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ABSTRACT 

The industry inclination towards the application of light-weight materials in automobile, 

aerospace and marine components can be attributed to their inbuilt characteristics like 

high specific strength and excellent machinability. Magnesium alloys are one of the 

promising light-weight materials which have shown recent widespread use in structural 

applications. 

The present study utilised Magnesium-Aluminium-Silicon (Mg-Al-Si) category 

based AS21A magnesium alloy. AS21A alloy is widely recognized for high thermal 

resistant characteristics since it contains the thermally stable Mg2Si second phase 

intermetallic compound. However, the coarse morphology of Mg2Si precipitates makes 

the AS21A alloy brittle in nature thus limiting their widespread application. Therefore 

Microstructural modification was carried out through several surface modification 

techniques to achieve fine precipitates thus enhancing the strength of magnesium alloy. 

Friction Stir Processing (FSP) is the fast growing technology which can refine the 

microstructure of AS21A alloy in solid state only unlike conventional techniques. FSP is 

gaining its position in fabrication and manufacturing industry as most used technique 

because it modifies the coarse grain structure of material to fine grain microstructure that 

leads to better machinability, improved wear resistance and also eliminates the various 

casting defects present in the materials like porosity by generating homogeneous 

dispersion of particles. 

The current study is confined to the Tribological characterization of Friction Stir 

Processed (FSPed) AS21A alloy consisting of fine Mg2Si precipitates. Tribological study 

was carried out at 10-30 N normal loads with respective temperature conditions ranging 

from 500C – 2000C. The wear behaviour was evaluated from Linear Reciprocating 

Tribometer (LRT) test rig and different conclusions were derived on the basis of results 



obtained, thus explaining the wear performance of FSPed AS21A alloy in elevated 

thermal ambient. 

Keyword: Magnesium; tribology; FSP; friction stir processing; wear; Mg2Si; Mg-Al-Si 
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Chapter-1 

INTRODUCTION 

Lightweight materials are great inventions for improving efficiencies and reducing the 

load on power transmission from the prime mover. In the modern era of automobile 

engineering and aerospace engineering, the most significant motives are reduction in fuel 

consumption and to follow the intrinsic international norms of environment. Most of the 

automobiles consume fuels based on fossil products. Fossil fuel is depleting day by day 

and the scientists are working on saving of the energy or using alternative methods of 

energy. One and foremost way is to use lightweight alloys for the process of fabrication 

and manufacturing and for that magnesium alloys have proved themselves of greater use 

[1].  

Apart from that, environment-friendly vehicles are of great concern as of today's pollution 

is concerned; environment protection agencies have suggested that lighter vehicles will 

consume less fuel and that will result in less carbon emission.  

They have also suggested that if we reduce 10% weight of the vehicle, then that can lead 

to 6% - 8% less fuel consumption, and as a result, a lightweight vehicle will emit less 

pollution and can be a part of the race of environment protection [2]. 

Therefore, lightweight alloys are in current demand and a lot of research to make 

lightweight alloys useful is going on. Aluminium alloys were the most used alloy but after 

the processing on magnesium it has become a worthy material for fabrication purposes 

because of its better mechanical properties at elevated temperatures. 

1.1.  Material:  

Magnesium is one of the most available structural materials used that has vast range of 

applications. But, it is not used in its pure form; rather, it is alloyed with other elements 

to improve its multiple properties so that it can have further applications [3].  

Physical properties of the magnesium and its alloys due to which it has vast applications 

are presented in Table-1.1. 

 

 



Table- 1.1 Properties and applications of Magnesium 

Property  Application 

Low density (1.7gm/cm3) Structural Materials 

High Tensile Strength  

(Yield: 130MPa) 

Aerospace and Automobile 

Applications 

Better Castability 

 
High Pressure Die Casting 

Better Machinability 

(Lower Value hardness) 

Turning and Milling at High 

Speeds 

 

But these above properties are limited at elevated temperatures [4].  Some of the physical 

properties of the magnesium are that it has silvery white appearance, divalent metal with 

atomic mass of 24.305 and in pure-metal conditions at 20oC, its specific gravity is 1.738 

and 0.32nm is the atomic diameter of magnesium.  

The structure of grain is the main criteria for defining various characteristics of the 

material, and casted magnesium doesn’t show fine grain structure. Therefore, the strength 

shown by the magnesium alloys is not as high strength as expected from them. Thus, 

various other elements like aluminium, titanium, zirconium, etc. are alloyed with 

magnesium so that their grain refinement can take place and results in improvement of 

different characteristics of the material [5].   

Alloying of any material is very important as every material has its significant 

characteristic value and it adds up new characteristic feature to the parent material as 

some of the commonly used alloying materials [4,8]. 

1.2.  AS21A Magnesium Alloy 

Magnesium series of Silicon alloy has unique characteristics of temperature resistance 

along with other mechanical and wear properties that magnesium alloys have. The 

physical properties of the Mg2Si particles are shown in Table:1.2. The presence of silicon 

in the magnesium allows to enhance the fluidity of the alloy that further enhances the 

casting ability of the material and can have less casting defects comparatively.  

The presence of Mg2Si in the Magnesium alloy allows it have high temperature 

characteristics as the melting point of Mg2Si intermetallic is about 1100oC. Better creep 



resistance, better heat resistant with high potential and lightweight Silicon based 

magnesium alloys are already used in automobile applications and also increasing their 

use in aerospace applications day by day [9]. 

The particles of Mg2Si have found their importance in the magnesium alloy because of 

following properties [11]: 

Table-1.2 Properties of Mg2Si Particles 

 Property Value 

1. High value of Melting Point 1358 K 

2. Low value of Density 2 × 103 kg/m3 

3. High value of Hardness 460 HV 

4. Low value of Thermal 

Expansion-Coefficient 

7.50 × 10 -6 K-1 

5. High value of Modulus 120 GPa 

 

The compound of Mg2Si is dark blue in colour and solidifies in Face Centred Cubic 

structure [12]. The structure of Mg2Si is found to be coarse and granular due to dendritic 

solidification [10]. The limitation of Mg2Si in Magnesium Silicon alloy is that it forms 

the shape of Chinese script and granular phases of Mg2Si; and lower rate of solidification 

is observed due to eutectic-reaction, resulting in poor mechanical characteristics of 

magnesium alloys. This leads to a limit in applications of these alloys.  

Therefore, to remodel the phases, different types of surface modification techniques are 

employed such as rapid-solidification, hot-extrusion, micro-alloying, etc. [13].  

Moreover, these techniques are able to modify the grain structure of the materials alloy 

and improving the mechanical characteristics, especially ductility. But these techniques 

are quite conventional in nature which obstructs the grain refinement up-to certain values.

 Therefore, for better dispersion of particles and fine grain refinement some other 

latest methodologies are used such as Severe-Plastic-Deformation methods like Equal-

Channel-Angular-Pressing technique [14], High-Pressure-Torsion technique [15], 

Cyclic-Extrusion-Compression technique [16], Repetitive-Upsetting-Extrusion 

techniques [17], Cyclic-Closed-Die-Forging technique [18], Friction-Stir-Processing 

technique [19] etc. These methods of grain refinement are used in various lightweight 



alloys and these methods have shown greater results. There are a lot of recent studies 

going on these methods to take more out of these methods and fulfil the demands of the 

cutting-edge technologies [14-19]. 

1.3.  Friction-Stir-Processing Technique (FSP) 

Friction-Stir-Processing is a new technique that is gaining attention that modifies the 

characteristics of the material through the process of plastic deformation of localized area 

and this is not only efficient in saving energy but also friendly with environment as 

generally no harmful fumes are generated [20]. 

This processing method is based on the principle of the Friction Stir Welding Process and 

is being utilised for surface modification by the modification of microstructures of the 

materials. 

