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ABSTRACT

Cast aluminium alloys have many uses such as in the automotive industry as well as
for manufacturing purposes like in construction industry to fabricate windows and
door frames. These alloys are important because they are light and as such reduce
vehicle weight; they have good fluidity and are corrosion resistant. However, the
microstructure and mechanical properties of recycled aluminum alloy are still
unpredictable. This is mainly due to problems associated with controlling the
chemical composition of the recycled aluminium alloys since the chemical
compositions of the various scrap inputs are different. Solidification after casting
defines the mechanical properties of cast alloy through the resulting microstructure.
The main objective of this research is to develop a high performance recycled
aluminium alloy for automotive cylinder head applications. Previous study has
mainly focused on the development of recycle-friendly alloys for automotive
cylinder head applications. The mechanical properties that were carried out
recommended reusing directly the cylinder head scrap. The present research focuses
on the effect of minor elements additions such as Sr, Fe and Mn on the
microstructure and fatigue performance of recycled Al-Si alloy for cylinder head
applications. The alloy used in this study was obtained by melting different scrap
cylinder heads from small vehicles and then was tested to predict their fatigue
performance after element additions in heat treated and as cast conditions. The

specimens for the fatigue tests and the microstructural analysis as well as tensile

Xiii



tests were machined from the resulting alloys. An Optical Microscopy (OM) and
Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy
(SEM/EDS) were used to investigate the microstructural characterization. The
tensile test specimens were machined according to the ASTM B557M standard.
Fatigue life performance was investigated at room temperature using S-N fatigue
data. Constant amplitude, fully reversed fatigue tests under a stress ratio of R = -1
was carried out using a rotating bending machine. The microstructure features of
base alloy consisted mainly of a structure with primary Al-matrix, coarse acicular Si
particles and intermetallic phases such as Al,Cu and AICuNi. When 0.02%Sr was
added to the base alloy, coarse acicular Si particles were modified to a fine fibrous
form. With addition of 0.38%Fe, results in the formation of large eutectic silicon
particles and Fe rich intermetallic. Moreover, when 0.45%Mn was added in
combination with 0.9%Fe, the Al,Cu, and a-AlFeMnSi with Chinese script
morphology were identified. It is noticed that after T6 heat treatment, the Si
particles are seen to spheroidize and fragment while the Al,Cu phases dissolve
completely. These changes lead to improved mechanical performance of the alloy.
The results also showed that the strontium addition has the highest average UTS in
both as cast and after T6 heat treatment condition. The ductility of the alloys
decreased after T6 heat treatment. The highest fatigue lives in the as cast alloy were
observed in the base alloy with strontium. After T6 heat treatment, the fatigue
performance of base alloy with iron and manganese increased while the fatigue life

of base alloy and with strontium decrease. These results obtained from this study

Xiv



can be used by automotive powertrain component manufacturers to produce high

quality engine parts using secondary Al-Si alloys.
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CHAPTER ONE

INTRODUCTION

1.1 Background

The need for aluminium and aluminium products is increasing because aluminium alloys
offer excellent corrosion resistance with good strength and low density compared to
steel. Aluminium, when used in automobile applications, saves much more energy
through component weight reduction and reduces greenhouse gas emissions since
producing aluminium by recycling creates only 5% of CO, that is generated during
primary production [1]. The main application of aluminium in the automotive industry is
in fabrication of cylinder heads. In this application, the major advantage of aluminium
besides its low density is its low coefficient of thermal expansion, which allows

combustion heat to be extracted more rapidly [2,3,4].

Aluminium alloys such as 319.0, 356.0, 355.0, 354.0 or A380.0 families are commonly
used in casting cylinder heads. An increase in the use of aluminium alloy products
coupled with the ease with which aluminium alloys can be recycled has led to an
expansion of the cast secondary aluminium alloy industry worldwide. It is visualized
that the use of recycled cast aluminium will continue to increase and hence the need for
a complete understanding of its properties in comparison with primary aluminium alloy

products as well as other engineering materials. A secondary aluminium product is
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becoming an important component of aluminium production and is attractive because of

its economic and environmental benefits [1].

Increasing recycled metal availability is a positive trend as secondary aluminium
produced from recycled metal requires only about 2.8 kWh/kg of metal to produce while
primary aluminium production requires about 45 kWh/kg of metal. Therefore melting 1
kg of recycled metal saves almost 95% of the energy needed to produce primary
aluminium from ore. This also leads to a reduction in pollution and greenhouse
emissions arising from mining process, ore refining and melting. Increasing the use of
recycled metal is also quite important from an ecological standpoint, since producing
aluminium by recycling creates only about 5% CO, that is generated by primary

production [5].

However, the castability, microstructure and mechanical performance of these recycled
alloys are more susceptible to casting defects. This is due to the different mix of trace
elements and high levels impurities elements as well as varying degrees of minor
elements. This will result in lower mechanical properties and unreliability of the cast

aluminium alloys [6].

It has been reported that the increasing the amount of iron from a critical percentage may
lead to the formation of detrimental intermetallic phases such as B-phases. This type of
intermetallic has the most significant effect on the mechanical properties of Al-Si alloys.
It especially decreases ductility because this compound tends to form thin platelets

which are very brittle and have substantially low bond strength with the matrix [7]. It
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has also been indicated that that cracks initiate at the intermetallic particles in absence of
casting porosity. Therefore, the presence of intermetallic phases such as these -phases

in Al-Si alloys may result in negative mechanical properties.

To eliminate the effects of intermetallic phases and enhance the performance of Al-Si
alloys, several researchers have observed that, the microstructure can be modified and
mechanical properties can be improved by alloying and heat treatment. For example
Tash et al [8] observed that additions of small amounts of alloying elements change the
morphology of intermetallic phases. Tash et al [8] indicated that the surface or volume
fraction of Fe-intermetallics was observed to be higher in the unmodified alloys than the
modified ones, as a result of the fragmentation and dissolution of the intermetallics due
to the presence of Sr in the modified alloys. This leads to improved mechanical

properties of cast Al-Si alloys.

Addition of manganese, may reduce the intensity of negative effect of iron by altering
the B-phases into Chinese script. This leads to improvement of the fatigue strength and

the impact properties of aluminum alloys [9].

Zeru et al [10] observed that the addition of 0.02% Sr to Al-Si cast alloy for cylinder
heads reduced the fluidity by 5.2%. The increase of iron content of the base alloy to
0.38% Fe decreased the fluidity by 21.9%. This is attributed to the formation of
intermetallic phases that blocks the interdendritic channels which are responsible for

compensating for solidification shrinkage. However, combined addition of 0.9% Fe and



0.45% Mn was observed to reduce the fluidity by 12.1%. It is necessary to develop
further analysis based on these four alloys tested. This research is focused on the effect
of specific minor elements on the microstructure, tensile and fatigue performance of this

alloy.

Fatigue life of cast aluminium alloys is determined by the maximum flaw size. The
larger the casting flaw, the lower the fatigue strength and the shorter the fatigue life [11].
Fatigue is a crucial mode of failure which refers to a condition whereby material cracks
or fails because of repeated (cyclic) stresses applied below its ultimate strength. When a
structure is loaded repeatedly, a crack will be nucleated on a microscopically small
scale. This crack grows and then complete failure of the specimen finally occurs. The
whole process constitutes the fatigue life of the component. When a new material is

manufactured, it is very important to know its fatigue life [12].

One of the important goals in the fatigue process study is the forecast of the fatigue life
of a structure or machine component subjected to a given stress [13]. Cast aluminium
alloys have been extensively used in the production of critical automotive components,
including engine blocks and cylinder heads. Increasing use of aluminium castings in
automotive as well as aerospace industries can be realized by paying great attention to

fatigue properties of cast aluminium components [11].



1.2 Problem Statement

Aluminum castings are good candidates for automotive, electronic, aeronautic, sport
equipment and other high performance products. The microstructure and mechanical
properties of recycled aluminum alloy are still unpredictable. This is mainly due to
problems associated with controlling the chemical composition of the recycled
aluminium alloys since the chemical compositions of the various scrap inputs are
different. There is a need to reduce compositional effects on castability of aluminium by
increasing the number of alloys with specific composition. This will allow direct reuse
of recycled Al-Si alloy which requires limitation of minor and major alloying elements
as well as impurity elements. It has been found that secondary aluminium alloys for
automotive cylinder heads applications obtained by melting different scrap cylinder
heads are almost equivalent in terms of alloy chemistry to commercial Al-Si-Cu-Mg
based alloys [14]. Previous work has concentrated on the development of recycle-
friendly alloys for automotive cylinder head applications where the investigation was
done on fluidity and some mechanical properties like hardness and impact toughness.
The results obtained allow direct reuse of cylinder head scrap. This research therefore
was focused on fatigue, tensile behaviour and their relationships with the microstructure

of cast aluminium alloy for selected cylinder head scraps.



1.3 Objectives

1.3.1 General Objective

The overall aim of this research was to study the effect of Fe, Mn, and Sr on the
microstructure and mechanical performance of a recycled Al-Si-Cu-Mg alloy for use in

automotive engine cylinder heads.

