutting
operation and increases the chip tool interface temperature resulting localized welding

of chip material into the tip of tool inserts which creates BUE [179]. The crater and
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flank wear were minimal for all the experiments. Hence, in this work only BUE has
been considered as tool wear. The experiments indicate minimum tool wear of 12.245
um for cutting condition 495 rpm spindle speed, 0.083 mm/rev feed rate and for base
LM11 alloy. The rake and flank face for the lowest tool wear has been shown in Figure
6.18 (¢) and Figure 6.18 (d) respectively. Figure 6.18 (e) shows the flank face of the
tool with maximum tool wear where BUE is clearly visible. The rake face for the dame
tool insert has been presented in Figure 6.18 (f). LM11/3wt.%CS turned with 800 rpm
spindle speed and 0.083 mm/rev feed yields maximum tool wear of 462.338 pum.

Figure 6.18 Morphology of tool insert for dry turning of heat-treated composites (a)
before cutting: flank (b) before cutting: rake (c) nominal tool wear: flank d) nominal
tool wear: rake (e) Maximum tool wear: flank (f) Maximum tool wear: rake

The trends of tool wear for all feed rate and cupola slag content have been shown in
Figure 6.19, along with that in the inset the factorial plot for tool wear has been shown.
Figure 6.19 depict that rising spindle speed and feed rate the wear decreases as at lower

feed and spindle speed highest chip tool contact length has been observed. This leads to
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higher rubbing action generating more frictional heat resulting in higher wear rate
[181,220]. The tool wear increases with addition of secondary slag phase as compared
to base LMI11 alloy as hard discontinuous phase gets in contact with tool tip and
increases the friction yielding higher interface temperature. It is noteworthy that with
turning of composites with 7 wt.% slag inclusion shows very nominal wear. This
decrease is due to the micro-cutting assistance provided by the hard and sharp abrasive
particles. The higher slag content tends to get loose while turning and often get trapped
in the chip tool interface. These sharp-edged slag particles rub the workpiece which
assist the cutting and reduces the tool temperature and hence, reduces the tool wear
[176]. Comparable results regarding tool wear have been reported by Radhika et al.
[221] for hybrid AMCs and by Bertolini et al. [222] for Al/SiC composites.
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Figure 6.19 Impact of inputs on tool wear for dry turning of heat-treated composites
(inset: factorial plots for tool wear)

6.4.6. Chip thickness

Figure 6.20 shows the impact of process inputs on thickness of the cut chips. The
factorial plot for the same has been presented as inset of Figure 6.20. At a spindle speed
of 495 rpm, feed of 0.083 mm/rev, and 7 wt.% slag-reinforced composites, the nominal

chip thickness measures 0.086 mm. However, the maximum chip thickness is recorded
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at a speed of 620 rpm, feed of 0.125 mm/rev, and 7 wt.% slag-reinforced composites,
resulting in chips with a thickness of 0.764 mm. Figure 6.20 depicts that rising spindle
speed and feed chip thickness increases as strain in chip tool interface is higher with
higher feed and speed yielding larger cutting shear yielding higher chip thickness [184].
Moreover, it may be result of larger tool and workpiece contact area. This large contact
area tends to remove more material increasing the chip thickness [223]. The increasing
weight percentage of cupola slag first decreases then increases the chip thickness. The
decrease in chip thickness due to presence of discontinuous hard abrasive in composites
while in case of turning of LM11/7wt.%CS composites the loose slag particles increases
the rubbing area and assist in cutting yielding increased chip thickness. The trends of
chip thickness have been in alignment with the works of Kannan et al. [69]. The

increased chip thickness results in increased MRR hence improved the machinability.

Speed Foed Welght Frn\'nmir

A

495 620 R0 0.08%) M09 0125 0 D} 5 7

g 22 0 wt.% - 0.083 mm/rev

B3 wt.% - 0.083 mm/rev
1.0 = m 5 wt.% - 0.083 mm/rev
1E37 wt.% - 0.083 mm/rev
0.9 4 [ 0 wt.% - 0.109mm/rev
0.8 -] EEEH 3 wt.% - 0.109 mm/rev
415 wt.% - 0.109 mm/rev
0.7 - 7 wt.% - 0.109 mm/rev
b EEH 0 wt.% - 0.125 mm/rev

T 1E=13 wt.% - 0.125 mm/rev
0.5 = [DI] S wt.% - 0.125 mm/rev
7 wt.% - 0.125 mm/rey

>

Chip Thickness (mm)

Rerens;

a
SRR

Chip Thickness (mm)

N %
\
\ %
0.4 - N\ %
0.3 % ¢:::
5 \ 7
0.2 § %:‘1
T \ i
0.1 § %,:.:
- D G
L 1
495 620 800
Spindle Speed (rpm)