In order to produce better mechanical properties in the material sheets, this technique is 

showing its full potential in doing so. Also, from last decade a lot of research is going on 

to improve various machining processes and Friction Stir Processing is gaining attention 

from round the world as a latest and improved technique for modifications in 

microstructures of the material with high level of efficiency [21]. 

Friction Stir Processing benefits the material properties in many ways. It is used in mixing 

two metals (or materials); that is, it is used for making alloys apart from that stirring of 

individual material leads to modifying the grain structures. This processing technique 

performs in a solid-state, and no melting of the metals takes place to complete the Friction 

Stir Processing technique; and in solid-state only, uniform mixing of two materials takes 

place, and generated material has better mechanical characteristics as compared to 

unprocessed material of the same type [20]. 

1.3.1. Applications of FSP:  

Casting Casting produces materials that have different casting 

defects like porosity, and other defects like cold flakes in 

microstructure; still casting is utilised for vast applications 

because it is quite an economical process.  

Therefore, to improve the surface properties and to remove 

these defects by developing homogeneity in the materials 



and modifying the grain structure with the help of Friction 

Stir Processing [22]. 

Powder Metallurgy Friction Stir Processing enhances the microstructural 

characteristics of materials produced by powder 

metallurgy, which has improved the mechanical properties 

like hardness, ductility, toughness, etc. because of the 

application of Friction Stir Processing for localized 

treatment of the materials [23, 24]. 

Metal Matrix 

Composites 

Friction Stir Processing techniques are utilised to fabricate 

or manufacture metal matrix composites which are having 

improved thermal conductivity, better grain structure and 

other mechanical properties like toughness, ductility, and 

also other tribological characteristics. [25,26,27]. 

 

 

1.3.2. Working Principle: 

In general, Friction Stir Processing works alike Friction Stir Welding and based on 

thermomechanical technique in which, at elevated temperatures, plastic deformation in 

the material takes place, normally temperature is approximately about 0.5 times of 

melting point of the material [28].  

The working principle of Friction Stir Processing is quite simple as a non-consumable, 

specially developed tool is allowed to rotate at sufficient speeds and also a downward 

push is applied in order to penetrate the tool into the surface of the material and then a 

linear motion is also provided that allows tool to travel from one end of the specimen to 

the other as shown in Fig: 1.1.  



 

Fig: 1.1 Schematic description of FSP [20] 

The rotating tool produces a considerable amount of heat in the material near tool and 

raises the temperature in the material that is favourable to the plastic deformation and 

then as the tool covers linear path into the material with a defined speed. The area near 

the pin is plastically deformed and the tool is moving ahead by producing processed 

region in the material.  

The edge of the tool, leading in the material also produces a forging action in the 

downward direction because of the fact that the tool is given a tilt angle to support the 

action and the tilt angle generally ranges from one to three degrees of angle [28,29]. 

The process also generates different zones or regions in the material after the processing 

and these zones are categorized as Stir Zone, Thermo-mechanically Affected Zone 

(TMAZ) and Heat Affected Zone (HAZ) as shown in Fig: 1.2. The size and properties of 

these zones entirely depend on the different process parameters of the tool like the rotating 

velocity of the tool, transverse velocity of the tool, profile of the pin of the tool, depth of 

penetration in the material, thickness of material plate, thermal conductivity, etc. [20,29].  

The zone which bears the maximum temperature as well as maximum strain is the region 

known as Stir Zone. This region also undergoes the maximum value of grain refinement. 

The various dimension of stir zone like the depth, width and the volume of the zone is 

defined by the parameters of the tool like the length of the pin measures the depth of the 

zone and the diameter of the shoulder determines the width of the zone [20,29].  



 

Fig: 1.2 Different zones and terminologies present in Friction Stir Processing [28] 

Thermo-Mechanically Affected Zone (TMAZ), this zone ranges from few micrometres 

to millimetres in size and undergoes lower heat generation than that of stir zone and no 

recrystallization takes place in this zone as the value of strain rate is quite low for 

recrystallization. The width of this zone totally depends on the material property if a 

material is soft like Aluminium, magnesium then the width of the zone is quite large as 

compared to the width that forms in the case of hard materials like titanium and steels 

[29]. 

Heat Affected Zone (HAZ), this zone lies between Thermo-mechanically affected zone 

and the parent material on which processing is done. There is hardly any strain in this 

zone and thermal cycles are observed here, that results in grain growth. Therefore, the 

size of grain in this region is comparatively bigger in size as compared to that of parent 

material. The mechanical properties in this zone are also relatively poor and while 

performing tensile test then failure will take place in this zone [29,30]. 

1.3.3. Process Parameters: 

The process parameters have always the great influence on any machining process or it 

is the only factor that has to be dealt carefully while performing any operation. Here, in 



the case of Friction Stir Processing, process parameters are distributed in the following 

categories as Parameters of Tool, Parameters of Machine and Particle Parameters. 

1.3.3.1. Tool Parameters:  

The tool in the Friction Stir Processing is comprised of two parts, one is Pin and 

other is Shoulder. While performing the operation, both of the components are 

very important in order to generate heating in the material and the flow of the 

plastically deformed material [33]. Fig: 1.3 shows the parameters of the tool that 

affect the properties of the processed material. 

The tool pin profile plays an important part and it can vary differently as per the 

applications. The profile of pin can be triangle, square, cylindrical. Apart from 

that profile can be threaded, fluted and conical, different profile has different 

advantages, therefore, the profile of the pin is selected as per the need of the 

processing. [32,33]. 

 

Fig: 1.3 Categorization based on the Tool parameters [34] 

 

1.3.3.2. Parameters of Machine:  

There are various machine parameters that leads to the performance of the Friction 

Stir Processing and these are shown in Fig: 1.4. The number of passes, speed of 

the rotation and the travel speed of the tool are important parameters. These 

parameters affect majorly on the outcome of the process, mostly affected are 

microstructures of the material and amount of heat generated in the material. 

Parameters 
of the Tool

Pin

Profile of 
Pin

Height & 
Diameter 

of pin

Shoulder

Shape of 
the 

Shoulder

Diameter 
of the 

Shoulder



If the speed of rotation increases, the stirring of the material in the sample will 

take place more rigorously. This will result in increase in the temperature of the 

area and if simultaneously the travel speed of the tool decreases, means tool will 

spend longer time at a place that will result in more heat generation in the vicinity 

and accordingly the grain growth will take place [29, 35].  

Therefore, the ratio of rotational speed to traverse speed will decide the grain 

structure. The higher values of the ratio will generate coarse grains as generation 

of heat is high and lower values of the ratio will generate finer grain structure 

[35,36].  

 

Fig: 1.4 Parameters of Machine for Friction Stir Processing [34] 

 

1.4.  Wear:  

There are different ways in which material degradation takes place, like corrosion, wear 

and due to ultraviolet light, specific degradation of polymers. This material degradation 

leads to a material loss in the sample [37].  

Take any case in which the surface of a hard material X is in contact (say sliding) with a 

soft material surface Y, then the wear for the same will be: 

Parameters 
of Machine

Rotational 
Speed Traverse 

Speed

Cooling 
Agent

Depth of 
PenetrationTool Tilt 

Angle

Cooling 
Arrangement

Axial Force

No of Passes



𝑉

𝐿
=  𝐾

𝐹𝑛

𝐻
          ….. (1.1) 

Here,  

• V- Volume of the metal removed 

• L- distance of sliding by X or Y 

• Fn- Normal Load 

• K- Wear Coefficient 

Some of the ways used to quantify wear are as follows: 

(a) Analysing the weight of the tested samples carefully 

(b) Analysing the metal removal volume with the help of 3-D tools. 