1.3.2 Specific Objectives

The following are the specific objectives:

e To characterize the effect of Fe, Mn and Sr on the microstructure features on a
secondary Al-Si-Cu-Mg alloy.

e To characterize the effect of Fe, Mn and Sr on the tensile properties on a
secondary Al-Si-Cu-Mg alloy

e To characterize the effect of Fe, Mn and Sr on the fatigue properties on a

secondary Al-Si-Cu-Mg alloy



CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

Recycling of aluminium alloys is beneficial both financially and environmentally and
has become a major industry. This is because aluminium alloys can be recycled many
times without losing their properties. In addition, huge energy savings are possible since
recycling uses only 5% of the energy required to extract and refine new aluminium.
Many specialized aluminium alloys have been developed for applications in aviation and
automotive industry. Aluminum alloys are used extensively in automobile due to their
high strength-to-weight ratio [15]. In the past, most of the engine components were
constructed from cast iron, but currently aluminium has replaced cast iron to reduce
component weights [16,17]. Since there is need of a wide range of properties in cast
aluminium alloys, there have been developments to improve their microstructure, which

has direct influence on their mechanical properties.

The physical and mechanical properties of cast Al-Si alloys are significantly influenced
by the alloy composition, impurity elements, melt treatments, solidification

characteristics, casting defects, and heat treatment as described hereunder.



Alloying composition: The composition of alloys determines the potential for
achieving special physical and mechanical properties. Alloy content is designed
to produce characteristics that include castability as well as desired performance
capabilities. The interaction of alloying elements is recognized in promoting
desired microstructural phases and solid-solution effects for the development of
these properties [18]. Several metals can be added to aluminium. Among those
regularly added and controlled as alloying elements are strontium, iron,
manganese, silicon, copper, magnesium and zinc. Some are used as solid
solution strengtheners, while others are added because they form various
desirable intermetallic compounds [4]. The presence of alloying elements such
as Cu, Fe, Mg, Mn leads to formation intermetallic compounds [19].

Impurities: The impurity rich phases which impair mechanical properties are
frequently found in intergranular or interdendritic regions. While a number of
impurity elements can affect mechanical properties, iron is the most common
and recognized as the most deleterious, particularly to ductility and toughness
[20].

Cooling rate during and after solidification: The conditions under which
solidification takes place determine the structural features that affect the physical
and mechanical properties of an alloy.

Heat treatment: Mechanical properties can be altered by post-solidification heat

treatment, including annealing, solution process and precipitation aging.



Modification treatment can improve elongation to failure to a great extent as
long as the intermetallic compounds are refined in size.

e Casting defects: The level and type of defects in Al-Si castings depend on the
condition of the melt, the manufacturing process and post solidification
treatments. Such defects in the castings cause an unfortunate scattering of the

mechanical properties and degrade the performance of the component.

Moreover, the fatigue behavior of Al-Si casting alloys is affected by the solidification
microstructure characteristics and especially by casting defects such as gas pores,
shrinkage pores and oxide films [21]. According to Fintova et al [22] the fatigue
behavior depends on size, number and position of pores. However, the deleterious effect
of casting defects has also been recognized. Molten metal of aluminum is prone to
hydrogen absorption and oxidation; gas porosity and oxide inclusions are inevitably
found in aluminum castings. In addition, if the casting is not properly fed, shrinkage
porosity results, which is also quite deleterious to fatigue properties. The fatigue failure
initiates from the various microstructural features such as either brittle intermetallic

particles or eutectic Si particles in absence of porosities and inclusions [23,24].

This section presents a review of cast aluminium alloy, effect of alloying elements on
microstructure and mechanical properties of Al-Si cast alloys, effect of cooling rate and
heat treatment on mechanical properties of Al-Si alloys, factors controlling fatigue

damage and finally, life distribution of these alloys.



2.2 Cast Aluminium-Silicon Alloys

Aluminium alloys with Si as the major alloying element form a class of material
providing the most significant part of all casting manufactured materials. These alloys
have a wide range of applications in the automotive and aerospace industries due to an
excellent combination of castability and mechanical properties, as well as good
corrosion resistance and and wear resistance. Depending on the Si concentration in
weight percent (wt. %), the AI-Si alloy systems fall into three major categories:
hypoeutectic (<12%Si), eutectic (12-13%Si) and hypereutectic (14-25%Si). The most
common of these alloys belong to the hypoeutectic group in which the silicon content is

between 5-12 wt% [25].

2.3 Microstructure of Cast Aluminium Alloys

The microstructure of cast Al-Si-Cu/Mg alloys is typically determined by three
components, the proportions of which are governed by the alloy composition and
solidification rate. Two major microstructural components, namely primary o-
aluminium solid solution phase and Al-Si eutectic. The third component of
microstructure is intermetallics and these arise from excess amount of Mg, Cu, Fe and
Mn that cannot be contained in a-Al solid solution phase. The presence of Cu, Mg and
Fe in the alloy leads to formation of various intermetallic compounds in the
microstructure of the alloy. The most common intermetallic phases are Al,Cu, Mg,Si,

aAly, (Fe,Mn);Si, and B-AlsFeSi. The intermetallics phase adopt various morphologies
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and form at various times, prior to, during or after Al-Si eutectic formation period and

can significantly affect mechanical properties of the alloys [26].

Microstructure and mechanical properties of cast Al-Si alloys are significantly
influenced by the casting conditions such as solidification rate, melt treatment and the
casting process [4]. Hence, it is important to control the microstructure of these alloys
during the final stages of solidification since it is during these stages that different

microstructural phases form [24].

Figure 2.1 shows an example of the structure of hypoeutectic AlSigCu, cast alloy which
is composed by a-matrix, eutectic (Si particles in -matrix) and many Cu- and Fe-rich

intermetallic phases.
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Figure 2.1: Optical and SEM Microstructure of AlSigCu,alloy, etch. 0.5 HF (1 -a-

matrix, 2 eutectic Si, 3 - Cu-phases, 4 - Fe-phases) [27]

2.4 Effects of Some Alloying Elements on Cast Aluminium Alloys

Solidification after casting determines the mechanical properties of cast alloy through
the resulting microstructure. The best way to improve mechanical properties of Al-Si
alloys is via modification. Since the Al-Si eutectic consists of a hard, brittle Si phase in a
softer Al matrix, fine eutectic silicon along with fine primary aluminum grains improves
mechanical properties and ductility [28,29]. Modification describes the method in which

inoculants in the form of master alloys are added to an Al melt in order to raise the

12



formation of a fine and fibrous eutectic Si structure during the solidification process

[29].

The microstructure can be modified and mechanical properties can be improved by
alloying elements. Consequently, alloying elements are selected based on their effect
and suitability [18]. Alloying elements can form fine precipitates, refine grain size,
modify silicon phase morphology, and reduce the effects of defects and thus can usually

increase both fatigue and wear resistance [30].

2.4.1 Iron

Iron improves hot-tear resistance and decreases the tendency for die sticking or
soldering in die casting. Increasing iron content is accompanied by substantially
decreased ductility [31]. Iron reacts to form a number of intermetallic phases, the most
common of which are FeAls, FeMnAlg, and AlFeSi. These essentially insoluble phases
are responsible for improvements in strength, especially at elevated temperature, but also
the embrittlement of the microstructure. As the fraction of insoluble phases increases
with increased iron content, casting considerations such as feeding characteristics are
adversely affected. In concentrations of above 0.7wt percent iron has detrimental effects

to mechanical properties and manganese is often used to counter its effects [32].

However, excess amount of iron in the alloy leads to the formation of  phase such as -
FeAls that can increase porosity in the casting due to the blocking of metal feeding

during solidification shrinkage [7]. In addition, - Fe intermetallic phase is brittle and
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may act as stress raisers during service of a material and affects negatively mechanical
properties of alloy [7]. Khraisat [33] studied strengthening aluminium scrap by alloying
with iron. The analysis of the results showed that the effect of the 1% addition of iron to
aluminium scraps has a positive effect on the mechanical properties of the aluminium
scraps i.e ultimate tensile strength and elongation to fracture. This was attributed to the
precipitation of intermetallic compound on the grain boundaries of aluminium.
Increasing the amount of iron to above 1% deteriorates the mechanical properties except
for hardness. This is due to increase in the amount of hard inter-metallic phases in the

microstructure.

2.4.2 Strontium

Strontium modifies the aluminium-silicon eutectic. Effective modification can be
achieved at very low addition levels; lower concentrations are effective with higher
solidification rates. Higher addition levels are associated with casting porosity.
Degassing efficiency may also be adversely affected at higher strontium levels. Sr
modifier added to the melt, has been observed to increase amount of porosity in the

casting [34].

