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ABSTRACT

Automotive components are currently manufactured from different aluminium alloys.

The production of these components from primary aluminium alloys has become a huge

burden in terms of economic benefits and environmental aspects. Hence, recycling alu-

minium alloys is adopted as a strategy in foundry industries for production of various

components in the transport and other structural applications. However, the quality

of secondary casting alloys is always in question in most recycling practices since alloy

chemistry control is a major issue during aluminium recycling and majority of the scrap

alloys have differences in chemical compositions. This in turn affects microstructure, the

overall mechanical performance of the alloy and castability. It is therefore important to

seek ways of maximising alloy chemistry control during aluminium recycling so as to im-

prove the efficiency of the process as well as to utilize the scrap metals in to high quality

products. The aim of this study was to identify the alloys used for cylinder head and

develop an alloy that allows direct recycling of post-consumer cylinder heads for reuse

in the same application and investigate its microstructure, mechanical performance and

castability. An assessment was conducted in the literature and on scrap samples to inves-

tigate the chemical composition of alloys used for cylinder heads. Recycle-friendly alloy

that accommodates different cylinder head scraps was identified based on the standard

alloys used for cylinder head application. An alloy (base alloy (SI)) was developed from

scrap cylinder heads which fall within the identified alloy chemical composition range

by melting different scrap cylinder heads. Its microstructure, mechanical properties and

fluidity characteristics were investigated. Further, the effect of Sr, Fe, Mn and different

xix



heat treatment parameters were investigated on the alloy and a satisfactory mechanical

properties and fluidity characteristics of the alloy was obtained. The common alloys

used in cylinder heads were found to be type 319.0, 356.0, 355.0, 354.0, A380.0 and their

equivalent alloys in other countries. The chemical composition analysis of the scrap

samples showed that most of them were in the range of JIS AC2B alloy which is equiv-

alent to 319.0 alloy. The microstructure of the alloy in the as-cast reveals phases such

as coarse acicular eutectic silicon particles and intermetallic phases of iron and copper.

Some Fe-intermetallic phases were also seen to be modified by Sr. After heat treatment,

necking, fragmentation and spheroidisation of eutectic silicon particles were observed.

Moreover, Al2Cu was completely dissolved in the Al-matrix. The size and distribution

of porosity was increased by the addition of 0.02% Sr as modifier and with the increase

of Fe to 0.38%. The pore sizes were large with these alloys, especially with the modi-

fied one which had pore sizes above 100 µm. The addition of strontium as a eutectic

modifier and iron as an impurity were observed to decrease the tensile strength (UTS)

and ductility due to associated porosity and intermetallic phases. The average UTS in

the as-cast alloy was 209.5 MPa, 203.6 MPa, 195.4 MPa and 201.5 MPa in the base,

Sr, Fe and Mn added alloys respectively. After T6 heat treatment; the UTS, impact

toughness and hardness increased while ductility decreased. The highest micro-hardness

value was registered by the alloy containing 0.38% Fe after 2 h aging time and at 170oC

aging temperature. The suitable aging time of the alloy for obtaining high values of

hardness was found to be between 2 and 6 hours at 170oC and T4 treatment was also

found convenient than aging for long hours. The fluidity of the base alloy was found to

xx



possess the highest flow length in a curved channel while addition of 0.02% Sr to the

base alloy was observed to reduce the fluidity by 5.2%. The increase of Fe content of the

base alloy to 0.38% reduced the fluidity by 21.9%. However, the combined addition of

0.9% Fe and 0.45% Mn was observed to reduce the fluidity by 12.1%.

xxi



CHAPTER 1

INTRODUCTION

1.1 Background

The demand for aluminium alloys in the manufacturing industries such as the automo-

bile and aerospace sectors is increasing due to the cumulative advantages they have over

ferrous alloys [1]. For example, they are used in many automobile components such

as pistons, wheels, cylinder heads, engine blocks, manifolds and valve filters [2]. Their

relatively high strength to weight ratio is of particular importance due to the increased

demand for light-weighting in the transportation industry for fuel efficiency and reduced

emissions. The excellent light weighting has attracted use of Al- alloys in many other

specific and general applications [1, 3].

It is reported that an increase in the amount of aluminium in a car by 1 kg reduces CO2

emissions by 19 kg during its whole life-cycle [4]. In addition, 5%−7% fuel savings can

be realized for every 10% weight reduction by substituting heavier steel with aluminium

through appropriate design. North American light vehicles have the highest total alu-

minium content with an average of 148 kg per vehicle, followed by European vehicles

at 124 kg per vehicle and Japanese vehicles at 118 kg per vehicle [5]. The application

of aluminium in passenger vehicles and light trucks manufactured in 2006 is reported

to contribute to potential savings of approximately 140 million tonnes of CO2 emissions

and to energy savings of equivalent to 55 billion liters of crude oil over the life cycle of

1



these vehicles [5]. Hence, most automotive manufacturers have adopted reducing weight

as a prime solution for improving fuel consumption, performance, safety and comfort

features [1, 6].

It is estimated that aluminium recycling reduces the energy use by about 95% from

that required to produce primary aluminium [7, 8]. Cast aluminium alloy products are

widely used and the transportation area creates the major end-use market for aluminium-

containing products and this is expected to increase. Therefore, the increasing demand

for aluminium-based products and the globalization of the aluminium industry have con-

tributed significantly to the higher increased reuse of aluminium scrap for re-production

of aluminium alloys. Today, a large amount of new aluminium products are made by

recycled alloys [9]. Furthermore, up to 75% aluminium recycled in Europe is used in

transportation [10]. It is also predicted [11] that there will be an over-flow of about

6.1 metric tonnes of cast alloy scrap in the year 2030 due to the high concentration of

alloying element, effectiveness of scrap sorting and the introduction of electric vehicles.

After the service life of the components is over, many foundry industries recycle the

scrap into secondary alloys for reuse in casting various other components. However, the

castability, microstructure and mechanical performance of these recycled alloys are more

susceptible to detrimental effects compared to the primary aluminium alloys. This is

mainly due to the inherently high levels of impurity elements as well as varying degrees

of minor elements. Moreover, they are highly dependent on the alloy chemistry, casting

process conditions as well as mould and casting design [3,12–14]. For example, a variety
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of cast aluminium alloys are used in producing automobile wheels depending on the

manufacturer. Table 1.1 shows that although there is significant similarity in the major

alloying element compositions, there is indeed significant variation in the composition of

minor elements.

Table 1.1: Common examples of 356-type alloy specifications for different countries.

Country Alloy Cu Mg Si Fe Mn Ni Zn Pb Sn Ti other 

U
S

A
 

356 0.25 0.20/0.45 6.5/7.5 0.60 0.35  0.35   0.25  

A356 0.20 0.20/0.45 6.5/7.5 0.20 0.10  0.10   0.04/

0.2 

 

A357 0.20 0.40/0.70 6.5/7.5 0.20 0.10  0.10   0.20 Be 

0.04/0.

07 

U
.K

 BS 1490 

LM25 

0.20 0.20/0.60 6.5/7.5 0.50 0.30 0.10 0.10 0.01 0.05 0.20  

Ja
p
an

 AC4C 

(AC4C.1) 

0.25 0.25/0.40 6.5/7.5 0.40 0.60 0.05 0.30 0.05 0.05 0.20 Cr 0.1 

AC4CH 

(AC4CH.1) 

0.10 0.30/0.45 6.5/7.5 0.17 0.10 0.05 0.10 0.05 0.05 0.20 Cr 0.1 

A
u
st

ra
li

a AA601 0.05 0.30/0.40 6.5/7.5 0.20 0.05 - 0.05 - - 0.20 0.05 

AA603 0.05 0.45/0.7 6.5/7.5 0.15 0.03 - 0.05 - - 0.20 0.05 

 

 
It is thus evident that recycling aluminium wheels without regard to their original alloy

specification can result in secondary alloys with varying degrees of minor and impurity

elements such as Pb, Sn, Zn, Ni, Fe and Mn. The situation is more complicated for

products such as automotive engine cylinder heads which are routinely produced from

a wide variety of cast aluminium alloys. The question therefore is how can efficiently

recycle these alloys in a manner that allows to control the alloy chemistry as well as the

mechanical performance of the resulting alloys.

To make use of automotive component aluminium scrap in high quality products it is im-

portant to identify alternative recycling approaches that are better suited to address the

3



growing compositional diversity of aluminium products. Therefore, the current research

will concentrate on recycling of scrap cylinder heads for use in the same application.

Component to component recycling is not common so far except in some products like

used beverage can (UBC) which is fully reused for the same application. Companies like

Nissan Motor Corporation are taking measures to utilize automotive component for high

quality products such as bumper to bumper and small vehicle wheels into suspension

parts [15]. Furthermore, wheels have the largest potential for component-to-component

recycling. They are the largest component group, easy to dismantle, and manufactured

from homogenous alloys [16].

1.2 Problem Statement

One of the challenges recognized as a key pillar in maximising aluminium recycling

efficiency is the number of available alloys whose specifications will readily accept recycled

metal and yet perform well in high quality, value added products. This aspect has

generally received little attention in aluminium recycling and yet the potential economic

and environmental benefits, especially as pertains to the Kenyan industry, warrant its

consideration. For example, cast aluminium alloys for automotive applications which are

recycle-friendly have largely been limited to the 380 type alloys. Although these alloys are

widely used in automotive applications, there are a number of automotive components,

such as pistons, for which they cannot be applied. Alternative recycle friendly alloys

therefore need to be developed that can be used in some of these high value automotive

applications. It is this aspect that this project aims to address.
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1.3 Justification

The use of aluminium in the automotive industry is likely to increase because of its ex-

cellent light weighting potential. Increased efficiency of aluminium recycling is therefore

necessary because of its obvious economic and ecological benefits as well as to ensure

its continued availability at reasonable cost. Some of the benefits of using recycled alu-

minium as opposed to primary aluminium include the following:

1. Massive energy savings - It is estimated that aluminium recycling reduces the

energy use by about 95% from that required to produce primary aluminum (i.e.

from about 45 kWh/kg of primary aluminium to about 2.8 kWh/kg of secondary

aluminium) [7].

2. Reduced waste disposal - Primary aluminium production generates lots of solid

waste such as mine wastes and the red mud residue created during alumina purifi-

cation. Solid and hazardous wastes from aluminium recycling (primarily dross and

salt slag created during remelting) are reduced by about 90% [7].

3. Reduced emissions - Primary aluminium production generates both hazardous (flu-

orides, sulfur dioxide) and nonhazardous (carbon dioxide) emissions. Aluminium

production via recycling reduces emissions by over 90% per tonne.

4. Reduced capital cost - a mining operation and an aluminium extraction plant are

not required.
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5. Moreover, for some countries like Kenya, aluminium scrap is the most readily

available source of aluminium for use by local industries and therefore significantly

economical.

Based on these benefits, it has been suggested that the aluminium industry needs

to look at opportunities for maximising the advantages of aluminium recycling.

1.4 Objective

The overall aim of this research program was to identify and develop high performance

recycle-friendly secondary alloy for cylinder head application by recycling the available

aluminium-silicon alloy scraps and to investigate their microstructure and mechanical

properties. Hence the specific objectives were.

1.4.1 Specific Objectives

• To develop a recycled alloy that can be used for cylinder heads through assessments

of the chemical composition range of standard alloys used for the same application.

• To investigate the microstructure and defect analysis using optical microscopy.

• To evaluate the mechanical properties as well as the fluidity characteristics of the

developed secondary alloy.
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1.5 Thesis Structure

This thesis is divided into five chapters. Chapter 1 highlights the background of the re-

search, the problem statement and objectives. Chapter 2 presents the literature review

on the fundamentals of aluminium silicon alloys, parameters that affect castability, mi-

crostructure and mechanical properties of the alloys. The chapter also presents the theory

of alloy development from post consumer products. Chapter 3 presents the methodology

used in carrying out this research. Chapter 4 reports the experimental results obtained

and a detailed discussion of these results. Finally, chapter 5 gives a summary of all

findings and conclusions drawn from this work.

7



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Recycling of aluminium alloys from scrap is becoming increasingly important with in-

creasing public awareness of environmental issues, energy consumption and depleting

natural resources [17, 18]. However, the use of recycled aluminium casting alloys is af-

fected by a number of factors such as the chemical composition of the alloy and the

impurity or cleanliness of the melt during casting [19, 20]. These parameters have an

impact on the microstructure and mechanical properties of the alloys due to their pro-

found influence on the microstructure and soundness of the resultant castings. Numerous

works have been carried out to provide a better understanding of the operating process-

microstructure-property relationships [3, 14, 17, 19]. However, due to the wide range

of possible process-microstructure-property relationships, more systematic work is still

needed to fully characterize these alloys.

2.2 Cast Al-Si Alloys

Al-Si casting alloys are among the most widely used alloys in the foundry industry

because of the best combination of properties imparted by the high silicon content [21].

For example, silicon reduces the thermal expansion coefficient, increases corrosion and

wear resistance, and improves castability characteristics of the alloy (especially fluidity
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and porosity formation) [22]. These alloys can also be designed to acquire the required

combination of strength and ductility after heat treatment [23]. The most common of

these alloys belong to the hypoeutectic group in which the silicon content is below the

eutectic composition of around 11.7% wt Si [24].

2.2.1 Common Cast Al-Si Alloys

Al-Si casting alloys are widely used alloys in the automotive and aerospace industries on

account of their high strength to weight ratio and the ability to cast into desired shapes.

Common alloys include the 319-type cast Al-Si alloy, which is typically a secondary alloy

that contains Cu and Mg amongst other elements [3]. The 380 alloy type is one of the

most widely used aluminium die casting alloy in the automotive industry and belongs to

the Al-Si-Cu family [25]. Moreover, A413 type Al-Si casting alloys are characterized by

their superior casting characteristics and low shrinkage resulting from their high silicon

content (11-13 % wt) and are used for several engineering applications. The Al-7%Si-Mg

family of alloys (e.g., A356 and A357) are used extensively in the production of commer-

cial castings due to their excellent castability and good mechanical properties [26].

Some of the common aluminium alloys are listed in Table 2.1, which include the popular

356 and 357; both of which contain 7% Si but different Mg levels of approximately 0.3

and 0.6% Mg respectively. These alloys are widely used in automotive components such

as wheels and cylinder heads and are often used in the T6 heat treatment condition [27].
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Table 2.1: Compositions of common commercial alloys [28–30]

Compositions are in wt.% and single values are maximum limits. The balance is aluminium

and other trace elements such as Cr, Pb and Sn.

