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ABSTRACT 

 
In the current research, friction stir welding has been performed on AA 7108 T79 plates 

and strength has been achieved with the help of a single pass using a counter-rotating 

twin tool (CRTT). A systematic mathematic approach has been used for the design of a 

counter-rotating twin tool.  The final dimensions of CRTT have been analyzed using 

three types of materials on Ansys design developer 16.0® to find out the best material 

for the development of CRTT. The en8 material has been finalized as its results for 

deformation, equivalent strain, equivalent stress, and strain energy are better compared 

to other tool steel materials such as scm415 and s45c.  

In this investigation, two different types of tool pin geometry such as hexagonal and 

straight cylindrical have been selected based on the output parameters (tensile strength 

and hardness). The process parameters such as tool feed and tool rotational speed have 

been taken with its range to performed experimental work. Numbers of pilot runs have 

been performed with various fixture facilities before applying the design of 

experimentation. Full factorial design of experiment used for welding. The joints have 

been found complete without any un-welded zone resulting from smooth material flow. 

The mechanical properties-tensile strength and hardness, microstructure, results of 

radiography, and ultrasonic tests have been considered as performance evaluation 

criteria. Radiography and ultrasonic testing gave the perfect joint of weld without any 

defect. Multi-objective genetic algorithm used for the optimization in Matlab 2012a. 

This optimization gives the value of the tensile strength and hardness for two tools. 

Regression equations put in the ga-multi inbuilt function. This function has been run 

then gets optimized value. In this work hexagonal tool has been given the maximum 

tensile strength.  

For validation of the work, again experimentation has been performed with use of 

optimization results, and found less than 5% error. As per the literature, less than 5% 

error validated for the experimental work.  
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Chapter 1 

Introduction 

1. Aluminium materials 

 The second most plentiful metallic element on earth is Aluminium, which became an economic 

competitor in engineering applications as recently as the end of the 19th century. The emergence 

of three crucial industrial developments are (i) demanding material characteristics consistent 

with the unique quality of aluminium alloys (ii) greatly benefit growth in the production and 

(iii) use of the new metal. The aluminium industry works for the structurally reliable, strong, 

fracture-resistant parts for airframes, engines, missile bodies, fuel cells, and satellite 

components.  

Aluminium has a density of only 2.7 g/cm3, almost one-third as much as steel (7.83 g/cm3), 

brass (8.53 g/cm3), or copper (8.93 g/cm3). The properties of aluminium such as appearances, 

lightweight, fabricability, physical properties, mechanical properties and corrosion resistance 

etc. make this metal and its alloys the most economical and attractive for a wide variety of 

applications. It displayed excellent corrosion resistance in most environments, including the 

atmosphere, water (including saltwater), petrochemicals and many chemical systems. 

Aluminium typically exhibits excellent electrical and thermal conductivity. Aluminium is often 

selected for its electrical conductivity, which is nearly twice of copper on an equivalent weight 

basis. Aluminium is non-ferromagnetic, a property of importance in the electrical and 

electronics industries. Aluminium is also nontoxic and is routinely used in containers for foods 

and beverages. Some aluminium alloys exceed structural steel in strength.  

 

1.1 Aluminium alloys designations  

It is convenient to divide aluminium alloys into two major categories: (i) casting compositions 

(ii) wrought compositions. A further differentiation for each category is based on the primary 

mechanism of property development. Several alloys are respond to thermal treatment based on 

phase solubility. These treatments include solution heat treatment, precipitation and quenching 

or age hardening. Either casting or wrought alloys, all such alloys are described as heat 

treatable. Casting alloys are essentially not heat treatable and are used only in as-cast or in 

thermally modified conditions unrelated to the solution or precipitation effects. The Aluminium 

association system is most widely recognized in the United States for its alloy identification 
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system, which employs different nomenclatures for wrought and cast alloys. For wrought 

alloys a four-digit system is used to produce a list of wrought composition families as follows:  

 1xxx Controlled pure (unalloyed) compositions.  

 2xxx Alloys in which copper the principal is an alloying element, though other 

elements, notable magnesium, may be specified.  

 3xxx Alloys in which manganese the principal is an alloying element.  

 4xxx Alloys in which silicon the principal is an alloying element.  

 5xxx Alloys in which magnesium is the principal is an alloying element.  

 6xxx Alloys in which magnesium and silicon are the principal alloying elements.  

 7xxx Alloys in which zinc is the principal alloying element, but other elements such 

as copper, magnesium, chromium, and zirconium may be specified.  

 8xxx Alloys including tin and some lithium compositions.  

 

Casting compositions are described by a three-digit system followed by a decimal value. The 

decimal .0 in all cases pertains to casting alloy limits. Decimals .1 and .2 stand for ingot 

compositions, which results in chemistries conforming to casting specification requirements 

after melting and processing. Alloy families for casting compositions are:  

 

 1xx.x  unalloyed (pure) compositions, especially for rotor manufacture  

 2xx.x Alloys in which copper is the principal alloying element, but additional 

alloying elements may be specified.  