The eutectic silicon phase is needle-shape like. In some mechanical properties test, the
fracture initiates readily at these silicon particles, because these silicon needles are very
brittle. In order to improve properties, strontium is used as modifiers in Al-Si cast alloys.
Generally, 0.02% strontium is used. It is necessary to modify the needle silicon phase

into a spherical morphology and the needle B phase into Chinese script-shape a phase in

14



319 alloys. The addition of Sr refines the morphology of the a-Fe Chinese script phase
which in turn contributes to a slight improvement in ductility [31].

According to [35] Sr is a very effective element to change the size, amount and
morphology of the intermetallic compounds. This is because Sr successfully modified
the large, highly branched B-needle-like phase (B-FeAlsSi) into the individual, less-

branched and finer one.

2.4.3 Manganese

Normally considered an impurity in casting compositions, manganese is controlled to
low levels in most gravity cast compositions. Manganese is an important element in
work-hardened wrought alloys through which secondary foundry compositions may
contain higher manganese levels. In the absence of work hardening, manganese offers
significant benefits in cast aluminium alloys. Recently, it has been reported that as the
manganese content increases over 0.5 wt. % in aluminium alloys, both yield strength and
ultimate tensile strength increase significantly without decreasing ductility. Adding
manganese to aluminium alloys enhances the tensile strength as well as significantly
improves low-cycle fatigue resistance. Corrosion resistance is also improved by the

addition of manganese [18].

2.4.4 Iron and Manganese

Iron and manganese have different effects on the microstructure and mechanical

properties of Al-Si cast alloy. In addition, manganese and iron form ternary compounds
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with aluminium and silicon. Iron addition to Al-Si alloys reduces the number of
nucleation 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 neutralize the effect of Fe [7]. Fe enters

the intermetallic phases regardless of its concentration in the alloy.

Several researchers [18,20,36] studied the effect of Fe on the microstructures and
properties of cast Al-Si alloys. It has been observed that the needle-like p-Fe phase is
detrimental to the mechanical properties because it acts as stress raisers. Further, large
Fe-rich needles tend to block the flow of liquid metal through the feeding channels and
may cause porosity. Mn usually is present in the Fe-containing phases and often
substitutes part of Fe. Mn addition is used to decrease the detrimental effects of the Fe-
rich phases by replacing it with the less detrimental Chinese script a-Fe phase, resulting
in the improvement of mechanical properties. Addition of high amount of Mn were

reported to create porosity in alloy [37].

Ashtari et al [35] studied the influence of Sr and Mn additions on intermetallic
compound morphologies in Al-Si-Cu-Fe Cast Alloys. The results showed that in the
absence of Mn, no Chinese scripts were formed. Combined addition of Sr and Mn has
been found to be more effective than the Sr addition to modify the needle-like B-FeAlsSi
phase to shorter, more separated ones and changing the morphology to the Chinese

script type.

16



Fang et al [36] reported that the harmful effect of Fe can be eliminated by the removal
of large needle-shaped primary BAIFeSi compound. Chemically, this could be achieved
by limiting the maximum level of Fe impurity, or by alloying with elements such as Mn
to replace the monoclinic BAlFeSi with a cubic aAlFeMnSi phase. The critical Mn/Fe

ratio for the elimination of the primary BAlFeSi varies with alloy composition.

Figure 2.2 shows an example of the microstructure of unmodified Al-Si cast alloys
comprising of large B intermetallic compound in an alloy with 1.4%Fe. In Figure 2.3 the
microstructure of the alloy modified by iron and manganese addition is shown. Most B
phase transformed to o phase in the form of Chinese script. It has observed that

increasing Fe and Mn increased volume percentage of o intermetallic phase [38].
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Figure 2.2: Microstructure of unmodified alloy containing 1.4 per cent Fe showing
pB-Fe  platelets surrounded by unmodified eutectic silicon particles
[38]
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Figure 2.3: Microstructure of the Mn-modified alloy containing 1.4 per cent Fe

showing a -Fe [38]
2.4.5 Magnesium

Magnesium improves strengthening and work hardening characteristic of aluminium
silicon alloy. It can also enhance good corrosion resistance and weldability or high
machinability of alloy [18,39], using Mg alloys results in a 22% to 70% weight

reduction in Al-Si alloys.

2.4.6 Copper

Copper has a great impact on the strength and hardness of aluminium casting alloys,
both heat treated and non-heat treated and at both ambient and elevated service
temperature. It improves the machinability of the alloy by increasing matrix hardness
[18]. The addition of small amounts of Cu, between 0.35 and 1.0 wt%, showed a

beneficial effect on the hardness [40].

Djurdjevic [41] investigated the effect of major alloying elements on the size of the
secondary dendrite arm spacing in the as-cast Al-Si-Cu alloys. Experiments have been
carried out to observe the effect of silicon additions between 1.3 and 9.7 wt. % and
copper additions between 0.37 and 4.7 wt.% on the size of the secondary dendrite arm
spacing (SDAS) in Al-Si-Cu alloys. It was found that addition of silicon and copper
reduce slightly the size of SDAS compared to the effect of the cooling rate, but still not

so insignificant that the influence can be ignored. This decrease in the size of the SDAS
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seems to correlate well with a formation of a large volume of dissolved alloys during

solidification of the aluminium alloys with high content of silicon and copper.

Abdulsahib [19] studied the mechanical behavior of Al-12wt%Si recycled alloys and
observed that the tensile strength, yield strength and Vickers hardness increased with
increasing copper content. The elongation and reduction area decreased with increase of

copper additions to base alloy.

2.5 Properties of Cast Aluminium Alloys for Cylinder Heads

Almost 100% of all cylinder heads of the current light vehicle production are made from
cast aluminium alloys. These alloys have to maintain continuously growing
requirements in terms of strength, ductility and heat resistance at elevated temperatures
[2]. As reported by Angeloni [42] cylinder heads are subjected to mechanical and
thermal tensions that are relatively high during service. During long run times and in
case of any failure in cooling and/or lubrication the temperature may reach 300°C. This
temperature variation causes thermal shocks which may generate cracks and/or a wide
range of plastic deformation in the regions close to the pistons. Even without
considering the thermal shock effects caused by failure, short numbers of start-up and
shutdown cycles of engine are considered the main cause of small cracks. This indicates
that generation of cracks in cylinder head may be considered as fatigue problem. To
increase engine efficiency, the maximum operating temperature of cylinder heads has
increased from approximately 170°C in earlier engines to peak temperatures well above
200°C in recent engines [43].
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The material suitable for this application must therefore have a low thermal expansion
coefficient, high tensile and compression strength, high ductility and a high creep
resistance at both room and high temperatures [44]. Furthermore, the alloy should have a
high thermal conductivity, high castability and machinability. Castability of this alloy
exhibits good fluidity, resistance to hot cracking and solidification shrinkage tendencies
[45]. This is a good combination of properties to achieve as some of the requirements,
allow the cast aluminium alloys for cylinder heads to retain their leading position in the
production of aluminium cylinder heads in the near future [2]. Cylinder heads, in

particular, have to withstand higher operating temperatures and stress levels [44].

2.6 Effect of Cooling Rate on Microstructure

The casting process, in combination with component design (section thickness) and the
geometry of feeders, risers and gates, largely determines the solidification rate obtained
within a casting. A faster rate generally leads to the formation of finer structure at the
microscopic level, i,e. smaller dendrites, silicon particles, iron containing intermetallics
and porosity. A finer microstructure generally gives increased strength and ductility.
Aluminium dendrites and eutectic silicon only varied with cooling rate, becoming finer
at faster cooling rates [20]. Increasing the solidification rate reduces the size of
microstructural features including eutectic silicon and intermetallics. This makes
propagation of a crack through the material more difficult thereby increasing elongation

in particular but also ultimate tensile strength [20].
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According to Kadhim [46] higher cooling rates enhance the strength, hardness and
impact resistance for the AIl-Si alloys, while the low cooling rates reduces these
mechanical properties. The percentage of elongation and the amounts of formed porosity
decreased when the cooling rates increased. Kadhim [46] also observed that high cooling
rates decrease the amounts of porosities. This is because there is no sufficient time for
formation of big amounts of gas porosity or join this porosity with shrinkage porosity

and make cavities. So the percentage of porosity is high when the cooling rate low.

The secondary dendrite arm spacing (SDAS) is one of the most important microstructure
features of as-cast structure in hypoeutectic aluminum alloys. The size of SDAS depends
on cooling rate/solidification time. With shorter solidification time SDAS decreases
[47].