(c) If lubricants are used, then filtration of oils and the measurement of wear debris 

in the lubricants should be done carefully. 

Wear can be classified into various categories, but majorly we study four types of wear, 

namely Adhesive, Abrasive, Fatigue, Tribochemical and Fretting Wear [37]. 

1.4.1.  Adhesive Wear: 

When surfaces are subjected to friction, then small junctions or micro-welds can 

be observed on the surface, this wear is characterised as adhesive wear and shown 

in Fig:1.5 (a).  

If the junctions observed are weak, then due to shear, these can be removed on 

their own, but if these are strong, then they got transfer from soft material to hard 

material causing a material loss in soft materials [37,38]. 

1.4.2. Abrasive Wear: 

Abrasive wear (shown in Fig:1.5 (b)) is observed in surface interaction of hard 

materials and comparatively softer materials. We can observe wear grooves and 

scratches on the surfaces that results in material removal; further causing material 

loss [39]. 

1.4.3. Fatigue Wear: 

Fatigue wear is generally caused by the Cyclic Loads, and these loads induce 

strain in the layers of surface materials. Fig: 1.5 (c) depicts the nature of Fatigue 

wear. This results in formation of cracks in the material and simultaneously their 

development leads to the formation of debris that looks like a flake and new name 

of the wear is introduced that is delamination wear [40].  



 

 

Fig: 1.5 Description of different wear forms [37] 

1.4.4. Tribochemical Wear: 

Tribochemical Wear shown in Fig: 1.5 (d). It is a phenomena in which the 

interaction of two mating surfaces (or contacting surfaces or interaction with the 

surroundings) leads to a chemical reaction on the surface. A film of reaction 

products develops on the surface, for examples, tribo-oxidation wear. 

As friction increases, it increases the temperature of the interface that increases 

the rate of growth of oxide film on the surface. This film can be separated from 

the surface if it has attained some thickness [37]. 

 

 

 

 

 

 



1.4.5. Fretting Wear: 

Fretting Wear takes place when the contacting surfaces are either moving in 

reciprocating motion or in an oscillating motion. The amplitude of the oscillation 

is relatively small.  

Fretting Wear is a multi-step mechanism in which during solid-state contact, 

initially, adhesive wear is observed due to rubbing between solid surfaces and this 

leads to debris at the interface. Then oxidation of this debris takes place in the 

surrounding environment and leads to storage of energy in this debris. Since these 

particles are highly likely to oxide heavily and rapidly, it leads to a large number 

of debris present on the surface [41]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter-2 

LITERATURE REVIEW 

The literature review has been carried out in different sections before conclusion of 

literature gap and research objective of the study. Firstly, the morphological study of 

Mg2Si has been covered and wear behaviour of Magnesium-Silicon alloy. Secondly, the 

literature review is carried out about new surface modification techniques that enhance 

the mechanical and wear properties of different light weight alloys.  

2.1. Morphology of Mg2Si 

Reference Processing 

Method 

Material Results 

Kim et al. 

[42] 

Squeeze Casting Mg-5Al-1Zn-

0.7Si 

Addition of 

0.2% Ca and 

0.03% P. 

Modification of Chinese script 

Mg2Si particles into polygon type 

Mg2Si particles by the addition of 

Ca and P. 

That results in removal of 

nucleation sites which leads to 

the improvement in toughness 

and tensile properties. 

Guo et al. 

[43] 

Gravity Casting  Mg-Si Alloy 

Addition of 

0.5% Bi and 

0.8% Bi. 

Adding an optimum amount (i.e. 

0.5%) of Bi in Mg-5Si alloy 

produces a fine grain structure of 

polyhedral shape from a coarse 

dendritic form of Mg2Si. 

Even the size of Mg2Si was 

reduced to 15µm or less. 

Wang et al. 

[44] 

Casting Mg-Si alloy 

with K2TiF6, 

KBF4 and KBF4 

+ K2TiF6  

5% K2TiF6 is added, and no 

significant changes were 

observed, whereas, when 5% 

KBF4 is added to Mg-5Si alloy 

melt, the particle size of Mg2Si 

has reduced to 20µm or less. 



Moreover, adding 5% KBF + 

K2TiF6 (in a 4:1 ratio) has 

changed it back to an irregular 

shape and coarser grain structure 

again. 

Qin et al. 

[45] 

Casting and 

aging treatment  

The in-situ 

composite of Al-

25 Mg2Si-3Si-

3Cu-0.5P 

Modified composite has 

increased Tensile strength by 

31.1% and elongation by 

1.345%, which showed 

improvement in Tensile Strength 

and Plasticity. 

The size of Mg2Si particles is 

modified from dendrite to 

polygon and reduced to an 

approximate size of 20um. 

Xiong et al. 

[46] 

Powder 

Metallurgy, Ball 

Milling, 

Reactive Hot-

Pressing 

Mg- 150µm and  

Si- 150 µm 

Powders 

With increase in Ball-to-Powder 

Mass Ratio, there is decrease in 

grain size of Mg and Si.  

Fracture hardness and Vickers 

Toughness of Mg2Si is better 

than that of parent material. 

Qin et al. 

[47] 

Casting The in-situ 

composite Al-

25Mg2Si-3Si-

3Cu-0.5P 

Fine polygonal shape particles of 

20µm to 50µm in size of Mg2Si 

were obtained after adding 

phosphorus to the Al-Si master 

alloy. 

Also, it has shown the change of 

Mg2Si morphology from 

dendritic crystal to 

tetrakaidecahedron, which was 

earlier in long fibriform and later 

changed to short fibriform or dot-

like in eutectic Mg2Si phases. 



Bo et al. 

[48] 

Casting 20 Mg2Si/ Al-

5Si Composite. 

The Mg and Al-

3Sb were mixed 

into the Al-Si 

melt. 

0, 0.2, 0.4 and 0.6 by percentage 

mass fraction of Sb is added. 

The optimum value of 0.4 by 

percentage mass fraction of Sb 

shows that the primary structure 

of Mg2Si was changed to fine 

particles of the approximate size 

of 25um. 

An improvement of ~35% in 

Ultimate Tensile Strength and 

~38% in elongation was 

observed, which has resulted in 

high resistance to cracks. 

Ahlatchi 

[49] 

Hot Extrusion at 

300oC 

Al-12 Si – X Mg 

Alloys 

(0% to 20% 

weight variation 

in the content of 

Mg) 

Compression Strength and 

Hardness of the alloys are 

improved by the addition of Mg. 

By the process of Hot-Extrusion 

the Chinese script particles of 

Mg2Si is modified to needle 

shaped fine particles. 

Hadian et al. 

[50] 

Casting Al- 15% Mg2Si 

Composite 

0.3% of Li addition has shown 

the refinement of grain structure 

and reduces the size of the 

structure from 30 µm to 

approximately 6µm. 

Also, the increased cooling rate 

and the addition of Li has 

increase the Ultimate Tensile 

Strength and Elongation values. 

Qin et al. 

[51] 

Melt 

Superheating 

and Casting 

Mg2Si / Al – Si 

– Cu Composite 

Size of Mg2Si particles modifies 

to equiaxed from coarse 

dendritic and also the size is 



decreased from 150µm to 

approx. 50-40 µm. 

Chinese script type of eutectic 

Mg2Si changes to needle like 

structure. 

Liao et al. 

[52] 

Casting and 

Ageing 

Treatment 

Mg2Si / Mg – 9 

Al – Sb 

Composite 

By the addition of 0.5 Wt.% Sb. 

The particle of Mg2Si is 

modified, refined and reduced in 

size also change from Chinese 

script type to polygonal shape. 

Further improvement in tensile 

strength, elongation and 

damping capacity; also, the 

value of critical strain amplitude 

is decreased and improvement is 

noticed. 

