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ABSTRACT 

Al-Si alloy of grade A356 is widely used in several industries such as 

automobile, aerospace , defence and others due to its lighter weight, high 

strength, excellent castability, excellent thermal conductivity, corrosion 

resistance, wear/abrasive resistance and other excellent mechanical 

properties. A356 alloy castings are used to manufacture aircraft parts, 

machine parts, truck chassis parts and structural parts which require high 

strength. Here we investigate the effect of squeeze casting and functioning 

of various master alloys, that are used to either grain refine the α-Al matrix 

or cause modification of Si morphology to improve the microstructural and 

wear properties like fretting wear and dry sliding wear of the Al-Si alloy. 

The most commercially used master alloys are Al-Ti-B alloy which act as a 

grain refiner and Al-Sr alloy which act as a modifier. To achieve better 

results, a combination of both grain refiner and modifiers is used to achieve 

fine α-Al phase and fine fibrous like Si particle morphology. However, as 

per previous research work it was investigated that the combination of Al-

Ti-B alloy and Al-Sr alloy may cause a poisoning effect due to the reaction 

between Sr and B, which in turn reduces the modification ability of Sr. 

Hence in this research work, an attempt was made to find out an optimum 

amount of both of these master alloys that should be used to obtain better 

results in terms of microstructural refinement, modification of morphology 

of Si particles and other intermetallic phases and improvement in 

mechanical properties like hardness and wear properties. A combination of 

750ppm of Ti and 150ppm of B added in the form of  Al-5Ti-1B master 

alloy and about 200ppm of Sr added in the form of Al-10Sr master alloy to 

squeeze cast A356 alloy, showed significant improvement in hardness and 

wear properties of the alloy due to refinement of grain size and change in 

the morphology of Si and other iron based intermetallics.. Moreover, the 

process of squeeze casting under a pressure of 200MPa, also improved the 

wear properties of the alloy due to reduction in porosities, decrease in 

secondary dendrite arm spacings and modification of Si morphology. 
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However, the combination of 750ppm of Ti, 150ppm of B added in the form 

of Al-5Ti-1B and 300ppm of Sr added in the form of Al-10Sr to squeeze 

cast A356 alloy, did not show much improvement in the wear properties of 

the alloy. Further investigation is required for more conclusive results. 
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Chapter 1 

Introduction 

1.1 Background 

Lightweight metals have recently received increasing attention for 

automotive applications due to their potential to reduce the weight of 

vehicles thereby reducing environmental impact. Among all the light 

weight metals, Al is widely used engineering material due to its 

excellent corrosion resistivity, low electrical resistivity and high thermal 

conductivity. Al alloys can be subdivided into cast and wrought alloys 

depending upon the type of fabrication performed. For high temperature 

automotive applications, cast Al alloys are majorly utilized due to their 

favourable characteristics like negligible gas solubility other than 

hydrogen, smooth surface finish and relatively low melting temperature. 

Generally, Si based Al alloys are widely used to manufacture 

automobile components which work at both ambient and elevated 

temperature (upto 200°C) due to outstanding characteristics like low 

manufacturing cost, high strength to weight ratio, recyclability and 

castability. Copper and Magnesium are commonly used as alloying 

elements to improve mechanical properties at both ambient and high 

temperatures and also to make heat treatment possible. The 

microstructure of these alloys consists of α-Al dendrites as the major 

constituent, followed by eutectic Si particles in the interdendritic 

regions. Many intermetallic phases like Al2Cu, Mg2Si, iron bearing 

phases etc are also present in the alloy. The dendritic arm spacings, grain 

size, morphology of Si particles, morphology of intermetallic phases and 

their distribution govern the mechanical properties of such casting 

alloys. It is observed that the refinement and modification of 

microstructure improve the tensile properties of the alloy. The 

refinement of the microstructure can be obtained by increasing rate of 

cooling or chemical or mechanical modification. It is reported that 

application of Al-Si-Cu-Mg alloys beyond a temperature  
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around 230°C leads to coarsening of Si particles and Cu and Mg bearing 

phases get dissolved.  

1.2 Alloying elements  

Among all the Al alloys, the most popular cast Al alloys widely used in 

industries are Si based Al alloys. Si being the major alloying element 

improves fluidity which helps in production of components of complex 

shape. Moreover, addition of Si increases the ability to resist corrosion, 

reduces coefficient of thermal expansion, increases wear/abrasive 

resistant property, improve castability and machinability of the alloy, 

increases the specific strength and also makes the alloy heat treatable.  

Si based Al alloy are widely used in aircraft industries, automobile 

applications and so on. It is a binary eutectic alloy with a composition 

and temperature of 12.6 wt. % Si and 577°C respectively at a eutectic 

point. The maximum solubility limit of Si in Al is 1.6 wt. %, whereas 

the solubility of Al in Si is almost negligible. In hypoeutectic alloys, Al 

solidifies first in the form of dendrites and then grow in <100> direction. 

The solidified structure of an as cast Al-Si alloy of grade A356, which 

is a hypoeutectic alloy of 7 wt. % Si, has a coarse α-Al dendritic matrix 

phase and its inter-dendritic regions are occupied by needle/acicular or 

plate-like morphology of pure Si particles in eutectic with Al. These 

inter-dendritic regions are also known as Al-Si eutectic regions. Hypo-

eutectic alloys have a α-Al phase which is soft and ductile and a eutectic 

Si phase which is hard and brittle whereas in hyper-eutectic alloys, Si 

particles are coarse and angular shaped and also contain eutectic Si 

phase. The Al-Si phase diagram is shown in Fig. 1. 
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Figure 1. Aluminium Silicon phase diagram. (ASM specialty hand book: Aluminium 

and Aluminium alloys [1]) 

 Other alloying elements like Cu, Fe and Mg added to Al-Si alloy form 

intermetallic compounds. Some of the common intermetallic 

compounds are Mg2Si, Al2Cu, α-Al15(Fe,Mn)3Si2 and β-Al5FeSi. 

Mondolfo et al, Haizhi Ye, Eklund JE, Taylor JA et al and Suarez Pena 

B et al reported that β-Fe bearing phases are undesirable for mechanical 

properties due to its needle shape morphology [2-6]. Hence modifiers 

such as Na, Sr, Sb etc are used to modify the morphology [7-10]. α phase 

intermetallic are found in the form of blocky shaped particles and 

“Chinese Script” morphology and are not detrimental to mechanical 

properties. 

Magnesium as an alloying element, improve the tensile properties of Al-

Si alloy at elevated temperature upto  ̴ 200°C. Mg also enhances 

resistance to creep and reduces the loss of strength at elevated 

temperature. The increase in strength at elevated temperature is obtained 

after solutionising treatment due to activation of precipitates of Mg 

bearing phases leading to precipitation hardening. This increase in 

strength at elevated temperature is due to the precipitation of β- Mg2Si 



 

4 
 

precipitates [11-13]. Similarly, addition of Cu also increase strength and 

creep resistant property of Al-Si alloys by precipitation of θ-Al2Cu 

precipitates. However, there are some transition phases like GP zones, 

θ’, θ” in case of Cu bearing phases which also enhance the properties of 

the alloy [14,15]. 

The coarse, acicular or needle shaped morphology of Si particle act as 

stress concentration sites and hence deteriorate the properties of the 

alloy. Hence to improve mechanical properties like tensile strength, 

hardness, fracture toughness, wear properties etc., the alloy must 

undergo grain refinement or modification or combination of both. This 

can be achieved with the help of mechanical modification like squeeze 

casting, which is a combined process of forging and casting operation, 

and chemical modification like addition of master alloys like grain 

refiner and grain modifier. 
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1.3 Classification of Aluminium alloys 
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Treatable 
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7XXX 
1XXX,3XXX,4XXX,
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3XX.X,7XX.X 

1XX.X, 

4XX.X,5XX.X 
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1.4 Designation of cast Al alloy  

As per American Aluminium Association (AAA), cast Al alloys are 

designated as described below. 

Let us consider a cast Al alloy of grade : Z 3XX.YV 

Z →Optional Registration Code  

First Version has no letter, Second Version is AXXX, third is BXXX 

,etc., in order of registration, by itself tells us nothing else. 

3 →General Family 

XX →Member within the family 

Y →Specimen of :  

XXX.0 is casting composition 

XXX.1 is Ingot 

XXX.2 is High purity ingot 

V →Modification code: 

XXX.XS is 0.005-0.08%Sr 

XXX.XC is 0.008-0.15%C 

XXX.XP is 0.06%P 
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1.5 Casting defects 

The melting conditions, the process of manufacturing and treatments 

after solidification adversely affect the microstructure by generation of 

various types of defects in Al-Si alloy castings. These defects degrade 

the mechanical properties and lower the performance of the product. 

Lowering the defects makes it easier to design thin sections, reduce the 

weight and produce reliable cast products. Defects in Al-Si alloys arise 

during processing or due to chemical composition, formation of oxides 

and gas porosities are most common casting defects which are due to 

poor treatment of alloy melt. High iron content also leads to the 

formation of undesirable β compounds which adversely affect the 

mechanical properties. 

Hydrogen is not soluble in solid state and hence wants to escape to the 

atmosphere after the solidification of the melt. If it is unable to escape 

from the solidified product, it form pores within the castings called as 

gas porosities which deteriorate the properties of the alloy. 

When the melt is exposed to oxygen, Al form a layer of oxide on the 

surface. If the layer of oxide film is removed, another layer of oxide will 

form immediately. The oxide layer on Al has amorphous structure which 

has low permeability and hence acts as protective layer on the liquid Al 

surface. There is no threat to the quality of liquid metal as long as the 

oxide layer is present on liquid Al surface. But on pouring and 

transforming of molten metal will introduce new oxide film onto the 

melt which appear as defects in the cast product.  

Other than oxides and gas porosities, presence of iron deteriorate the 

properties of Si based Al alloys. The solubility of Fe in Al is 0.05 wt % 

at 660°C. At room temperature, the solubility of Fe in Al is even low. 