According to [48] the SDAS is strictly dependent on the cooling rate. In the highest
cooling rate (e.g 1.04°C/s), the SDAS was fine (= 26.6um) and easily visible. For the
sample that was cooled with lowest cooling rate (e.g. 0.16°C/s), the SDAS is large (=
79.06um). Kabir et al [49] indicated that the SDAS decreases with increasing pouring
temperature due to multiplication of nucleation sites in the superheated liquid melt. The
percentage porosity of the cast aluminium alloys decreases with increasing pouring
temperatures and is lowest for metal mold at highest pouring temperature. The
relationship between SDAS and cooling rate (R) in cast aluminium alloys is as shown in

Figure 2.4.
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The increasing solidification rates are also useful in maintaining a finer distribution of
lamellae relative to the growth of the eutectic particles. The eutectic is more or less
uniformly distributed among the grains of the primary phase. It was noticed that the size
of dendrites size and interdendritic arm spacing was small in case of gravity die cast
specimen than sand cast specimen. This was attributed to faster cooling rate in case of

die casting than the sand casting [50]
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Figure 2.4: Variation of SDAS with cooling rate [47]

2.7 Heat Treatment of Alluminium Alloys

Heat treatment is the process of heating and cooling material to the desired temperature
to improve the mechanical properties. The purpose of heat treatment in the aluminium
alloys is to maximize the mechanical properties and to modify the microstructure of the
alloys. There are several heat treatment processes for aluminium alloys but the most

used is T6 Temper due to the resulting good properties [51].

The T6 consists of solution heat treatment and quenching, followed by artificial aging.
Solution heat treatment increases ultimate tensile strength (UTS) and ductility, while
aging increases yield strength (YS) at the expense of ductility. Solution heat treatment is
carried out near the solidus temperature. Generally, depending upon the Cu content, Al-
Si-Cu and Al-Si-Cu-Mg alloys are solutionized between 480°C and 525°C, which is less

than the solutionizing temperature (540°C) for Al-Si-Mg alloys [52].
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According to rules of conventional solution treatment, the solution heat treatment
temperature of Al-Si-Cu and Al-Si-Cu-Mg alloys is regulated to 495°C; this is to avoid
completely the incipient melting of the copper-rich phase. This incipient melting tends to
decrease the mechanical properties of the casting. Hence, in the Al-Si-Cu-Mg alloys,
high solutionizing treatment temperatures are not used to avoid incipient melting. As
expected, with lower solutionizing temperatures, longer solutionizing times are required

of above 6 to12 hours [53,54].

Quenching is the cooling process which follows solution heat treatment. In many cases,
cold water (10 — 32°C) is commonly used in the quenching of aluminum alloys.
However, cold water occasionally produces unacceptable distortion due to high thermal
gradients that exist in the part. When this problem exists, the part can be quenched in hot
water (60 — 70°C) to decrease these thermal gradients and eliminate the possibility of
cracking [55]. Finally, artificial aging of Al-Si alloys in the temperature range of 170 —
210°C gives high yield strength while Cu containing alloys show a decrease in yield
strength with increasing ageing temperature [53]. Consequently, the T6 heat treatment

consists of the following stages:

1. Solution treatment at high temperature, close to the eutectic temperature of the alloys.
The purpose of solution treatment is to: homogenize the alloying elements, dissolution
of certain intermetallic phases such as Al,Cu and Mg,Si and change of the morphology

of eutectic silicon.
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2. Quenching, usually to room temperature, is done to obtain a supersaturated solid

solution of solute atoms and vacancies.

3. Age hardening, to cause precipitation from supersaturated solid solution either at
room temperature (natural ageing) or at an elevated temperature (artificial ageing). The
T6 heat treatment is illustrated in Figure 2.5 for an Al-Si-Cu alloy as an example. The
evolution of the microstructure is shown; from (1) atoms in solid solution at the solution
treatment temperature, through (2) a supersaturated solid solution at room temperature

after quench, to (3) precipitates formed at the artificial ageing temperature [52].
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Figure 2.5: The T6 heat treatment process [52]
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The changes in the size and morphology of the silicon phase have a significant influence
on the mechanical properties of the alloy. It has been proposed that the granulation or
spheroidization process of silicon particles through heat treatment takes place in two
stages such as fragmentation or dissolution of the eutectic silicon branches and
spheroidization of the separated branches [17]. During solution treatment, the particles
undergo changes in size and in shape. In the initial stages, the unmodified silicon
particles undergo necking, acicular and separate into segments, which retain their
original morphology. As a result of the separation, the average particle size decreases
and the fragmented segments are eventually spheroidized. The spheroidization and the

coarsening of eutectic Si can occur concurrently during the solution treatment.

Hurtalova et al [56] studied the changes in structural characteristics of hypoeutectic Al-
Si cast alloy after age hardening. The results showed that the structure changes depend
on age hardening. The heat treatment was observed to change the eutectic Si particles.
The Si-platelets were spheroidized to rounded shape. The age hardening caused great
changes of Fe-rich phases. Skeleton-like Al;s(FeMn);Si, phases were dissolved and
fragmented. Spheroidization of eutectic Si, fragmentation of Al-Al,Cu-Si and
Al;s5(FeMn);Si, phases were noticed to give better mechanical properties of recycled

AlSigCus cast alloy.

Mohamed and Samuel [55] reported that the phases such as Al,Cu and Fe- rich
intermetallics, the dissolution rate is relatively slow. Even on prolonged solution heat

treatment for some hours, these phases would not dissolve completely.
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2.8 Development of Cast Aluminium Alloys for Cylinder Head Applications and

Some Mechanical Properties

A recycled aluminium alloy for cylinder heads was developed and the chemical
composition of the developed alloy is as shown in table 2.1 [14]. An alloy has been
developed from scrap cylinder heads, which falls within the identified alloy chemical
composition range. Secondary aluminium alloy has been obtained by melting different
aluminium engine cylinder head scraps. Its fluidity and baseline mechanical properties
have been investigated. The effect of minor elements such as Sr, Fe, Mn and different
heat treatment parameters have also been investigated on the alloy and satisfactory
mechanical properties and fluidity characteristics obtained. Common alloys used in
cylinder heads were found to be of type 319.0, 356.0, 355.0, 354.0, A380.0. Chemical
composition analysis of the scrap samples showed that most of them fall in the range of
Japonese International Standard (JIS AC2B) alloy which is equivalent to 319.0 alloys
[14]. This alloy has been recommended to be a potential candidate for production of cast
aluminium alloys. Therefore, it is important to carry out further analysis on the effect of

selected minor element on the microstructure and fatigue performance of this alloy.

Table 2.1: Chemical composition of alloy developed [14]

Alloy Si Cu Mg Fe Mn Cr Zn Ni Ti Pb | Sn
Basealloy | 6.0 |2.62 |0.24 0.28 | 0.21 0.02 | 0.12 | 0.02 | 0.02 | 0.01 | 0.01

Ozbakir [17] studied development of aluminium alloys for diesel engine applications
and concluded that, the trace additions of Cu, Zr, Mn and/or Cr did not seem to play an
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important role in the SDAS of the permanent mould cast alloys. The combined addition

of Cr, Zr, Mn and Cu gives the highest YS of the alloys.

Pavlovic [47] studied impact of casting parameters and chemical composition on the
solidification behaviour of Al-Si-Cu hypoeutectic alloy. The service life of aluminium
cast component is determined by the size, form and distribution of microstructure
features throughout the casting, especially in those regions that are critically stressed.
Grain size, SDAS, distribution of phases, the presence of secondary phases or
intermetallic compounds, the morphology of silicon particles (size, shape and
distribution) and finally, defects (porosity) play a key role in the behaviour of cast

aluminium alloys.

Grosselle et al [24] studied correlation between microstructure and mechanical
properties of Al-Si cast alloys and concluded that, the mechanical properties, i.e. the
UTS and elongation to fracture of cast aluminium silicon alloys for cylinder heads
depend on SDAS. Increasing the SDAS values decreases UTS and the elongation to
fracture decrease. Grosselle et al [24] also reported mechanical properties are affected by
microstructure. The best values of UTS and elongation to fracture are obtained for low
SDAS values. Small and more compact eutectic Si particles, as well as a fine
microstructure are attributed to high solidification rates in correspondence of casting. All
of these desirable features of the cast structure are responsible for good mechanical

properties associated with small SDAS [57].
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2.9 Factors Controlling Fatigue Damage

2.9.1 Introduction

Fatigue is a phenomenon of damage accumulation at stress concentrations caused by
fluctuating stresses and/or strains that may result in cracks or fracture after a sufficient
number of fluctuations [58]. Fatigue fractures are caused by the simultaneous action of
cyclic stress, tensile stress and plastic strain. If any one of these three is not present,
fatigue cracking will not initiate and propagate. A fatigue crack is started by cyclic
stress, whereas crack propagation is produced by tensile stress. In general, this
phenomenon has attracted attention because progressively more and more is demanded
from machine parts in term of speeds of operation and loads to be sustained [59]. The

process of fatigue failure consists of three stages [59]

e Stage | - Initial fatigue damage leading to crack nucleation.

e Stage Il - Progressive cyclic growth of a crack (crack propagation) until the
remaining uncracked cross section of a part becomes too weak to sustain the
loads imposed.

e Stage Il - Final, sudden fracture of the remaining cross section.

The study of the fatigue performance of Al-Si alloys has had interest from several
researchers for applications in critical components in automotive areas due to an array of

attractive properties. In most of these applications, the components are subjected to high
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load levels which are sometimes cyclic in nature; hence there is a need to develop of

new Al-Si with better fatigue strength performance.