2.2.2 Al-Si Alloys for Cylinder Head Application

Cylinder heads are cast from a variety of Al-Si alloys with varying chemistries including

354 (AlSi9Cu1.6Mg), A356 (AlSi7Mg), 319 (Al-Si-Cu) as shown in the compiled data

in Appendix A Table A1 [31, 32]. It is thus less likely to expect repeatable equivalent

composition in alloys recycled from them. Among the commercial Al-Si casting alloys,

the 319 type alloys are the most commonly used for the application of cylinder heads

and engine blocks due to the balance of properties that can be achieved using suitable

heat treatments. [33].
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2.2.3 Required Properties of Cylinder Head

Cylinder heads are subjected to high thermal fatigue in the combustion chamber and

mechanical fatigue in the medium-high zone of the heads and more specifically near

the water ducts [34, 35]. The thermal fatigue arising from thermal cycling between

ambient and about 300oC causes repeated constrained thermal expansion and contraction

while mechanical fatigue is a high cycle mode dependant on the rotation of the engine

system (crankshaft). The mechanical fatigue may cause cracks in the moderately warm

areas between 120 and 170oC [34]. Figure 2.1 shows the thermal loading due to high

temperature in (a) and mechanical crack initiation sites in the thin section on the valve

bridge adjacent to the water ducts in (b).

Figure 2.1: Thermal loading and crack initiation area in the cylinder head [36]

The properties required for both diesel and gasoline engines are generally similar. The

main difference is that the diesel engines are more prone to high stress amplitudes and

fatigue complications associated to the gas pressure resulting from the combustion [36].

The material suitable for this application must therefore have a low thermal expansion
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coefficient, high tensile and compression strength, high ductility and a high creep resis-

tance at all service temperatures. Furthermore, the alloy should have a high thermal

conductivity, high castability and machinability. This is a challenging combination of

properties to achieve as some of the requirements are in conflict and an optimum balance

is required [32].

2.2.4 The Common Alloys Used for Cylinder Head and their Properties

2.2.4.1 A356

The AlSi7Mg-T6 (A356) alloy is the most commonly used cast aluminium for automo-

tive components specially wheels and diesel engine cylinder heads [35]. However, AlSiCu

alloys could withstand the thermal-mechanical loading almost twice as long compared to

AlSi7Mg-T6 due to the higher tensile strength. The alloy has been reported [34] to pos-

sess sufficient mechanical characteristics up to 250oC but reduces at higher temperature

around 300oC. The new A356+0.5Cu alloy is said to have good strength in the 200-250oC

temperature range while the ductility is the same as A356 [34,37]. AlSi7Mg0.3, with the

addition of 0.50% Cu and T7 heat treated, is widely used in industry today for cylinder

head application, since it provides noticeable gain of yield strength at 250oC, without

loss of elongation. However, the gain in mechanical properties due to Cu addition is

reported to disappear completely at 300oC [34].
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2.2.4.2 A319

Alloys such as Al-Si-Cu-Mg are widely used in cylinder head application [32, 34, 35, 38].

They have better strength at elevated temperature but low ductility which makes them

susceptible to cracking by thermal fatigue. However, the performance of these alloys de-

pends on their iron content. Alloys with Fe content below 0.20% are known as primary

alloys, and have good ductility at elevated temperature but remain brittle at ambient

temperature. A family of alloys known as secondary alloys possess higher iron content

from 0.40-0.80% and sometimes 1%, and have low ductility at elevated and ambient tem-

perature [38]. Alloys such as A319 are brittle at low temperature but can be improved

by heat treatment or alloying with elements like strontium.

2.2.4.3 C355

Aluminum alloys like C355.0 are important for industrial application. They are widely

used especially in automotive engine cylinder heads due to their high strength at room

and elevated temperature. These alloys possess high strength and hardness even in the

as-cast state by forming intermetallic phases such as Al5FeSi, Al2Cu, Al5Cu2Mg8Si6 [39].

The strength of the alloy was also reported to increase with T6 heat treatment.

2.3 Microstructure of Aluminium Cast Alloys

The Al-Si system is a simple binary eutectic in which Si has limited solubility in Alu-

minium. The solubility of Si in Al reaches a maximum of 1.65 wt.% Si at the eutectic
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temperature of 577oC [28,40]. As the Al-Si alloy solidifies, the primary aluminium forms

and grows into dendrites or in the case of hypereutectic Si compositions, the silicon phase

forms and grows into angular primary particles. At room temperature, hypoeutectic al-

loys comprise a soft and ductile primary aluminium phase and a hard and brittle silicon

phase. Figure 2.2 shows a typical microstructure of hypoeutectic Al-Si foundry alloy.

Hypereutectic cast Al-Si alloys usually contain coarse, angular primary silicon particles

as well as an Al-Si eutectic containing eutectic silicon and eutectic Al phases.

Figure 2.2: Typical microstructure of hypoeutectic Al-7Si-Mg (A356) alloy (Al-dendrites

surrounded by Al-Si eutectic ) [41]

Commercial aluminium alloys have different levels of other alloying elements which are

added to enhance their microstructure for the recommended applications. Properties

of cast Al-Si-Mg alloys are predominantly governed by the microstructural character-

istics such as morphology of silicon particles and presence of intermetallic compounds
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depending upon the presence of alloying elements [28,29]. The intermetallic compounds

and morphology of silicon particles are largely affected by the alloy chemistry, solidifi-

cation rate and heat treatment conditions [42]. At high solidification rates, a uniform

microstructure with the potential for closely distributed and fine particles are commonly

expected [43,44].

The microstructure of Al-Si-Cu-Mg casting alloys is essentially made up of three compo-

nents, the proportions of which are governed by the alloy composition and solidification

conditions. The two main components are the primary α−Al solid solution phase and

Al-Si eutectic. The third component of the microstructure can be broadly termed inter-

metallic compounds and these arise from excess amounts of Mg, Cu, Fe and Mn that

cannot be contained in α−Al solid solution phase [43]. The intermetallics adopt vari-

ous morphologies and form at various stages, prior to, during or after the Al-Si eutectic

formation period, and can significantly affect the mechanical properties of the alloys.

2.3.1 Influence of Modifiers on the Microstructure of Al-Si Alloys

It is well established that modification of eutectic silicon can be achieved by several meth-

ods such as faster solidification, mould vibration, melt agitation in mushy state and melt

inoculation using some elements, e.g., Na, Sr, Sb and certain rare earth metals. Among

the modifiers used, Sr and Sb are known to result in good modification in hypoeutectic

Al-Si alloys [45–47]. Metallographic studies [46] on A356 alloy reveal that the structure

changes from plate like eutectic silicon to fine particles on addition of 0.2 wt.% of Al-
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10% Sr modifier. Excess amount of Sr leads to porosity, which among others has been

attributed to reduced surface tension of the melt and increased volumetric shrinkage [3].

As an additive, strontium improves mechanical properties and disperses porosity as it

modifies the eutectic structure and suppresses the formation of primary silicon in hy-

pereutectic Al-Si alloys. This generally improves the ductility and toughness of the alloys.

Mose et al. [47] observed that addition of Sr at levels of 0.02% and 0.05% to LM13-

type recycled alloys modifies the acicular Si particles to a fine fibrous form but increases

porosity. However, the ultimate tensile strength and ductility of the alloys were observed

to increase.

2.3.2 Influence of Iron and Manganese

Dinnis et al. [48] observed that iron addition to Al-Si alloys reduces the number of nucle-

ation events of the Al-Si eutectic whereas Mn addition increases the number of nucleation

events in Fe-containing alloys. Iron is a well known impurity element in aluminium alloys

while Mn is usually added to neutralise the effect of Fe. The solubility of iron is very low

in aluminium alloys and tends to form intermetallic phases such as β−Al5FeSi platelets,

α−Al15Fe3Si2 phase with a Chinese script morphology and the π−Al8Mg3FeSi6 phase

which also has a Chinese script morphology but depends on the level of Mg present in

the alloy [49]. The β−Al5FeSi phase is considered detrimental to ductility of the alloys

due to its stress raising potential and poor binding strength with the Al- matrix [14].

It has been reported that increasing the Fe content in Al-7Si-0.3Mg alloys results in
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the precipitation of long platelets of the β−phase, whose amount and size increase with

increasing Fe content [50,51].

When Mn is present with iron, there is an increased tendency for the α−Al15(Fe Mn)3Si2

Chinese script phase to form as shown in Figure 2.3a. The presence of α−phase particles

instead of than β−platelets improves mechanical properties, particularly ductility [23,52].

In general, a Mn/Fe ratio of 0.5 is considered sufficient to promote complete substitution

of β with α during typical commercial casting conditions. However, the overall volume

fractions of intermetallic phases will increase in this event.

Figure 2.3: Formation of (a) α−Chinese scripts and β−Needles and (b) Al2Cu [53]

In a report by Hwang et al. [33] for an alloy containing 0.5% Fe, it was noted that 0.6%

Mn could completely convert the β−phase into α−phase. Higher Mn additions were

however reported to create porosity in the alloy. Moreover, Khalifa et al. [54] reported

that addition of 0.4% Mn to 356 and 319 alloys containing 0.8-1.0% Fe favours the

formation and domination of the Chinese script phase (i.e. α−AlFeSi phases) and no

images of β−AlFeSi phases were observed in the 356 alloy. However, β−AlFeSi phases
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were seen in the 319 alloy having 3.25 wt.% Cu and 0.1 wt.% Mg. This implies that the

effectiveness of Mn in modifying the Fe-intermetalics decreases in alloy containing Cu

and Mg. Beryllium is also used to change the platelet morphology of the iron phase to

Chinese script form [17], but it is toxic which can result harm during adding to the melt.

2.3.3 Influence of Copper

Copper is partially soluble in α−Al solid solution with a maximum equilibrium solubility

of 5.65 wt% [43, 55] although the dissolution of Cu levels in as-cast Al-Si-Cu alloys is

around 1%. Therefore, for alloys with 1 to 4 wt. % copper, Cu-rich intermetallic (Al2Cu)

phases typically form in the microstructure as seen in Figure 2.3b. In the presence of

Mg, the Al5Cu2Mg8Si6 phase forms [56]. The two phases of Cu form after the main

Al-Si eutectic reaction, hence their solidification temperature is low. A high content

of Cu in aluminium alloys leads to an increase in porosity [57]. A blocky intermetallic

phase was reported with 4.09% Cu in a 380 alloy that nucleated at the interface of other

microstructural constituents such as silicon, α−Fe, β−Fe phases since it solidifies last [58]

In alloys containing copper, such as 319 and 332, the presence of copper significantly

lowers the impact properties as the fracture behavior is influenced more significantly

by the CuAl2 phases than by the Si particles [59]. In another observation, the copper

content has been reported to play a greater role than silicon in reducing DAS [31]. The

DAS of 319 alloy could be smaller than that of 354 because of the effects of both silicon

and copper. However, the most important aspect in mechanical property is the size of
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the secondary dendrite arm spacing (SDAS). The best properties are always associated

with smallest SDAS. Dendrite arm spacing (DAS) is the distance between the developed

secondary arms.

2.3.4 Influence of Magnesium

Magnesium is soluble in aluminium up to a maximum of 17.4wt% at 4500C [58]. How-

ever, even at the low amounts typically added to Al-Si based foundry alloys (between

0.3 to 0.7 wt%), some Mg will precipitate as Mg2Si as a constituent of the Al-Si-Mg2Si

ternary eutectic. The Mg2Si phase forms with a Chinese script morphology but readily

dissolves upon solution treatment and enters the solid solution [60].

Samuel and Samuel [58] have reported that magnesium containing phases (Mg2Si or

Al5Mg8Si6Cu2) are not detectable up to the 0.5wt.% Mg level. When the Mg content is

high and iron is present, the π−phase (Al9FeMg3Si5) particles with Chinese script mor-

phology will be formed in Al-Si-Mg alloy [61,62]. High levels of Mg counteracts the effect

of Mn in stabilizing the α−AlFeSi phases [54]. In another report [63], Mg is observed to

refine eutectic Si slightly in unmodified 319 alloys containing mainly β−Fe intermetallics

and has also a negative effect on α−Fe intermetallics. Figure 2.4 shows the various in-

termetallic phases reported for this alloy. These phases are β−Fe, α−Fe, Al2Cu-phases

and eutectic Si particles in alloys (a) Al-5.61%Si-3.2%Cu-0.27%Mg-1.05%Fe, (b) Al-

5.89%Si-3.22%Cu-0.273%Mg-1.11%Fe-0.0185%Sr, (c) Al-5.42%Si-3.065%Cu-0.289%Mg-

1.042%Fe, (d) Al-5.66%Si-3.09%Cu-0.268%Mg-1.06%Fe-0.02%Sr.
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Figure 2.4: Optical micrographs of various common iron-containing intermetallics in 319

type alloys [63]

2.3.5 Influence of Solidification Rate

The solidification of cast aluminium starts with separation of the primary alpha phase

from the liquid. After nucleation, when the temperature lowers, the primary phase grows

as solid crystals having dendritic shape [31] and at the eutectic temperature Al-Si eutec-

tic solid phase also solidifies in the space left between dendritic arms.

Higher solidification rates retain Fe in solid solution or provides finely distributed hexag-

onal α−Al8Fe2Si with skeleton-like morphology [58]. The silicon particles that appear
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coarse, acicular and needles in the microstructure under normal cooling conditions act

as crack initiation sites and lower the mechanical properties of Al-Si alloys [63]. Cool-

ing rate profoundly changes the mechanical properties of secondary cast Al-Si alloys by

changing the secondary dendrite arm spacing (SDAS), grain size and refinement of sec-

ondary phase constituents.

With a higher cooling rate, grain density increases, secondary dendrite arm spacing

(SDAS) decreases and the average pore size decreases. However, with low cooling rate,

more gas can precipitate and thus higher porosity could be produced. Slowly solidified

microstructure possesses large and elongated particles. The increase in the proportion

of large and elongated particles with slower solidification is simply due to the increase in

diffusion [64].

2.4 Mechanical Properties of Al-Si Alloys

Mechanical properties of Al-Si cast alloys depend not only on the chemical composition

but, more importantly, on microstructural features such as the morphology of dendritic

α−Al, and other intermetallics which are present in the microstructure. The morphology

and size of eutectic Si as well as the precipitation hardening phases during heat treatment

also exert an important influence on the mechanical properties. The combined effects

of such microstructures are somewhat complicated [3, 23, 42]. An increase in the silicon

content from 4 to 20% influences the tensile strength, ductility and hardness of Al-Si-Mg

alloys. The ductility of the alloy reduces monotonically while hardness increases over the
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range of Si increase. Furthermore, tensile strength increases up to 16% Si, but reduces

at higher silicon contents [42].

Higher mechanical properties can be achieved by optimizing the amounts of constituent

elements such as Si and Mg as well as by controlling the amounts of impurities such

as Fe and Mn [65]. Iron is the most common and harmful impurity in cast aluminium

alloys forming the platelet β−Fe intermetallic phase, which is detrimental to mechan-

ical properties. It is common practice to neutralize the detrimental effects of iron by

adding certain minor elements such as Mn as previously discussed. According to Hwang

et al. [33] increasing the Mn content up to 0.65% (ratio of Mn/Fe = 1.2) in 319 alloys,

the UTS and elongation were increased. Recently, it was found that as the manganese

content increases over 0.5% in aluminium alloys, both yield and ultimate tensile strength

increased significantly without decreasing ductility [66]. Adding manganese to aluminium

alloys enhances the tensile strength as well as significantly improving low-cycle fatigue

resistance.