Iron in melt condition forms β-intermetallic compounds which are 

detrimental to mechanical properties. Higher the Fe content, lower is the 

ductility of the alloy. However, a small amount of Fe about 0.8-1 wt % 

is favourable, in order to prevent die soldering. 
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Intermetallic phases like α-Fe, β-Fe bearing phases are observed in Al-

Si alloys. The α-phases are identified as Chinese script morphology or 

polyhedron and β-phase needles are identified as two-dimensional 

needles and three dimensional platelets. The β-phase morphology is 

detrimental to mechanical properties. Hence, the formation of α-phase 

can be promoted by addition of Mn in order to neutralise the formation 

of β-phase [16]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

9 
 

Chapter 2 

Review of past work and problem 

formulation 

2.1 Squeeze casting 

Squeeze casting is a pressure assisted process in which liguid metal is 

solidified under the application of high pressure. It was first 

demonstrated in Russia where the liquid metal was solidified/casted 

under the effect of steam pressure [17]. However, the first attempt of 

squeeze casting on Al-Si alloy was made by Welter in 1931 [18]. 

Squeeze casting is also termed as squeeze forming or liquid metal 

forging or extrusion casting. The major benefits of squeeze casting are 

to prevent gas porosities or shrinkage porosities, reduce grain size, 

reduce solidification cracks and many more. 

Some of the previous work done by eminent researchers are discussed 

here. Chatterjee and Das worked on a simple squeeze casting apparatus 

to find out the effect of pressure on Si based Al alloy of grade LM6 

having 12.7 wt.% Si [19,20]. They observed that there is significant rise 

in mechanical properties under the effect of pressure. This was due to 

the shifting of eutectic composition towards Si rich end in the binary 

phase diagram of the alloy system (as primary α-Al phase increases), 

decrease in dendritic arm spacing and refinement of eutectics. 

Chadwick and Yue worked on heat treatable alloys like LM24/A380 

(Al-Si8Cu3Fe) and LM25/A357 (AlSi7Mg) [21]. They observed that 

the yield strength and UTS increase upon squeeze casting. LM24 alloy 

when squeeze cast and heat-treated showed improvement in mechanical 

properties than that of conventionally cast LM25 alloy. 

Dong et al examined the effects of Sr and Fe on LM25 alloy when 

processed by squeeze casting process [22]. They compared squeeze 

casting with gravity die casting process. The yield strength of the 

samples cast by gravity die casting were found to be higher than that of 
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squeeze casting. The heat treated samples under T6 condition showed 

equal yield strengths in both the cases. The ultimate tensile strength of 

squeeze cast samples was found to be higher than that of gravity cast 

samples in both as-cast and heat treatment conditions. Reduction in 

porosity and refinement in Fe bearing phases was found in squeeze cast 

samples. Ductility got improved in both as-cast with and without heat 

treatment samples due to modification of Al-Fe-Si particles from needle 

shaped β-Al5FeSi to a Chinese script morphology. Addition of Sr did 

not affect the morphology of eutectic Si particles. 

Chadwick and Yue worked on Al-7Si and Al-14Si binary alloy system 

[21]. Squeeze casting process altered the microstructure due to high 

coefficient of heat transfer between die and melt resulting high pressure 

during casting. High casting pressure also increases liquidus 

temperature and eutectic point of the alloy.  

Okada et al examined the effect of squeeze casting in Al-Si with 20 wt.% 

Si alloy system [23]. He found that with increase in squeeze pressure, 

the density of Al-Si alloy increases to a maximum at some critical 

pressure and then does not show any further increase in density beyond 

this critical point. He concluded that with increase in Si content the 

critical pressure increases. 

Hence it can be concluded that, with increase in squeeze pressure, during 

squeeze casting process, following advantages were obtained: 

• Increase in UTS and yield strength  

• Modification of eutectic Si morphology 

• Refinement of deleterious intermetallic 

• Improvement in metal to die heat transfer 

2.2 Cooling rate refinement and mechanisms 

In hypoeutectic Al-Si alloy, the primary Al phase undergo solidification 

in dendritic manner followed by growth of secondary arms around the 

primary stem. The undercooling mainly depends upon the cooling rate, 

the concentration of alloying element and the type of alloying elements 
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in the melt. It is reported that the undercooling increases with increase 

in rate of cooling and concentration of alloying elements [24]. The effect 

of cooling rate has also marked significant effect on the grain size, 

SDAS, morphology of Si particles and other iron based intermetallics 

and distribution of microstructural constituents. The increase in cooling 

rate refines grain size, reduce secondary dendrite arm spacings, modify 

the morphology of Si from elongated plate like morphology to fine 

fibrous or globular like morphology and decreases the size of 

intermetallics regardless of their type. The cooling rate refinement of the 

morphology of Si particle is described based on surface energy theory 

of interface of Al-Si particles [10]. The rate of growth of solid interface 

depends on the balance between latent heat of fusion released on 

solidification and heat flow rate across the solid-liquid interface. The 

latent heat of fusion for Al and Si is 396 J/g and 1411 J/g respectively. 

The thermal conductivities of Al and Si are 205 W/mK and 83 W/mK 

respectively in pure form. Due to large difference in their thermal 

conductivities and latent heat of fusion, Al will solidify faster than Si. 

Hence, growth of Al leads during eutectic solidification. As rate of 

cooling increases, growth of Al over Si increases and cause encasement 

of the entire Si particle which is lagging behind as shown in Fig. 2. 

 

Figure 2. Eutectic solidification of unmodified Al-Si alloy 

2.3 Solidification reactions 

L. Backerud et al predicted that the following reactions would have 

occurred during solidification of Al-Si alloy [25]. 
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Table 1. Solidification reactions at various temperatures 

 

2.4 Grain refinement mechanisms 

The grain refinement of a cast Al alloy component significantly 

influences its mechanical properties. Several studies have been done 

over years to discover various elements or combination of various 

elements to refine grains of Si based Al alloys, keeping in mind that the 

crystals with small lattice mismatch refine the grains as they favour 

heterogeneous nucleation sites for nucleation. P. Sritharan reported that 

Si based cast Al alloys can be refined by using Al-xTi-yB alloy with 

different Ti:B ratio [26]. Al-5Ti-1B is the most common master alloy 

that has been investigated and is widely used in industrial applications. 

GP Jones and C.D. Mayes et al observed that the ternary alloy, Al-Ti-B 

have TiAl3 particles which dissolve in the melt and TiB2 particles which 

act as heterogeneous nucleation sites [27,28]. 

Sl.No. Reaction Temperature(K) 

1 Development of Dendritic 

Network 

888-883 

2 a) L→ Al + Si 

b) L → Al + Al5FeSi 

883-835 

3 a) L → Al + Si + Al5FeSi 

b) L + Al5FeSi → Al + Si + 

Al8FeMg3Si 

837-831 

 
 

4 L → Al + Mg2Si + Si 831-822 

5 L → Al + Si + Mg2Si 

+Al8FeMg3Si6 

819-814 
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P.S. Mohanty and J.E. Gruzleski reported that addition of master alloy 

like Al-Ti-B to the melt leads to formation of TiB2, Al3Ti, AlB2, AlB12 

particles [29]. Here titanium boride (TiB2) particle act as heterogeneous 

nucleation sites for α-Al matrix when excess Ti is added by using master 

alloy like Al-5Ti-1B (Ti:B > 2.2:1) . P.S. Mohanty et al, J. Spittle and 

P. Schumacher identified that Ti in combination with Si forms Al-Ti-Si 

phase, at TiB2/melt interface, which acts as heterogeneous site for 

nucleation of α-Al grains [29,30,31]. P.S. Mohanty et al observed that 

when an excess amount of Boron is added in the form of master alloy 

like Al-3Ti-3B, a layer rich in boron is formed at TiB2/melt interface 

which lead to heterogeneous nucleation of α-Al phase [32]. Hence 

according to previous research, it can be concluded that the Ti:B ratio 

has a significant effect on refinement of grains. However, the optimum 

ratio between Ti and B is not mentioned clearly in any of the 

investigations yet. 

Moreover, master alloys like Al-Ti-B have significant disadvantage. It 

has been reported that since Al3Ti and TiB2 particles have a density 

higher than the density of pure Al, this leads to segregation of particles 

which has the potential to nucleate α-Al grains and hence increase the 

melt holding time. Another disadvantage observed by R. Ghomachi is 

that the application of Ti as a grain refining agent would lead to the 

formation of flake like Al-Ti-Si phase which deteriorate the mechanical 

properties and casting properties of Si based Al alloys [33]. 

G. Sigworth et al and P.A. Tondel et al found that the master alloys with 

only B content are good grain refining agents in Si based Al alloys 

[34,35]. S. Nafisi et al reported that when boron is more than 200ppm, 

added in the form of master alloy like Al-4B, the supercooling effect of 

melt was eliminated and there was a significant increase in nucleation 

temperature relative to growth temperature which refined the grains 

effectively in Silicon based Aluminium alloy [36]. Y. Birol observed 

that Ti free samples treated with Al-3B master alloy result in fine grains 

of 200 μm diameter and are globular in shape [37]. It was found that Al-

B alloys form AlB2 and AlB12 particles in Al melt. However, Sigworth 
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et al reported only AlB2 particles are responsible for grain refinement 

whereas even at low Ti content, AlB12 particles get transformed into 

TiB2 particles [38]. S. Nafisi et al found that these TiB2 particle get 

enclosed inside AlB2 and become heterogeneous site for nucleation of 

α-Al phase [36]. The quantity of B should be optimum so that there is 

no agglomerated B intermetallic on the microstructure. As compared to 

TiAl3 and TiB2 particles, AlB2 has lowest density difference to pure Al 

and does not cause any poisoning effect with Si which make this phase 

unique to refine Ti free Al-Si alloys.  

Sebastian F. Fisher et al remarked that Ti when combined with low B 

content of about 50ppm, highest eutectic supercooling is achieved and 

highest tensile strength is obtained. [39]. Whereas B content of about 

150ppm in a titanium free Al-Si alloy like A356 alloy, smallest grain 

size is achieved and high elongation to fracture is obtained. Moreover, 

Lu Wang and Kang examined that B is powerful grain refiner than Ti 

[40]. 

On comparing the potential for nucleation of different crystals in Si 

based Al alloys, it is found that: 

• TiAl3 has poor nucleation potency and also highly soluble in Al 

melt. Hence a high amount of Ti is required to refine 

microstructure. 