Research work has shown that in the fatigue of Al-Si alloys, there is agreement on the
dominance of casting defects over all other established factors. These defects come in
form of porosity (gas and shrinkage porosity), entrapped oxide films and sometimes-
intermetallic inclusions. However, casting porosity is the main factor that influences

negatively the fatigue properties of alloys [59, 60,61].

The scatter of fatigue properties in aluminium castings is due to the presence of casting
flaws. Amount, size and locations of the flaws in components determine the fatigue
performance of castings. Reducing flaw size increases fatigue life [11]. Other
microstructural parameters such as the silicon particle size, distribution and shape have

also been found to influence fatigue properties of cast aluminium alloys [62].

Fatigue crack initiation and growth behaviour is influenced by microstructural features,
geometrical effects, loading conditions, surface and environmental effects. The total
fatigue life of a component therefore incorporates the number of load cycles required to

initiate a dominant crack and to propagate this crack until failure occurs.

2.9.2 Porosity Defects of Cast Al-Si Alloy

A bigger defect causes shorter fatigue lives while a surface defect of a given size can be
more damaging than a large internal one. Moreover, presence of clusters of relatively

small but numerous close pores accelerates the failure process not only by easier crack
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propagation but also by collectively raising the stress concentration factor [23]. Porosity
refers to voids or cavities that are formed within a casting during solidification and is a
major cause of rejection in casting products. Porosity is caused by shrinkage resulting
from the volume contraction associated with solidification as well as inadequate flow of
molten metal and hydrogen gas evolution [35,64]. The size of a pore is, therefore,
influenced not only by the hydrogen content in the melt, but also by cooling rate during
solidification. A higher cooling rate reduces the pore size [35]. Porosity acts as the main
crack initiation site leading to reduction in fatigue life especially as the size of the
surface pore increases. The surface porosity is mainly responsible for decreasing the

fatigue life of the specimens because it creates regions of high stress concentration [23].

Wang and Apelian [63] observed that fatigue lives generally vary inversely with the
initiating pore size. Figures 2.6 and 2.7 are examples showing the distribution of total
fatigue life with crack initiating pore size. Major [62] reported that as the pores size

increased in A356-T61 Aluminum Alloy, the fatigue life also decreased.

Therefore, porosity is one of the major defects in aluminum castings alloys, which
results in poor mechanical properties. Porosity can be reduced by subjecting castings to
hot isostatic pressing. The hot isostatic pressing process removes the internal surface-

connected porosities and improves the mechanical properties significantly [65].
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Figure 2.6: Distribution of Fatigue life of a Sr-modified A356-T6 alloy as a function

of pore size; SDAS: 20-25um [63]
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Figure 2.7: Distribution of Fatigue life of a Sr-modified A356-T6 alloy as a

function of pore size; SDAS: 70-75um [63]

2.9.3 Fatigue Crack Initiation

It is well known and documented that the fatigue process is very dependent on the
surface state. Fatigue life of material is significantly affected by material surface finish
and surface treatment; hence fatigue is a surface-sensitive process. In fact, fatigue cracks
frequently nucleate on the surface of a metal. The nucleation as well as the entire fatigue
process is partly controlled by casting defects. Therefore, crack nucleation is expected to

occur in the spot where highest casting defects is experienced.
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Fatigue initiated in aluminum casting alloys is almost always from the surface pores,
inclusions or oxides films. In absence of such defects, crack initiation occurs at the
fatigue-sensitive microstructural constituents. Fatigue crack may also initiate from
cracking and decohesion of large silicon and Fe-rich intermetallic particles and

crystallographic shearing from persistent slip bands in the aluminum matrix [11].

Mayer et al [65] reported that fatigue cracks initiate from surface or near surface pores.
This is in agreement with Major [69] who observed that the fatigue crack nucleated from

surface porosity in in A356-T61 Aluminum Alloy.

Zhu [43] observed that for tested samples, porosity was the source of the initiation of the
crack that ultimately caused failure. In approximately 70% of the samples the fatigue
crack initiated at a pore located at or near the specimen surface. It is reported [21] that
large shrinkage pores promote the initiation of fatigue cracks, leading to premature
failure of the samples with a high dispersion of data due to variability in the critical pore

size.

The study [23] indicated that the fatigue crack initiation is influenced by size and
localization of casting pores. Fatigue life increase if initiation places reduce in number.

For a given number of initiations, an increase in pore size seems to reduce fatigue life.

McDowell et al [66] reported that when shrinkage porosity is controlled, the relevant
micro-structural initiation sites are often the larger Si particles within eutectic regions.

Mbuya et al [67] observed that cracks initiate from large particles and intermetallic
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clusters as well as oxides. Mbuya et al [67] observed that the particles failed either by

debonding at the interface with aluminium matrix or by cracking.

2.9.4 Fatigue Crack Propagation

In general, studies of fatigue propagation characteristics can be carried out in two ways:
firstly, fracture mechanics behaviour studies in terms of fatigue crack growth rate as a
function of the applied stress condition and secondly, investigation of micro mechanisms

using scanning electron microscopy.

Crack growth is on the atomic level breakage and separation of the bonds linking the
atoms and/or movement and gathering of dislocations (imperfections in the atomic
structure). Therefore, new surfaces are created in the solid as the crack nucleates and
continues to grow. This can be interpreted as an adaption of the material to an applied

load of a critical level [68].

Fatigue crack growth behaviour usually refers to the plot of fatigue crack growth rate log
(da/dN) against stress intensity range log AK. Based on the log (da/dN) against log AK
plotted, the fatigue crack propagation process is divided into 3 regions as shown in
figure 2.8. Region | indicates the region where the crack growth rate is assumed
dormant or growing at an undetectable rate at low K values. In this region, crack
propagation rates drop rapidly with decrease in AK towards the threshold stress intensity

factor range AKy.
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Newman [69] indicated that fatigue crack growth threshold is a value of AK (crack-tip
loading), below which no significant FCG occurs. Cracks are tolerated if AK is less than
AKih. However, FCG threshold is not constant. Many variables influence AKth including
microstructure, environment, and load ratio. The value of crack growth threshold
typically occurred below at 10 mm. For example Chen [70] has been found that the
fatigue crack growth threshold value in cast aluminium(A356 alloy) in the region < 10 ~®

mm cycle to be approximately 5.2 MPavm.

Region 11, also called intermediate region of crack growth, the Paris-Erdogan equation
describes well the growth of a crack with exponent m ranging typically between 2 and 5.
In this region, the crack growth is controlled by continuous mechanisms, insensitive to

the microstructure, average load, environment, and thickness of components.

da _ m
= = C(aK) 2.1

Where C and m are constants and are dependent on the material, environment,
frequency, temperature, and stress ratio. The fracture surface in this region is

characterized by striations [71].

Crack behavior in Region Il is related to unstable crack growth, as the maximum stress
intensity factor (Kmax) approaches the fracture toughness (Kc) of the material. In this
region, crack growth is strongly sensitive to microstructure, load ratio (R) and mean
stress. The fracture surface in upper Region Il occurs almost entirely through a ductile

static tearing of the large Al-Si eutectic Regions [71].
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Figure 2.8: Typical long fatigue crack growth behavior [72]

2.9.5 Fatigue Life

Fatigue lives of material represent the time for a flaw to initiate and propagate to failure.
The most frequent method used to evaluate the fatigue life of a material is to plot a
Wohler curve also called the S -N curve. An S-N curve is where, cyclic stress amplitude
is plotted against the log number of cycles to fractures for a material [73,74]. This form
of S-N curve shown in Figure 2.9, is significant in determining the stress below which
the specimens does not fracture. This limiting stress is called the fatigue limit or

endurance limit below which fatigue failure will never occur. Ferrous metals such as
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steel have fatigue limit or endurance limits. But most non-ferrous metals do not have a
fatigue limit. By conventionally, fatigue response of these materials is specified for a

number of stress cycles, which is normally equal 10"cycles [75].

Stanislava et al [23] noted the relation between stress amplitude and fatigue life show
entirely high scatter. This was expected for cast Al-Si alloys because of the
inhomogeneity of the cast material and casting defects. S-N curve is one of the important
tools to visualize the time to failure of a specific smooth specimen material. Chen et al
[76] studied the fatigue properties of aluminum 356 and 319 with and without hot
isostatic pressing using S-N fatigue data. The fatigue life was significantly improved by
hot isostatic pressing. For the A356 alloy at 125MPa, the fatigue life was improved from
an average of 4.5 x10° to 3.5 x10°. For the 319 alloy the fatigue life was improved from

an average of 1.2 x10* to 3.5 x10°.