Figure 6.20 Impact of process inputs on chip thickness for dry turning of heat-treated
composites (inset: factorial plots for chip thickness)

6.4.7. Chip analysis
Analysis of chips gives an introspection about the physical machining process. The

photographs of chips formed for different cutting condition has been illustrated in
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Figure 6.21 to Figure 6.23. The chips formed for feed of 0.083 mm/rev has been shown
in Figure 6.21 (a — 1). It is evident from Figure 6.21 (a, e and 1) that turning of base
LMI11 alloy has produced somewhat continuous tubular spring type chips for all the
speed. The increase in weight percentage and speed leads to discontinuous chip
formation. This finally leads to formation of segmented C type chip formation for
turning of LM11/7wt.%CS composites at 800 rpm spindle speed as shown in Figure
6.21 (1). This chip behaviour trend is noted as both speed and slag content rise, leading
to heightened thrust force caused by an increase in hard secondary particles within the

matrix, consequently fracturing the chips [49].

Figure 6.22 (a —1) represents the chips formed in turning with medium feed of 0.109
mm/rev. Figure 6.22depicts that the thickness of chips has increased as compared with
low feed chips due to larger tool workpiece contact area. The base LM 11 turning formed
spring type chips while with incorporation of secondary slag particle the spring type
chips transformed gradually to segmented C type chips. The increase in speed results in
increasing the radii of helix of the spring type and C type chips. The increased speed
and weight percentage results in higher strain which results in large radii chips [185].
Heavier chips with BUE have been observed for 0.125 mm/rev feed as per Figure 6.23
(a —1). The increase in slag percentage changes the chips from segmented spring type
to large radii C type chips to segmented C type gradually as depicted in Figure 6.23.
The speed rise first increases the radii of the chips formed as shown in Figure 6.22 (e —
h). Meanwhile, further increase in speed at higher feed rate produces segmented C type
chips with higher chip thickness as observed in Figure 6.23 (i —1). The increase in speed
feed and slag content make the machining easy due to complex action of higher contact
area, micro cutting assistance by loose slag particles, lower chip tool time of contact

and easy chip flow [186].
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Base LM11 LM11 +3wt.% CS | LMI1+5wt.%CS | LMI11+7 wt.% CS

(a) Tubular spring (b) Segmented (¢) Tubular spring (d) Tubular spring
type chips spring type chips type chips type chips
Spindle speed 495 rpm

(e) Tubular spring | (f) Segmented spring | (g) Segmented spring (h) Segmented
type chips type chips type chips spring type chips
Spindle speed 620 rpm

(i) Tubular spring (j) Continuous (k) Segmented (1) Segmented C type
type chips spring type chips spring type chips chips
Spindle speed 800 rpm

Figure 6.21 (a —1) Photograph of chips formed in turning of heat-treated composites
for 0.083 mm/rev feed
Base LM11 LMI1+3wt.% CS_| LMI1+5wt.% CS_| LM11+7 wt.% CS

(a) Continuous (b) Segmented (c¢) Segmented spring (d) Segmented
spring type chips spring type chips type chips spring type chips
Spindle speed 495 rpm

(e) Segmented spring | (f) Segmented spring | (g) Segmented spring | (h Large radii C-
type chips type chips type chips type chips
Spindle speed 620 rpm

(i) Tubular spring | (j) Larger radii helix (k) Larger radii (1) Larger radii helix
type chips chips helix chips chips
Spindle speed 800 rpm

Figure 6.22 (a —1) Photograph of chips formed in turning of heat-treated composites
for 0.109 mm/rev feed
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Base LM11 LM11+3 wt.% CS | LMI1+5wt.%CS | LMI11+7 wt.% CS

(a) Tubular spring (b) Segmented (c) Segmented spring (d) Segmented
type chips spring type chips type chips spring type chips
Spindle speed 495 rpm

(e) Segmented spring (f) Segmented spring

F (g) Large radii C- (h) Large radii C-
type chips type chips

type chips type chips

Spindle speed 620 rpm

(i) Larger radii helix | (j) Larger radii helix (k) Segmented C (1) Segmented C type
chips chips type chips chips
Spindle speed 800 rpm

Figure 6.23 (a — 1) Photograph of chips formed in turning of heat-treated composites
for 0.109 mm/rev feed