For a given Mg content, the mechanical behaviour of the alloys is a function of the den-

dritic structure, the size and shape of Si and intermetallic particles, solution treatment

and ageing condition. An increase in the Mg content lowers the ductility of both unmod-

ified and Sr-modified alloys [67]. Ductility and impact energy are the most significant

properties reduced by increasing porosity content, which can effectively alter thermal

fatigue life [68].

Typical mechanical properties of permanent mould cast aluminium-silicon alloys are
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given in Table 2.2. The typical values represent the average of the range for all composi-

tions of the respective alloy and temper [2]. Hence minimum values for design could be

expected below the typical properties.

Table 2.2: Mechanical properties of common permanent mould cast aluminium alloys [2]

Alloys HT UTS 

(MPa) 

YS 

(MPa) 

%El BH 

319.0 F 

T6 

235 

275 

130 

185 

3 

3 

85 

95 

354.0 T62 380 310 3  

355.0 F 

T6 

185 

290 

105 

185 

4 

4 

 

90 

C355.0 T6 

T62 

330 

330 

195 

255 

8 

5 

90 

100 

356.0 F 

T6 

180 

260 

125 

185 

5 

5 

 

A356.0 F 

T6 

185 

285 

90 

205 

8 

12 

 

80 

380.0 F 315 160 4 80 

A380.0 F 325 150 4 80 

 T62 = Solution heat treated and then artificially aged by the user.

Li et al. [3] on their study on parameters controlling the performance of AA319-type

alloys observed a reduction in tensile strength, yield strength, impact energy and %

elongation with decrease in cooling rate (i.e., increase in SDAS) regardless of the alloy

composition in both T5 and T6 heat treatment conditions. Hardness and strength of

Mg containing alloys decrease with addition of Sr due to the sluggish dissolution of the

Al5Cu2Mg8Si6 phase during solution treatment and a delay in the precipitation of Mg2Si

or Al2Cu phase during artificial aging. Ni addition up to 1.41% is observed to decrease

the mechanical properties in T6 condition [12]. Nickel is commonly used with copper to
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improve the mechanical properties of alloys at elevated temperatures. Addition of copper

to Al-Si alloys increases their strength and fatigue properties without loss of castabil-

ity [69]. Mohamed et al. [23] have reported that the impact energy is relatively low with

increase in the Cu and/or Mg content, but the combined addition of modifier and grain

refiner to a near-eutectic Al-10.8Si alloy produces a significant improvement in impact

toughness.

Kumar et al. [17] reported that addition of Be, Ca and Sr to an Al-7Si-0.3Mg-0.8Fe alloy

significantly improves the impact strength by modifying the eutectic Si from acicular

to fibrous form and refinement of the platelet β−phases. The best combination of both

tensile and impact properties were observed in the combined addition of Be+Mn, Ca+Mn

and Sr+Mn to the Al-7Si-0.3Mg-0.8Fe alloy.

2.5 Heat Treatment of Aluminium Alloys

Heat treating is often used in the aluminium industry to achieve maximum strength or

hardness in a suitable alloy. Moreover, heat treatment plays a major role in microstruc-

tural homogenization, residual stress relief, to improve dimensional stability, machinabil-

ity and corrosion resistance [70, 71]. The T6 heat treatment temper is commonly used

due to the capability of yielding the best properties. In T6 treatment, three basic oper-

ations are carried out when heat treating a product fabricated from aluminium castings:

solution heat treating, quenching and aging [71]. Addition of Mg, Cu, and Zn to Al-Si

alloys makes them heat treatable, thus providing the means to enhance the properties
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using appropriate heat treatment procedures and practices [12].

Solution treatments dissolve the solutes present in the alloy which are responsible for the

hardening response, homogenize the casting and spheroidize the eutectic silicon. The

main purpose of the solution heat treatment is to obtain a supersaturated solid solu-

tion but in order to maintain this desired condition at low temperatures, quenching is

needed [72]. The solution treatment also improves the distribution of eutectic silicon par-

ticles besides their spheroidisation. It was also reported that the morphology of primary

silicon particles is not affected by heat treatment [42]. Standard T6 treatment specifies

that the solution heat treatment of 319 alloys should be carried out at approximately

505oC and maintained for 4 - 12 hours depending on the casting method. Shorter peri-

ods of time are recommended for permanent mould castings and longer times for sand

castings [73].

Industrial solution heat treatments are performed well below eutectic solidus tempera-

tures. It is also good to hold a material at relatively high temperature long enough to

allow constituents to dissolve into a solid solution during homogenization and solution

heat treatments [74]. However the temperature should be restricted to a range below

the solidification point so as to avoid incipient melting while at the same time taking

into consideration the fact that if the solution temperature is too low, a reduction of

mechanical properties will result.

Tash [63] found out that for 356 and Mg containing 319 alloys having both α−Fe and

β−Fe intermetallics, peak hardness is obtained at 180oC for 4h during aging. Moreover,
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for the same concentration of Mg in both alloys, the 319 displayed high hardness due

to cooperative precipitation of Al2Cu and Mg2Si phase particles. Magnesium and Sr

modification lead to segregation of the Al2Cu phase in areas free of eutectic Si particles,

explaining the fairly sluggish dissolution rate of the copper phase upon solutionizing at

505oC [44,63].

Artificial aging of Al-Si-Mg alloys in the temperature range of 170-210oC gives peak

yield strength while Cu containing alloys show a decrease in peak yield strength with

increasing ageing temperature [75]. Solution treatment at 505oC for 6 h, water quenched

and artificial aging at 170oC for 8 h of AlSi6Cu4 alloy has been reported to improve the

mechanical properties. The YS was elevated from 137 MPa as-cast to 384 MPa after T6

and the UTS from 194 to 408 MPa [76]. Artificial aging treatment for 8 h at 170 oC with

small additions of 0.4 wt% Mg has been reported to produce higher values of properties

such as tensile strength and microhardness at the expense of reduced elongation and

impact toughness in the 319 base alloy [72].

In another research by Jung et al. [77] on Al-6.2Si-2.9Cu AC2B alloy, the phases in as-cast

condition such as Al-Al2Cu eutectic, Al2Cu and Al5Cu2Mg8Si6 were observed to reduce

gradually with the increase in solution treatment time at 500oC and finally disappeared

after 5 h soaking time. However the mechanical properties, such as hardness, tensile

strength, and elongation, were improved after 5 h soaking time due to the dissolution of

the Al2Cu particles. Accordingly, the optimal solution heat treatment condition of the

Al-Si-Cu (AC2B) alloy is considered to be 5 h at 500oC.
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2.6 Castability of Aluminium-Silicon Alloys

Castability is the ability of a metal or an alloy to be effectively cast to a given shape/pattern

without formation of casting defects such as cracks, segregation, hot tearing or pores [78].

Castability is mostly measured by the porosity generated in the castings and the fluidity

characteristics of the molten metal [79].

2.6.1 Porosity of Al-Si Cast Alloys

Casting defects like porosity, in cast aluminium components greatly affect their mechan-

ical properties especially fatigue [80]. Porosity is expressed as voids or cavities that are

formed within a casting during solidification and it is the major cause of rejection in

material production of castings. The causes of porosity are shrinkage resulting from the

volume contraction associated with solidification as well as, inadequate flow of molten

metal and hydrogen gas evolution.

Modifiers of Al-Si alloys refine the eutectic silicon particles and improve the mechanical

properties of casting, but usually increase the porosity and decrease hydrogen solubility

in solid metal by depressing the solidification temperature [22]. And the decrease in

hydrogen solubility result in increased porosity level in an alloy. Porosity acts as the

main crack initiation site leading to a reduction in fatigue life especially as the size of

the surface pore increases [80, 81].

Fe - intermetallics such as β-Al5FeSi phases are reported to generate porosity [33]. This

is because β- phases have higher potential in blocking the channels that feed solidification
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shrinkage. Hence, with the increase of iron level in an alloy, porosity will increases due

to the formation β- phases.

2.6.2 Fluidity

Fluidity of Al-Si alloys has been investigated by many researchers and is known to

be affected by many factors such as channel thickness, melt head, mold temperature,

superheat, solidification range, viscosity, mould surface, grain refining, inclusion and

intermetallic phases [76,82,83].

2.6.2.1 Influence of Pouring Temperature on Fluidity

Increasing the casting superheat has a direct influence on the fluidity of Al-Si alloys.

According to Disaba [84] the fluidity length of an alloy increases by approximately 1%

with an increase of superheat of 1oC in the temperature range of 700-730oC. Increasing

the pouring temperature delays the nucleation and growth of fine grains at the tip of the

flowing metal in the test channel, hence the fluidity length increases. Hypereutectic Al-Si

has good fluidity since pure silicon has a latent heat of fusion about 3.4 times greater

that of aluminium [85]. For pure metals and alloys with eutectic composition, flow stops

when the columnar grains from both sides of the wall meet as shown in Figure 2.5 (a).

However the flow of long freezing range alloys stops at the leading tip of the flowing

stream [83] as shown in Figure 2.5 (b). The dendrites stop the flow when they reach a

critical fraction solid [86].
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Figure 2.5: Solidification pattern (a) in pure metals by complete solidification; and (b) in

long-freezing-range alloys by partial solidification [85]

2.6.2.2 Influence of Alloying Elements Composition on Fluidity

Alloy chemistry is one of the main factors influencing fluidity [87,88]. Alloys with eutectic

or near eutectic composition possess the best fluidity at conventional pouring temper-

ature [2]. Hypereutectic alloys possess high fluidity due to less friction in the liquid

because of the formation of primary Si as well as lack of dendritic interlocking which

does not take place in these alloys. Therefore increasing the silicon content of the alloy

increase fluidity with a maximum at around 17-18 wt.% Si [89]. The latent heat of fusion

of Si is also among the highest elements. Generally, Al-Si alloys increase their fluidity

with increasing silicon content as a result of the powerful effects of Si [90]. The effects

of titanium and strontium on the fluidity of A319 and A356 alloys were investigated by

Sanchez et al. [91]. It was found that an increase in titanium enhances the fluidity of the
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A319 alloy due to its high potential to refine the grain size. Further, the fluidity index

of the A356 alloy was found to increase with the increase of Sr.

Strontium addition to levels of 0.015 wt.% and 0.02 wt.% increases fluidity while a com-

bined addition of 0.02 wt.%Sr and 0.28% Al-5Ti-1B decreases the fluidity of LM25 and

LM27 alloys [88]. Addition of grain refiner to AlSi7Mg and AlSi11Mg alloys was re-

ported to affect fluidity. The fluidity was observed to decrease when the level of Ti

is below 0.12 wt.% and increases above this level in both alloys [86]. Addition of 0.1

wt.% Cr to LM6 was reported to decrease the fluidity due to the formation of sludge [92].

According to Mose et al. [88] no change in fluidity was observed during addition of Fe

from 0.14% to 0.4 wt.% on LM25. However, 21% increase was noted by increasing Fe

level to 0.48 wt.%. A study made by Gowri and Samuel [93] on 380 alloy, Fe levels of

1.5 and 1.7 wt.% were reported to decrease the fluidity by 4% and 6% respectively. This

decrease in fluidity is associated with the formation of β− Fe phases which have the

potential to block the feeding channels.

2.7 Theory of Developing Recycle-Friendly Aluminium Alloys

A recycle-friendly alloy allows utilization of post consumer products into standard or non-

standard composition alloys that possess acceptable properties for application [7,94]. The

objective of identifying new recycle-friendly aluminium alloy compositions is to increase

opportunities of direct reuse of recycled aluminium products . Such an approach requires

compositions with relatively broad specification limits on major alloying elements such
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as Si, Cu and Mg, plus more tolerant limits on Fe and other impurities. According to

Das [7], fully developing this approach requires several important steps which include

the following;

1. Precise identification of the sources of scrap materials and expected ranges of chem-

ical compositions. Hence, it clearly requires sorting and chemical composition

analysis of the incoming scraps.

2. With the type of alloys and mass of each alloy in hand, identify candidate alloy com-

position limits that would most effectively directly utilize the anticipated recycled

metal and seem likely to provide acceptable/desirable performance characteristics

for a wide variety of applications.

3. The recycle-friendly alloys should also be produced experimentally and evaluated

their microstructure, mechanical properties performance and castability in order

to assess their suitability for representative applications as compared to existing

alloys.

Mixing various fractions of scrap with different alloying chemistries is practically chal-

lenging to get the standard ones and it should be expected that there will be negative

effects of higher impurity levels due to the intricate mixture of alloys found in post con-

sumer scrap. The mixture that could be obtained by combining such different fractions of

scrap may result in the element percentage composition higher, lower or within the stan-

dard alloys. Hence, sorting out of components and close control of chemical composition

is necessary.
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2.7.1 Recycle Friendly Alloy Practice

The primary challenge of evaluating the recycle-friendly alloy is the amount of scrap an

alloy can accommodate, the types of scrap metal available to producers, the composi-

tional characteristics of these scrap metal, and the metallic yield (the percentage of raw

material that ends up as usable product) [95]. In practice, different scrap alloys can

be utilized for developing an alloy with pre-melt sorting, mixing appropriate quantities

of scrap, diluting with primary aluminium and adding alloying elements [96]. However,

this practice is not fully applied for high quality value added products except in some

scrap such as bumper and used beverage can (UBC) which are used for the same appli-

cation [15,97].

Study by Dimos et al. [97], on the production of 380.0 and AA3104 alloys by blending

post consumer scrap alloys with pure metals indicated that, the 380.0 alloy can accom-

modate 99.7% scrap of aluminium engines and transmissions and needs only about 0.3%

pure metal addition for the adjustment of its chemical composition. Whereas AA3104

alloy can be produced from 100% scrap of used beverage cans (UBC) and it can also

accommodate 7.8% of scrap aluminium engines and transmissions but needs 92.2 % of

pure metals addition. Hence, production of 380.0 from scrap is effective due to its broad

compositional range while AA3104 has tight composition range for alloying elements

such as Cu and Si.
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2.7.2 Aluminium Alloy Recycling Index

The aluminium recycling index (ARI) is proposed as an industry aid for identifying

the potential for recyclability of aluminium alloys [98]. The ARI is expressed as, ARI

(%)=(100 - Total solute content of the alloy). Table 2.3 shows the ARI and Recycling

Production Index (RPI) values of some cast aluminium alloys.

Table 2.3: Values of ARI and RPI for some cast alloys [98]

Alloy Nominal 

alloying 

content 

(%) 

Nominal 

impurity 

content 

(%) 

Sum 

element 

content 

(%) 

Nominal 

aluminium 

content 

ARI (%) 

Potential 

for 

recycling 

(RPI) 

356.0 7.3 1.0 8.3 91.7 Medium 

A356.0 7.4 0.5 7.9 92.2 Unlikely 

319.0 9.5 1.9 11.4 88.6 High 

380.0 12.0 3.5 15.5 84.5 High 

354.0 11.1 0.4 11.5 88.6 Medium 

355.0 6.7 1.0 7.8 92.3 Medium 

 

The ARI can play a role in identifying which existing alloys can be most readily recy-

cled for direct reuse or most difficult for recycling because of the presence of undesirable

elements such as Ag, Be, Pb, or Li and because of the presence of very high levels of

elements such as Cu, or Zn [98]. However, the recycling index, groups alloying elements

into one entity, irrespective of their effect, hence, requires further compositional analysis

of each elements [99].