• TiB2 particle has excellent nucleation potency and is hardly 

soluble in Al melt. Hence the refinement is long lasting. 

• AlB2 has the best potential for nucleation. However, AlB2 

readily dissolves in Al and also undergo reaction with Ti and Si 

in the melt. Hence undesirable sludge may form in the furnace 

when used for long intervals. 

Sigworth and Guzowski developed a grain refiner that has a high 

potential for nucleation as that of AlB2 and is insoluble in melt like TiB2 

particle [34]. The chemical formula for such a grain refiner is (Al,Ti)B2 

which was also termed as mixed boride. 
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It is believed that a small amount of Ti(0.02 wt.%) is required for Al-B 

master alloy addition but not necessary for TiB2 type grain refiner like 

Al-xTi-yB addition. Also, it was reported that on adding 10-20ppm of B 

through master alloy addition like Al-5Ti-1B or Al-3Ti-1B results best 

grain refinement. This reduces the requirement of high content Ti. Low 

Ti content eliminate the tendency to form sludge in furnace. 

It was detected that on adding Al-Ti-B based master alloy to the melt in 

such a way that Ti content is < 0.15 wt.%, the boron particles are found 

at the grain centres whereas Ti rich dendrites grow outside the grains. 

Some researchers found that Al-B particles are pushed toward the grain 

boundaries and TiAl3 particles are at grain centres. 

Sigworth and Backerud et al reported that TiAl3 particles are best 

heterogeneous sites for nucleation of α-Al phase as compared to TiB2 

particle [41,42]. Davis et al, Maxwell and Hellowell identified the 

presence of TiAl3 in α-Al matrix [43,44]. 

Recently Choongdo Lee examined that the optimum amount of Ti to be 

added should be in the range of 0.06 wt.%-0.15 wt.% to reduce micro-

porosity, dendrite arm spacing (SDAS) and excellent grain refinement 

[45]. Moreover, there is an improvement in properties like tensile 

strength of the component on adding optimum Ti content. It was 

observed that excessive content of Ti reduces refinement of grains in 

case of A356 alloy and also deteriorate tensile properties to a range 

similar to that of an alloy without addition of Ti. 

 Y. Birol found that excess Ti in the form of Al-Ti-B based master alloy 

perform well in case of wrought alloys rather than foundry alloys [46]. 

Whereas excessive B content in Al-Ti-B or Al-B master alloys perform 

best for foundry alloys and depend on AlB2 or (Al,Ti)B2 particle for 

refinement of grains. 

2.5 Modification mechanisms 

In general, the master alloys that are used to refine grains of Si based Al 

alloys are Al-Ti, Al-Ti-C, Al-Ti-B, Al-Ti-C-Re (Re here is rare earth 
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metals), etc. These master alloys are also termed as grain refiners. 

Moreover, the elements that are used to modify the shape of Si particles 

are Na, Sb, Sr and other rare earth metals like Lanthanides, Yb and Sc. 

One of the popular master alloy is Al-10Sr alloy which are also known 

as modifiers. They are added to the base metal to modify the needle/plate 

like morphology to fine fibrous form of Si particles to reduce stress 

concentration generated by Si particles in eutectic/ inter-dendritic 

regions of α-Al phase. 

In Si based Al alloys, Si particles are having coarse and needle/acicular 

morphology which act as stress concentration sites and deteriorate 

mechanical properties of the alloy. Hence modification can be done by 

adding element like Na, Sr, Sb etc, in the form of master alloys. 

It has been reported that Na undergoes fading effect faster whereas Sr 

has an incubation time and its effect is long lasting. W. Meyer observed 

that casting alloys modified with Na has fine micro-porosity distribution 

than that of Sr modified or unmodified alloys [47]. Antimony (Sb) can 

be used for permanent modification but is rarely used in foundry as it 

forms toxic compounds. 

Couture reported that Sr addition with or without the presence of 

transition elements like Mn develops α phase inter-metallics which has 

Chinese script morphology [48]. This type of morphology reduces the 

formation of β phase needles. S.A. Kori et al found that about 0.02 wt.% 

of Sr can completely modify Al-7wt.% Si alloy within a holding time of 

2 minutes [49]. Sergio Haro Rodriguez et al found that 0.04 wt.% and 

0.06 wt.% Sr addition modified β phase needles to fine blocky shaped 

morphology [50]. Mondolfo et al and Lu SZ et al identified that about a 

few 100ppm of modifier addition changes Si particle from coarse plate 

like to fine fibrous like morphology and improve strength and ductility 

[51,52]. 

It is believed that there are two Si modification mechanisms 

• Surface energy theory: On addition of chemical modifier, the 

surface energy of Al-Si solid interface decreases due to the 
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increase in interface angle as shown in Fig. 3. This cause 

modification in eutectic structure by suppressing the growth of 

Si crystal  

• Interfacial poisoning theory: As the Al-Si interface starts 

growing, the Impurity atoms like Na, Sr etc. deactivates or cause 

poisoning of the growth sites of Si particles [24] 

 

Figure 3. Eutectic solidification of modified Al-Si alloy 

2.6 Poisoning effects 

Improper addition of master alloys may cause negative effects on the 

mechanical properties of the alloy. S.A. Kori et al D. Qiu et al 

demonstrated that high Si content in Al-Si alloy on adding Al-Ti-B 

based master alloy cause poisoning effect due to reaction between Si and 

Ti which form Titanium Silicides like TiSi2 and Ti5Si3 which has 

crystallographic mismatch with α-Al and can coat Al3Ti particle and 

reduce its nucleation potency and hence reduce grain refinement of α-

Al grains [53,54]. 

Liao and Sun et al observed when only B is used as grain refiner, it may 

react with Sr, which is added as a modifier, to form SrB6 particles which 

settle down in the crucible thereby reduces the modification ability of Sr 

[55]. M. Timpel  et al found that 200-300ppm of Sr is found to be 

optimum quantity for best results for modification of Si 

morphology[56]. Kazchiro Nogita et al examined that Sr:B ratio should 

be greater than 0.4 to retain Sr for modification of morphology of Si 

particles [57]. 
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2.7 Heat treatment process 

A controlled heat treatment processing of Al alloys can influence the 

mechanical properties significantly like strength, toughness, ductility, 

residual stresses, thermal stability, corrosion resistance, stress corrosion 

cracking resistance and dimensional stability. In general, heat treatment 

process include homogenisation, annealing and age hardening which 

involves solutionizing , quenching and then artificial/natural aging to 

obtain precipitates. 

In order to improve toughness in the presence of cracks( fracture 

toughness) and yield strength, T6 type of heat treatment process is 

generally performed. 

It is believed that the microstructure and alloying elements are also 

responsible for affecting the heat treatment efficiency of Si based Al 

alloys (hypoeutectic alloys) other than temperature and time. 

A Si based Al alloy like A356 is a heat treatable alloy. On age hardening, 

the alloy is strengthened by precipitation of Mg2Si particle and eutectic 

Si particle after T6 treatment. Various T6 heat treatment methods 

developed in China, USA and Japan in case of A356 alloys. But for 

effective energy consumption and minimum production efficiency, 

solution treatment process should be at a temperature of 540°C for more 

than 4hr aging should be at a temperature of 150°C for more than 6 hr. 

Z. Ma et al found that there is an improvement in toughness due to 

modification of eutectic Si morphology and also due to dissolution and 

fragmentation of intermetallic when samples were treated by T6 heat 

treatment process [58,59]. S. Shivkumar et al examined the solution 

treatment effects on the characteristic of Si particle and also on the 

tensile properties of A356 alloy [60]. Wan Li et al studied that the 

eutectic microstructure of Al alloy of grade A390 can be refined and 

improvement in its properties can be obtained by optimised heat 

treatment process [61]. 
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In T6 heat treatment process of Al-Si alloy there are two steps to be 

followed. One is the solutionising process and other is the artificial aging 

process. 

• In solutionising process, α-Al becomes saturated with Mg and 

Si particles and cause spheroidization of Si near eutectic region. 

• In artificial aging process, precipitation of strengthening phase, 

Mg2Si is obtained. 

Some researchers found that the solutionising temperature and size of Si 

particles affect the spheroidization time of Si particles. 

Zhang D.L. eta al examined that a short solutionising period of about 30 

minutes at a temperature of 540-550°C is sufficient to obtain similar 

mechanical properties as that of a solution treatment period of 6hr [62]. 

Yu Z. et al suggested that an optimum solutionising time of 2hr at 540°C 

from the calculation of thermal diffusion test [63]. Estey CM. et al and 

Rometsch P.A. et al observed that at maximum peak aging time of 2-4hr 

and a temperature of 170°C can improve the yield strength of A356 alloy 

to maximum [64,65]. 

2.8 Fretting wear 

Nowadays, Al alloys are used in manufacturing of automobile parts like 

crankshafts, engine blocks, piston rings etc. as most of the machinery 

parts are subjected to cyclic/repeated motion or vibration of small 

amplitude in the range of microns under the application of applied load, 

there might be some loss in material which in turn cause loss in 

dimensional tolerances and deteriorate the contact surfaces. This type of 

wear or damage is termed as fretting wear. To analyse the life span of 

such components, it is important to study the fretting failure mechanism. 

Since fretting wear is one of the complicated wear phenomena, it has 

become a challenging area of research in recent era. 

D.W, Hoeppner et al and M.H. Attia et al observed that fretting initiates 

crack faster and hence reduces fatigue life as compared to that observed 

due to conventional wear failure without fretting [66,67]. Fretting causes 
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premature failure in many applications like bolted and riveted joints, 

dovetail contact area of blade root assembly in turbine blades of gas 

turbine engines, metallic ropes and cables, valve to valve seat assembly 

in IC Engines etc. Factors that influence fretting damage/fatigue are 

applied loading conditions, sliding amplitude, sliding frequency, sliding 

time, environmental conditions like ambient temperature, humidity, 

hardness of contact surfaces, surface conditions, coefficient of friction, 

tangential force/frictional force etc. 