6.4.8. Comparative analysis

The responses of machining indices have been normalized to a percentage scale for
the sake of comparative analysis. The average machinability indices for as cast
composites denoted as LM11, LM11/3wt.%CS, LM11/5wt.%CS and LM11/7wt.%CS
have been taken from the previous chapter. The maximum value for each index has been
assigned as 100 and subsequently the other values have been converted to percentage
of the maximum value. These percentage values have been presented in a radar diagram
presented in Figure 6.24. In Figure 6.24, the dashed lines depict machinability data for
dry turning of as cast composites, while the solid lines represent the same data for heat-
treated composites. It is depicted Figure 6.24 that heat-treated composites show better
machinability in terms of similar power consumption, cutting force, lower tool wear,
surface roughness, higher MRR and chip thickness when compared with as cast
composites. These changes in machinability indices indicate improvement in overall
machinability in heat-treated composites. This enhancement in machinability could
stem from the segregation of Cu at grain boundaries in the Al-Cu system in its as-cast
state, leading to non-uniform distribution. The solution heat treatment homogenizes the

alloy and put Cu into the solution yielding better properties with equiaxed
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microstructures [224]. The comparative analysis on heat-treated composites as shown
in Figure 6.24 depicts that lowest surface roughness and tool wear obtained for
LM11/7wt.%CS turning. The same composites yield maximum MRR and chip
thickness. Lowest cutting force has been recorded in the machining of LM11/5wt.%CS.
The power consumed for turning of heat-treated composites has been observed to be
similar for all the composites. Hence, an observation can be drawn from comparative
analysis of machining indices that by incorporating cupola slag the machinability has
been improved. The hard and abrasive nature of cupola slag facilitated this
enhancement, refinement of grains while solidification, homogenisation while solution

treatment and assistance in cutting by lose slag particles [189,190].

Tool wear Surface roughness

Chip thickness MRR

Power consumption
— =LMil1 HT_LM11
LM11+3%CS HT_LM11 + 3%CS
LM11 +5%CS HT_LM11 + 5%CS
= =LMi11 +7%CS ——HT_LM11 + 7%CS

Figure 6.24 Comparison of machinability indices
6.5.Summary

This study presents the fabrication and performance analysis, encompassing
physical, mechanical and machinability aspects, of heat-treated newly developed LM11
metal matrix composites reinforced with cupola slag. The key observations drawn from

this investigation are outlined below:

e The microstructural analysis shows that successful incorporation of slag particles in
matrix. The grain size in the LM11 alloy decreased significantly with the inclusion
of cupola slag, from 138.9 um for the base alloy to 48.5 um, 38.9 um, and 27.7 pm

with 3%, 5%, and 7% slag reinforcement, respectively. SEM imaging confirmed that
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slag particles were well-bonded within the matrix, providing a cleaner interface and
minimal porosity.

e The density decreased slightly with higher slag content due to slag’s lower density
compared to the base LM11. The microhardness increased by 13.1%, 23.8%, 25.3%,
and 28.7% for the 0%, 3%, 5%, and 7% slag inclusions, respectively, indicating
improved strength due to enhanced load-bearing capacity and grain refinement.

e The tensile properties observed to be improved in terms of ultimate tensile stress,
yield stress, ultimate load, specific strength and toughness by incorporation of cupola
slag in the base LMI11 alloy. Ultimate tensile strength (UTS) showed a marked
improvement, with the 7 wt.% slag composites achieving a UTS increase of
approximately 25% over the base alloy in heat-treated form and over 70% when
compared to the as-cast base. Additionally, specific strength and toughness
increased, making the material suitable for high-stress applications, such as in the
aerospace and automotive industries.

e The machinability is enhanced in terms of machinability indices lower cutting force,
surface roughness, power computation, tool wear and chip thickness with higher
MRR, in case of heat-treated composites with slag inclusion. Heat-treated
composites with 7 wt.% slag displayed optimal machinability, with reductions in
cutting force (approximately 5% less than lower slag composites), surface roughness,
and power consumption, while achieving the highest material removal rate (MRR)
and chip thickness. The improvement in machinability is attributed to the slag’s self-
lubricating properties and its assistance in micro-cutting, enhancing both
performance and tool life.

e This research demonstrates a sustainable approach by repurposing industrial waste
(cupola slag) into value-added composite materials, providing a cost-effective

alternative for advanced applications.

This comprehensive analysis indicates that cupola slag-reinforced LM 11 composites
are promising materials with enhanced mechanical and machinability properties,
providing an effective way to utilize industrial waste sustainably. These findings
highlight the potential for further applications in lightweight, high-strength engineering
fields.



Chapter 7

Concluding Remarks

his comprehensive experimental investigation demonstrated the potential of
an industrial waste, cupola slag reuse as reinforcement in AMCs with LM11
alloy as matrix. The rigorous research systematically evaluated mechanical,
microstructural and machinability characteristics of newly developed slag reinforced
composites. The subsequent sections in this chapter presents the key conclusion and

future direction of development in this domain.