RPI is another measure of guidance for producing an alloy directly from recycling of

scrap. RPI measures capability of producing alloys directly or with minimum processing
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from scrap and utilized in the production of the same product or another high value

product [98].

Cast alloys have generally higher tolerance limits for all constituent elements compared

to wrought alloys. The common restraint of the existing wrought alloys is that their

alloying element compositional limit is not tolerant enough to be produced by direct

mixing and melting of scrap batches without sorting of the mixed scraps to the desired

level.

2.8 Predicting the Composition of an Alloy

The composition of an alloy can be predicted using Rao’s [99] approach expressed by

equations 2.1. This method relates the chemical composition of a recycled alloy, the

suggested recycled alloy and the standard alloy. The formula is used for computing the

compositions of individual elements in the suggested alloy.

Crp =
n∑

i=1

Ci

n
(2.1)

DFi=Csi−Cra

Where

Crp is the wt% of a given alloying element present in the predicted recycled alloy.

Ci is the wt% of a given alloying element present in an individual scrap alloy.

n is the Number of scrap alloys used.

DF is the Deviation Factor.

Csi is the wt% of a given alloying element present in the most equivalent standard alloy.
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Cra is the wt% of a given alloying element present in the synthesized actual recycled

alloy.

2.9 Literature Survey on Alloys Used for Cylinder Head Application

Automotive components are fabricated from a variety of alloys. These include wrought

alloys like auto bumper (7029) and auto body (AA6022) and cast alloys such as auto-

motive wheels (A356), engine blocks and cylinder heads (319) [34, 100]. Cylinder heads

are especially manufactured from a number of different aluminium cast alloys. Based on

the literature survey carried out in this research, a compiled data is presented in (Table

A.1) Appendix A . The list of alloys shown in Appendix A includes the standard alloys

which are used for cylinder heads and their modified versions developed by researchers

for improved performance. The focus on this data was toward the chemical composition

of the alloys as it was anticipated to give more input on the secondary alloy development.

Developing an alloy based on the literature survey may not provide full guidance on recy-

cle friendly alloys. However, it provides useful information on the chemical composition

specifications of the alloys in the market. Chemical composition analysis, sorting scrap

component by component and considering some compositional adjustment will provide

a suitable route for developing recycle friendly candidate model alloys further evaluated

for use in automotive and other engineering applications.
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2.9.1 Summary

The literature indicates that Al-Si based alloys are highly affected by chemical composi-

tion, moulding parameters, solidification rates and heat treatment [23,29,33]. The above

considerations profoundly change the mechanical properties of the alloys by changing the

microstructure (e.g., dendrite arm spacing, the intermetallic phases, and the eutectic Si

particles).

Addition of alloying elements and heat treatment are the most widely practiced methods

of improvement of mechanical properties in the foundry industry. Elements such as iron,

magnesium and copper contribute to the strength and hardness of the alloy. However, if

these elements are in excess, they form hard intermetallic phases whose contribution is

deleterious [54]. Higher mechanical properties can be achieved by optimizing the amount

of major elements such as Si, Cu and Mg as well as by controlling the amounts of minor

elements and impurities such as Fe and Mn [65].

Moreover, the alloys used for cylinder heads have high amount of variations in their

chemical composition in all major and minor alloying elements. Hence, recycling differ-

ent post-consumer cylinder heads without giving attention to their chemical composition

can result in an alloy with poor performance.

Recycling aluminium scrap for high quality application is not common in most of the

foundry industries except for some scrap metals such as used beverage cans (UBC) which

are fully utilized for the same application. This is due to the concentration of alloying
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element and effectiveness of scrap sorting [11].

The aim of this study is to identify and develop a recycle-friendly aluminium alloy that

allow direct reuse of cylinder head scrap and to investigate its microstructure, mechanical

properties and castability. It is anticipated that this will help in improving recycling

efficiency and encourage the use of recycled alloys for the production of premium castings.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

This research project aims to utilize the available scrap aluminium alloys for the applica-

tion of high quality product castings. The preparation of the scrap ingots and fabrication

of fluidity moulds were carried out at Jomo Kenyatta University of Agriculture and Tech-

nology. The chemical analysis of the base alloy and scrap cylinder heads were carried

out by AMG in the UK and some chemical composition analysis were carried out by

Booth Extrusions in Thika. Alloy preparation, fluidity testing, tensile testing, micro-

hardness measurements and metallography images were carried out at the University of

Nairobi while the impact energy testing was carried out in Jomo Kenyatta University of

Agriculture and Technology.

3.2 Identification of the Recycle Friendly Alloy

The composition of the recycle friendly alloy was identified based on the standard alloys

used for cylinder head application. It is these standard alloys that will be supplied as

scrap alloys at their end of life. The standard alloys obtained from the literature survey

were grouped into five categories with the aid of their chemical composition. The groups

were arranged further as source and target alloys. This was to identify alloys that could

potentially serve as alternative targets ( recycle friendly) and to identify which alloys are
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most suitable as source alloys.

The industrial commercial Al-Si alloys shown in Table 3.1 were used in developing a

model recycle-friendly alloy. The alloys have been categorized such that each group has

alloys with minor difference in some alloying elements.

Group A alloys have differences only in the Fe content. In A356, EN AC-4200 and

ZL101A alloys, the Fe content is 0.2 wt% while it is 0.5 wt.% in JIS AC4C and LM

25 alloys. Manganese is also high in these latter alloys but this is expected since it is

usually added to neutralize the effect of iron, hence, it goes parallel with the level of iron.

Similarly, in group B there are minor differences in Si and Zn. Group C alloys comprises

of secondary alloys whose chemical composition is expected to vary depending on the

manufacturer. Moreover, the elemental deviation in group D alloys as well as group E

alloys is minimal. Hence, the difference in chemical composition among the equivalent

alloys is low.

The calculation was based on the maximum compositional limits of each alloy’s element

present in the group of the standard alloys. The scrap (source) which has elemental

composition more than the target alloy could not be suitable as a source because this

will require significant dilution. The target alloy which accommodates more types of

scrap (source) alloys is the one which serves as the recycle-friendly alloy.
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Table 3.1: Equivalent alloys group [31,33,101–104]

Group 
Standard 
alloys  Si Cu Mg Fe Mn Ti Zn Ni 

Others (Sn, 
Pb, Zr...) 

A 

A356 6.5/7.5 0.2 0.2/0.45 0.2 0.1 0.2 0.1     

JIS AC4C 6.5/7.5 <0.2 0.2/0.4 <0.5 <0.3 <0.2 <0.3     

LM25 6.5/7.5 0.2 0.2/0.6 0.5 0.3 0.2 0.1 0.1 0.05 

EN AC-42100 6.5/7.5 0.05 0.25/0.45 0.19 0.1 0.08/0.25 0.07   0.1 

ZL101A 6.5/7.5 0.1 0.25/0.45 0.2 0.1 0.08/0.25 0.1   0.25 

B 

319.0 5.5/6.5 3.0/4.0 0.1 1.0 0.5 0.25 1.0 0.35 0.5 

JIS-AC2B 5.0/7.0 2.0/4.0 <0.5 <1.0 <0.5 <0.2 <1.0 <0.3   

LM 4 4.0/6.0 2.0/4.0 0.2 0.8 0.2/0.6 0.2 0.5 0.3 0.2 

EN AC - 45100 4.5/6.0 2.6/3.6 0.15/0.45 0.60 0.55 0.25 0.2 0.1 0.3 

EN AC - 45200 4.5/6.0 2.5/4.0 0.4 0.80 0.2/0.4 0.20 0.55 0.30 0.55 

C 

A380.0 7.5/9.5 3.0/4.0 0.1 1.3 0.5   3.0 0.5 0.5 

JIS AC4B 7.0/10.0 2.0/4.0 <0.5 <1.0 <0.5 <0.2 <1.0 <0.3   

LM27 6.0/8.0 1.5/2.5 0.30 0.8 0.2/0.6 0.20 1.0 0.35 0.3 

EN AC-46200 7.5/9.5 2.0/3.5 0.05/0.55 0.8 0.15/0.65 0.25 1.2 0.55 0.6 

EN AC-46600 6.0/8.0 1.5/2.5 0.35 0.8 0.15/0.65 0.25 1.0 0.35 0.5 

D 
354.0 8.6/9.4 1.6/2.0 0.45/0.6 0.2 0.1 0.2 0.1   0.15 

ZL111 8.0/10.0 1.3/1.8 0.4/0.6 0.4 0.1/0.35 0.1/0.35 0.1   0.06 

E 

355.0 4.5/5.5 1.0/1.5 0.4/0.6 0.06/0.6 0.03/0.5 0.04/0.25 0.03/0.35   0.15 

LM 16 4.5/5.5 1.0/1.5 0.4/0.6 0.6 0.5 0.2 0.11 0.25 0.15 

EN AC - 45300 4.5/5.5 1.0/1.5 0.35/0.65 0.65 0.55 0.05/0.25 0.15 0.25 0.2 

ZL105 4.5/5.5 1.0/1.5 0.4/0.6 1.0 0.50   0.30   0.06 

 

3.3 Chemical Composition Analysis on Scrap Cylinder Heads

Chemical composition analysis was carried out for randomly selected scrap automotive

engine cylinder head used for small vehicles. The scrap cylinder heads were obtained

from different vendors in Nairobi and their chemical composition analysis was carried

out using an optical emission spectroscope (OES) spark machine by AMG in UK and by

Booth Extrusions in Thika.
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3.4 Experimental Work

3.4.1 Materials and Scrap Ingot Preparation

The main sources of material for the research were the cylinder heads obtained from

different vendors. About 85 kg of post-consumer cylinder heads were randomly sourced

from scrap vendors in Nairobi. After removing all external parts and cleaning, the ma-

terials were set ready for melting. The melting of the cylinder heads was carried out at

Jomo Kenyatta University of Agriculture and Technology in an oil fired graphite cru-

cible furnace with melting capacity of 70 kg. Seven cylinder heads were melted under

cover flux to a temperature of 720oC. An amount of 0.35 percent of the total weight of

metal melt powder coverall flux was introduced at two stages, during the initial stage of

melting and when the metal reached the pouring temperature. The melt was skimmed

off before pouring.

Silica sand bonded by sodium silicate/CO2 was used to fabricate a conical 4 kg capacity

ingot moulds. The ingot moulds were heated by oxyacetylene flame till all the moisture

was removed and the molten metal was poured using preheated ladle. Samples for

chemical analysis were rapidly solidified in specially fabricated copper ingot moulds by

immediately immersing in cold water. The chemical composition of the base alloy (scrap

ingot) is shown in Table 3.2.
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Table 3.2: Chemical composition of base alloy (Scrap Ingot)

Alloy Si Cu Mg Fe Mn Cr Zn Ni Ti Pb Sn

Base alloy (SI) 6.01 2.62 0.24 0.28 0.21 0.02 0.12 0.02 0.02 0.01 0.01

3.4.2 Preparation of Bar Casting

Melting of the cylinder head ingots for obtaining the test bar castings was carried out

in a 4 kg capacity SiC crucible, using an electric muffle furnace at University of Nairobi.

Nitrogen gas was used for degassing the melt by immersing a ceramic tube deep into the

molten metal to allow removal of hydrogen. The melt temperature was kept at 740oC

during pouring. K-type thermocouple was employed to measure the temperature of the

molten metal.

Master alloys of Al-10% Sr in the form of metallic rod and Al-75% Fe and Al-75% Mn

in the form of briquettes were used to achieve Si eutectic modification and to investigate

the model alloy’s tolerance to impurity levels respectively. After completely stirring to

dissolution and homogenization of the alloy chemistry, the molten metal was skimmed to

remove dross and surface oxides prior to pouring. The degassed melt was then poured into

a permanent metal mould. The permanent metal mould was preheated to a temperature

of 450oC. Figure 3.1 (a) shows the permanent metal mould used for successive casting

and (b) the bar casting produced using the mould. The mould has a wedged-shaped

geometry which provides efficient feeding and variable cooling rate.
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Figure 3.1: (a) Permanent cast iron mould and (b) Sample bar casting

A ceramic foam filter with a dimension of 50x50x20 mm and 30 pores per inch (PPI)

was used for each casting to minimize turbulence during pouring and for trapping of

inclusions. After solidification, sample bars were sectioned from different positions in

order to obtain specimens for tensile, impact toughness, hardness and microstructure

analysis.

The composition of the alloys developed for investigation is shown in Table 3.3. The

weight percentage of the added elements that are shown in the table reflects the final

composition of the element in the alloy.
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Table 3.3: Experimental alloys developed

Sr.No. Experimental alloys with total composition of each additive element in the alloy

1 Base alloy (SI)

2 SI + 0.02% Sr

3 SI + 0.38% Fe

4 SI + 0.9% Fe + 0.45% Mn

3.4.3 Preparation of test specimens

The specimens for mechanical properties and microstructure investigation were generated

from the bar casting. Sample bars were sectioned as indicated in Figure 3.2.

Figure 3.2: Sectioning of the bar casting. section 1, 2 and 3-tensile specimens; section

4-microstructure and micro-hardness and; section 5, 6 and 7-impact energy

Sections 1 to 3 were used for tensile testing while section 4 was utilized for microstructure

and micro-hardness analysis. Finally section 5, 6 and 7 were used for impact energy

testing analysis.
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3.4.4 Heat Treatment

The test samples were solution heat treated for 6 hours at 495oC, and quenched in 65oC

water. After solution treatment and quenching, the samples were left at room tempera-

ture for natural aging for 24 hours. The samples for tensile and impact energy testing

were then artificially aged for 8 hours at 170oC.

The samples for micro-hardness were heat treated in the T4 and T6 temper. In the T4,

the samples were solution heat treated for 6 hours at 495oC, quenched in 65oC water

and then left at room temperature for 24 hours for natural aging while in the T6, the

samples were solution treated for 6 hours at 495oC, quenched in 65oC water and finally

artificially aged at time intervals of 2, 4, 6, 8, 10, 12, 16, 18 and 24 hours at 170oC in an

air circulated furnace.

3.4.5 Microstructure Examination

3.4.5.1 Optical Microscopy

The samples were sectioned and organized for metallographic examination using Optika

- optical microscope B - 353 MET shown in Figure 3.3. Each sample was ground by

successively rubbing on different grades of 240, 320, 400 and 600 SiC paper under a

flow of water. The specimen was washed between each paper finish to remove any grit

and rotated through 90o before the next paper. After the last paper, the specimen was

washed well in water and then methanol and dried.
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Figure 3.3: Optical microscope connected to the computer at the University of Nairobi.

The samples were then successively polished on a rotating wheel covered with a suitable

cloth impregnated with a polishing diamond compound of 6µm, 1µm and 1
4
µm. They

were then washed with water and methanol and hot-air dried. Both as-cast and heat

treated samples were carefully polished for metallographic examination, after which their

images were taken for microstructural analysis. No metallographic etchants were used

in this process.