J.M. Dobromirski reported that among all the factors, frictional 

coefficient is one of the factors which influence fretting process 

significantly [68]. The mechanical interlock between the asperities of 

contacting surfaces and the adhesive bond decides the frictional 

coefficient parameter. This parameter directly influences the tangential 

shear force which is also termed as frictional force. K.J. Nixetal and T.A. 

Venkatesh et al reported that the normalised frictional force which is the 

ratio of frictional force to applied normal load is responsible for fretting 

wear crack initiation and growth [69-71]. GX Chen et al announced that 

fretting wear and sliding wear undergoing reciprocating motion can be 

distinguished by analysing how easily the wear debris can escape from 

the surface contact zone and the stroke line [72]. Y. Berthier et al found 

that fretting wear and sliding wear undergoing reciprocating motion can 

be differentiated by rate of volume wear [73]. 

Fretting wear is dominated by gross sliding slip condition where stick 

zone is absent across the entire contact region. During fretting wear, 

stick-slip condition take place at the interface of two mating surfaces 

due to absence of pure sliding motion. In fretting wear, the sliding 

amplitude is very low (in micron) and the normal load applied is 

sufficiently high to restrict the wear debris to flow away from the 

original site. The tangential shear force is believed to be generated at the 

interface of contacting surfaces due to either of oxide debris trapped in 

between the asperities. 
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Fretting wear process is described in a variety of mechanisms. Hurricks 

reported that fretting wear process can be divided into three stages [74]. 

Initially, the frictional coefficient is high for a first few thousand fretting 

wear cycles and major mechanisms involved are metal transfer across 

the interface and adhesion process. Metal to metal contact is 

predominant in this stage. 

In the second stage, wear debris exposed to oxygen present in the 

surrounding atmosphere to form oxide debris. These oxide debris begin 

to accumulate in the interface of contacting surfaces, they act as 

abrasives and cause abrasive action. 

After extensive fretting wear cycles, the coefficient of friction attains a 

steady state condition where abrasive action of oxide debris is decreased 

by formation of a compact bed of debris which acts a s a work hardened 

layer. At this stage, surface damage may be caused by fatigue. 

Water house and Taylor observed that dislocation pile up may cause 

formation of delamination layer which in turn cause material removal in 

the form of plates in later stages of fretting wear cycles [75]. 

Iwabuchi examined that in fretting wear process there is two different 

effects of wear debris [76]. 

• Oxide layer formation is an advantage during the process of 

fretting wear 

• Abrasive action is detrimental during initial stages of wear 

These factors depend on magnitude of sliding amplitude and normal 

load applied. 

2.9 Dry sliding wear 

Dry sliding wear is another type of wear that can be observed in most of 

the industrial applications. In this type of wear, the contact surfaces of 

both the specimens undergo wear due to continuous sliding along the 

interface under the application of load and under dry conditions. Ball/ 

Pin on disk type apparatus is used for performing such experiments.  
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Both hypoeutectic and hypereutectic Si based Al alloys are being used 

in tribological components under dry and lubricated conditions for long 

period of time. Some researcher reported that higher Si content improves 

the wear resistant property of the alloy [77]. A series of non-commercial 

alloys were studied by varying the Si content ranging upto 20 wt% under 

pin on disc type sliding wear apparatus [78]. J. Clarke et al studied dry 

sliding wear using pin on disk type tribometer [79]. They observed that 

the wear resistance of Al-Si alloy improves with increase in Si content 

upto eutectic composition. They also found that higher Si content may 

cause wear of counter specimen even though it is made of steel. On 

further study they reported that the Si content does not have significant 

effect on wear rate of Al-Si alloy. There may be other factors for loss of 

material on applied load but the predominant cause of wear is the 

removal of work hardened layers from the wear track [80]. E.V. 

Dewhirst and G. Vandelli reported that the optimum Si content for wear 

resistance is hypereutectic Al-Si alloy [81,82]. K Okabayashi and M. 

Kawamoto found that Si content has no effect on wear until its 

composition exceeds 20 wt % [83,84]. B.N. Pramila Bai et al identified 

that wear rate increases with pressure  and the coefficient of friction is 

insensitive to variation in pressure, Si content and sliding speed. They 

also observed that a Si content of 4-24 wt% significantly improves the 

wear property of Al-Si alloy [85]. K. Rajavizadeh et al observed that dry 

sliding wear of these alloys are dominated by oxidative type of wear 

[86,87]. R. Antoniou et  al and B.N. Pramila bai et al reported that dry 

sliding wear is caused due to formation of an iron rich layer on the 

surface. Moreover, in as cast Al-Si alloys, the process of heat treatment 

and addition of Mg may alter the nature of the layer and hence also the 

wear properties of the alloy [88,89].  

Further investigations were made in order to predict the effect of sliding 

speed on wear characteristics of the alloy. A.D. Sarkar found that with 

increase in sliding speed, wear rate increases resulting reduction in 

surface hardness [90]. K. Mohammed Jasim found that the wear rate 

decreases with increase in sliding speed in case of pure aluminium and 
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its alloys [91]. S.K. Biswas et al and N. Saka et al reported that there 

were regions of increase and decrease in wear rate with steady increase 

in sliding speed [92,93]. It was observed that the mechanisms of wear at 

higher sliding speeds are different from that at lower sliding speeds. 

Some of the theories like the delamination theory could not explain wear 

characteristics at high sliding speeds [94]. Hence it is necessary to study 

the wear behaviour of the alloy by varying the sliding speeds. K. 

Mohammad Jasim et al reported that in Al-Si alloy, under the conditions 

of adhesive wear, wear rates decrease with increase in sliding speeds 

upto 150m/min. He also identified that the depth of damage of sub 

surface, size of wear debris and topography of worn surface are factors 

that indicate that the wear rate increases under oxidative conditions of 

wear with increase in sliding wear [95]. Subramanain also investigated 

the effect of sliding speed on wear rate of eutectic Si based Al alloys. 

He found that initially the wear rate decreases and then subsequent 

abrupt increase in wear rate with increase in sliding speed [96]. 
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Chapter 3 

Research approach 

3.1 Purpose and aim 

Si based Al alloys are increasingly found to be attractive for automotive 

applications. The challenge is to improve the mechanical properties of 

these alloys by microstructural engineering. The alloying elements mark 

significant contribution to the mechanical properties like strength, 

ductility, toughness, hardness and wear resistance. Mechanical 

modification by squeeze casting and chemical modification by suitable 

grain refiners and eutectic Si modifiers is one of the most promising 

ways to improve the mechanical properties of these alloys. The aim of 

this research work is to understand the effect of squeeze casting and 

grain refinement and modification on several microstructural 

characteristics such as SDAS, Si particle morphology and intermetallic 

phases. The effect of heat treatment on microstructure is also studied. 

Finally, wear properties of these alloys under fretting wear and dry 

sliding wear are also analysed. 

3.2 Research design 

The present research work focuses on some of the real industrial issues 

concerning the casting process of Al-Si alloys such as the amount of 

alloying additions i.e. master alloy additions like grain refiners and grain 

modifiers, which influence the performance of these alloys. Efforts have 

been made to investigate the potential for improving wear properties of 

the alloy. The effect of heat treatment on microstructure was also 

investigated. Prior to each phase of research, a comprehensive literature 

survey on selected topics was done to collect relevant data and 

information in relevant research works. As per the literature survey, it 

was reported that the Ti:B ratio should be greater than 2.2:1 for 

improving the mechanical properties of the alloy and hence Al-5Ti-1B 

was chosen as a grain refiner in which the ratio of Ti and B is 5:1 i.e 

about 750ppm of Ti and 150ppm of B were obtained in the final castings. 
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Moreover, from previous research work, it was observed that about 0.02 

wt% Sr (i.e about 200ppm of Sr) can modify the morphology of Si 

particles effectively [49] and also to reduce the poisoning effect of Sr 

and B, the ratio must be greater than 0.4 [57]. Hence, an optimum 

amount of Sr was added in the form Al-10Sr which acts as a grain 

modifier so that the modification ability of Sr is enhanced and the ratio 

between Sr and B is maintained in the final castings i.e. about 200ppm 

and 300ppm of Sr were obtained in the final cast product. Therefore, the 

ratio of Sr and B is 1.33 and 2 for A356+Al-5Ti-1B+Al-10Sr(200ppm 

Sr) alloy and A356+Al-5Ti-1B+Al-10Sr (300ppm Sr) alloy 

respectively.  

Literature survey helped us to understand the lack of knowledge on this 

field of research and also helped in identifying the challenges and 

problems, the manufacturing industries are facing these days. Prior to 

framing of experimental plans, the reliability of the experimental set up 

was evaluated. Then the routine of experiments were designed and 

performed. The results were collected, analysed, evaluated and 

compared with the data obtained from the literature. The conclusions 

were made based on the data obtained and the results reported by 

previous research works. The flowchart of the current research approach 

is shown in Fig. 4. 
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Figure 4. Flow chart of the research approach of current research work 
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The current research work comprises of four major topics: 

1. Investigation of the effect of squeeze casting on microstructure 

of A356 alloy such as SDAS, grain size, morphology of Si 

particle and other intermetallic phases. 

2. Investigation of the effect of grain refiner like Al-5Ti-1B and 

grain modifier like Al-10Sr on microstructural characteristics of 

A356 alloy. 

3. Effect of heat treatment process on microstructural 

characteristics of A356 alloy. 

4. Effect of squeeze casting, grain refinement and modification, T6 

heat treatment on wear properties of A356 alloy like fretting 

wear and dry sliding wear. 
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Chapter 4  

Experimental work 

Experimental work in this research first consisted of squeeze casting of 

Al-Si alloy A356 with and without grain refiner Al-Ti-B and Sr 

modifier. The effect of squeeze casting and chemical modification by 

grain refiner and modifier addition was subsequently studied with 

microstructure analysis. The effect of heat treatment on different alloys 

was also investigated. Finally, the effect of microstructural refinement 

on wear properties during fretting wear and dry sliding wear was 

analysed. 

4.1 Raw material and its compositions  

The composition of Al-Si alloy of grade A356/LM25 which is used for 

pressure-assisted/squeeze casting is given in Table 2. The other alloying 

elements like Ti, B and Sr are added by using master alloys like Al-5Ti-

1B and Al-10Sr which would act as a grain refiner and a grain modifier 

respectively. The exact composition of the master alloys are shown in 

Table 2.  