Consequently, S-N fatigue curve is useful in determining fatigue strength and fatigue life

performance of the material at different stress levels.
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Figure 2.9: Typical S-N curves for ferrous and non-ferrous engineering metals

In summary: AIl-Si alloys are the most used in industry because of their attractive
properties such as good fluidity, welding suitability, good dimensional stability and low
melting point. The demand of Al-Si alloys has increased in automotive applications due
to their high properties; there is need to maximize mechanical properties of these alloys.
One way has been to optimize alloying additions. Alloying elements have been observed
to maximize the properties of the alloy. Some of elements may be added to form the
intermetallic elements which results in the formation of casting defects such as porosity
and oxide inclusions. However, the presence of Fe-intermetallic phases especially the
brittle B-phase in the microstructure of cast Al-Si alloys causes reductions in mechanical

properties. However, the deleterious effect of casting defects has also been recognized.

The mechanical properties of cast Al-Si alloys are directly affected by casting defects,

but when reduced to low levels, other microstructural features become harmful to
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mechanical performance. It is necessary to understand the effect of additives elements

on the microstructural features and mechanical performance of cast Al-Si alloys.

Porosity is particularly detrimental to fatigue life when its size is larger than other
microstructure features in the alloy due to its role in initiating fatigue cracks and
facilitating their growth. Fatigue cracks usually develop from the largest pores located at
or near the surface. The effects of surface pores on fatigue life increases as the pore size
increases. When pore size is reduced cracks initiate from oxide films, eutectic Si and

other intermetallic particles.

The best method used to evaluate the fatigue life of a material is S-N curve, which
represents the stress amplitude against the time of cracks initiate up to failure in the
alloys. The scatter in fatigue life is due to stress concentration and distribution of casting

defects in the microstructure of the alloys for beginning fatigue cracks.

The aim of the study is to provide in-depth understanding of mechanical performance of
a recycled Al-Si-Cu-Mg alloy for use in automotive engine cylinder heads in relation to

microstructure.\
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CHAPTER THREE

EXPERIMENTAL METHODOLOGY

3.1 Introduction

To achieve the objectives of this study, repeated experiments using rotating bending test
machine under control load condition were carried out by varying applied load,
calculating stress to failure at room temperature and plotting S-N results to analyze data.
The alloy used in this study was obtained by melting different scrap cylinder heads from
small vehicles. The specimens were prepared according to ASTM- E466 standard.

Tensile specimens were also machined according to ASTM B557M standard.

3.2 Material and Method

The secondary aluminum alloy investigated was obtained by melting different
aluminium engine cylinder head scraps in an oil fired graphite crucible furnace at Jomo
Kenyatta University of Agriculture and Technology [14]. This research focused on
testing fatigue performance and its relationships with the microstructure for the base
alloy developed. The chemical composition of the base alloy is shown in Table 3.1.
Some minor elements were added to examine their effect on the mechanical

performance of this alloy.

Table 3.1: Chemical composition of base alloy

Alloy Si Cu Mg Fe Mn Cr Zn Ni Ti Pb | Sn
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Base alloy | 6.0 |2.62 |0.24 0.28 | 0.21 0.02 | 0.12 | 0.02 | 0.02 | 0.01 | 0.01

After adding master elements to the base alloy, composition of the new alloys is as
shown in Table 3.2. Fatigue strength and its relationship with microstructure
characterization were tested on four different alloy compositions developed as shown in
table 3.2 in order to investigate the effect of adding different master alloys on the
microstructure and fatigue life of recycled aluminium alloy for cylinder head

applications.

Table 3.2: Alloy variants investigated

No Alloys developed with total composition of each additive element in the
alloy

1 BA

2 BA+0.02%Sr

3 BA+038%Fe

4 BA+0.9%Fe+0.45%Mn

3.3 Alloy Preparation

Melting of the cylinder head ingots to obtain cast bar was carried out in a 4 kg capacity
SiC crucible using an electric muffle furnace at the University of Nairobi. (A photograph
of electric muffle furnace used in this work is shown in Figure 3.1 (b)). Nitrogen gas

was used to degas the molten metal by immersing a ceramic tube deep into the molten
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metal to remove hydrogen in order to reduce porosity in the casting. Melting
temperature was kept at 750°C during pouring and a K-type thermocouple was
employed to measure the temperature of the molten metal. Measured Fe, Sr and Mn
master alloys were added to the molten base alloy at 750°C to achieve target
compositions. Strontium was added in the form of Al-10%Sr master alloy to achieve a
0.02wt% strontium concentration, whereas Fe and Mn were added in the form of Al-
75%Fe and Al-75%Mn master alloys briquettes, to obtain a 0.9wt% Fe and 0.45wt% Mn
concentrations 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 molten metal was then poured into a permanent
metal mould shown in Figure 3.2. The permanent metal mould was preheated to a
temperature of 500°C using an air circulated furnace shown in Figure 3.1 (a). A ceramic
foam filter was placed in the mould for each casting to minimize turbulence during
mould filling and for trapping of inclusions. After solidification the two half's of the

mould were separated and the cast bar removed shown in Figure 3.3.

The sample bars were then sectioned from different positions in order to obtain different
specimens for tensile testing, fatigue testing and specimens for microstructure analysis.
The test samples were evaluated both in the as-cast condition and in a T6 heat treated

condition.
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Figure 3.1: a) Air circulated furnace and b) Electric muffle furnace
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Figure 3.3: Cast Bar
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3.4 Heat Treatment

The cast parts were heat treated in an air circulated electric resistance furnace with a
temperature controller for both solution and aging heat treatments shown in Figure 3.4.
The solution heat treatments were carried out for 6 hours at 495°C. The solution heat-

treated samples were then quenched in warm water (65°C) followed by naturally aging

for 24 hours and artificial aging for 10 hours at 170°C.

Figure 3.4: A photograph of the air circulated electric resistance furnace used for

heat treatment.
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3.5 Microstructure Examination

Microstructure analysis was done on samples cut and prepared from the casting using
Optika-optical microscope B-350 MET at University of Nairobi. Each specimen was
ground by successively rubbing on different grades of 240, 320, 400 and 600 SiC paper
under flowing water. The specimen was then washed with running water to remove
debris associated with the grade of paper used. It was thereafter ground on the next finer
paper such that the scratches produced are at right angles to those formed by the
previous paper. This was achieved by rotating the specimen 90°C between grinding
steps. After the last paper, the specimen was washed well in water and then methanol
and dried. The ground specimens were successively polished on a rotating wheel using
6um, 1/4 um and 1um. They were then washed with water and methanol and hot-air
dried. The polished samples were observed in an optical microscope Figure 3.5, after
which their images were taken for microstructural analysis. A more detailed
intermetallic phases observation in the alloy variants was done by using scanning

electron microscopy (SEM) connected to Energy-Dispersive X-ray Spectrometry (EDS).
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Figure 3.5: Optical microscope used in this study

3.6 Tensile Testing

The tensile test specimens were prepared according to the ASTM B557M standard with
a gauge length of 25.4 mm and gauge diameter of 6.35mm as shown in Figure 3.6. The
specimens were tested using the Hounsfield Tensometer testing machine located at
University of Nairobi. Three specimens were tested for each alloy to obtain three data
points from which an average value was taken. After fracturing the tensile test
specimens, the two pieces were reassembled and the new gauge length obtained and %

elongation to fracture determined using equation 3.1.
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%el =

Li

3.1

Lf-Li

Where Lf: Final gauge length and Li: Initial gauge length.
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Figure 3.6: Dimensions of tensile specimens

3.7 Fatigue Testing

Characterization of fatigue behavior in terms of nominal stress (S - N curve

characterization) was performed using a rotating bending fatigue test machine at

University of Nairobi. A photograph of rotating bending fatigue test machine used in

this work is shown in figure 3.8. Specimens for fatigue testing were prepared after T6

heat treatment. Specimens for fatigue tests were machined from each type of alloy to

dimensions shown in figure 3.7 (a). Figure 3.7 (b) shows machined fatigue test
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specimens. The sizes of the specimen were defined according to the ASTM-E466
Standard. Fatigue life curves for different sets of specimens were obtained using smooth
4-mm-diameter fatigue specimens subjected to rotating bending loading at 50Hz
frequency, fully reversed and under a stress ratio of R = -1. Six specimens for each alloy
were tested, 3 of them under high load and the rest under low load. The specimen was
subjected to load at its free end perpendicular to its axis while rotating. This caused a

bending moment which can be calculated by using the following equations:

ob = T 3.2
P.Lr

ob = —3 3.3
64
P.L

ob = a3 34
32

Where:

ob : Bending stress
M: Bending moment
r: Neck diameter of specimen

L: Distance from the load to the neck of specimen

. . md*
I: Moment of Inertia (7)
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Figure 3.7: a) Standard fatigue specimen dimensions b) Fatigue specimens

machined from cast bar

Figure 3.8: Rotating bending fatigue test machine
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Introduction

Examination of fatigue behavior of the cast Al-Si alloys for cylinder head applications
was carried out using S-N tests. It was found that minor changes in chemical
composition affected the fatigue performance as well as tensile strength of the alloys
investigated. Whereas some elements enhance the mechanical properties of the alloys,

others marred the mechanical properties. This chapter discusses the results.