 Zhang et al. 

[53] 

Reciprocating 

Extrusion and 

Homogenization 

Heat Treatment 

Mg2Si / Mg – Al 

Composite 

Before the extrusion; coarse α – 

Mg dendrites are present. 

After the twelfth pass of 

extrusion, Mg2Si phases are 

uniformly distributed and almost 

are equiaxed and attain the size 

less than 20µm. 

Mechanical properties like 

Tensile and Yield Strength are 

improved the value of elongation 

has also increased at room 

temperature and some 

improvement at elevated 

temperatures. 

Gan et al. 

[54] 

Equal Channel 

Angular 

Pressing by an 

3.2 Wt% of Si. 

The in-situ 

composite of 

The refinement of type-II Mg2Si 

is found efficiently done also 



internal angle of 

90o with 

horizontal and 

vertical 

channels 

Mg2Si 

Composite  

homogeneous distribution in the 

matrix. 

Yield tensile Strength along with 

elongation to failure value are 

enhance by the ECAP due to the 

grain refinement and 

homogenization of the particles. 

With each processing pass, the 

improvement in strain hardening 

behaviour is observed.  

Wei et al. 

[55] 

Repetitive 

Upsetting 

Extrusion 

AZ  31 Mg 

Alloy 

(Mg – 3Al – 

1Zn – 0.4Zn)  

With each pass of Repetitive 

Upsetting, deformation is getting 

uniform. 

When five passes are completed, 

Chinese script and large 

dendritic Mg2Si particles are 

changed to fine particles with 

homogeneous redistribution. 

A notable improvement is 

observed in the ductility and 

strength of the composite. 

Metayer et 

al. [56] 

Cyclic Closed 

Die Forging 

Process 

Mg – x Si 

Alloys 

Refinement of structure and 

homogeneous distribution is 

obtained after optimum number 

of passes. 

The improvement in various 

mechanical properties like 

strength, ductility and hardness 

is observed as a product of 

refinement of grain structure. 

Decrement in wear loss is also 

observed and hence better wear 

resistance is there. 



Syukron et 

al. [57] 

Equal Channel 

Angular 

Pressing with an 

internal angle of 

120o 

Al – Mg – Si 

Alloy 

Adding Hard 

Particle TiB2 

With addition of TiB2, the 

hardness of the alloy is observed 

to be doubled as compared to the 

original value. 

Grain refinement in the 

specimen if found to be modifies 

from 35 µm to 0.79 µm and of 

almost uniform size. 

Chegini et 

al. [58] 

Equal Channel 

Angular 

Processing. 

For four hours 

at a temperature 

of 500oC, 

Thermal 

Homogenizing.  

Al – xMg2Si 

Composites  

Processed sample has high 

strength as the sample is work-

hardened and also have fine 

grain structure because of 

homogeneous distribution of 

Mg2Si particle which are broken 

into small pieces. 

Around 35% Ultimate Shear 

Strength and around 80% 

Ultimate Tensile Strength has 

increased in processed samples. 

65% and 150% increment is 

seen in the shear yield and 

tensile of the processed samples. 

Whereas, increasing the content 

of Mg2Si and the number of 

passes has shown that brittle 

name of the specimen is 

increased and catastrophic 

cracks are formed at this 

parameter. 

Guo et al. 

[59] 

Cyclic 

Extrusion 

Compression 

Mg – SiC 

nanocomposite 

After eight passes of Cyclic 

Extrusion Compression process, 

large particles are fragmented 



into smaller ones and are 

uniformly distributed. 

Also, homogeneous and fine 

grain structure is obtained after 

the passes. 

Hardness of the sample is found 

to be increased after the process 

which is a result of fine grain 

particles. 

El-Garhy et 

al. [60] 

Cyclic 

Extrusion 

Compression 

Al 6061 and Al 

6061/SiC 

Metal Matrix 

Composites 

When the number of cycles 

increase then increase in grain 

refinement and porosity 

reduction in the alloy takes 

place. 

Sha et al. [73] High 

Pressure 

Torsion 

Al-Si-Mg 

Alloy 

(AA6060 

alloy) 

Grain refinement in the alloy, 

strengthening from dislocations and 

solute nanostructures; altogether 

has allowed the parent alloy to 

achieve high strength. 

The temperature range of High-

Pressure torsion processing is 

between 100oC to 180oC, where 

less than 20 per cent of solute 

atoms at 100oC and 85 per cent of 

solute atoms at 180oC were 

observed in the processed sample. 

 

Initially, the microstructure of Magnesium- Silicon Alloys consisted of Chinese script 

type of Mg2Si particles. These particles are of a coarse dendritic shape and were 

sometimes found to be the equiaxed dendritic structural shape. To improve the 

morphology of these particles, a lot of different elements like 0.2 wt% Ca, 0.03 wt% P, 

0.5 wt% Bi, 0.3 wt% Li, 0.5 wt% Sb, etc. were added to Magnesium alloys or their melts 



with other elements or compounds or sometimes to in-situ composites of Al-Si or Mg-Si 

alloys.  

The addition, as mentioned earlier, of elements takes place at different levels like during 

gravity die casting, squeeze casting, powder metallurgy, reciprocating extrusion, 

superheating treatment, ageing treatment, and so on. After the addition of the elements 

mentioned above, there were a few improvements that were observed, such as the grains 

structure of Mg2Si particles has reduced in size (approximately 15µm - 30µm), and the 

shape has changed to a more regular and polyhedral. Sometimes it has changed to short 

fibriform or dot-like from a long fibriform type of particle shape. 

The significant advantage of improved morphology of Mg2Si particles was better 

mechanical properties compared to its parent composite. Most improvements were noted 

in tensile strength, yield strength, plasticity (as elongation percentage has increased), high 

resistance to crack hardness, and compression strength. 

Reference Material Results 

Charit et al. [61], 

Kwon et al. [62] 

and  

Sharma et al. [63] 

Al 2024 Hot rolled 

plates 

Al 1050 Cold 

rolled plates 

A 356 Sand Casted 

plates 

Improvement in mechanical properties has 

been observed as Charit et al. [61] noticed 

the improvement in ductility with the 

relation to temperature. During the 

process as at 430oC maximum value of 

elongation has been obtained whereas 

Kwon et al. [62] has made the observation 

on the basis of rotation speed of the tool 

and notice at 560 rpm maximum value of 

hardness and tension is obtained.  

Kwon et al. [62] has also notified that 

advancing side is having better results as 

compared to retreating side of the parent 

material. 

However, Sharma et al. [63] clarifies that 

there is increase in fatigue properties and 

crack growth can also be reduced using the 

technique. The casting defects like 



porosity has been removed that was the 

significant reason in improving the length 

of crack that leads to reduction in crack 

growth rate. 

All of them specified the reason that 

homogeneity or uniform distribution of 

particles and grain refinement by the 

Friction Stir Processing. 

Sharma et al. [63], 

Santella et al. [64] 

And  

Ma et al. [65] 

Sand Casted ingots 

of A 356 and A 

319 alloy. 

Sand casted billets 

further converted 

into plates of A 

356 alloy. 

 

By the friction stir process, various defects 

such as porosity and the dendritic 

microstructures in casting are improved. 

Also, noticed that uniform distribution of 

particles has been achieved and due to 

which various mechanical properties are 

improved like ductility, tensile strength 

and fatigue. 

In order to increase the tensile strength, it 

has been observed that ductility plays an 

important role as ductility increases it 

leads to increase various other properties. 

Microstructure refinement was the reason 

for the improvement in ductility as 

porosity due to casting is removed by FSP. 

Grain size of approximately 3µm to 4µm 

has been observed after the process of FSP 

by Ma et al. [65] which plays significant 

role in redistribution and modification in 

size of the particles in the material at 

optimum parameters of the machine. 