3.4.6 Porosity Measurement

Porosity observation on the T6 heat treated samples used for mechanical properties tests

were investigated using optical microscope on their polished surface. Magnification of

80x was used to investigate the pores size and distribution on the castings.
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The pores size of cast aluminium alloys is mostly expressed in terms of equivalent pore

diameter (Deq =
√

4A/π) or maximum feret diameter [105]. Equivalent pore diameter

approach was used for this work for comparison of the pores among the alloys and for

assessing the effect of porosity on the mechanical properties. The surface area (A) of the

pores on the sample were obtained from the micrographs using imageJ and then after

the equivalent pore diameter was calculated.

3.4.7 Mechanical Properties

3.4.7.1 Tensile Strength

The tensile specimens were machined according the ASTM B557M standard with the

dimensions shown in Figure 3.4 (a). Figure 3.4 (b) shows actual machined tensile test

specimens.

Figure 3.4: Tensile specimen prepared from the bar casting.

The tensile tests were performed at room temperature using the Hounsfield Tensometer

located at University of Nairobi. Six as-cast and heat treated specimens for each alloy
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were subjected to a uniaxial force . The yield stress was based on the standard 0.002

plastic offset strain. The tensile specimens were re-assembled after fracturing to get the

change in elongation from which percentage elongation was calculated.

3.4.7.2 Impact Energy Test

Impact toughness test samples were also machined and prepared from the bar castings

according to the ASTM E23 standard. The surfaces of the specimens were polished with

220 grit SiC paper to eliminate any surface irregularities that might affect the result.

The specimen dimensions were 10 mm x 10 mm x 55 mm. For each alloy, seven un-

notched specimens were used. The impact energy of the specimen was measured using

Charpy impact tester Model CI-30 with total weight of the pendulum 25.71 kg, distance

between impact center to pendulum revolving center 0.65 m and a maximum lift angle

of the machine is 142.5 degrees. The impact energy data was taken by recording the lift

and swing angles of the striking hammer during testing.

3.4.7.3 Hardness Test

Hardness measurements were taken for each alloy’s specimen using the Vickers Hardness

Tester LV-800 AT located at University of Nairobi and shown in Figure 3.5. The available

loads of the testing machine range from 2.942 N to 294.2 N. However, the load used for

this experiment was 29.42 N for a dwell time of 10 seconds. The testing machine had a

diamond indenter of a square shaped base and an angle of 136o between faces.
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Figure 3.5: Vickers Hardness Tester LV800 AT

The samples for micro-hardness were prepared in a similar way as the metallographic

samples. Twenty readings were taken for each sample to get the representative (accurate)

hardness of the material since taking few reading may falsify the result by all the data

points falling on the hard intermetallic phases or on the soft aluminium matrix.

3.4.8 Fluidity Test of the Alloys

The mould used for testing the fluidity of the alloys was fabricated from silica sand

bonded by sodium silicate/CO2. The mould consisted of a pouring basin incorporated

with the cope, a rectangular tapered sprue with small circular section that extended to
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the drag, and spiral cavity completely in the drag and the wide opening of the cavity was

also pointing upward. The dimensions of the mould were 290 mm x 275 mm x 40 mm

and with pressure head height of 99 mm. The moulds were fully vented during fabrica-

tion to remove the moisture. An aluminium spiral pattern was cast in already existing

permanent spiral mould that had been designed and machined from cast iron during

previous study [47]. The spiral pattern was then subsequently used in the preparation of

the spiral sand moulds. Moreover, the spiral pattern, the complete set-up and sectional

view of the fluidity mould used for successive casting are indicated in Figure 3.6.
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Figure 3.6: (a) The spiral pattern and drag with spiral cavity, (b) The complete mould of

the fluidity test and (c) The dimensional detail of complete system of fluidity

testing mould.

3.4.8.1 Melting and Pouring

The ingots of the alloy developed were heated to a temperature of 760oC in an electric

muffle furnace located at University of Nairobi. The effect of Fe, Mn and eutectic Si

51



modification by Sr on the fluidity of model secondary alloy was investigated. The Sr

modifier was available in the form of Al-10% Sr master alloy metallic rods while Fe and

Mn were available as Al-75% Fe and Al-75% Mn briquettes. The effect of Sr was inves-

tigated through addition of 0.02 wt.% Sr while that of Fe was investigated by increasing

the Fe content in model alloy to 0.38 wt.% and 0.9 wt.%. However, the 0.9 wt.% Fe alloy

also included a Mn addition of 0.45 wt.%

The alloying process was done when the temperature of the molten metal reached be-

tween 730oC and 750oC. The pouring temperature of the metal was maintained within

720 ± 3oC for all successive tests. K-type thermocouple was employed to measure the

temperature of the molten metal while it was in the 4 kg capacity SiC crucible. Pour-

ing time range; that is; the time between filling the basin and removal of the stopper

rod was kept the same for each experiment. The pouring basin was filled completely as

fast as possible before and after the removal of the stopper rod to give the same head

pressure for all successive tests. Three tests were taken for each of the alloy developed

to incorporate the possible errors that could emerge due to personnel, mould and test

variables.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Literature Survey and Chemical Composition Analysis

4.1.1 Results and Discussion

4.1.2 Literature Survey

The result of the literature survey on alloys used for cylinder heads application is com-

piled in (Table A.1) Appendix A. The survey on the literature indicates that the most

common alloys used for engine cylinder head application are 319, 356, 355, 354 and 380

type alloys and their equivalents from other countries. The 319 and 356 alloys have

wide distribution according to researchers and are followed by 355 and 380 type alloys.

The broad specification range for alloying elements and excellent mechanical properties

at elevated service temperatures, the 319 alloy made influential in the application of

automotive engine components especially cylinder head. Several automakers also fa-

vor very ductile 356 family alloys, although their strength rapidly reduces at elevated

temperature [34].

4.1.3 Chemical Composition Analysis

Table 4.1 shows the results of the chemical composition analysis obtained for the scrap

cylinder heads named CH1 to CH7. From the composition results in Table 4.1 it can be
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inferred that aluminium alloys used in cylinder heads fitted into small vehicles imported

to Kenya possess the chemical composition of alloy manufactured in Japan with desig-

nation of JIS AC2B which is equivalent to 319 alloy. The composition specification of

this alloy is indicated in Table 3.1.

Table 4.1: Chemical composition of scrap cylinder heads in wt%.

Scrap code Cr Cu Fe Mg Mn Ni Pb Si Sn Ti Zn Place

CH1 0.02 2.45 0.36 0.31 0.24 0.04 0.02 6.4 0.01 0.03 0.19 UK

CH2 0.02 2.33 0.34 0.27 0.21 0.08 0.01 6.46 0.01 0.03 0.13 UK

CH3 0.03 2.96 0.40 0.23 0.25 0.03 0.03 6.31 0.02 0.03 0.29 UK

CH4 0.05 2.868 0.215 0.213 0.136 0.039 0.00 6.433 0.022 0.012 0.026 BET

CH5 0.08 2.678 0.345 0.265 0.251 0.042 0.008 6.289 0.027 0.019 0.127 BET

CH6 0.037 2.998 0.302 0.311 0.280 0.034 0.01 6.805 0.016 0.015 0.083 BET

CH7 0.043 2.273 0.401 0.373 0.259 0.038 0.009 6.570 0.024 0.016 0.084 BET

4.2 Recycle friendly Alloy Identification

4.2.1 Results and Discussion

The source alloys versus target alloys Table 4.2 shows the possibility of an alloy to be

recycled from its group or from the other groups. The source alloy A and the target alloy

A have the same chemical composition. This chemical composition is governed by the

maximum composition of each element present in the group. For instance, the maximum

composition specification of each element for target alloy A is the largest value of each

element in group A in Table 3.1 i.e. Si (7.5 wt.%), Cu (0.2 wt.%), Mg (0.6 wt.%), Fe (0.5
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wt.%), Mn (0.3 wt.%) and Zn (0.3 wt.%). For target B also Si (7 wt.%), Cu (4 wt.%),

Mg (0.5 wt.%), Fe (1 wt.%), Mn (0.6 wt.%), Zn (1 wt.%) and Ni (0.35 wt.%). Similarly,

it applies for the other groups.

The colours and numbers in Table 4.2 demonstrate that, the tan-colour indicates recy-

cling within the group, the red-colour illustrates the source alloy chemical composition

is within the range of the target alloy and the gray-colour reflects excess of the element

composition in percentage of the source maximum value minus the target maximum

value ( Percentage excess = Source maximum - Target maximum) for each element.

Table 4.2: Source alloys versus target alloys chemical composition
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Therefore the table describes which scrap cylinder head groups can be utilized as source

material to the target alloy with broad composition specification range.

From Table 4.2, it can be observed that developing an alloy from group A targeting A is

very much possible, however, from B targeting A is not easily achievable, since there are

elements such as Cu, Fe, Mn, Zn and Ni whose composition is in excess of the specifica-

tion for target alloy A . Hence, it will require diluting them with pure aluminium. Target

alloys B and C have broad range for the alloying elements as can be seen in the table.

The excess elements are only Si, Fe and Zn in B while in C no excess element is reflected.

Target alloy D cannot be recycled directly from A, B and C without diluting them with

pure aluminium but can be produced from A with addition of alloying elements Si and

Cu. The target alloy E has a narrow Si composition range, hence, producing from other

scrap cylinder head groups will require primary aluminium addition.

Therefore, to recycle scrap cylinder heads, in a country where all the group alloys are

available, one should select B and C alloys that accommodate a broad range of chem-

ical composition for the major and minor alloying elements. However, group C alloys

are mostly used for engine block and their compositional range is very wide therefore

selecting this alloy as recycle-friendly will result in great variation in performance. The

B group (319 type) alloys are important cast alloys in this aspect, silicon and copper are

the main alloying elements, and magnesium is usually added for strengthening mecha-

nism [106].

Alloy group A and E have higher alloy recycling index hence they can act as main source
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material to target alloy B [98]. Therefore, target alloy B with minor modification could

be adopted for component to component (cylinder head to cylinder head) recycling. The

chemical composition range for the proposed target alloy is show in Table 4.3.

Table 4.3: The proposed target alloy chemical composition

Alloy Si Cu Mg Fe Mn Ti Zn Ni Others

B 4.0 - 7.0 2.0 - 4.0 0.50 1.0 0.60 0.25 1.0 0.35 0.55

4.3 Practical Alloy Developed

4.3.1 Results and Discussion

The actual recycled alloy (base alloy Table 3.2) obtained from scrap cylinder heads using

equation 2.1 had its chemical composition which lies in the general alloy proposed in

Table 4.3. Moreover, the predicted and the recycled alloy chemical compositions were

similar with minor differences in some alloying elements as shown in Figure 4.1. Some of

the deviation factors between the predicted and the recycled alloy elements composition

were negative (i.e. below the predicted). This indicates the loss in the alloying elements

in terms of dross or evaporation during the high temperature melting. Metal losses

during scrap melting can reach up to 5% of the total charged material due to skimming

and removal with the salt slag/dross formed [107].
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Figure 4.1: Difference in composition values between the predicted and recycled alloy.

Figure 4.2 shows the maximum and minimum composition of the proposed target alloy

(Max TA and Min TA) and the composition of the actual recycle alloy (ARA).

Figure 4.2: Difference in composition between the proposed target and recycled alloy.

The overall deviation factors of the alloying elements of the actual recycled alloy were zero

since the percentage composition of each element was within the range of the proposed

target alloy as presented in Figure 4.2. The chemical composition of the recycled alloy
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has to relate to the pre-melt composition of the incoming mixture and the deviations

of the recycled from the standard composition should be minimal [94]. Hence, the base

alloy developed from the scrap cylinder heads has chemical composition of each alloying

element within the specification of the proposed target alloy therefore it needs minor

modification and proper heat treatment temper.

4.4 Microstructure

4.4.1 As-Cast Microstructure of the Model Alloy

4.4.2 Results and Discussion

Figure 4.3 (a) and (b) show the microstructure of the base alloy (SI) in the as-cast state

without any element addition. Figure 4.3 (a) is at low magnification and (b) at higher

magnification. Figure 4.3 (a) reveals phases such as primary Al-matrix, coarse acicular

eutectic silicon particles and intermetallic phases of Fe and Cu. The eutectic silicon par-

ticles appear unmodified are fairly scattered throughout the micrographs. The amount

of Fe - intermetallics observed in this microstructure are few and Cu - intermetallics are

observed as small and circular phases. Figure 4.3 (b) reveals clearly the types of phases

which are present in the microstructure. The eutectic silicon particles are seen as wide

and irregular structures. Moreover, the Fe - intermetallic appears a skeleton-like phase

and Cu-phases appear in the form of block-like structure.

Figure 4.4 shows the microstructure of an alloy obtained after addition of 0.02% Sr. In
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this alloy (SI + 0.02% Sr), completely modified and partially modified eutectic silicon

Figure 4.3: Microstructure of the base alloy as-cast with low magnification (400X) (a) and

high magnification (1000X) (b)

particles and skeleton like Fe - intermetallics are observed. The irregular (acicular - Si)

structures observed in the unmodified base alloy in Figure 4.3, are transformed into fine

fibrous particles. Another important observation with this modifier is also the formation

of fine and compact Fe - intermetallic. This could be due to the effect of strontium in low-
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ering the precipitation temperature of the α− Al15(Fe,Mn)3 Si2 phase and fragmentation

and dissolution of β− Al5FeSi phase [54,63,106].

Figure 4.4: As-cast microstructure of the 0.02% Sr modified alloy (1000X).

Figure 4.5 (a) and (b) show Cu-phases in the base alloy and in the alloy modified by

0.02% Sr. The effect of strontium on the Cu-intermetallic phases is presented here. The

Cu - phases in Figure 4.5 (a) are in the form of fine eutectic Al2Cu phase while the Cu -

phases in Figure 4.5 (b) appear in the form of blocky Al2Cu phase. This transformation

is due to the effect of strontium. Strontium segregates Cu in regions free of eutectic Al-Si

and contributes to the free growth of blocky Al2Cu [108].

61



Figure 4.5: Effect of Sr on the Cu - intermetallics (a) Eutectic Al2Cu in the base alloy (b)

Blocky Al2Cu in the alloy modified by 0.02% Sr (1000X).

Figure 4.6 shows the microstructure of the base alloy when its Fe content is increased

to 0.38%. In this sample, eutectic silicon particles, Fe - rich intermetallics and Al2Cu

phases are observed.

Figure 4.6: As-cast microstructure of an alloy with 0.38% Fe total content (1000X).
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The eutectic silicon particles have acicular or needle - like morphology and they are also

large in size as compared with the particles in the previous alloys. Large particles in an

alloy are usually sources of failure. With the addition of 0.38% Fe, large Fe- phases are

observed and a slight increase in the distribution of Fe- intermetallics is also noted.

Figure 4.7 shows the microstructure of the base alloy when Fe and Mn contents are

increased to 0.9% and 0.45% respectively. With the addition of Fe and Mn in the ratio

of Fe:Mn (2:1), long and interconnected Fe - intermetallics are observed.

Figure 4.7: As-cast microstructure of an alloy with 0.9% Fe and 0.45% Mn total content

(1000X).