4.2 Microstructure

4.2.1 Optical/SEM Observations and EDS Analysis of as Cast Microstructure

Alloys

Figure 4.1(a), shows an optical micrograph of the microstructure of base alloy for as-cast
sample obtained without additional alloying. The microstructure characterization of the base
alloy consisted mainly of the Al-matrix and coarse acicular Si particles. The SEM micrograph
(Figure 4.1 (b)) revealed the presence of intermetallic phases in the base alloy. The intermetallic
phases have been confirmed by Energy Dispersive X- ray Spectroscopy (EDS) analysis and are
mainly Al,Cu and AICuNi. These kinds of intermetallic phases contribute to deterioration of

mechanical properties of the alloy.
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AlCuNi

S0um

Figure 4.1: As cast microstructure of the base alloy. (a) Optical image; (b) SEM
image

Figure 4.2 (a) presents the microstructure of the base alloy modified with 0.02 wt. % Sr. The
micrograph shows that some coarse acicular Si particles were modified to a fine fibrous form;
others partially modified. Intermetallic phases were also found in this alloy as shown in Figure
4.2 (b). The a-AlFeMnSi were identified in this alloy as it was confirmed by EDS analysis.

These phases are fine and compact due to the refinement effect of Sr in the microstructure.
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Figure 4.2: As cast microstructure of the BA+0.02%Sr. (a) Optical image; (b) SEM
image

Figure 4.3 (a) shows the microstructure of base alloy with 0.38% Fe. Addition of
0.38%Fe in base alloy results in the formation of eutectic silicon particles in the
aluminium matrix. Large eutectic silicon particles appeared in this alloy. These particles

are usually origin of a material to failure. The microstructure does not show much difference
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with that of the base alloy in Figure 4. 1. However, Al,Cu and Fe rich phases were found in this

alloy as shown in Figure 4. 3 (b).

Figure 4.3: As cast microstructure of the BA+0.38%Fe. (a) Optical image; (b) SEM
image

Figure 4.4 (a) reveals the microstructure of base alloy with 0.9%Fe and 0.45%Mn. The
optical micrographs identified acicular eutectic silicon particles and the Al matrix.
Beside silicon particles and Al-matrix, SEM/EDS analysis shows the intermetallic
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phases, namely Al,Cu and o-AlFeMnSi with Chinese script morphology shown in
Figure 4.4 (b). An iron addition lead to the formation of B intermetallic phase and Mn
addition eliminates the formation of B phase. Fang et al [36] reported that Mn addition
decreased the detrimental effects of the Fe-rich phases by replacing it with the less
detrimental Chinese script o -Fe phase, resulting in the improvement of mechanical

properties.
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Figure 4.4: As cast microstructure of the BA+0.9%Fe+0.45%Mn. (a) Optical

image; (b) SEM image

4.2.2 Heat Treated Microstructure

The microstructures after T6 heat treatment of alloys is shown in Figure 4.5, 4.6, 4.7 and
4.8. The metallographic characterization of the samples machined from cast alloys of
cylinder heads showed that the microstructure primarily composed of primary -Al phase

surrounded by the eutectic Si particles, porosity and intermetallic phases.
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Figure 4.5 (a) illustrates the microstructure of base alloy after T6 heat treatment. It was
observed that the base alloy has primary Al matrix with evenly distributed intermetallic
phases, fragmentation of eutectic Si particles and eutectic Si particles. Si particles also
appeared as coarser acicular shape due to the size and shape of particles. Eutectic Si was
observed as long particles. The spheroidization and coarsening of particles is dependent
on their initial sizes and shapes. The small particles are fast spheroidized and vice versa.
Figure 4.5 (b) shows intermetallic phases observed using SEM/EDS analysis. The Iron
intermetallic phase, eutectic Si particles and Al-matrix Phases were identified. The

Al,Cu was dissolved completely after T6 heat treatment.
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Figure 4 5: Heat treated microstructure of the base alloy. (a) Optical image; (b)

SEM image

Figure 4.6 (a) shows the microstructure of base alloy modified by 0.02% Sr after T6 heat
treatment. The micrograph of this alloy indicates the aluminium matrix surrounded by
spheroidised eutectic Si particles and intermetallic phases. The micrograph revealed that
the size of eutectic silicon particles is small and more compacted which led to a fine
microstructure. The modifications of intermetallics were also fragmented shown in
Figure 4.6 (b). It has been reported that the addition of strontium changed the eutectic Si
morphology from acicular fibrous to round thereby refining the morphology of

intermetallic phases [77].
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Figure 4.6: Heat treated microstructure of the base alloy with 0.02%Sr. (a) Optical

image; (b) SEM image

The microstructure of base alloy with 0.38% is shown in Figure 4.7. The optical
micrograph of this alloy shows primary Al- matrix surrounded by fragmented of silicon
particles and intermetallic phases. Spheroidization of the eutectic silicon particles is not

observed in this alloy after T6 heat treatment. The increase of iron to 0.38 wt. %Fe is
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seen to significantly increase the size of the eutectic silicon particles. SEM/EDS indicate

AlFeMnSiCu and Fe intermetallic phases in this alloy.

Fe -intermetallic

AlFeMnSiCu

50pm

Figure 4.7: Heat treated microstructure of the base alloy with 0.38%Fe. (a) Optical
image; (b) SEM image

Figure 4.8 illustrates the microstructure of base alloy with 0.9%Fe and 0.45%Sr after T6
heat treatment. Two phases namely, Iron intermetallic and a-AlFeMnSi phases were

identified by using SEM/EDS. Fragmentation of eutectic silicon particles were found in
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this alloy after T6 heat treatment. Dissolution of Al,Cu phase in the Al-matrix was also

obsessed.

A

o -AlFeMnSi
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<< = = Fe-intermetallic

50pum

Figure 4.8: Heat treated microstructure of the base alloy with 0.9%Fe+0.45%Mn.

(a) Optical image; (b) SEM image

4.3 Tensile Strength Tests

Figure 4.9 shows the average ultimate tensile strength (UTS) values for BA,

BA+0.02%Sr, BA+0.38%Fe and BA+0.9%Fe+0.45Mn alloys in as cast material and
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after T6 heat treatment. The value of UTS for each of the three specimens tested per

alloy is shown in Appendix (Table A 1) and then average was taken.

It was observed that the average values of UTS were 163.12 MPa, 178.06 MPa, 149.92
MPa and 161.05 MPa respectively in as cast condition. While the average values of UTS

were 220.85 MPa 250 MPa, 216.5 MPa and 235.23 MPa in T6 condition.
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Figure 4. 9: Ultimate tensile strength

With addition of Sr level of 0.02% the average value of UTS increased by 9.15% in as
cast condition. This increase was due to the power of strontium addition in modification

of eutectic silicon particles. The addition of Fe level of 0.38% in the base alloy was

64



observed to decrease UTS by 8.1% in as cast state. Increasing iron content in the alloy
led to the formation of intermetallic phases precipitated Al,Cu and Fe rich phases, which
contributed to the degradation of the mechanical properties due to their poor bonding
strength with the matrix [7] and acted as stress raisers. It was observed that combining
0.9%Fe with 0.45%Mn in the base alloy decreased UTS by 1.3% in as cast alloy. The
addition of Fe and Mn to the base alloy led to better UTS than the addition of Fe to the base
alloy. This is because of the neutralizing effect of Manganese on Fe. The iron rich intermetallic
phase was transformed to a-AlFeMnSi with Chinese script morphology that has probably less

harmful effects on the mechanical properties.

After T6 heat treatment to the alloys (BA, BA+0.02%Sr, BA+0.38%Fe and
BA+0.9%Fe+0.45%Mn) it was observed that the average values of UTS were 220.85
MPa, 250 MPa, 216.5 MPa and 235.23 MPa respectively. The addition of 0.02%Sr was
found to increase the UTS by 13.2% while the addition of 0.38% Fe decreased UTS by
2%. However, addition of 0.9% Fe and 0.45%Mn slightly increased the UTS by 6.4%.
The addition of strontium increased UTS by 13.2%, and this was due to the
spheroidization of the eutectic Si particles, dissolution and fragmentation of intermetallic
phases. Similar results obtained by Peng et al [78] reported that the UTS is influenced by

the spheroidation of eutectic silicon particles and dissolution of intermetallic phases.

After T6 heat treatment, the average UTS of the alloys is indicated to increase by 35.4%,
40.4%, 44.4% and 46% respectively as compare to as cast alloys. Heat treatment was

observed to improve the UTS for all alloys investigated, this was due to the age-
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hardening that enhances the change in microstructure by spheroidization and coarsening
of eutectic silicon, shortening and thinning of intermetallic phases. The dissolution of
precipitates and the precipitation of finer hardening phase resulted in the increase in the

tensile strength in the alloy [79].

4.4 Percentage Elongation

Figure 4.10 illustrates the average percentage elongation of the alloys in as-cast and after
T6 heat treatment condition. The values of percentage elongation for each the three
specimens tested per alloy is shown in Appendix (Table A 2) and then average value

was obtained.