Cavaliere et al. [66]  

and  

Kang et al. [67] 

Sheets of AM 60 

magnesium alloys. 

Sheets of Al 5052 

– H32 alloy 

Aftereffect of the stirring action by FSP 

has shown the eradication of casting 

defects and improvement in mechanical 

properties.  



Cavaliere et al. [66] has shown that FSP of 

AM 60 magnesium alloy sheets leads to 

enhanced tensile properties in ambient 

conditions whereas Al 5052 – H32 alloy 

sheets after FSP has shown a considerable 

improvement in the formability due to fine 

grain structure development in processed 

zone of the material. 

Charit and Mishra 

[68], 

Chang et al. [69] 

And  

Ni et al. [70] 

Plates of Al-Zn-

Mg-Sc alloy, 

Mg-Al-Zn or AZ31 

Mg alloy 

And 

Mg-9Al-1Zn alloy 

AZ91D alloy 

By the elimination of casting defects such 

as porosity and micro-segregation Charit 

and Mishra [68] has observed the grain 

size modified to approximately 0.68 µm 

whereas Chang et al. [69] has observed the 

grain size approximately to 85nm. 

The improvement in microhardness, 

fatigue property and ductility has been 

observed by applying number of passes 

and high strain rates at optimum 

parameters. 

Whereas another strange observation by 

Charit and Mishra [68] was that instability 

of microstructures and abnormal grain 

growth in processed region at temperature 

above 390oC but hardly any change in 

super-plasticity has been observed. 

Also, different parameters of material like 

grain boundary structure, grain size, 

dislocation density, etc. can be controlled 

by the nano-crystallization of the material 

via FSP. 

Zahmatkesh et al. 

[71] 

Hot rolled Plates of 

Al2024. 

 

Higher Wear Resistance, Low value of 

coefficient of friction and improvement in 

micro-hardness in the nugget region have 



been the observations that Zahmatkesh et 

al. [71] has made due to modifications of 

grains to fine-equiaxed and of 

approximate size of 4µm after FSP. 

With increasing sliding distances increase 

in wear loss or weight loss of material has 

been observed but for FSP material, the 

curve has shown stable rate. 

Balamurugan et al. 

[76] 

AZ31B 

Magnesium Alloy 

A comparison of two tool profiles was 

made in this study. The first tool profile 

was the Concave Shoulder Tool, and the 

second one was Step Shoulder Tool for 

Friction Stir Processing technique. 

A change in Strain Hardening effects, less 

wear rate and less wear loss, were 

observed with the concave shoulder tool; 

whereas in the case of the step shoulder 

tool, a significant role was played by grain 

size; and a higher value of wear loss and 

corrosion rates were observed. 

 

2.2. Research Gap 

The literature study depicts a few following gaps in the studies about magnesium alloys: 

• There are a limited number of studies about the wear characteristics of friction stir 

processed magnesium-silicon based alloys. Earlier, more emphasis was given to 

the research of aluminium-based alloys and their mechanical and wear 

characteristics. 

• The literature study suggests that most work has been done on studying the 

morphology and fine grain structures obtained after applying the friction stir 

processing technique. However, limited research is done showing the 



improvement in mechanical and wear characteristics under high-temperature 

conditions. 

 

2.3. Research Objectives 

The following are the research objectives of the presented work: 

➢ A comparative study of analysing the wear characteristics like the coefficient 

of friction and wear loss of Magnesium-Silicon alloy at high temperatures and 

under various loading conditions. 

➢ The study of wear properties of as-cast AS21A alloy and Friction stir 

processed sample material at elevated temperatures. 

➢ The study of specific wear rate for friction stir processed sample at high-

temperature conditions and under various loadings. 

 

 

 

 

 

 

 

 

 

 

 



Chapter-3 

EXPERIMENTATION 

This chapter has been organised in three sections. First section covers the preparation of 

the material for various tests. Second section covers the tests that were required to perform 

before the final wear test such as surfaces roughness test. Third section covers the 

objective of the thesis which was to perform the tribological test for the study of wear 

behaviour of the sample material. 

3.1 Material Preparation: 

Magnesium-Aluminium-Silicon based alloy (AS21A alloy) was prepared by the process 

of Gravity Die casting method and obtained from Venuka Engineering, Hyderabad, India. 

The dimensions of the casted material plate were 200×80×10 mm. The composition of 

the material was found to be Aluminium - 2.12%, Silicon –1.04%, Mn – 0.221%, Zn – 

0.058%, Cu – 0.002%, Fe – 0.003%, Ni - <0.001%, Rest is Magnesium [72].  

The material plate then made suitable for the process of Friction Stir Processing by 

machining the surface of the material plate. Friction Stir processing has been done on the 

material. The sample with 800rpm rotational speed was selected as optimum that has 

maximum value of surface micro-hardness that is 66 HV [72]. 

Friction Stir Welding Setup: 

R V Machine Tools, FSW- 4T - HYD, is the setup for Friction Stir Process. This setup 

(as shown in Fig:3.1) is mainly use to perform the friction stir welding process and as we 

have already established that Friction Stir Processing is based on Friction Stir Welding 

therefore the setup of the same will be required to perform the experiment. 

Table: 3.1 Specifications of the Friction Stir Welding setup: 

Power 11KW 

RPM of Spindle  Up to 3000rpm 

Load Capacity 25kN 

Clamps Hydraulically actuated 

 



There are two main purposes of the machine setup, first and foremost one is to generate 

heat due to friction and secondly to process this heat within the material sample. 

Therefore, it is tool that plays an important part in performing the action of heat 

generation, well designed and right tool profile has to be selected for the same. The tool 

has to penetrate in to the material and then has to perform the stirring operation in the 

material and also has to move along its length in order to perform stirring in the whole 

material. Table: 3.2 shows the specifications of the tool utilised for the process of Friction 

Stir Processing. 

Table: 3.2 The specifications of the tool for the process of Friction Stir Processing. 

Diameter of the shoulder 16mm, 20mm and 24mm 

Tool material and its Hardness H-13 Tool Steel and Hardness- 55HRC 

Profile of Pin Threaded Cylindrical with pitch of 1mm 

Length of Probe 5mm 

Diameter of Probe 6mm 

 

Rotational Speed, Travel Speed and Shoulder Diameter are the most important parameters 

of the Friction Stir Processing. Therefore, optimised values of these parameters are 

calculated and then only the process can be successful in order to obtain desired 

characteristics in the material. 

Three rotational speeds were 400rpm, 800rpm and 1200rpm selected for the process. The 

travel speeds of the tool were 20, 50 and 80mm/min selected while performing the 

process. The diameters of the shoulder were 16, 20 and 24mm. These were the input 

parameters for the process and were employed during the friction stir processing and 

allows the material to have desired properties in the stir zone of the material. 

Thereafter, pins of cylindrical shapes of diameter 8 mm were cut from the processed area 

of the metal plate of AS21A alloy with the help of CNC wire cut machine. Similarly, 

samples of the pin were cut from as casted As21A plate for different characterisation 

tests. 

The square plate of material SAE 304 SS was used for the bottom specimen of the wear 

machine. Fig: 3.1. shows the square plates and pins that are ready for wear test. 



 

Fig: 3.1 Sample pins and Counter square plates for the Wear test 

Hardness Test is utilised for the analysis of the micro-hardness of the sample materials. 

Fig: 3.2 shows an image of microhardness tester. Working principle of Microhardness 

tester involves an indenter of square pyramid shape with a 136o angle between opposite 

faces and with an applied load of range 1kg to 120kg.  

In this test a definite load is applied to the sample surface using the above briefed indenter 

for a duration of time. The area covered by the indenter was measured after the removal 

of load in terms of diagonal sides of the indenter. 