 

Table 2. Alloy composition in wt.% 

All

oy 

Si Mg Ti Fe Sr Cu B Ca Othe

rs 

Al 

A35

6 

7.0

4 

0.37

83 

0.13

46 

0.0

9 

0.01

54 

0.00

05 

- - 0.05

1 

Balan

ce 

Al-

5Ti-

1B 

- - 5.21 - - - 0.9

7 

- <5 Balan

ce 

Al-

10S

r 

0.2 - - 0.3 9-11 - - 0.0

3 

0.15 Balan

ce 
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4.2. Casting of Al-Si alloys 

Fig. 5a. shows the setup of SWAM EQUIP Bottom pouring type stir 

casting machine with squeeze casting assembly which was used for 

casting the alloy samples studied in this work.. The dimensions of the 

squeeze casting die cavity are 300mm height and 50mm diameter. 

Hence keeping in view the dimensions of the cavity, suitable amounts 

of the raw materials were prepared. For this purpose small sized 

(40x40x40 mm) blocks were cut from the (70x70x750 mm) ingot 

supplied by Hero MotoCorp Ltd. as shown in Fig. 5 b. Considering the 

density to be 2.6g/cm3, raw material of 1500g was prepared for casting.  

   

(a)                                            (b) 

Figure 5. Raw material and machine used for casting (a) Squeeze casting machine (b) 

Industrially cast as-received A356 alloy ingot 

The temperature of the furnace was set at 850°C and temperature of the 

crucible/melt was set at 800°C. The small sized blocks of raw materials 

were inserted into the furnace once the required temperature was 

attained. The master alloys to be added to the melt, were preheated prior 

to casting to remove any moisture content present. To maintain a 

controlled atmosphere inside the furnace and to prevent contamination 
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of unwanted gases which may lead to gas defects, degassing was done 

by supplying inert gas like argon periodically at a flow rate of 2 LPM.  

When the raw material was completely melted, the stirrer was operated 

continuously at a speed of 300rpm for 15-20 minutes so that all the 

alloying elements are distributed in uniform manner in the entire volume 

of liquid metal.  

To obtain a surface finish of higher quality of the cast product, graphite 

coating was done on the metal surfaces where the molten metal comes 

in contact during casting operation. Surfaces like inner diameter of 

mould cavity, runner, thermocouple and crucible were coated prior to 

casting. 

The mould cavity and runner was also preheated to 200°C and 750°C 

respectively. The runner is preheated so that the molten metal does not 

get solidified during the flow of liquid metal through it. The mould 

cavity is preheated to prevent the damage of the die due to thermal 

shock/stresses caused by large thermal gradient. 

The casting machine set up was equipped with a SCF process 

monitoring system which readily measures the temperature of the 

heating systems, control stirrer speed, adjusts bottom pour valve, 

monitor inert gas supply rate for degassing and control squeeze pressure. 

 The liquid metal was finally poured into the mould cavity via the 

runway. A hydraulic pump of 40T capacity was used to control the 

motion of the piston into the die cavity to pressurise the metal during 

solidification. A pressure of 40 tonnes (about 200MPa) was applied for 

all the castings. After solidification of liquid metal, the piston is lifted 

and the two halves/end plates of the die are removed to obtain the 

solidified product as shown in Fig. 6. The castings that were prepared 

are: 

• A356 alloy 

• A356 alloy+ Al-5Ti-1B (750ppm Ti and 150ppm B) 
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• A356 alloy+ Al-5Ti-1B( 750ppm Ti and 150ppm B)+Al-10Sr 

(200ppm Sr) 

• A356 alloy+ Al-5Ti-1B( 750ppm Ti and 150ppm B)+Al-10Sr 

(300ppm Sr) 

The calculations made for adding alloying elements are as follows: 

• Density of A356 alloy: 2.67 g/cm3 

• Volume of the mould cavity i.e. volume of the product: 

V=  
𝜋

4
× 𝐷2 × 𝐿 =  

𝜋

4
× 52 × 30 = 589.048 cm3  

• Mass of the cast product to be obtained = 1572.758g ≈1600g 

Addition of master alloys were done by calculations using Unitary 

Method: 

1. To produce an alloy of A356 + Al-5Ti-1B (750ppm Ti, 150ppm 

B), the following calculations were made. 

If 5 wt % of Ti present in 1600g of master alloy (Al-5Ti-1B) 

Then, in order to obtain 0.075 wt % Ti (750ppm) in the final cast 

product, the amount of master alloy to be added is = 
1600

5
× 0.075 = 24g 

of Al-5Ti-1B alloy 

Therefore, the amount of A356 alloy to be added is = 1600−24 =

1576g  

2. To produce an alloy of A356 + Al-5Ti-1B + Al-10Sr (750ppm 

Ti, 150ppm B, 200ppm Sr), the following calculations were 

made. 

If 10 wt % of Sr present in 1600g of master alloy (Al-10Sr) 

Then, in order to obtain 0.02 wt % Sr (200ppm) in the final cast product, 

the amount of master alloy to be added is = 
1600

10
× 0.02 = 3.2g of Al-

10Sr 

Amount of Al-5Ti-1B to be added is 24g (as calculated earlier) 
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Therefore, amount of A356 alloy to be added is =1600-(24+3.2) = 

1572.8g 

Similar calculations were made for adding alloying elements to the cast 

product. 

All the samples used for investigation were extracted from the lower end 

of the cast cylindrical products at a section 20-30mm from the bottom. 

  

Figure 6. Squeeze cast product 

4.3 Sample preparation and analysis 

For both optical microscopy and SEM analysis, the samples were cut 

using a wire EDM or an abrasive cutting machine and then polished 

using emery paper of various grades and finally polished using diamond 

paste for obtaining mirror finish to get rid of any scratches in the surface. 

The polished samples were further etched by Keller’s reagent, prepared 

by mixing 2ml of HF, 3ml of HCl, 5ml of HNO3 and 190 ml of distilled 

water. The samples were etched for 20 seconds in order to reveal the 

various phases, grains and grain boundaries in the microstructure. 

The optical image analysis was done using ZEISS Axio Inverted 

Microscope having a wide range of advance contrast methods. SEM 

image analysis was done using JEOL JSM-7610Plus Schottky Field 

Emission Scanning Electron Microscope equipped with EDS and 

EBSD. 
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4.4 Heat treatment 

Small amples of dimensions (10x10x5 mm) extracted from squeeze cast 

samples were subjected to a T6 heat treatment process. A muffle furnace 

equipped with PID controller (programmable temperature controller) 

was used to control solutionising and aging temperature during T6 heat 

treatment process.The solution treatment was carried out at 

520°C(below eutectic temperature i.e. 577°C to avoid localised melting 

) for 4 hours followed by quenching in the water immediately to room 

temperature and then artificial aging at 170°C for 2 hours followed by 

air cooling. The heat treatment cycle is represented in Fig. 7. The 

microstructures of heat treated samples was then observed under an 

optical microscope.  

0 2 4 6 8 10 12

0

100

200

300

400

500

600

T
em

pe
ra

tu
re

 (
i

C
 )

Time(hrs)

Solution Treatment

Quenching

Aging

Air Cooling

 

Figure 7. T6 Heat treatment process cycle 

4.5 Fretting Wear 

Fretting wear tests were conducted on as-received samples, squeeze cast 

A356 alloy samples and samples alloyed with grain refining agent and 

modifying agent. The tests were carried out using a DUCOM Linear 

Reciprocating Tribometer (Fig. 8), both at room temperature and at an 

elevated temperature of 100°C. Tribometer is equipped with a computer-

controlled process monitoring system and a data acquition software, 

WINDUCOM 2010 which monitors the stroke or sliding amplitude, 

frequency, temperature, humidity, normal load applied, test duration and 

dwell time. It also measures the variation in coefficient of friction and 

frictional force with the number of fretting wear cycles during its 

operation. The load was applied on the counter specimen (also known 
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as a upper specimen) by a lever connected to a dead weight through a 

string. The dimension of lower specimen used was (20x20x5 mm). A 

15mm height and 6 mm dia. cylindrical pin made of high C steel ball of 

grade EN31 (hardness of 63 HRC) was used as the counter specimen. 

The tests were performed at a sliding amplitude of 250μm and a 

frequency of 10 Hz. The applied normal load were 5N, 10N, 15N and 

20N. The time set for fretting wear contact was of 15 minutes. 

   

(a)                                            (b) 

Figure 8. Fretting wear set up (a) Φ6 Steel pin in contact with test sample (b)String 

connected to dead weight where load can be varied. 

4.6 Dry Sliding Wear 

Dry sliding wear tests were performed on as-received and squeeze cast 

A356 alloy samples. The samples were tested using a DUCOM ball/pin 

on disk type tribometer as shown in Fig. 9. The machine has the 

provision to monitor coefficient of friction (COF) and wear depth of the 

specimen. A sliding amplitude of 0.15m/s and 0.25 m/s, sliding distance 

of 300m, load of 5N and wear track diameter of 10mm and 20mm were 

used as the parameters for the testing. A hardened steel ball of 8mm 

diameter was used as counter specimen while the test sample was made 

up of 50mm diameter and 5mm thickness disc. During testing the sliding 

takes place between the ball and rotating disc. 
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(a)                                               (b) 

Figure 9. Dry sliding wear test set up (a)Pin/Ball on disk tribometer (b) Test sample 

undergoing wear 
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Chapter 5 

Results and discussions 

5.1 Microstructural analysis using optical microscopy 

5.1.1 Effect of squeeze casting on as-received A356 alloy 

   

Figure 10. Optical image at 10X magnification of as-received A356 alloy sample 

     

(a)                                          (b) 

    

(c)                                          (d) 

Figure 11. Optical images of squeeze cast A356 alloy samples at (a)10X (b)20X 

(c)50X (d)100X magnification 
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The following predictions may be made from optical image analysis: 

• The volume fraction of the primary α-Al phase increases. 

• The size of primary α-Al dendrites decreases (Figs 10 and 11a).  

• The volume fraction of the eutectic phase decreases.  