It was observed that the average percentage elongation in as cast condition of BA, BA
with 0.02%Sr, BA with 0.38%Fe and BA with 0.9%Fe+0.45% Mn were found to be
1.4%, 1.67%, 1.08%, 1.26% respectively. For the base alloy modified by 0.02% Sr, the
percentage elongation of the alloy increased by 19.28% while addition of 0.38%Fe
decreased the percentage elongation of the alloy by 22.8%. With 0.9%Fe and 0.45%Mn

addition, the percentage elongation of the alloy decreased by 10%.

Fine eutectic silicon particles and proper distribution of intermetallic phases in the
casting resulted in improving the ductility [29]. The addition of strontium increased
ductility in Sr-modified alloy due to modification of eutectic silicon particles. Acircular

structure of the unmodified eutectic silicon particles and brittle intermetallic phases
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resulted in inferior mechanical properties such as percentage elongation and strength.

This is because they easily break due to their brittleness.

After T6 heat treatment, the average percentage elongation values of BA, BA with
0.02%Sr, BA with 0.38%Fe and BA with 0.9%Fe+0.45% Mn were 1.02%, 1.05%,
0.91% and 1% respectively. It was noticed that changes in alloy chemical composition
caused slight effect on the percentage elongation of the alloys. During heat treatment,
the hardness of matrix can cause reduction in % elongation of alloys. In the current
study, the base alloy with 0.38%Fe was observed to have the smallest value of %
elongation after T6 heat treatment. This was attributed to the large eutectic silicon
particles observed in this alloy after heat treatment, which could significantly cause the
failure of a material in the form of brittle fracture, thereby resulting in low ductility.

Casting porosity may also have negative effect on tensile strength and ductility of alloys.
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Figure 4.10: Percentage elongation of alloys tested

4.5 S-N Fatigue Data and L.ife Distribution

S-N fatigue data obtained from experiment are shown in table 4.1, Figure 4.11 and
Figure 4.12. The figures illustrate the fatigue strength against the total fatigue life cycles
of all the alloys investigated in this study. It is noted that the fatigue data obtained
exhibit significant scatter which is a typical fatigue life distribution. Fatigue life
behavior of material is significantly influenced by distribution of casting defects and

intermetallic particles [11]. Different output of alloys can still be inferred from this data.
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A comparison of the alloys examined shows that the BA+0.02%Sr has the highest
fatigue life performance than those of BA and BA+0.38%Fe, BA+0.9%Fe+0.45%Mn in
as cast condition and after T6 heat treatment. This value was attributed to the capacity of
strontium addition in modification of eutectic silicon particles. Strontium addition
refines grain size and modifies eutectic silicon morphology that results in improvement
of fatigue performance of alloys due to minimizing casting defects [30]. It is agreeable
that in unmodified Si particles the cracking is through Si particles. When the size of the
eutectic Si particles reduces due to modification, the crack has to propagate through the
more ductile Al matrix, which requires more time to failure. Therefore, the fatigue

performance is highest in the Sr-modified alloy.

The BA+0.9%Fe+0.45%Mn was also observed to have good fatigue performance as
compared to the base alloy with iron, this is because the addition of manganese to the
alloy neutralized the iron effect. This improvement was attributed to the presence of iron
rich intermetallic phase that was transformed to o-AlFeMnSi with Chinese script
morphology which were precipitated during solidification. This in agreement with
authors [36] who reported that Mn addition to the alloy decreased the detrimental effects
of the Fe-rich phases by changing it to less detrimental Chinese script a-Fe phase, this

leads to increase fatigue performance.

The BA+0.38% Fe exhibited the lowest fatigue life as compared to the other alloys. This
was due to the presence of iron rich intermetallic phases in the alloy,that was probably

initiated crack due to their stress raisers. They may also increase the porosity in the casting
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due to the blocking the channels that feed solidification shrinkage and could influence the

matrix stiffness.

The Figure 4. 11 and Figure 4.12 indicate that the T6 heat treatment does not improve
the fatigue performance of base alloy and base alloy modified by strontium. This
deterioration was related to the casting porosity that cannot be eliminated by applied
heat treatment. The presence of pores in the microstructure of alloy reduces the number
of loading cycles required to initiate a crack as well as to propagate a crack until the
specimen failed. The casting porosity and intermetallic phases were most preferable to
initiate a crack in the specimen during testing. For instance, in the base alloy the crack
initiation site is as shown in Figure 4.13. Intermetallic particles can be seen in this
region. Using EDS analysis, the initiating particle was identified to be the Al,Cu phase.
In contrast, T6 heat treatment was slightly improved the base alloy with iron and base
alloy with iron + manganese. The improvement resulted in the blockage of the crack
propagation by microstructure features impediment produced by the applied heat
treatment , it was also due probably to their capacity of retardation of crack during
propagation [54]. It is well known that in spheroidization and fragmentation of Silicon
particles, the crack has propagate through in more ductile aluminium matrix that could

probably delay the material to failure.
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Figure 4.13: SEM image showing crack initiation at Al,Cu phase
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.1 Concluding Remarks

This research was focused on the effect of minor elements (Sr, Fe and Mn) on the
microstructure, fatigue performance and tensile properties of cast Al-Si alloy for
cylinder head. Referring to the results obtained and their analysis, the following

conclusions are drawn:

i.  Addition of Sr, Fe and Mn on the microstructure of a secondary Al-Si-Cu-Mg
alloy resulted in alloying elements have significant influence on the
microstructural features of the alloy. The microstructure features of base alloy
consisted mainly of a structure with primary Al-matrix, coarse acicular Si
particles and intermetallic phases such as Al,Cu and Al-Cu-Ni. When 0.02%Sr
was added to the base alloy, coarse acicular Si particles were modified to a fine
fibrous form. With addition of 0.38%Fe, results in the formation of large eutectic
silicon particles and Fe rich intermetallic phase. Moreover, when 0.45%Mn was
added in combination with 0.9%Fe, the Al,Cu, and a-AlFeMnSi with Chinese
script morphology were identified. It is noticed that after T6 heat treatment, the
Si particles are seen to spheroidize and fragment while the Al,Cu phases dissolve
completely. These changes lead to improved mechanical performance of the

alloy.
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Ii.  The addition of strontium increases the UTS and percentage elongation while
addition of low iron and iron with manganese decreases UTS and percentage
elongation in the as cast condition. T6 heat treatment increases the UTS while

ductility decreases due to the fragmentation and spheroidization of Si particles.

iii.  S-N fatigue tests were determined to investigate the fatigue performance of these
alloys at room temperature. The results indicate that base alloy combined with
strontium and base alloy showed high fatigue life (610,399 and 110,514 loading
cycles respectively) as compared to base alloy with iron and base alloy combined
with iron and manganese with fatigue life of 42,320 and 97,314 loading cycles.
T6 heat treatment was observed to increase fatigue performance of base alloy
with iron and base alloy combined with iron and manganese while T6 heat
treatment was indicated to decrease fatigue performance of base alloy and base

alloy with strontium.

5.2 Recommendations for Future Research

A number of further investigations on fatigue performance behavior of cast aluminium-

silicon alloy for cylinder head applications should be carried out in the following areas:
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Fatigue crack propagation behavior should be carried out to understand the effect
of alloying elements on the fatigue performance of cast aluminium-silicon alloy
for cylinder head.

Fatigue failure analysis of secondary cast aluminium-silicon alloy under high
temperature should be investigated, since cylinder heads operate under high
temperature.

Creep mechanism should be studied on these alloys.

Effect of different heat treatment processes on the fatigue performance should be

investigated.
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APPENDICES

Mechanical Properties Results

Table A 1: Variation of UTS for each alloy tested

Alloys Condition | UTS; | UTS, | UTS; | Average S.D
UTS(MPa)
BA Ascasted | 168.86 | 141.29 | 179.2 | 163.12 19.60
HT 226.45 | 218 218.1 | 220.85 4.85
BA+0.02% As casted | 197.12 | 182 155.07 | 178.06 21.30
HT 240 255 255 250.00 8.66
BA+0.38%Fe As casted | 149.92 | 157.87 | 149.9 | 149.9 7.98
HT 211.3 | 208.7 |216.50 |216.50 11.33
BA+0.9%Fe+0.45%Mn | As casted | 170.58 | 146.46 | 161.05 | 161.05 12.83
HT 2332 | 2374 |235.23 | 235.23 2.10
Table A 2: Variation in % elongation for each alloy tested
Alloys Condition | %El; %El; %El; Average |S.D
%El; (%)
BA As casted | 1.36 1.45 1.38 1.40 0.05
HT 0.85 1 1.2 1.02 0.18
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BA+0.02% As casted | 1.75 1.62 1.63 1.67 0.07
HT 1.12 1 1.02 1.05 0.06
BA+0.38%Fe As casted | 1.25 0.96 1.04 1.08 0.15
HT 0.9 0.93 0.91 0.91 0.02
BA+0.9%Fe+0.45%Mn | As casted | 1.4 1.08 1.3 1.26 0.22
HT 0.97 0.95 1.08 1.00 0.07
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