Manganese increases the nucleation site of Fe - phase and suppress the formation of coarse

β− phases. In a report by Mohamed et al. [23], at low level of manganese, increasing Fe

up to 1%, plate - like α−Fe and Chinese script α− Fe intermetallics were observed. The
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eutectic silicon particles in this sample appear as acicular structure. Cu - intermetallic

phases are also observed in this alloy as small pockets of circular and block-like eutectic

phases nucleating along the coarse Si particles and Fe - phases.

4.4.3 Heat Treated Microstructure

Cast Al-Si alloys are typically heat treated to various tempers depending on the applica-

tion requirements. The most common heat treatment temper for automotive components

is the T6 for ambient service temperatures and the T7 temper for higher temperature

applications such as cylinder heads. Heat treatment is expected to impart significant

microstructural changes as discussed in this section.

4.4.4 Results and Discussion

Figure 4.8 shows the microstructure of the base alloy (SI) after the sample was treated

to the T6 temper. The sample was solution heat treated for 6 hours at a temperature of

495oC followed by natural aging for 24 hours and artificial aging for 8 hours at 170oC.

In this sample necking, fragmentation and spheroidization of eutectic Si particles are

observed in Figure 4.8 at higher magnification. However, some of the eutectic silicon

particles still possess coarse acicular shape. The rate of spheroidization is dependent on

the size of the particles so fast spheroidization and coarsening is expected with smaller

size particles [23]. Small size Fe - intermetallics are also observed in this microstructure

but the Cu-phases observed in the as-cast condition seem to have disappeared after T6

heat treatment.

64



Figure 4.8: Microstructure of the base alloy after T6 heat treatment (1000X)

The microstructure of the alloy modified by 0.02% Sr after heat treatment is shown in

Figure 4.9. The microstructure of this alloy reveals spheroidization of the eutectic Si

particles and fragmentation of Fe - intermetallic phases.

The size of eutectic silicon particles are seen in this microstructure as small and fine

when compared to the unmodified alloy. However, when this microstructure is compared

to the as-cast and modified, it has large eutectic - Si particles. The modification and

heat treatment results in the dissociation of iron intermetallics. This is consistent with

Mohamed et al. [23] who reported that in the Sr modified alloy, partial dissolution of β

- needles becomes more pronounced after solution heat treatment. Moreover, strontium

addition leads to the transformation of the eutectic Al2Cu-Phase into a hard and blocky

structure that could not be dissolved during solution treatment.
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Figure 4.9: T6 heat treated microstructure of the alloy modified by 0.02% Sr (1000X).

In Figure 4.10 the microstructure of the 0.38% Fe containing alloy is shown after T6

heat treatment. From this microstructure it can be observed that the fairly distributed

eutectic silicon particles elongate, neck, fragment and tend towards being spheroidised

due to the effect of heat treatment.

The sharp edges of eutectic silicon particles observed in the as-cast state are seen to

change into round boundary. However, complete transformation of the needle-like struc-

ture into fine fibrous morphology is not achieved in this alloy as the transformation rate

is dependent on the size of the particles. Cu-phases are not seen in this microstructure

but Fe-rich intermetallics are observed in this alloy.
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Figure 4.10: Microstructure of the alloy with 0.38% Fe after T6 heat treatment (1000X).

Figure 4.11 shows the microstructure of the alloy containing 0.9% Fe and 0.45% Mn

after T6 heat treatment process. The figure displayed phases such as the Chines-script

(α-Al15(FeMn)3Si2) and eutectic silicon particles.

The Chinese-script (Fe-phases) are highly dispersed in the eutectic region and can be

seen to cover a large area. Spheroidization of the eutectic silicon particles is not observed

in this alloy after heat treatment as it was observed in the previous alloys.
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Figure 4.11: Microstructure of the alloy with 0.9% Fe and 0.45% Mn after T6 heat

treatment (1000X).

4.5 Quantification of Si and Fe - Intermetallic particles

4.5.1 Results and Discussion

Table 4.4 shows the quantitative measurement of eutectic-Si and Fe-intermetallics in

the four alloys in the as-cast state and heat treated conditions. The measurement is

presented in terms of maximum equivalent circle diameter (Deq) and maximum feret

dimension (LF ) as measured by imageJ techniques. The equivalent circle diameter was

obtained from the surface area of the particle using (Deq =
√

4A/π) [105], where A is

surface area of the particle. The feret dimension represents the largest length between

two points within the boundary of the particle that measured on the longest particle.
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The quantification of intermetallic particles can predict the effect of the size of the par-

ticles on the mechanical properties of an alloy. Large particles in a sample are always

sources of failure since the coherence capacity with the Al-dendrite is low.

Table 4.4: Quantitative measurement of eutectic - Si and Fe - intermetallic ( in µm )

Parameters Base alloy (SI) SI + 0.02%Sr SI + 0.38%Fe SI + 0.9%Fe + 0.45%Mn

As-cast

Deq, Max, Si 37 24 49.8 30

LF , Max, Si 89.26 62 139.8 96.57

Deq, Max, Fe 35 35.7 31.6 38

LF , Max, Fe 87.74 109.9 57.2 118

Heat treated

Deq, Max, Si 29.7 24 38.5 33

LF , Max, Si 73.4 56.4 87 95.7

Deq, Max, Fe 17.2 20.3 23.5 35.1

LF , Max, Fe 34 48.1 44.2 88.2

In as-cast, the Max LF eutectic - Si phase is observed in the 0.38% Fe content alloy

(LF=140 µm) and the smallest Max LF of eutectic - Si is observed in the Sr-modified

alloy ( LF = 62 µm). The largest Max Deq of eutectic - Si is also observed in the al-

loy containing 0.38% Fe (Deq= 49.8 µm) and the smallest Max Deq is observed in the

Sr-modified alloy (Deq= 24 µm). In the case of Fe - phases, the particles that covered

wide surface area or Max Deq were identified as Fe-intermetallic phases with Chinese
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Script morphology as can be noted from the maximum equivalent circle diameter of Fe

in as-cast in Table 4.4. The Max Deq and Max LF of the Fe - phases were in the alloy

which added Fe and Mn.

After heat treatment the intermetallic phases are observed to decrease in both the Max

Deq and Max LF as observed in Table 4.4. Heat treatment caused 17.8%, 9%, 37.8% and

0.9% decrease in the size (length) of eutectic - Si in the base alloy, Sr-modified, 0.38%

Fe containing and 0.9% Fe + 0.45% Mn added alloys respectively. The change in size of

the eutectic - Si in the 0.9% Fe + 0.45% Mn added alloy has not shown much difference

by heat treatment.

The alloy (SI + 0.9% Fe + 0.45% Mn) had bulk networks of α - Al15(MnFe)3Si2 inter-

metallics throughout the micrograph. However, the sizes of the α- Fe phases were smaller

in the heat treated sample. The iron intermetallic phases were generally reduced both

in their surface area and maximum feret dimension due to heat treatment.

It is clear that from this section the heat treatment has contributed in changing the size of

the intermetallic second phase particles and is therefore expected to improve significantly

the mechanical properties of the alloys as discussed in the next section.
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4.6 Porosity

4.6.1 Results and Discussion

4.6.2 Microstructure Observation

Figure 4.12 shows porosity level distribution in the base alloy (Figure 4.12 (a)), Sr-

modified alloy (Figure 4.12 (b)), 0.38% Fe alloy (Figure 4.12 (c)) and 0.9% Fe + 0.45%

Mn alloy (Figure 4.12 (d)).

Figure 4.12: Porosity level distribution in (a) Base alloy, (b) SI + 0.02% Sr alloy, (c) SI +

0.38% Fe alloy and (d) SI + 0.9% Fe + 0.45% Mn alloy (80X)

Figure 4.12 (a), the pores are small and approximately circular with a random spatial dis-

tribution. Some pores are however seen to be interconnected. Figure 4.12 (b), the pores

are observed as large, interconnected and clustered in some areas while in Figure 4.12
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(c), the number of pores is higher in comparison with Figure 4.12 (a) and are observed

to be of small and to medium size pores. Figure 4.12 (d) shows the lowest level of porosity.

Modification by strontium is seen to have significantly increased porosity. Strontium

increases porosity on Al-Si alloys by increasing the inclusion content and by decreasing

the solubility of hydrogen in the solid metal [22]. Strontium has high affinity for oxygen

and hence increases the oxidation rate of an alloy.

The porosity level in the 0.38% and 0.9% Fe alloys shown in Figure 4.12 (c) and (d)

indicates slight variation. The 0.38% Fe contains more pores than the 0.9% Fe alloy. The

Fe - rich intermetallic phases observed in the microstructure of the 0.38% Fe alloy may

have contributed significantly in blocking the molten metal that compensate solidification

shrinkage [48]. Moreover, if the amount of Mn is greater than the recommended value

to neutralize the β phase, it results in a brittle α phase that can generate porosity [33].

4.6.3 Porosity quantification

Figure 4.13 shows the binarized image of the four samples from which the porosity

measurement was taken and Figure 4.14 depicts the range of pore sizes and count (number

of pores) obtained from the analysis using imageJ.
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Figure 4.13: Binarized image using imageJ of the alloys (a) Base alloy, (b) SI + 0.02% Sr,

(c) SI + 0.38% Fe and (d) SI + 0.9% Fe + 0.45% Mn (80X).

Figure 4.14: Pore size distribution for the alloys investigated.

The quantitative measurements of porosity were recorded in the range of 2.66 - 85 µm
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in the base alloy, 2.66 - 160 µm in the Sr-modified alloy, 2.66 - 120 µm in the 0.38% Fe

alloy and 2.66 - 70 µm in the 0.9% Fe + 0.45% Mn alloy. The number and size of the

pores were high in the Sr- modified alloy and in the 0.38% Fe alloy. The pore sizes were

large with these alloys, especially with the modified one. Pore sizes above 100 µm were

not found in the base alloy and 0.9% Fe alloy whereas these were indeed observed in the

modified and 0.38% Fe alloys. Hence there is a possibility of low mechanical properties

for these latter alloys.

The pore size distribution in the base alloy is comparable to the alloy neutralized by

Mn. The formation of α - Fe due to the addition of Mn results in fine pores since these

phase facilitates feeding the interdendretic space with liquid metal better than β - Fe

intermetallics [23].

4.7 Mechanical Properties

The mechanical properties of aluminium alloys are characterized largely by the shape, size

and spatial distribution of microstructure features such as Si and intermetallic particles.

Optimum tensile, impact and fatigue properties are obtained with small, spheriodized

and evenly distributed particles and an appropriate heat treatment temper [23,109].
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4.7.1 Tensile Strength

4.7.1.1 Results and Discussion

Figure 4.15 shows the average UTS values of each alloy, in as-cast state and after T6

heat treatment. Heat treated alloys are indicated as HT. (Table B.1) in Appendix B,

on the other hand, shows the summary of results of the UTS of each the six specimens

tested from the samples of base alloy, Sr-modified, 0.38% Fe and 0.9% Fe + 0.45% Mn

content alloys.

Figure 4.15 shows that the UTS of the base alloy is 209.5 MPa in the as-cast state. After

the addition of 0.02% Sr, increasing Fe to 0.38% and 0.9%, resulted in the UTS decrease

by 2.8%, 6.9% and 3.8% ( 203.6, 195.4 and 201.5 MPa) respectively.

Figure 4.15: Average tensile strength in as-cast and T6 heat treated states

The modification has resulted in a slightly low value of UTS. This low value is associated
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with the capacity of strontium in generating porosity in the casting.

The increase of Fe content in the base alloy to 0.38% is observed to decrease the UTS.

Increasing iron content initiated the formation of Fe - rich intermetallics which could

generate defects that deteriorate the properties. Moreover, the microstructure of this al-

loy in Figure 4.6 shows large and needle-like eutectic - Si phases. These phases fracture

much more easily than the soft aluminium matrix under tensile loading [61]. Addition

of Fe and Mn to the base alloy is also observed to decrease the UTS by 3.8% but this

percentage decrease is lower than the decrease observed by increasing the Fe content to

0.38%. With the increase of Fe content in an alloy there is an increase of Fe - intermetal-

lic and area fraction of porosity which leads to a reduction in UTS. In general, the UTS

of the alloys have shown good results in as-cast state as compared with the equivalent

standard alloys seen in this literature.

After T6 heat treatment, the UTS of the alloys is observed to increase by 89.6%, 54.3%,

64.8% and 57.5% in the base alloy, Sr, Fe and Fe + Mn added alloys respectively. The

morphological change of the eutectic Si particles and precipitation of hardening phases

during the T6 heat treatment greatly contributed to the improvement of mechanical

properties. The increase of UTS in the base alloy is recorded as the highest after heat

treatment as shown in Figure 4.15 with a value of 397.2 MPa. This could be attributed to

the combined advantages of precipitate hardening, uniform distribution of intermetallics

and less amount of porosity observed in this sample. The effect of heat treatment in the

Sr - modified alloy is also observed to increase UTS remarkably. Further, heat treatment
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is also noted to increase the UTS of 0.38% and 0.9% Fe containing alloys but those

increases are also less than the base alloy’s percentage increase in UTS. The strength of

age hardened alloys is mainly determined by the effect of precipitates, the solid solution

and the second phase distribution in the microstructure as well as porosity level [53].

The UTS of a material depends on the cross-sectional area of the specimen, hence, if

the porosity level of an alloy increases the UTS decreases. The level of porosity due

to modification was observed to increase consequently, the UTS of the alloy decreased.

Moreover, the porosity and intermetallic phases associated with the increase of Fe also

resulted in lower UTS value.

4.7.2 0.2% Proof Stress

Figure 4.16 illustrates measurement of the yield strength of some representative samples

of the heat treated alloys after converting the load versus elongation graph into stress

versus strain curve. The graphs indicate the test result for 0.2% strain of (a) base alloy,

(b) Sr - modified alloy, (c) and (d) low and high Fe containing alloys respectively. The

point of intersection between the stress-strain curve and the line parallel to the straight

line on the stress-strain curve indicates the yield strength of the alloys based on 0.2%

strain. The yield strength data obtained from these figures is given in (Table B.2) in

Appendix B.

The heat treated base alloy is observed to possess the highest 0.2% proof stress as

compared with the Sr - modified, 0.38% Fe and 0.9% Fe + 0.45% Mn containing alloys.
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The effect of porosity and intermetallic particles was observed to decrease the YS of the

alloy. As the porosity size and distribution of the alloy increases with the addition of

modifier the proof stress decreases.

Figure 4.16: Representative stress-strain curves for obtaining 0.2% yield stress for the heat

treated samples.

Alloys that have high yield strength prevent crack initiation by accommodating stress

elastically. The representative 0.2% proof stresses of these model alloys are comparable

with similar equivalent standard alloys used for cylinder head. For example, according

to Kores [76] the YS and UTS of AlSi6Cu4 were 383 MPa and 408 MPa in the T6 heat

treated temper whereas the representative 0.2% proof stress of the base alloy in this
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research is 390 MPa and the corresponding UTS was also 417 MPa.