• Refinement of Si in the eutectic region is observed.  

• The average SDAS (Secondary Dendrite Arm Spacing) was 

reduced from 45(+/-2) μm to 26(+/-2) μm ( 50% reduction)  

Previously, similar predictions were made by M.T, Abou El Khair in 

case of squeeze cast Al-6Si0.3Mg alloy [97] 
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5.1.2 Effect of T6 heat treatment on as-received A356 Alloy 

   

(a)                                           (b) 

   

(c)                                              (d) 

Figure 12. Optical images of heat treated as-received A356 alloy samples at (a)10X 

(b)20X (c)50X (d) 100X magnification 
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5.1.3 Effect of T6 heat treatment on squeeze cast A356 alloy 

   

(a)                                        (b) 

   

(c)                                            (d) 

Figure 13. Optical images of heat treated squeeze cast A356 alloy samples at (a)10X 

(b)20X (c)50X (d) 100X magnification 

T6 heat treatment was found to be more effective in case of squeeze cast 

specimens due to uniform precipitation (Figs. 12 and 13). After heat 

treatment, precipitation of intermetallics including Mg2Si particles in 

interdendritic regions is found to be more dense accompanied with 

change in the morphology of Si particles.  
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5.1.4 Effect of grain refiner Al-Ti-B on squeeze cast A356 alloy 

   

(a)                                          (b) 

   

(c)                                           (d) 

Figure 14. Optical images of grain refined alloy samples using Al-5Ti-1B at (a)10X 

(b)20X (c)50X (d)100X magnification (750ppm Ti,150ppm B) 

 

 

 

 

 

 

 

 

 



 

41 
 

5.1.5 Combined effect of grain refiner Al-Ti-B and modifier 

(200ppm Sr) on squeeze cast A356 alloy 

   

(a)                                          (b) 

   

(c)                                           (d) 

Figure 15. Optical images of grain refined and modified alloy samples using Al-5Ti-

1B and Al-10Sr at (a)10X (b)20X (c)50X (d)100X magnification (750ppm 

Ti,150ppm B and 200ppm Sr) 
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5.1.6 Combined effect of grain refiner Al-Ti-B and 

modifier(300ppm Sr) on squeeze cast A356 alloy 

   

(a)                                             (b) 

   

(c)                                          (d) 

Figure 16. Optical images of grain refined and modified alloy samples using Al-5Ti-

1B and Al-10Sr at (a)10X (b)20X (c)50X (d)100X magnification (750ppm 

Ti,150ppm B and 300ppm Sr) 

The following observations are made after addition of grain refiner and 

modifier to the alloy: 

• The average SDAS calculated for A356+Al5Ti-1B+Al-

10Sr(200ppm Sr) was 20(+/-3) μm and that for A356+Al-5Ti-

1B +Al-10Sr (300ppm Sr) was 20(+/-2) μm. There is not much 

change in SDAS with change in Sr content as Sr is responsible 

for changing the morphology of Si particles and Fe based 

intermetallics. It is the Al-5Ti-1B alloy which is responsible for 

refining the alloy from squeeze cast A356 alloy having SDAS of 

26(+/-2) μm to squeeze cast A356+ Al-5Ti-1B  having SDAS of 

20(+/-3) μm  
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• Change in the shape of α-Al phase from tree like dendritic to 

globular shape (Figs. 11 and 14) 

• Addition of Sr produces α-phase Fe based intermetallics which 

have Chinese Script morphology and also change in the shape of 

Si particles was observed ( Fig. 16d). 

 

5.1.7 Combined effect of T6 heat treatment and grain refinement on 

squeeze cast A356 alloy 

   

(a)                                                 (b) 

   

(c)                                        (d) 

Figure 17. Optical images of heat treated and grain refined alloy samples using Al-

5Ti-1B at (a)10X (b)20X (c)50X (d)100X magnification (750ppm Ti,150ppm B ) 
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5.1.8 Combined effect of T6 heat treatment, grain refiner Al-Ti-B 

and modifier (200ppm Sr) on squeeze cast A356 alloy 

   

(a)                                        (b) 

   

(c)                                            (d) 

Figure 18. Optical images of heat treated,grain refined and modified alloy samples 

using Al-5Ti-1B and Al-10Sr at (a)10X (b)20X (c)50X (d)100X magnification 

(750ppm Ti,150ppm B and 200ppm Sr) 
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5.1.9 Combined effect of T6 heat treatment, grain refiner Al-Ti-B 

and modifier (300ppm Sr) on squeeze cast A356 alloy 

   

(a)                                           (b) 

   

(c)                                           (d) 

Figure 19. Optical images of heat treated,grain refined and modified alloy samples 

using Al-5Ti-1B and Al-10Sr at (a)10X (b)20X (c)50X (d)100X magnification 

(750ppm Ti,150ppm B and 300ppm Sr) 

The following observations are made after heat treatment of grain 

refined and modified squeeze cast A356 alloy: 

• Heat treatment was observed to be fruitful in case of grain 

refined sample as precipitation was observed to be uniformly 

distributed within the matrix of α-Al phase and also at the 

interdendritic regions of α-Al matrix (Fig. 17). 

• Precipitation was not effective at higher Sr content. Sr modified 

samples show reduced precipitation within α-Al matrix than 

those without modifier addition. The interdendritic phases are 

also more refined with fine precipitation on addition of modifier 
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at 200 and 300 ppm when compared to samples without any 

modifier addition. ( Figs.18 and 19) 

5.2 Microstructure analysis using SEM 

5.2.1 Effect of squeeze casting on as-received A356 alloy 

 

Figure 20. SEM image of as-received A356 alloy sample 

   

(a)                                            (b) 

Figure 21. SEM images of squeeze cast A356 alloy samples (a) Al-Si eutectic region 

(b) α-Al and eutectic Si phase 

Reduction in porosity and change in the shape of Si particles was 

observed in squeeze cast samples (Figs. 20 and 21). Elongated Si 

particles were found to be broken into small fragments. 
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5.2.2 Effect of heat treatment on squeeze cast A356 alloy 

    

(a)                                            (b) 

Figure 22. SEM images of heat treated squeeze cast A356 alloy samples (a) 

Precipitation of Fe intermetallics (brighter regions) in eutectic zone (b)Spheroidal Si 

particles  

Change in the morphological aspects of Si particles in the eutectic region 

from needle shape morphology to spheroidal shape morphology are 

observed after T6 heat treatment process (Fig. 22b). 

5.2.3 Effect of grain refiner Al-Ti-B on squeeze cast A356 alloy 

   

(a)                                            (b) 

Figure 23. SEM images of grain refined alloy samples using Al-5Ti-1B (a)α-Al and 

Si eutectic phase (b) unmodified Si particles in eutectic zone (750ppm Ti,150ppm B ) 
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5.2.4 Effect of grain refiner Al-Ti-B and modifier Al-10Sr(300ppm 

Sr) on squeeze cast A356 alloy 

     

(a)                                          (b) 

Figure 24. SEM images of grain refined alloy samples using Al-5Ti-1B (a)α-Al and 

Si eutectic phase (b) partially modified Si particles in eutectic zone (750ppm 

Ti,150ppm B,300ppm Sr ) 

Presence of lamellar Si particles indicate that only partial modification 

occurred on adding Sr as a modifying agent (Fig. 24b). The morphology 

of α-Al matrix was observed to be more globular instead of dendritic 

after addition of grain refiner and grain modifier to the alloy. 

5.3 Some of the major observations made from Optical and SEM 

analysis 

   

(a)                                           (b) 
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   (c)  

Figure 25. Microstructural images of A356 alloy samples (a) Optical image of 

unmodified A356alloy showing presence of Fe based β-phase needles (b)Optical 

image of Sr modified alloy showing Fe based α-phase intermetallic with Chinese script 

morphology (c) SEM image showing partial modification of Si particles 

Some important observations made from Optical and SEM analysis are: 

• On adding Al-5Ti-1B to A356 alloy, uniform distribution of 

eutectic phase was observed rather than concentrated over a 

small area as compared to non-refined alloy. Moreover, this was 

accompanied with reduction in SDAS 

• Sr addition brought changes in the morphology of Si particles 

from needle/acicular shape to fine fibrous/spheroidal shape 

• Sr addition developed α-phase intermetallic having Chinese 

Script morphology (Fig. 25b) and reduced formation of β-phase 

(iron rich intermetallic) needles thus reducing stress 

concentration sites. 

• Presence of lamellar Si particles in some regions of the alloy 

depicted that only partial modification of Si particle was possible 

on adding Sr which may be due to reaction between Sr and B or 

may be due to insufficient Sr content (Fig. 25c). This was 

observed in both the cases where Sr content was 200ppm and 

300ppm.  
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5.4 SEM analysis using BSE imaging 

 

Figure 26. BSE image of squeeze cast A356 alloy sample 

   

(a)                                            (b) 

Figure 27. BSE image of grain refined and modified squeeze cast A356 alloy samples 

(a)A356+Al-5Ti-1B(750ppm Ti and 150ppm B)+Al-10Sr (200ppm Sr) (b) A356+Al-

5Ti-1B(750ppm Ti and 150ppm B)+Al-10Sr (300ppm Sr) 

The volume fraction of Fe based intermetallics (indicated by brighter 

regions in Fig. 27a) is more in case of alloy having 200ppm Sr than that 

in alloy having 300ppm Sr. It can be predicted that alloy having high Sr 

content reduces the modification ability of Sr. It may be due to formation 

of SrB6 particles which settle down in the crucible and modification 

ability of Sr is reduced. Hence in previous research work, the Sr:B ratio 

which was predicted to be greater than 0.4 for effective Sr modification 

ability, which is proved to be a wrong statement in current research work 
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[57]. Further, investigation is required for predicting the range of the 

ratio for effective modification ability of Sr.  