7.1. Conclusions
The study introspected the quality of cast composites across various particle size,

weight percentage and processing condition while turning along with the effect of
solution heat treatment. The key conclusions drawn from the introspection has been

presented as follows,
Microstructural analysis and grain refinement

Incorporation of cupola slag was successful and led to grain refinement from
approximately 151.23 um for the base LM11 alloy in as cast condition to 57.25 pm,
43.10 pm, and 32.29 um for as cast composites with 3 wt.%, 5 wt.%, and 7 wt.% slag
reinforcement, respectively. The heat treatment even reduces the grain size reduced to
138.89 um, 48.46 pum, 38.83 um and 27.70 um for heat treated base alloy and
composites with 3 wt.%, 5 wt.%, and 7 wt.% slag reinforcement, respectively.
Moreover, uniform particle distribution along with clean matrix-reinforcement interface

with minimal porosity has been confirmed through SEM-EDS analyses.
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Mechanical property enhancement

Cupola slag inclusion as reinforcement to LM11 matrix enhances the mechanical
properties of the alloy in terms of microhardness, tensile strength and reduction of
density and weight of the composites. The microhardness increased approximately 30%
in as cast condition and 47% in heat-treated condition by 7 wt.% cupola slag inclusion
reaching a highest value of 105.97 Hv. The heat-treated composites exhibit a massive
70% improvement in ultimate tensile strength, reaching 243.26 MPa for 7 wt.% slag
reinforced composites compared to 141.45 MPa for as cast base alloy. The toughness
and specific strength also enhanced. The density has been reduced by 11% for 7 wt.%
slag addition, contributing to the lightweight material design. These enhancements
suggest improved material durability, making the novel cupola slag reinforced

composites suitable for high-performance applications.
Machinability

Machining studies revealed improvements in cutting force, tool wear, and surface
roughness with increasing slag content due to slag inclusion which enhances further for
heat-treated composites. The self-lubricating nature of slag particles contributed to
enhanced machinability. Notably, the 7 wt.% slag composite exhibited optimal
machinability, with the highest material removal rates (MRR), reduced cutting force
and surface roughness. The 7 wt.% heat-treated composite exhibited approximately 5%
lower cutting forces compared to lower slag composites, minimum surface roughness
of 1.36 um and the highest material removal rate of 22.5 g/min at 800 rpm and 0.109
mm/rev. In addition, the chips produced were continuous, spring-like with larger curl
radii, facilitating ease of machining. Enhanced machinability indicates the potential of

high precision machining for novel slag reinforced composites.
Sustainability and Practical Implications

The study demonstrated successful reuse of solid industrial waste providing
enhanced material properties while reducing the environmental impact. The
development of cupola slag reinforced composites with tailored properties of high-
performance lightweight material supports sustainable engineering practices. This work
also provides a novel approach to global solid waste management. Such composites can
be used in the automotive sector for components like brake rotors, connecting rods,

cylinder heads, and suspension parts. They are suitable for brackets, housings, and
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structural panels that require both lightweighting and strength in aerospace applications.
In machinery and tooling, they are useful for wear-prone parts where improved

toughness and machinability are important.
Limitations

The study demonstrated promising results for cupola slag reuse as composite
reinforcement but has some limitations. One key concern lies in variability of cupola
slag whose chemical composition and particle morphology may differ across foundries,
potentially affecting the uniformity and repeatability of fabricated composite properties.
Additionally, processing challenges such as lower wettability of slag particles restrict
the feasible reinforcement limit to 7 wt.% in stir casting, thereby narrowing the scope
for further inclusion. Beyond these, long term durability aspects such as fatigue, thermal
stability under cyclic loading, wear and corrosion resistance remain unexplored and
must be carefully addressed before these composites can be deployed in critical
engineering applications. Moreover, while laboratory-scale fabrication has proven
effective, industrial scalability requires additional investigation to validate cost-

effectiveness, consistency, and large-scale production feasibility.

7.2. Future scope

The future scope of this experimental work presents several promising avenues for
exploration and innovation. Firstly, application based real world properties of the
composites can be evaluated through analysing dynamic loading behaviour such as
fatigue and impact tests. Secondly, fabrication process parameter can be optimized
along with inclusion of additive manufacturing to reach more intricate microstructure
with enhanced properties. Thirdly, this work pioneered a way to diversify and expand
the sustainable low-cost composite development by establishing the feasibility of waste
utilization as reinforcement of composites through sustainability-focused assessments
such as life cycle analysis (LCA) and techno-economic evaluations will strengthen the
environmental and economic feasibility claims. Such analyses will validate the
practicality of utilizing waste-derived reinforcements in real-world scenarios.
Additionally, comprehensive investigation into corrosion and wear performance under
various condition may facilitate these composites applicability in harsh or marine
environments. Moreover, development of hybrid composites with other reinforcement

to tailor specific application-oriented properties like thermal or electrical conductivity
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can be studied. This work establishes a robust foundation for integration of industrial
waste derived economic composites into advanced engineering applications. The
industrial collaboration would be explored further for validating large scale feasibility
of these waste reinforced composites. The research simultaneously addressed
environmental concerns along with growing demand of new age high performance

materials.
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