The value of the hardness was obtained by the relation between area marked by the 

indenter and the load applied for that indentation. The following expression was used for 

the calculation of Vickers Hardness and indicated in terms of HV: 

𝐻𝑉 =  
1.8854 𝑃

𝐷2
                   …(3.1) 

Here, P denotes the load applied during the test in kilograms 

And D denotes diagonal length of the marked indentation on the sample surface in 

millimetres. 



 

Fig: 3.2 Micro-hardness Tester 

Samples were cleaned and polished before performing microhardness test, in order to 

remove any oxide layers or any other scales if present. The value of the hardness obtained 

was 55HV for the casted AS21A alloy material sample and it was 66HV for the Friction 

Stir Processed AS21A alloy material. 

3.2 Surface Roughness Test 

Surface roughness test was performed by using Taylor Hobson Surtronic 3+ as shown in 

Fig: 3.3. It is a portable type device that is used to measure the surface texture for 

calculating the surface roughness of the material sample and this device can be used in 

both laboratory as well as in the workshop. 



 

Fig: 3.3 Taylor Hobson Surface Roughness Tester 

The device follows simple steps to perform surface roughness test.  

Step one is to clean the surface with a clean cloth, preferably a microfiber cloth, so that 

if any dust particles present can be removed.  

In step two, make sure the surface on which the sample material is placed is flat. We have 

used surface plate to place the samples as surface plate ensures the degree of flatness of 

the sample. 

Then gently place the pickup of the tester on the surface that is to be measured. Keep sure 

that the pointer in the pickup is touching the surface. 

Step three, press the measurement start key (The on/off key was already pressed before 

step one) and let the tester perform the test. The tester shows the reading in display as the 

value of Ra in micrometres (µm). Fig: 3.4 shows an example of machine testing a surface 

roughness. 

The calibration of the machine can be done with help of ideal samples of specified surface 

roughness values, if the machine shows the same values, then we can be assured that the 

machine is working properly, otherwise a calibration process will be performed with the 

help of different function keys specified on the machine. 



The roughness test performed for both of the material were performed and the values 

were taken two times and then the average of the two values were considered to be the 

final value for the surface roughness. The values for the sample pins and plates are given 

in Table 3.3. 

Table:3.3 Values of Surface Roughness for pins and plate 

 Sr. No. 
Surface 

Roughness 
 Sr. No. 

Surface 

Roughness 

 1 0.35  1 0.32 

 2 0.38  2 0.39 

 3 0.39  3 0.34 

Specimen 4 0.36 Square 4 0.35 

Pins 5 0.30 Plates 5 0.42 

 6 0.28  6 0.30 

 7 0.32  7 0.40 

 8 0.36  8 0.28 

 9 0.43  9 0.32 

 10 0.31  10 0.38 

 11 0.44  11 0.40 

 12 0.30  12 0.38 

 

 



 

Fig: 3.4 Surface roughness tester with a sample  

3.3 Wear Test: 

Wear test or tribological test was performed to understand the wear behaviour of the 

material (Magnesium-Silicon alloy). The wear test was performed under dry conditions, 

meaning no lubricant was applied while performing the wear test and dry sliding of the 

sample material with the counter plate was performed. 

Wear test was performed on the Linear Reciprocating Tribometer manufactured by 

Ducom Instruments. The test rig was shown in Fig: 3.5 and 3.6; and was capable of 

performing experiments in a wide range of temperature values from ambient to 550oC.  

The test rig consists of mainly two parts for testing, one that will be in rest position, no 

motion will be there in this section of the test rig. Other will have linear reciprocating 

motion, like in the case of present research, rest position was applied to the counter square 

plate and the linear reciprocating motion to the sample material pins.  

Thereby, pins had made an impact on the square plate. The plates being hard material 

were not affected but pins being soft had some material loss or wear. 



 

Fig: 3.5 Tribometer used for wear test 



 

Fig: 3.6 Description of the environment chamber of tribometer 

Table-3.4 Technical Specifications of the Tribometer: 

Top Specimen Spherical Ball of diameter range from 4mm to 12mm 

Cylindrical Pin of diameter range from 4mm to 12mm 

with a height maximum of 15mm 

Bottom Specimen Flat Plate of 50×50×5 mm 

Normal Load Dead weights in steps of 5N with a range from 5N to 

50N 

Frequency Maximum value of 50Hz 

Stroke Length Ranges from 1mm to 20mm in the following manner 

Frequency (in Hz) Stroke Length (in mm) 

1 – 8 20 

8 – 10  16 

10 – 20  15 

20 – 30  5 

30 – 40  2 

40 – 50 1 
 



Frictional Force Ranges from 0 to 50N 

Temperature  Ranges from ambient to 550oC 

 

The wear test was conducted in different temperature ranges and before performing the 

test, samples were rubbed against 800-1200 grit emery paper so that proper observations 

can be obtained. The different parameters like load, temperature, frequency, stroke length, 

etc. of the Linear reciprocating tribometer were shown in Table-3.4.  

The rate of specific wear is calculated by the following relation: 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑊𝑒𝑎𝑟 𝑅𝑎𝑡𝑒 =  
𝑉𝑜𝑙𝑢𝑚𝑒 𝑙𝑜𝑠𝑠 𝑖𝑛 𝑐𝑢𝑏𝑖𝑐 𝑚𝑖𝑙𝑙𝑖𝑚𝑒𝑡𝑒𝑟

𝑁𝑜𝑟𝑚𝑎𝑙 𝐿𝑜𝑎𝑑 (𝑖𝑛 𝑁)×𝑆𝑙𝑖𝑑𝑖𝑛𝑔 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝑖𝑛 𝑚𝑚)
                        ...(3.2) 

The volume loss can be calculated by the ratio of weight loss (in grams) to the density (in 

g/cm3) of the samples. The weight loss can also be calculated by weighing the samples 

after and before the test.  

These samples were rinsed in acetone solution every time, to measure the weight. 

Electronic apparatus was used for measuring the weight and the apparatus was having an 

accuracy of 0.001mg. 

Coefficient of friction can be measured with the help of sensors connected to the linear 

reciprocating tribometer test rig. The value of Coefficient of Friction between the sample 

and the plate is the ratio between frictional force and the normal load. The value of 

frictional force can be obtained from the tribometer and the value of normal load is the 

known value of dead weights applied manually. 

The expression for the Coefficient of Friction is: 

𝐶𝑜𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 =  
𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝐹𝑜𝑟𝑐𝑒 (𝑖𝑛 𝑁)

𝑁𝑜𝑟𝑚𝑎𝑙 𝐿𝑜𝑎𝑑 (𝑖𝑛 𝑁)
              …(3.3) 

Table 3.5 describes the parameters that will be performed on the tribometer. The 

specifications of the pins (Friction stir processed sample material) and the specifications 

of the plate against which the pins will be rubbed are given in Table:3.5. 

 

 

 



Table:3.5 Parameters for the wear test 

Parameters Value 

Normal Load 10N, 20N and 30N 

Stroke Length 10mm 

Frequency 10Hz 

Temperature 50oC, 100oC, 150oC and 200oC 

Operating Time 600 seconds 

Diameter of Pin  8mm 

Ra value of Pin 0.28µm to 0.44µm 

Bottom Plate SAE 304 SS (42 HRC) 

Bottom Plate Size 50 × 50 × 5 mm 

Ra Value of Bottom Plate 0.28µm to 0.40µm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter-4 

RESULTS AND DISCUSSION 

Friction Sir Processing has eliminated the different casting defects which were present in 

the casted AS21A material and the resulted material has better mechanical characteristics 

after the operation. 

• The Ultimate Tensile Strength in MPa has improved to 88.6 MPa from 83.2 MPa. 