5.5 EDS analysis 

5.5.1 EDS layered image /Mapping of A356 alloy 

 

 

Figure 28. Mapping of A356 alloy indicating α-Al and Si eutectic regions 

EDS Layered image shows the location of eutectic Si phase in the inter-

dendritic regions of α-Al matrix. 
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5.5.2 EDS analysis of heat treated squeeze cast A356 alloy 

  

   

Figure 29. EDS analysis shows the precipitation of Mg2Si particles and Fe based 

intermetallics after heat treatment process 

The following predictions may be made from EDS analysis of squeeze 

cast A356 alloy after T6 heat treatment process: 

• Precipitation of Al-Si-Fe-Mg phase is observed 

• Precipitation of iron based β-intermetallics is observed 
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5.5.3 EDS analysis of grain refined and modified squeeze cast A356 

alloy 

 

Figure 30. EDS report of grain refined and modified alloy shows the formation of α-

phase intermetallic 

It was found that the alloy having 200ppm of Sr develops Fe based α-

phase intermetallics having Chinese Script morphology in bulk than that 

in alloy having 300ppm Sr and reduce formation of β-phase 

intermetallic. 

5.6 XRD data analysis 
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Figure 31. XRD plot of squeeze cast and heat treated samples 
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Figure 32. XRD Plot of grain refined and modified squeeze cast samples 

From the XRD plot, the transformed phases were observed especially at 

39,44,65 and 78 degrees. Similar observations were made by T. Tuncay 

[98]. The main intermetallic phases detected from XRD Plot for heat 

treated and non-heat treated samples include Mg2Si, Al4.5FeSi and 

Al8FeMg3Si6 (Fig. 31). The phases observed from XRD plot for grain 

refined and modified squeeze cast samples include TiAl3, TiB2, β-

Al5FeSi and α-Al8Fe2Si (Fig. 32). 

5.7 Fretting wear analysis 

5.7.1 Fretting wear analysis using SEM 

   

(a)                                        (b) 
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(c)                                                    (d)                                                                                           

Figure 33. SEM image of fretting wear scar at various loading conditions (a)5N (b)10N 

(c)15N (d)20N  

Higher wear depth was observed at higher loading conditions. 

 

Figure 34. SEM image of fretting wear showing various wear terminologies 
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5.7.2 EDS layered image or Mapping 

 

Figure 35. Mapping of fretting wear scar showing presence of various elements 

The following observations were made from the EDS analysis: 

• The wear debris formed during fretting wear reacts with oxygen 

present in the atmosphere and forms oxides and hence oxygen 

content is observed while mapping the specimen under EDS 

analysis. 
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• Due to diffusion of particles across the contact surface during 

fretting wear, some of the Fe particles undergo diffusion from 

counter specimen i.e. steel to test specimen i.e. Al alloy. Hence 

Fe content is observed while mapping the test specimen under 

EDS analysis.  

5.7.3 Variation of COF with number of fretting wear cycles for as-

received and squeeze cast A356 alloy samples 

5.7.3.1 At room temperature 
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(a)                                              (b) 

Figure 36. Variation of coefficient of friction with number of fretting wear cycles for 

(a)as-received A356 (b)squeeze cast A356 alloy 
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(a)                                             (b) 

Figure 37. Variation of coefficient of friction with number of fretting wear cycles for 

(a)heat treated as-received A356 alloy (b)heat treated squeeze cast A356 alloy 

COF decreases with increase in load. COF increases initially due to 

adhesive and abrasive wear and with increase in number of cycles it 
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attains a steady state due to formation of compact bed of debris which 

acts as a work hardened layer and decreases abrasive action  

5.7.3.2 At elevated temperature of 100°C 
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(a)                                              (b) 

Figure 38. Variation of coefficient of friction with number of fretting wear cycles for 

(a)as-received A356 (b)squeeze cast A356 alloy 
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(a)                                               (b) 

Figure 39. Variation of coefficient of friction with number of fretting wear cycles for 

(a)heat treated as-received A356 (b)heat treated squeeze cast A356 alloy 

It was observed that at elevated temperature the frictional force declines 

due to the effect of softening of the mating surface material and decrease 

in the strength of the adhesive joints. Also, at elevated temperature of 

100°C the contact interface area rises, as a result of which large number 

of adhesive joints become active and friction coefficient increases. Hard 

oxide debris formed due to oxidation may also increase the COF. Hence.  

at elevated temperature, the friction coefficient is neither too high nor 

too low. However, to find out the relation between apparent contact area 
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and COF under these conditions, further more studies are required for 

chemical and physical tribology behaviour of the mating surfaces at 

elevated temperature. Similar predictions were made by Liliyang et al 

for ball on disc wear test at elevated temperature for Al alloys [99]. The 

average COF with no, of fretting cycles are shown in Table 3. 

Table 3. Variation of COF with normal load applied at room temperature 

 

 

 

 

 

 

 

 

 

 

 

Load (N) Friction 

coefficient 

of as 

received 

A356 

alloy 

Friction 

coefficient 

of 

Squeeze 

cast A356 

alloy 

Friction 

coefficient 

of heat 

treated as 

received 

A356 

Friction 

coefficient of 

heat treated 

squeeze cast 

A356 

5 1.09 1.07 0.88 0.78 

10 0.99 0.84 0.70 0.70 

15 0.74 0.74 0.63 0.62 

20 0.71 0.67 0.59 0.59 
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Table 4. Variation of COF with normal load applied at elevated temperature 

Load Friction 

coefficient 

of as 

received 

A356 at 

100°C 

Friction 

coefficient 

of squeeze 

cast A356 

at 100°C 

Friction 

coefficient 

of heat 

treated as 

received 

A356 at 

100°C 

Friction 

coefficient 

of heat 

treated 

squeeze 

cast A356 

at 100°C 

5 0.93 0.95 0.91 0.94 

10 0.71 0.77 0.71 0.71 
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(a)                                        (b)                                                                                       

Figure 40. Variation of coefficient of friction with applied normal load for various 

samples at (a) room temperature (b) elevated temperature of 100°C  

The following predictions may be made after performing the tests: 

▪ Diffusion process is involved in the fretting wear process which 

cause transfer of materials across the interface of the mating 

metallic specimens and hence the loss in mass was found to be 

fluctuating though it was negligible i.e. about 10-4 to 10-5 grams 

after fretting wear experiment. 

▪ As coefficient of friction is inverse of hardness in some cases, 

hence sample having lowest friction coefficient may be 

considered as the hardest among all specimens. Here, squeeze 

cast sample undergoing heat treatment can be considered hardest 

of all samples. 
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▪ At elevated temperatures, friction coefficient was observed to be 

intermediate.  

5.7.4 Variation of coefficient of friction with number of fretting 

wear cycles for grain refined and modified samples 
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Figure 41. Variation of coefficient of friction with number of fretting cycles for grain 

refined and modified samples at various loading conditions (a)5N (b)10N (c)15N 

(d)20N 

COF is found to be rising (action of abrasive and adhesive wear) in 

initial no of cycles and further becomes steady (formation of compact 

wear debris bed) with the increase in no of fretting wear cycles. The 

trend of variation of COF with increase in no. of fretting cycles is similar 

in all the cases (both refined and non-refined alloy) 
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Figure 42. Variation of COF with applied load for grain refined and modified alloy 
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Figure 43. Variation of mass with applied load for grain refined and modified alloy 
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Figure 44. Variation of volume wear rate with applied normal load  
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COF decreases with increase in load in all the cases. During fretting 

wear, there is fluctuation in mass of the samples due to material transfer 

across the interface between counter specimen and the test specimen. 

The average coefficient of friction of various samples are shown in 

Table 5.  

Table 5. Variation Of COF with load for various sample conditons 

 

 

 

Samples Avg 

COF at 

5N 

Load 

Avg 

COF at 

10N 

Load 

Avg 

COF at 

15N 

Load 

Avg 

COF at 

20N 

Load 

As-received A356 1.09 0.99 0.74 0.71 

Squeeze cast A356 1.07 0.84 0.74 0.67 

Squeeze cast A356+Al-5Ti-

1B 

1.12 0.82 0.71 0.707 

Squeeze cast A356+Al-5Ti-

1B+ Al-10Sr(200ppm Sr) 

addition 

0.92 0.77 0.71 0.679 

Squeeze cast A356+Al-5Ti-

1B+ Al-10Sr(300ppm Sr) 

addition 

1.01 0.81 0.721 0.673 

Volume Wear Rate 

=    
𝑉𝑜𝑙𝑢𝑚𝑒 𝐿𝑜𝑠𝑠

𝑆𝑙𝑖𝑑𝑖𝑛𝑔 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ×𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝐿𝑜𝑎𝑑
 

= 
𝐷𝑒𝑛𝑠𝑖𝑡𝑦 ×𝑀𝑎𝑠𝑠 𝐿𝑜𝑠𝑠

𝑆𝑙𝑖𝑑𝑖𝑛𝑔 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ×𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝐿𝑜𝑎𝑑
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The following conclusions were made on performing fretting wear tests 

for grain refined and modified samples: 

• It was observed that higher the Sr content (≥ 300ppm Sr), more 

is the mass loss and volume wear rate. Moreover, it was also 

observed that the addition of strontium to some optimum level 

(<300ppm Sr) decreases the coefficient of friction and hence it 

can be predicted that the hardness of the alloy is increased. 

• The COF was found to be higher in case of alloy having 300 ppm 

of Strontium than that of the alloy having 200ppm Strontium. 

• The combined addition of grain refiner and modifier in the form 

of Al-5Ti-1B and Al-10Sr respectively was found to be effective 

since the COF got reduced as compared to non-refined and non-

modified alloy. Hence it can be predicted that the alloy got 

hardened after grain refinement and modification using master 

alloys. 

• At higher loading conditions(≥20N), not only hardness affect 

COF but also shear strength of the adhesive bond between the 

asperities decides the COF between the surfaces. Further 

investigation is required for more conclusive results. 

Similar predictions were made by N. Arun Prakash et al, D. Arnell, N.M. 

Mikhin et al for various types of wear tests and at various conditions 

[100-102]. 

5.8 Dry sliding wear analysis 

In dry sliding wear experiment, it was observed that the average friction 

coefficient for squeeze cast alloy specimen is lower than that of as-

received cast alloy specimen at a sliding velocity (SV) of 0.15m/s and 

wear track diameter (WTD) of 10 mm (Fig. 45a). But at a SV of 0.25m/s 

and WTD of 20 mm, the average friction coefficient of squeeze cast 

specimen was observed to be increasing with sliding time (Fig. 45b). 