4.7.3 Percentage (%) Elongation

4.7.3.1 Results and Discussion

Figure 4.17 shows the average percentage elongation of the alloys in the as-cast state

and T6 heat treated conditions. (Table B.3) in Appendix B on the other hand, shows

the summary of recorded percentage elongation of the six specimens of each alloy in the

as-cast state and after heat treatment.

Figure 4.17: Average percentage elongation

The average percentage elongations in the as-cast state are 1.45%, 1.83%, 1.11% and

1.31% for the base, Sr-modified and for the low and high Fe alloys respectively. It is

observed that modification through the addition of 0.02% Sr increased the percentage
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elongation by 26.2% while the increase of Fe to 0.38% and 0.9% decreased the elongation

by 23.5% and 9.7% respectively.

The ductility of aluminium alloys depend to a great extent on the size, morphology and,

spatial distribution of brittle phases [17]. The brittle phases such as eutectic silicon

and Fe- rich phases are responsible for the fracture in this type of material. Therefore,

modifying the eutectic silicon phase improved the ductility of the alloy as observed in

Figure 4.17.

After T6 heat treatment the % elongation of the alloys is observed to decrease by 25.5%,

45.5%, 17% and 31% in the base, Sr-modified and the low and high Fe alloys respectively.

A maximum reduction in ductility of around 45% is observed in the Sr-modified alloy.

The effect of heat treatment was more pronounced in the modified alloy. This effect

could have emerged with the strengthening of the aluminium matrix with precipitate

phases and the growth of micro-porosity upon solution heat treatment.

The reduction in % elongation is small in the alloy with 0.38% Fe. However, its % elon-

gation is recorded as minimum after heat treatment, which is 0.92%. The morphology

of eutectic silicon particles in this alloy were coarser and many of them were only on

the verge of necking after heat treatment as seen in Figure 4.10. Coarser microstructure

cause low elongation to fracture. However, porosity could have a great role in these

experimental results, since some specimens were observed to fail before attaining of the

0.2% proof stress.
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The reason for the low ductility of the alloys after heat treatment seems dependent on

the porosity level especially with the modified and 0.38% Fe containing alloys. In these

alloys the porosity distribution and size of the pores were relatively high.

4.7.4 Impact Toughness

4.7.4.1 Results and Discussion

Figure 4.18 shows the average results of impact energy values obtained for each of the

alloys. (Table B.4) in Appendix B, on the other hand, shows the summary of results of

impact energy of seven specimens for each alloy in the as-cast and heat treated conditions.

Figure 4.18: Average impact energy in the as-cast and heat treated conditions

From Figure 4.18, it can be observed that the values for the base alloy and the alloy with

0.9% Fe have the same impact energy (7.42J). The impact energy of the Sr-modified

alloy is higher by 40.4% and that of the alloy with 0.38% Fe is lower by 17.7%. The
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impact energy of Al-Si alloys is associated with microstructure, which strongly depends

on the alloy composition and solidification conditions [59].

The maximum absorbed energy in the as-cast condition was in the alloy modified by

0.02% Sr. The improvement in this alloy may be explained by the modification of aci-

cular eutectic silicon into fine Si particles. Modification with Sr and the consequent

spheroidization of the Si particles would improve the alloys toughness due to the in-

crease in the volume fraction of α− Al [50]. This, in turn, would compensate for the loss

in energy caused by the presence of large brittle Fe-rich phases. However, Sr can also

transform Al2Cu phases from eutectic to block-like particles which may lead to brittle

fracture. The two forms of the Cu - phase were shown in Figure 4.5.

The alloy with 0.38% Fe recorded a low impact energy value of 6.10 J. This was at-

tributed to the presence of large acicular eutectic silicon particles and Fe - intermetallics

as revealed in Figure 4.6. These structures serve as stress concentration sites, and fa-

cilitate crack formation and growth [50]. At a very high concentration of 0.9% Fe, the

impact energy of the alloy does not show any change compared to the base alloy. There is

also less scatter especially in the as-cast condition. This could be due to the neutralizing

effect of manganese.

After heat treatment, the impact energy of the alloys is observed to increase by 53%,

110.5% and 83% in the base alloy, 0.38% Fe and 0.9% Fe alloys respectively. In the

Sr-modified alloy, there is no change in its impact energy after T6 heat treatment. The

solution heat treatment plays a great role in the first three alloys by distributing the
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micro-constituents and partially dissolving some of the intermetallic phases into the

aluminium matrix. Moreover, the fragmentation of Fe - intermetallics during solution

treatment may have contributed to the elevation of the impact energy of the alloy with

0.9% Fe.

The average impact energy result for the Sr-modified alloy did not change after heat

treatment. In this alloy, the porosity concentration and the pores size were significantly

higher than the rest of the alloys. Hence, the impact toughness was not only depended

on the Si morphology and distribution of the micro-constituents but was also sensitive

to defects like porosity. Moreover, the size of eutectic-Si particles and Fe-intermetallics

were small in this alloy. Therefore impact energy of an alloy decreases as the size and

distribution of the porosity increase.

4.7.5 Artificial Ageing Study

4.7.5.1 Microhardness

4.7.5.2 Results and Discussion

Figure 4.19 shows the trend in hardness with increasing aging time at fixed aging tem-

perature of 170oC. The zero aging time in all the graphs represents the value of T4 heat

treatment temper. (Table B.5) in Appendix B, on the other hand, shows the summary

of average values of 20 measurements for each sample in each of the heat treatment

conditions.
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Figure 4.19: Average micro-hardness values of T4 and T6 heat treat samples

The hardness values in the as-cast state are recorded as 98.3, 94, 102.2 and 98.7 VHN for

the base, Sr-modified, 0.38% Fe and 0.9% Fe alloys respectively. The as-cast hardness

values are largely comparable except for the alloy with 0.38% Fe which is slightly higher

value and this alloy has uniformly distributed hard eutectic silicon particles.

After T4 treatment, the hardness values are observed to increase by 23.6%, 27%, 18.5%

and 18.3% in the base, Sr-modified, 0.38% Fe and 0.9% Fe alloys respectively. This

increase is explained by the fact that when Al-Si-Cu alloys are solution heat treated,
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the strengthening intermetallic phases dissolve and are retained in the Al-matrix up on

quenching and some of the strengthening phases will also precipitate up on natural aging.

The hardness of the base alloy in Figure 4.19 (a) is observed to increase up to 2 h aging

time and attaining a maximum value of 128.7 VHN then after followed by a gradual

drop up to 8 h aging time. A plateau of hardness values is observed after 8 h. In a

similar manner, the Sr-modified (Figure 4.19 (b)) and the 0.38% Fe alloy (Figure 4.19

(c)) attained their peak values (130.2 and 134.2 VHN respectively) after 2 h and then

achieved a plateau values after 12 h aging time. However, the ageing response for the

alloy with 0.9% Fe + 0.45% Mn is shown in Figure 4.19 (d) to be very slow and attained

its peak hardness value (123.4 VHN) after 4 h and thereafter drops in a fluctuating man-

ner throughout the aging process.

The samples treated in the T4 temper are observed to record higher hardness values

than samples aged for longer hours in the T6 temper. However, the suitable aging hours

for obtaining the highest hardness values at the given aging temperature (170oC) was

in T6 temper between 2 and 6 hours. Most of the alloys are also observed to stabilized

after 8 h aging time. This aging represents the T7 temper which is an overaged state.

The hardness of these alloys is clearly dependent on aging time at a given aging tem-

perature as it is observed their hardness to change with aging hours. The age hardening

responses for higher aging temperature are accelerated during the process with early

peak-age hardness. At higher aging temperature the diffusion rate of solute atoms is

very high [110], hence an early optimum hardness value could be expected as observed in
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this study. The Cu - phases should be more responsive for the increase in the age hard-

ening as those phases were fully dissolved during the solution treatment process. During

aging, a very fine precipitates of Al2Cu intermetallics are formed from the supersaturated

solid solution and increases the hardness of the Matrix [111].

4.8 Comparison of Mechanical Properties of the Model Secondary Alloy

with Similar Primary Alloys

Table 4.5 shows the mechanical properties of the model secondary alloy as compared

with similar primary alloys. The mechanical properties of Al-Si casting alloys are highly

dependent on the cooling rate and heat treatment conditions. Hence, it is difficult to

compare experimental results based on the similarity of chemical composition. However,

the obtained results of the model secondary alloy are similar to the primary alloys shown

in the table. All the alloys are fabricated using permanent mould casting and the heat

treatment condition used was also similar.

Table 4.5: Comparison of the model secondary alloy mechanical property results with some

primary alloys

Alloys UTS (MPa) YS (MPa) % Elongation E (J) Hardness Reference

Base alloy (SI) 397 390∗ 1.08 11.4 120 VHN This research

319 376 258 4.77 9.82 110 VHN [72]

A319 305 225 4.4 - 112.6 BH [68]

AlSi7Cu3.3 335 195 8 - - [34]

AlSi6Cu4 408 383 1.09 - - [76]

319.0 275 185 3 - 95 BH [2]
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Note: ∗ shows the representative YS not the average and its corresponding UTS is 417 MPa.

The UTS and YS of this research alloy were among the highest values in the table whereas

the ductility was low but within the required range of ductility for cylinder heads. The

hardness of this alloy was also high in comparison with those alloys produced from pri-

mary aluminium.

According to Medrano et al. [72], 319-type alloys are used in the fabrication of automotive

engine cylinder heads with some desirable mechanical properties values in the range from

250 MPa to 300 MPa for YS and UTS, 1% for elongation, 10 J for impact toughness

and 100 VHN for micro-hardness. In this research there is a satisfactory results of the

mechanical properties in spite of the influences of the porosity and intermetallic phases

generated by the addition of modifier and impurity levels.

4.9 Fluidity

4.9.1 Results and Discussion

Figure 4.20 shows the effect of the alloying elements on the average fluidity length of the

base alloy when they are added in small percentage. (Table C.1) in Appendix C, on the

other hand, shows the successive three test measured values, their mean and standard

deviation of each of the alloy’s fluidity length.

From Figure 4.20, it can be seen that there was a decrease in fluidity length of the alloy

with the addition of modifier and impurity elements. With the addition of 0.02% Sr it
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has been observed to decrease fluidity by 5.2% and an increase of iron content of the alloy

to 0.38% Fe resulted a further decrease on the average fluidity length by 21.9%. Iron

addition in combination with manganese in the ratio of 2:1 (Fe : Mn) was also observed

to decrease the flow length by 12.1%.

The bar chart shows the variation of average recorded fluidity length in relation to the

added alloying elements strontium, iron and manganese. The deviation of each successive

Figure 4.20: Variation of fluidity with alloying element

measured test results is indicated by standard deviation. These deviations are associated

mostly with mould parameters, temperature and personnel errors. Such effects can be

reduced through the proper control of mould parameters such as vent size and position,

and controlling of pouring temperature of each successive test. For instance, if the vents

(holes for escaping the gases from the mould) are on the cavity /channel, the flow of the
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molten metal will be obstructed therefore reduces the flow length. These effects were

observed during the experiment which resulted in discarding the casting that had such

defects.

Figure 4.21 shows the test result when the recycled aluminium alloy was solidified in

the cavity of the spiral fluidity mould. It shows the solidification of the alloy started by

the flowing tip. The low surface temperature experienced by the leading tip must be

facilitating the growth of the grains. Large size grains have a tendency in blocking the

feeding channels. According to Fleming [83] the grains flow downstream with the liquid

metal until a critical fraction solid is reached then the flow stops by choking at the tip

of the freezing alloy.

Figure 4.21: The outcome of the alloy’s fluidity when it is solidified

Figure 4.22 shows the microstructure of specimens taken 5 mm away from the tip of the

casting spiral. It shows the primary aluminium dendrites, eutectic, Fe-intermetallics,

Cu-intermetallics and oxides. Figure 4.22 (a) reveals the alloy containing some copper
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phases nucleated along the thin iron phases, eutectic and oxides. Uniform distribution

of phases of the eutectic silicon and Fe-intermetallics were observed in this alloy and no

network of intermetallics were observed that could choke up the flowing molten metal.

Figure 4.22: Micrograph of the alloys 5 mm from the tip of the fluidity casting, (a) Base

alloy, (b) Sr - modified base alloy, (c) 0.38% Fe containing base alloy and (d)

0.9% Fe + 0.45% Mn containing base alloy

However, in Figure 4.22 (b) it was observed that strontium modification resulted in a

network of intermetallic phases. These structures can block the flowing molten metal

and then decrease the fluidity of the alloy if they solidify early before a coherent solid
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network is formed.

Although Sr has a wide range of significant advantages in comparison with other chem-

ical modifiers such as Na and Sb in foundry during casting [112], this study however,

demonstrates that it reduces the fluidity of the alloy developed. Excess amount of Sr

leads to porosity, which among others has been attributed to reduced surface tension

of the melt and increased volumetric shrinkage [3]. Addition of Sr leads to segregation

of the Cu-containing phases to regions away from the Al-Si eutectic. This can lead to

blockage of the interdendritic channels if blocky Al2Cu phases are formed during solidi-

fication [108]. If the modified alloy exposes to the atmosphere will react vigorously with

ambient moisture to form hydrides and surface dross that can reduce the fluidity [112].

However, the use of rod type strontium modifier produces smaller Al4Sr intermetallic par-

ticles that break and dissolve very rapidly which minimizes contact with the atmosphere.

Addition of Fe to this alloy has been observed to produce various intermetallic phases

which have the potential to reduce the fluidity of the molten metal. Figure 4.22 (c)

shows a number of Al2Cu phases formed in addition to eutectic Si and oxides. The

microstructure of Figure 4.22 (d) shows an increased number of Fe - intermetallics in

comparison with Figure 4.22 (c). Moreover, the neutralizing effect of Mn is observed to

result in fine Fe - intermetallics in the 0.9% Fe containing alloy. This may explain the

higher fluidity reported in this alloy compared to the 0.38% Fe containing alloy.

Increase in the iron level in an alloy generally leads to an increase in the amount of

insoluble iron-rich bearing phases which can reduce the alloy’s fluidity. The β− phases
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have largest surface to volume ratio, hence they have the largest interfacial region with

the melt and are likely to be the most detrimental intermetallic in reducing fluidity [92].

Moreover, with an increase in size and amount of β and α phases, there is usually

a concomitant increase in interconnected shrinkage porosity due to a reduction in the

permeability/feeding in mushy zone [113].
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

Cylinder heads are identified as potential candidate for production of recycle-friendly

cast aluminium alloys. Therefore component to component recycling of cylinder heads

with or without modification are applicable for high quality products. Moreover, results

of chemical composition analysis predicted that most of the cylinder heads in small ve-

hicle engines in Kenya are manufactured from the JIS AC2B alloy which is equivalent

to the 319 alloy.

Micrographs of the suggested model secondary alloy reveals coarse acicular eutectic sili-

con, Fe and Cu intermetallics in the as-cast state. Strontium modifies the eutectic silicon

particle while Fe and Mn increases Fe-intermetallics. Heat treatment resulted in necking,

fragmentation and spheroidisation of eutectic silicon particles and fragmentation of Fe -

intermetallics.

Porosity level of the alloy increases with the addition of 0.02% Sr and 0.38% Fe and their

maximum pores size are 120 µm and 160 µm respectively, in which they contributed in

reducing the properties of the material.