• The change in Percentage Elongation was observed from 3.87 to 10.6. 

• The value of Microhardness of processed material was noticed as 66 HV as earlier 

it was 55 HV in casted material. 

The observations have shown that defects present in the base material of AS21A were 

removed. The coarse grain structure of material particles was altered and modified to a 

fine grain structure that leads to improved mechanical properties; mainly, ductility has 

shown more remarkable improvement. 

The microstructural changes in the material were represented by SEM images of the 

sample. Fig:4.1 shows the different samples before and after the friction stir processing 

of the sample. Fig:4.1(a) depicted that the as-cast sample of AS21A alloy consisted of 

intermetallic coarse grain structure, and the representation of Chinese script was 

observed. The coarse grain structure of the sample was modified after the friction stir 

processing technique as it has improved its structure to refined grains [72], as shown in 

Fig:4.1(b). 

  

Fig: 4.1 SEM image of AS21A alloy (a) as-cast AS21A alloy (b) Friction Stir Processed 

AS21A alloy 

100µm 100µm 

(a) (b) 



The percentage elongation obtained after the operation was about 11% and achieved at 

800 rpm of rotational tool speed. In contrast, the profile of the tool pin was cylindrically 

threaded during friction stir processing. 

The wear characteristics of Friction Stir Processed AS21A alloy were characterised on 

Linear Reciprocating Tribometer. The obtained value of frictional forces and coefficient 

of friction at different temperatures were formulated in a table (Table 4.1) as shown 

below: 

Table 4.1 Coefficient of Friction for AS21A alloy of Friction Stir Processed samples for 

different loads at different temperatures 

Load (in N) 
Temperature  

(in oC) 

Friction Force  

(in N) 

Coefficient of 

Friction 

10 50 3.75 0.37 

 100 3.97 0.39 

 150 4.13 0.41 

 200 4.45 0.44 

20 50 5.23 0.26 

 100 5.53 0.28 

 150 6.13 0.31 

 200 6.54 0.33 

30 50 6.89 0.23 

 100 7.53 0.25 

 150 8.59 0.29 

 200 9.28 0.31 

 

The data from Table 4.1 has shown an increment in the value of the coefficient of friction 

as the temperature rises for a specified value of the load. However, if we look closely at 

the values, two significant things can be observed. First, there was a gradual change in 

the values, and second, there was some considerable change as we increased the 

temperature. 



For 10N load, an increment of about 5% to 7% in the values was observed as we increased 

the temperature from 50oC to 200oC. Likewise, moving to 20N load and 30N load, the 

changes were increased from about 6% to 10%, and about 6% to 16%, respectively. 

Moreover, if we look at this data from another perspective, we can see that with the 

increase in load by keeping the temperature constant, a drop in the value was noted, and 

it was about 24% to 29% while moving from 10N to 20N and about 6% to 11% while 

moving from 20N to 30N. 

It was noted because of the inverse relation of applied load with the coefficient of friction 

as detailed in equation 3.3 of the previous chapter. Therefore, there was a reduction in the 

coefficient of friction. However, the other thing to note is that there was a drastic change 

when the load was first increased from 10N to 20N compared to when it increased from 

20N to 30N. 

The primary reason for this behaviour was the formation of metal oxides that usually form 

during metal-metal sliding, leading to a decrease in friction [73]. Further, it was noted in 

Fig: 4.2 that as temperature increased, the smoothness of the curve was also affected 

significantly. Fig:4.2 (a) and (b) have shown variations for 50oC and 100oC, respectively, 

for 10N, 20N, and 30N of coefficient of friction with time. There were no considerable 

variations in the graph, and values moved within a limit and were not change drastically. 

From Fig 4.2 (c) and (d), significant variations in the values were observed with respect 

to time and have shown some sudden increments as the temperature was increased from 

100oC to 150oC and 200oC. The primary reason for the same was of increase in 

temperature. 

The reason for the same was an increase in temperature. As temperature increases, it leads 

to an increase in wear and adhesion [74]. That increases the roughness of the material 

surface, and an increase in the value of the coefficient of friction was noticed and wear 

debris was also present in between, which can lead to sudden changes in the values as 

shown in the graph. 



   

                                   (a)                                                               (b) 

   

                                  (c)                                                                  (d) 

Fig: 4.2 Variation of Coefficient of Friction with time for different loads at 50oC, 

100oC, 150oC and 200oC 

 

 

 

Fig: 4.3, 4.4 and 4.5 represented the variation in the coefficient of friction with time, 

keeping the load constant, and we can see from the figures that for any particular load, 

more variations were observed in the case of high temperature. 

Apart from that, a gradual increase in the average values and variation in values of the 

coefficient of friction was also observed. As the temperature of the surfaces increases, the 

asperities present on the interface also increases. These high asperities present on the 

surface now led to the hindrances during sliding, and sudden drop and increase in the 
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value of frictional force were observed [74]. That led to the increased waviness in the 

graph of the coefficient of friction with time for elevated temperatures. 

 

 

Fig: 4.3 Variation of Coefficient of Friction with time for different temperatures at a 

load of 10N 

 

Fig: 4.4 Variation of Coefficient of Friction with time for different temperatures at a 

load of 20N 
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Fig: 4.5 Variation of Coefficient of Friction with time for different temperatures at a 

load of 30N 

The following table 4.2 shows the variation in the wear loss of the sample with changes 

in temperature and changes in loading conditions. The wear loss of the samples was 

calculated by carefully weighing them before and after every test process in the electronic 

weighing balance. 

Table 4.2 Change in weight of the samples after the test with different loads and at 

different temperatures 

Load (in N) Temperature (in oC) Change in Weight (in mg) 

10 50 44 

 100 32 

 150 26 

 200 24 

20 50 44 

 100 40 

 150 39 

 200 36 

30 50 47 

 100 38 

 150 35 

 200 35 
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Graphs from Fig: 4.6 shows that with the increase in load for a specific temperature, there 

was an increase in the value of wear loss. From Fig: 4.6 (a), for 50oC, while increasing 

load to 20N, wear loss was observed to be identical, but when the load was increased to 

30N, an increase in the wear loss was noted. Likewise, observations from Fig: 4.6 (b), for 

100oC, an increase in the value of wear loss was present as we increased the load but here, 

it decreased again for the load of 30N. A similar increase and decrease were observed in 

Fig: 4.6 (c) and (d) for temperatures 150oC and 200oC, respectively.  

The increase in wear loss due to an increase in load was noted because as the load 

increases, the removal of material from the surface of the pins was increased due to 

surface erosion phenomena of plastic deformation and delamination of the layers of 

material surface [75]. 

   

         (a)                   (b) 

   

          (c)                 (d) 

Fig: 4.6 Graph wear loss versus load at different temperatures 

Fig:4.7 shows the variation of wear loss with the temperature at constant load value as 

Fig:4.7(a) shows the variation for 10N load, Fig:4.7(b) for 20N load, and Fig:4.7(c) for 

30N load; and all the values for wear loss are for different temperatures like 50oC, 100oC, 

150oC and 200oC. The variations in Fig:4.7 suggested that with the increase in 
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temperature value, there was a decrease in the volume of material removal from the 

surface of the specimen by keeping the load constant. 

On the other hand, at low temperatures like ambient or 50oC, the surface showed 

properties like the low value of hardness and high ductility value that allowed the sliding 

motion to have a significant value of wear or material removal. However, if the 

temperature increases, it leads to the formation of some hard phases of Mg2Si on the 

surface of the AS21A alloy. These hard phases allowed the material to have greater 

hardness, which slowed the material removal from the surface [75]. 