Hence, prediction may be made that the friction coefficient not only 

depends upon hardness of the sample but also depends upon shear 

strength of the samples undergoing wear. This was first reported by A. 
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J. W. Moore et.al. as a general statement for any materials subjecting to 

dry sliding wear [103]. Similar predictions may be made in case of Al-

Si alloy. 

Table 6. Dry Sliding Wear test results of all the samples 

 

 
0 500 1000 1500 2000

0.0

0.1

0.2

0.3

0.4

0.5

0.6

C
O

F

Time(s)

 as-received A356

 Squeeze cast A356

 
0 200 400 600 800 1000 1200

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

C
O

F

Time (s)

 as-received A356

 Squeeze cast A356

 

(a)                                           (b) 

Figure 45. COF v/s sliding time for SV of (a) 0.15 m/s (b) 0.25 m/s                                                             

Moreover, the depth of wear for squeeze cast alloy specimen was 

observed to be lower than that of as-received alloy specimen (See Table 

6) and hence, predictions may be made that the hardness of the material 

got improved on using squeeze casting process. 

Further, more investigations are required to obtain more conclusive 

results. 

Testing 

Parameters 

COF of 

As-

received 

A356  

COF of 

Squeeze 

cast 

A356 

COF 

As-received 

A356 

Wear(micron) 

Squeeze cast 

A356 

Wear(micron) 

SV-

0.15,WTD-

10mm 

0.269 0.199 156.317 80.494 

SV-

0.25,WTD-

20mm 

0.303 0.375 246.569 119.158 
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Chapter 6 

Conclusions  

The following conclusions were drawn from the research work in this 

study : 

• In A356 alloy, a significant reduction in secondary dendrite arm 

spacing from as-received A356 alloy having SDAS of 45(+/- 2) 

μm to squeeze cast A356 alloy having SDAS of 26 (+/- 2) μm 

was observed after squeeze casting process. Moreover, 

refinement of Si eutectic region was also observed in squeeze 

cast A356 alloy samples. 

• In heat treated squeeze cast A356 alloy, the T6 heat treatment 

process was found to be more effective due to uniform 

precipitation of intermetallics including Mg2Si in the 

interdendritic regions of α-Al  matrix accompanied with change 

in the morphology of Si particles. 

• In squeeze cast A356+ Al-5Ti-1B alloy, a significant reduction 

in secondary dendrite arm spacing from as-received A356 alloy 

having SDAS of 45 (+/- 2) μm to grain refined alloy having 

SDAS of 20 (+/-3) μm. Moreover, the morphology of α-Al phase 

was observed to change from dendritic to globular shape. 

• In squeeze cast A356 + Al-5Ti-1B + Al-10Sr (200ppm Sr) alloy, 

the reduction of secondary dendrite arm spacing was observed 

from as-received A356 alloy having SDAS of 45(+/- 2) μm to 

grain refined and modified alloy using 200ppm Sr having SDAS 

of 20(+/-3) μm. Whereas, in squeeze cast A356 + Al-5Ti-1B + 

Al-10Sr (300ppm Sr), the secondary dendrite arm spacing was 

observed to be 20 (+/- 2) μm. There is not much change in SDAS 

with addition of Al-10Sr alloy or varying the composition of Sr 

because Sr is only responsible for changing the morphology of 

Si particles and iron based intermetallics.  
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• In squeeze cast A356 + Al-5Ti-1B + Al-10Sr alloy, iron based 

α-intermetallics having Chinese script morphology were 

observed while morphology of Si particles changed from needle 

shaped to fine fibrous/globular shaped.  

• In heat treated squeeze cast A356 + Al-5Ti-1B alloy, heat 

treatment was found to be effective due to uniform distribution 

of precipitates within the matrix of α-Al phase and also at 

interdendritic regions of α-Al matrix 

• In heat treated squeeze cast A356 +Al-5Ti-1B +Al-10Sr alloy, 

heat treatment was not effective due to reduced precipitation 

effect. 

• In A356 alloy, the microstructural images using SEM indicates 

the absence of microporosities after squeeze casting process. 

Moreover, the Si particles were found to be broken into small 

fragments after squeeze casting process. 

• In heat treated squeeze cast A356 alloy, the SEM images shows 

that the morphology of Si particles changed from needle shape 

morphology to spheroidal shape morphology. 

• In squeeze cast A356 +Al-5Ti-1B +Al-10Sr alloy, the 

microstructural images using SEM indicate the presence of 

lamellar Si particles in some locations of the Al-Si eutectic 

region which depicts partial modification of the alloy on addition 

of Sr as a modifying agent. This might be due to lack of Sr 

content or Sr content was insufficient in those regions for 

modification of Si particles. 

• In squeeze cast A356 + Al-5Ti-1B + Al-10Sr (200 ppm Sr) alloy, 

the SEM analysis using BSE imaging indicates that the volume 

fraction of Fe based intermetallics is more than that of squeeze 

cast A356 + Al-5Ti-1B + Al-10Sr (300ppm Sr) alloy. This might 

be due to reaction between Sr and B to form SrB6 particles which 

settle down in the crucible thereby reducing the modification 

ability of Sr when higher Sr content is added. 
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• In heat treated squeeze cast A356 alloy, the EDS analysis 

indicates the precipitation of Al-Fe-Mg-Si precipitates and iron 

based β- intermetallics. 

• In fretting wear tests for all the samples of A356 alloy, the SEM 

images of wear scars indicates that the wear depth increases with 

increase in applied load. Moreover, the EDS mapping of fretting 

wear samples indicates the presence of oxides due to formation 

of oxide debris and also indicates the presence of Fe due to 

diffusion of Fe particles across the contact surface from counter 

specimen i.e. steel to test specimen i.e. A356 alloy. Hence, 

fluctuations in mass of the specimen was observed after each 

fretting wear tests performed. 

• In fretting wear tests for all the samples of A356 alloy, it was 

observed that the coefficient of friction decreases with increase 

in applied normal load. Moreover, the variation of coefficient of 

friction with increase in number of fretting cycles was found to 

be increasing initially due to adhesive and abrasive wear, 

followed by steady state variation in coefficient of friction due 

to formation of a compact bed of oxide wear debris which acts 

as work hardened layer and decreases the abrasive action of the 

wear. 

• In fretting wear tests at elevated temperature of 100°C, there is 

an increment in coefficient of friction due to increase in number 

of adhesive joints and formation of oxide debris. Moreover, the 

softening of the mating surface weakens the strength of adhesive 

joints which in turn decreases the friction coefficient. Hence, the 

coefficient of friction at elevated temperature is neither too low 

nor too high. 

• In squeeze cast A356 +Al-5Ti-1B+Al-10Sr (300ppm Sr) alloy, 

the mass loss was found to be maximum and high volume wear 

rate. Hence Sr content higher than 300ppm is not acceptable. 

• In squeeze cast A356 +Al-5Ti-1B +Al-10Sr (200ppm Sr) alloy, 

the coefficient of friction was found to be lower than that of 
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squeeze cast A356 +Al-5Ti-1B +Al-10Sr (300ppm Sr) alloy. 

Hence it can be predicted that the alloy having 200ppm of Sr is 

harder than that of alloy having 300ppm of Sr. 

• The combined addition of grain refiner Al-5Ti-1B and grain 

modifier Al-10Sr to squeeze cast A356 alloy was found to be 

effective as the values of coefficient of friction was found to be 

lower than that of non refined and non modified squeeze cast 

A356 alloy. Hence, it can be predicted that the grain refiner and 

grain modifier had hardened the alloy significantly. Moreover, 

at higher loading conditions (>20N), it is not only the hardness 

that affects the coefficient of friction but also the shear strength 

of the adhesive bond between asperities decides the coefficient 

of friction between the mating surfaces. Further investigations 

are required for more conclusive results. 

• In dry sliding wear tests, it was observed that the depth of wear 

for squeeze cast A356 alloy samples were lower than that of as-

received A356 alloy samples. Hence it can be predicted that the 

A356 alloy sample got hardened after squeeze casting process. 

Moreover, the variation in coefficient of friction with sliding 

time was observed to be contradictory after changing the wear 

parameters. Hence further investigations are required to obtain 

more conclusive results.  
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Chapter 7 

Future Scope 

7.1 Squeeze casting pressure 

The study of Si based Al alloy will continue with the development of 

new processing technologies for improving the mechanical properties of 

the alloy. It is believed that Al-Si alloys can be further grain refined and 

modified by increasing the pressure during squeeze casting process. 

Hence further research can be done to identify the optimum pressure 

required to obtain better mechanical properties  

7.2 Alloy development 

Since it is observed that the addition of master alloys can modify the 

microstructural and mechanical properties of the alloy, hence further 

more investigations can be done by varying the compositions of the 

master alloy addition to obtain optimum range of addition of master 

alloy for maximum improvement in mechanical properties. 

7.3 Heat treatment 

As it is well known that precipitation hardening is one of the major 

strengthening mechanism to improve the strength of an alloy. Since Al-

Si alloy is heat treatable alloy, further more attempts can be done by 

varying the solutionizing temperature, aging temperature, soaking 

temperature and time to obtain better results as far as strength of the 

alloy is concerned. 

7.4 Mechanical properties 

The mechanical properties like strength, hardness, toughness, ductility 

etc under static loading conditions can be further investigated.  

Several cast Al alloy components are subjected to cyclic loads during 

their operation and hence it is interesting to investigate the dynamic 

mechanical properties of the alloy. Thus the role of SDAS and 
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morphology of Si on fatigue behaviour of Si based Al alloys can be 

investigated. 

Moreover, from corrosion point of view, Si particles are cathodic in 

nature as compared to α-Al matrix and hence form micro galvanic 

couples which results in localised corrosion phenomena. But Al-Si alloy 

is still considered to have good corrosion resistant property than that of 

other conventional alloys. Hence the study of corrosion resistant 

property of Al-Si alloys can be done. 

In most of the industrial applications the components operate at elevated 

temperature and hence the behaviour of Al-Si alloy at elevated 

temperature can be studied as far as mechanical properties like strength, 

ductility, toughness, hardness and wear properties are concerned. 
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