The addition of strontium decreases the UTS and hardness and increases % elongation

and impact toughness while addition of Fe and Fe + Mn decreases UTS, % elongation

and impact toughness and increases hardness in the as cast state.
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Heat treatment increases the mechanical properties by fragmenting and spheroidising

the eutectic silicon particles. The suitable aging time of the alloy for obtaining peak

hardness is between 2 and 6 hours at 170oC.

The fluidity of the recycled base alloy reduces with the addition of modifier and impurity

levels.

5.2 RECOMMENDATIONS FOR FUTURE WORK

To pursue the need for a higher number and performance of recycle-friendly alloys, the

following areas are recommended for further investigation.

• Automotive wheel alloys should be investigated by mixing with the alloys that

possess high production recycling index.

• Fatigue and creep tests have to be conducted on the alloys developed in this re-

search.

• Mechanical properties of these alloys should be investigated at different aging time

at the same temperature of this research.

• Finally, detailed microstructural analysis such as SEM and TEM should be utilized

to understand the effect of alloying elements on the microstructure and mechanical

properties.
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APPENDIX A

Cylinder Head Alloys

Figure A.1 shows the percentage of availability of the alloys based on the literature survey

collected data. The number of 319 alloys are very high (50%) followed by 356 alloys.

The alloys 355 and 380 have equal amount while the 354 alloys are the least.
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Figure A.1: Percentage of the alloys availability based on the literature survey

112



T
ab

le
A

.1
:

C
y
li
n
d
er

h
ea

d
al

lo
y
s

p
ro

d
u
ce

d
b
y

d
iff

er
en

t
m

an
u
fa

ct
u
re

rs
an

d
re

se
ar

ch
er

s

S
r.

N
o.

A
ll

oy
S

i
C

u
M

g
F

e
M

n
T

i
Z

n
C

r
S

r
N

i
o
th

er
s

R
ef

.

1
B

S
14

90
L

M
25

6.
5/

7.
5

0
.2

0
.2

/
0
.6

0
.5

0
.3

0
.2

0
.1

0
.1

S
n

(0
.0

5
)

[1
0
1
]

2
A

35
6

(H
y
u

n
d

ai
)

6.
5/

7.
5

0
.2

0
.2

5
/
0
.4

5
0
.2

0
.1

0
.1

/
0
.2

[3
1
]

3
A

35
4

(fi
at

iv
ec

o)
9.

0/
10

.0
0
.8

/
1
.3

0
.2

5
/
0
.5

0
.3

0
.1

0
.1

[3
1
]

4
31

9
(F

ia
t

F
or

d
)

6.
5/

8.
0

2
.8

/
3
.5

0
.2

5
/
0
.5

0
.8

0
.5

0
.2

5
[3

1
]

5
38

0
(M

it
su

b
is

h
i)

8.
3

3
.6

4
0
.3

0
.6

0
.3

3
0
.1

1
0
.7

0
.0

3
0
.0

7
[1

1
4
]

6
A

38
0

(M
az

d
a)

8.
49

2
.7

6
0
.1

5
0
.6

9
0
.3

6
0
.0

7
0
.6

9
0
.0

5
0
.0

8
[1

1
4
]

7
A

lS
i9

C
u

1
9.

4
1
.0

5
0
.4

0
.2

5
0
.1

0
.0

5
0
.0

5
[1

1
5
]

8
31

9
5.

5/
6.

5
3
.0

/
4
.0

0
.1

1
0
.5

0
.2

5
1

0
.3

5
[7

2
]

9
M

n
02

6.
7

3
.7

5
0
.4

5
0
.5

0
.0

2
[3

3
]

10
A

lS
i7

M
gC

u
7

0
.5

0
.3

0
.3

0
.2

0
.1

5
0
.1

[7
6
]

11
A

lS
i6

C
u

7.
21

3
.8

4
0
.3

3
0
.3

6
0
.4

5
0
.1

6
0
.8

8
[7

6
]

12
A

31
9

6.
32

3
.3

3
0
.3

7
0
.2

9
0
.2

7
0
.0

2
0
.0

0
0
2

0
.0

0
1

[6
8
]

13
W

31
9

7.
43

3
.3

3
0
.2

2
0
.3

8
0
.2

4
0
.1

2
0
.1

3
0
.0

3
0
.0

3
0
.0

1
[1

1
6
]

14
A

38
0

9.
4

2
.4

0
.2

8
0
.9

0
.2

4
0
.0

5
1

0
.0

4
0
.0

5
S

n
(0

.0
3
)

[1
1
1
]

15
E

N
-A

C
-A

lS
i8

C
u

3
(A

38
0.

2)
7.

5/
9.

5
2
/
3
.5

0
.0

5
/
0
.5

5
0
.8

0
.1

5
/
0
.6

5
0
.2

5
1
.2

0
.3

5
[1

0
2
]

16
E

N
-A

C
-A

lS
i6

C
u

4
(A

31
9)

5.
7

3
/
5

0
.5

5
1

0
.2

/
0
.6

5
0
.2

5
2

0
.4

5
[1

0
2
]

17
E

N
-A

C
-A

lS
i8

C
u

3
(L

M
25

)
6.

8/
7.

2
0
.1

5
0
.2

5
/
0
.6

5
0
.4

5
0
.3

5
0
.0

5
/
0
.2

0
.1

5
0
.1

5
[1

0
2
]

18
A

lS
i6

C
u

4
(K

ia
C

ee
d

)
6.

52
3
.8

8
0
.2

9
0
.4

3
0
.4

5
0
.1

5
0
.4

6
0
.0

1
0
.0

1
[1

1
7
]

113



T
ab

le
A

.2
:

C
y
li
n
d
er

h
ea

d
al

lo
y
s

p
ro

d
u
ce

d
b
y

d
iff

er
en

t
m

an
u
fa

ct
u
re

rs
an

d
re

se
ar

ch
er

s
co

n
ti

n
u
ed

..
..

S
r.

N
o.

A
ll

oy
S

i
C

u
M

g
F

e
M

n
T

i
Z

n
C

r
S

r
N

i
o
th

er
s

R
ef

.

19
31

9
6.

5
3.

52
0
.3

0
.3

5
0
.2

4
0
.1

2
0
.0

2
7

[1
1
8
]

20
A

35
6

7.
13

<
0.

0
2

0
.3

7
0
.1

1
<

0
.0

2
0
.1

4
1
7
0
p

p
m

[3
4
]

21
A

35
6+

C
u

0.
5

7.
45

0.
49

0
.3

4
0
.1

<
0
.0

2
0
.1

3
1
9
9
p

p
m

[3
4
]

22
A

35
6+

C
u

0.
5+

M
n

0.
15

6.
84

0.
48

0
.3

0
.1

1
0
.1

5
0
.1

2
1
5
9
p

p
m

Z
r0

.1
4

[3
4
]

23
A

lS
iC

u
3.

3T
iM

n
0.

15
6.

95
3.

33
0
.0

2
0
.0

8
0
.1

5
0
.1

4
8
4
P

P
m

Z
r0

.1
5
V

0
.2

5
[3

4
]

24
A

lS
iC

u
3.

3T
iM

n
0.

15
7.

01
3.

76
<

0
.0

2
0
.0

9
0
.1

6
0
.1

6
7
9
p

p
m

Z
r0

.1
5
V

0
.2

5
[3

4
]

25
E

A
31

9
7.

35
3.

32
0
.2

2
0
.7

8
0
.2

4
0
.1

3
0
.0

3
[1

1
9
]

26
31

9
th

ix
o
ca

st
5.

8
2.

9
0
.3

0
.1

3
0
.0

2
0
.0

2
0
.0

2
2
1
5
p

p
m

0
.0

1
[1

2
0
]

27
31

9
5.

2
2.

51
0
.1

5
0
.3

5
0
.2

6
0
.0

9
0
.2

9
0
.0

4
S

n
0
.0

1
[1

2
1
]

28
35

5
4.

5/
5.

5
1/

1.
5

0
.4

/
0
.5

0
.0

6
/
0
.6

0
.0

3
/
0
.5

0
.0

4
/
0
.2

5
0
.0

3/
0
.3

5
0
.2

5
[2

8
]

29
C

35
5.

0
5.

2
1.

3
0
.5

3
0
.2

0
.1

4
0
.1

[3
9
]

30
L

M
4

4.
0/

6.
0

2.
0/

4
.0

0
.2

0
.8

0
.2

/
0
.6

0
.2

0
.5

0
.3

S
n

0
.1

P
b

0
.1

[1
0
3
]

31
L

M
16

4.
5/

5.
5

1.
0/

1
.5

0
.4

/
0
.6

0
.6

0
.5

0
.2

0
.1

1
0
.2

5
S

n
0
.0

5
P

b
0
.1

[1
0
3
]

32
J
IS

A
C

2B
5/

7
2/

4
<

0
.5

<
1
.0

<
0
.5

<
0
.2

<
1
.0

<
0
.3

[1
0
4
]

33
J
IS

A
C

4B
7/

10
2/

4
<

0
.5

<
1
.0

<
0
.5

<
0
.2

<
1
.0

<
0
.3

[1
0
4
]

34
J
IS

A
C

4C
6.

5/
7.

5
<

0.
2

0
.2

/
0
.4

<
0
.5

<
0
.3

<
0
.2

<
0
.3

[1
0
4
]

35
H

M
g

(3
20

)
7.

1
3.

0
0
.3

9
0
.4

6
0
.2

7
0
.0

4
0
.0

4
0
.0

1
3

0
.0

1
0
.0

1
B

i0
.0

0
4
P

b
0
.0

1
[1

2
2
]

36
L

M
g

(3
20

)
6.

8
2.

9
0
.0

8
0
.4

1
0
.2

8
0
.0

4
0
.0

4
0
.0

1
5

0
.0

2
0
.0

2
B

i0
.0

0
5
P

b
0
.0

2
[1

2
2
]

114



APPENDIX B

Results of Mechanical Properties Tests

Table B.1: Summary of the UTS values from tensile tests for each alloy in the as-cast and

heat treated conditions (MPa)

Alloys as-cast and HT 1st 2nd 3rd 4th 5th 6th Mean S.Deviation

Base alloy(SI) 212.31 231.54 223.42 182.27 215.41 192.21 209.53 17.14

HT (SI) 406.21 364.47 387.91 411.69 416.91 395.85 397.17 17.51

SI + 0.02% Sr 201.99 232.80 226.89 182.27 182.27 195.52 203.62 19.89

HT (Sr) 333.27 311.51 328.08 318.14 299.22 294.94 314.19 13.99

SI + 0.38% Fe 222.53 205.24 211.23 171.18 191.08 171.18 195.40 19.47

HT (Fe) 333.24 304.32 307.40 332.63 325.23 329.36 322.03 11.76

SI + 0.9% Fe + 0.45% Mn 244.16 201.70 229.37 178.95 172.33 182.27 201.46 26.85

HT (Fe + Mn) 337.16 304.69 314.54 321.81 324.97 300.60 317.29 12.38

Table B.2: Representative 0.2% yield stress of the heat treated sample (MPa)

Alloy 0.2% yield stress

Base alloy (SI) 390.1

SI + 0.02% Sr 321.4

SI + 0.38%Fe 332.5

SI+ 0.9%Fe + 0.45%Mn 321.7
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Table B.3: Percentage elongation of the alloys in as-cast and heat treated conditions (%)

Alloys as-cast and HT 1st 2nd 3rd 4th 5th 6th Mean S.Deviation

Base alloy(SI) 1.19 1.40 1.20 1.58 1.95 1.37 1.45 0.26

HT (SI) 1.62 0.81 1.20 1.02 1.23 0.61 1.08 0.32

SI + 0.02% Sr 1.60 1.99 1.76 1.73 1.74 2.13 1.83 0.18

HT (Sr) 1.04 0.80 1.21 0.61 1.04 1.33 1.00 0.24

SI + 0.38% Fe 1.20 0.71 0.61 1.39 1.96 0.78 1.11 0.47

HT (Fe) 0.80 0.81 1.00 0.91 1.01 0.99 0.92 0.09

SI + 0.9% Fe + 0.45% Mn 1.72 1.01 1.20 1.59 0.98 1.36 1.31 0.28

HT (Fe + Mn) 1.59 1.01 0.60 1.24 0.80 0.79 1.00 0.33

Table B.4: Impact energy values of the alloys in the as-cast and heat treated conditions ( J)

Alloys as-cast and HT 1st 2nd 3rd 4th 5th 6th 7th Mean S.Deviation

SI(as-cast) 5.34 7.99 5.34 7.99 9.3 6.67 9.30 7.42 1.68

HT (SI) 10.61 6.67 13.22 10.61 13.22 11.92 13.22 11.35 2.20

SI + 0.02%Sr 10.61 11.92 11.92 6.67 7.99 11.92 11.92 10.42 2.20

HT (Sr) 7.99 9.3 13.22 7.99 11.92 11.92 9.30 10.23 2.10

SI + 0.38% 6.67 5.34 7.99 4.01 5.34 6.67 6.67 6.10 1.29

HT (Fe) 11.92 14.51 14.51 11.92 14.51 11.92 10.61 12.84 1.63

SI+ 0.9%Fe + 0.45%Mn 7.99 7.99 6.67 7.99 6.67 6.67 7.99 7.42 1.29

HT (Fe + Mn) 13.22 15.80 11.92 13.22 14.51 13.22 13.22 13.58 1.23
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Table B.5: Average micro-hardness values in the as-cast and heat treat samples

Aging Time Base alloy (SI) SI + 0.02% Sr SI + 0.38%Fe SI0.9%Fe0.45%Mn

(h) (VHN) (VHN) (VHN) (VHN)

As-cast 98.34 94.13 102.21 98.65

T4 121.58 119.66 121.13 116.69

2 128.70 130.24 134.22 120.07

4 126.94 125.00 131.37 123.42

6 124.22 121.50 124.93 119.71

8 119.49 115.95 119.61 116.84

10 119.37 114.61 118.00 118.29

12 120.62 114.68 117.63 116.62

16 116.62 109.11 120.63 115.44

18 116.26 110.42 118.28 117.10

24 116.48 112.28 116.25 113.42
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APPENDIX C

Results of Fluidity Test

Table C.1: Experimental results of alloys fluidity test

 

Alloys 

 

First test  

Length in 

(cm) 

 

Second test  

Length in 

(cm) 

 

Third test 

Length in 

(cm) 

 

Average 

Length  in 

(cm) 

 

Standard 

deviation 

(cm) 

 

Percentage  

Difference 

(%) 

Base alloy (SI)  

115.6 

 

118.8 

 

115.2 

 

116.5 

 

1.6 

 

- 

SI +0.02% Sr  

108 

 

112 

 

111.5 

 

110.5 

 

1.8 

 

5.2% 

decrease 

 

SI + 0.38% Fe 

 

 

93.5 

 

90 

 

88 

 

90.5 

 

2.3 

 

21.9% 

decrease 

SI + 0.9% Fe + 

0.45% Mn 

 

105 

 

99.8 

 

- 

 

102.4 

 

3 

 

12.1% 

decrease 
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