 

 

   

Fig: 4.7 Graphs showing plots of wear loss versus temperatures for different loads      

(a) 10N, (b) 20N, (c) 30N 

 

Also, the comparison of samples of as-cast AS21A alloy and Friction Stir Processed 

AS21A alloy was made and shown in Table 4.3 and Table 4.4. Table 4.3 compares the 

values of the coefficient of friction with different loads and for different values of 

temperatures. Table 4.4 compares the value of wear loss with load and for different 

temperatures. 
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Table 4.3 Comparison of the values of coefficient of friction of the processed and as-

cast AS21A alloy at different temperature conditions 

Load As-Cast 

AS21A 

alloy 

FSPed 

AS21A 

alloy in 

ambient 

conditions 

FSPed 

AS21A 

alloy at 

50oC 

FSPed 

AS21A 

alloy at 

100oC 

FSPed 

AS21A 

alloy at 

150oC 

FSPed 

AS21A 

alloy at 

200oC 

10 0.32 0.31 0.37 0.39 0.41 0.44 

20 0.29 0.26 0.26 0.28 0.31 0.33 

30 0.24 0.23 0.23 0.25 0.29 0.31 

 

Table 4.4 Comparison of the values of wear loss of the processed and as-cast AS21A 

alloy at different temperature conditions 

Load As-Cast 

AS21A 

alloy 

FSPed 

AS21A 

alloy in 

ambient 

conditions 

FSPed 

AS21A 

alloy at 

50oC 

FSPed 

AS21A 

alloy at 

100oC 

FSPed 

AS21A 

alloy at 

150oC 

FSPed 

AS21A 

alloy at 

200oC 

10 34.2 26.2 44 32 26 24 

20 49.2 40.9 44 40 39 36 

30 60 57.2 47 38 35 35 

 

Comparing the samples as-cast and Friction Stir Processed based on the coefficient of 

friction in Fig:4.9. It can be observed that the minimum value was in ambient conditions, 

and there was a slight increment in the as-cast sample as compared to ambient conditions. 

Then, with the increase in temperature, there was a continuous increment due to the 

material's surface properties. 

Another comparison was made based on the wear loss of the samples of as-cast AS21A 

alloy and Friction Stir Processed AS21A alloy with loading conditions and at different 

temperatures in Fig:4.8. The graph, shown in Fig:4.10, clearly depicted that Friction Stir 

Processed sample has better wear characteristics as there was a decrease in volume loss 

during the sliding motion.  



Moreover, graphs explained that even at ambient conditions, AS21A alloys show better 

wear properties than the as-cast sample and improved as temperature increased for the 

testing. 

 

 

Fig 4.8 Graphical representation of Wear Loss at different load and temperature 

conditions 

 

 

Fig 4.9 Graphical representation of Coefficient of Friction at different load and 

temperature conditions 
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The value of the specific wear rate was calculated using equation 3.2, and the values were 

presented in Table:4.5. From the table, it could be noted that as the value of temperature 

increases, there was a decrease in the value of specific wear rate. Similarly, there was a 

decrease in the value of specific wear rate for increased load for a particular temperature. 

Likewise, the observations shown in Fig:4.10 explained a decrease in the value of specific 

wear rates either there was an increase in temperature or load, which indicated 

improvement in wear properties at higher values of loads [77]. 

Table: 4.5 The values of specific wear rate (in 10-8 mm3/Nm) for different temperature 

values and load values 

Temperature (oC) 

Load (in N) 

50oC 100oC 150oC 200oC 

10 2.16 1.27 1.27 1.17 

20 2.16 0.98 0.96 0.88 

30 0.77 0.62 0.57 0.57 

 

 

Fig:4.10 Variation of specific wear rate with respect to load and temperature

  

The values of specific wear rates range from 10-4 to 10-8 (mm3/Nm) fall under the category 
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AS21A alloy for the current linear reciprocating tribometer test was categorised as mild 

wear. Most studies on specific wear rates were for different sliding velocities rather than 

different temperatures. The different values of sliding velocities have changed the type of 

wear mechanism for the material tested [79]. Moreover, with the increase in temperature, 

oxidation of the surface layer starts, which affects the surface characteristics. If a further 

rise in temperature was noted, it caused microstructural changes in the material. [80] That 

changes the whole wear mechanisms for the sample material. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter-5 

CONCLUSIONS AND FUTURE SCOPE 

5.1. Conclusions 

The parent material selected for the current study was Magnesium-Silicon based alloy. 

Magnesium-Silicon based aluminium alloy is a kind of heat-resistant material. A Friction 

Stir Processed AS21A alloy was tested for wear characteristics in work presented here. 

The effects of temperatures and normal loads were analysed while sliding AS21A alloy 

pins were rubbed against a hard steel plate. Different changes were observed that are 

better than as-cast AS21A alloy. The primary reason for the changes or improvements in 

the samples was the homogeneous mixture of particles after the friction stir processing of 

the samples. Friction stir processing allowed the parent material to have better mechanical 

and wear characteristics [72]. 

The following conclusions were made based on testing the friction stir processed samples 

on the Linear Reciprocating Tribometer. Overall, an improvement in the samples was 

observed and proved that Magnesium-silicon-based alloys are a worthy material for heat-

resistant applications. 

(1) For a specific temperature value, the value of the coefficient of friction decreases 

about 6% to 29% with the increase in loading conditions. Whereas, for one 

particular value of the load, the value of the coefficient of friction increases about 

5% to 16% with the temperature rise. 

(2) On the other hand, wear loss has shown different behaviour. By keeping the value 

of temperature constant and by increasing the value of the load, there was first an 

increase in the value of wear loss then some reduction was also observed. Unlike 



this, with the increase in temperature for a particular load, the value of wear loss 

decreases gradually, showing better wear properties at elevated temperatures. 

(3) The value of the specific wear rate (in terms of 10-4 mm3/Nm) changes from 2.16 

to 0.77, 1.57 to 0.62, 1.27 to 0.57 and 1.17 to 0.57 for different temperatures of 

50oC, 100oC, 150oC and 200oC respectively. That shows that Magnesium alloys 

show good wear characteristics in high-temperature values. 

(4) On comparing the friction stir processed sample with the as-cast sample, there was 

only a slight change noticed in the value of the coefficient of friction as we 

increased the value of the load. But there was a decrease in the values. However, 

as the temperature increased, there was a significant change in the processed 

sample. 

(5) Wear loss of as-cast AS21A alloy when compared with processed AS21A alloy 

samples, a considerable improvement was observed. There was an increase in 

wear loss in both the samples as we increased load, but in the processed sample, 

the value decreased compared to the as-cast sample. That was the primary reason 

for performing the friction stir processing so that wear loss could be reduced. 

(6) The wear properties of the AS21A alloy have been improved with the help of the 

friction stir processing technique as wear loss reduces with the increase in 

temperature conditions, compared to the wear loss of the ambient conditions. A 

drastic increase in wear loss was observed in ambient conditions, whereas there 

was only a slight increase in the wear loss for elevated temperatures. 

(7) AS21A alloy has shown better characteristics in high-temperature conditions 

because of the friction stir processing. This technique allowed the particles of the 

alloys to be mixed homogeneously and made a fine grain particle structure in the 

alloy that helped the samples to perform better. Even at high temperatures, the 



surface forms a hard layer of the Mg2Si phase, preventing the wear loss in the 

material, making it a heat-resistant property of the material. 

5.2. Future Scope of the work 

• The current work presents the wear behaviour of AS21A alloy for elevated 

temperature conditions as it was a heat-resistant material. Since there are more 

parameters to predict the wear behaviour, some of those parameters can be 

considered in future to assess the wear behaviour of the material. 

• The wet sliding test can be conducted to explore more aspects of the wear 

characteristics of the sample material under ambient conditions and for high-

temperature conditions as well. 
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