 3xx.x Alloys which is silicon the principal alloying element, but other alloying 

elements such as copper and magnesium are specified  

 4xx.x Alloys in which silicon is the principal is an alloying element  

 5xx.x Alloys in which magnesium is the principal is an alloying element.  

 6xx.x Unused  

 7xx.x Alloys in which zinc is the principal alloying element, but other alloy 

elements such as copper and magnesium may be specified  

 8xx.x Alloys in which tin is the principal alloying element  
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1.1.1 Heat treatable aluminium alloys  

The initial strength of these alloys is also produced by the addition of alloying elements to pure 

aluminium. These elements include copper (2xxx series), magnesium and silicon, which form 

the compound magnesium silicate (6xxx series), and zinc (7xxx series). When present in a 

given alloy singly or various combinations these elements exhibit increasing solid solubility in 

aluminium as the temperature increases. Because of this reaction, it is possible to produce 

significant additional strengthening to the heat-treatable alloys by subjecting them to an 

elevated thermal treatment, quenching and when applicable, precipitation heat-treatment, also 

known as artificial ageing.  

 

1.1.2 7xxx Series 

 Zinc, in amounts of 1 to 8% is the major alloying element in 7xxx series alloys and when 

coupled with a smaller percentage of magnesium results in heat-treatable alloys of moderate to 

very high strength. Usually, other elements, such as copper and chromium, are also added in 

small quantities. 7xxx series alloys are used in airframe structures, mobile equipment and other 

highly stressed parts. Higher-strength 7xxx alloys exhibit reduced resistance to stress corrosion 

cracking and are often utilized in a slightly over-aged temper to provide better combinations of 

strength, corrosion resistance and fracture toughness. 

 

1.1.3 Alloy and temper designation systems for aluminium and aluminium alloys  

The temper designation system used in the United States for aluminium and aluminium alloys 

is used for all product forms (both wrought and cast), except for ingot. The system is based on 

the sequences of mechanical or thermal treatments used to produce the various tempers. The 

temper designation follows the alloy designation and is separated from it by a hyphen. Basic 

temper designations consist of individual capital letters. The basic temper designations are as 

follows  

 F as-Fabricated  

 O Annealed  

 H strain- hardened (wrought products only)  

 W solution heat-treated (unstable temper) 

 T solution heat-treated (stable temper) 

The temper designation system for wrought and cast products strengthened by heat treatment 

employs the W and T designations. The W designation denotes an unstable temper, whereas 
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the T designation denotes a stable temper other than F, O, or H. The T is followed by a number 

from 1 to 10, each number indicating a specific sequence of basic treatments [Davis 1993]. 

 T7 applies to wrought products that have been precipitation heat treated beyond the maximum 

strength point to provide some special characteristics, such as enhanced resistance to stress-

corrosion cracking or exfoliation corrosion. It applies to cast products artificially aged after 

solution heat treatment to provide dimensional and strength stability. 

VARGEL, C (2004) the over-aged temper corresponds to a treatment longer than t. These are 

the T73, T74, T76 and T79 tempers. According to standard EN 515, T79 in which the artificial 

ageing conditions improve the corrosion resistance and the level of mechanical properties such 

as maximum tensile strength compatible with good resistance to exfoliation corrosion. 

 

1.1.4 Weldability of aluminium alloy  

Weldability of some aluminium alloys is an issue with the fusion welding processes. The 2000 

series, 4000 series, 5000 series, 6000 series and 7000 series of aluminium alloys have different 

weldability. 

The 7000 series of aluminium is both weldable and non-weldable depending on the chemical 

composition of the alloy. Alloys with low Zn-Mg and Cu content are readily weldable, and 

they have the special ability to recover the strength, lost in the HAZ, after some weeks of the 

welding of the alloy. Alloys with high Zn-Mg and Cu content are highly susceptible to hot 

crack after welding. All the 7000 series of aluminium have the sensitivity to stress 

concentration cracking. All these problems associated with the welding of these different alloys 

of aluminium have led to the development of solid-state welding processes like the Friction 

Stir Welding technique, an upgraded version of the friction welding processes. This process 

has many advantages associated with it and welds many aluminium alloys such as 7000 series 

which are difficult to weld by fusion welding processes. The Friction Stir Welding processes' 

advantages are low distortion even in long welds, no fuse, no porosity, no spatter, low shrinkage 

operating in all positions, very energy efficiency and excellent mechanical properties as proven 

by the fatigue, tension and bend tests. Figure no. 1.1 gives information about the materials that 

are welded and non-welded. Also gives some different colour codes for the material series. It 

is thermally strengthened or not strengthened of the welding joint. It is divided into two 

categories of fusion welding and friction welding. 
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Figure 1.1 Weldability of fusion welding and friction stir welding [1] 

 

1.2 WELDING  

Welding is one of the most important joining processes in the industry. Welding is a widely 

versatile technique for joining two plates. It is one type of joining two metal pieces resulting 

from significant diffusion of the atoms of the welded pieces into the joint weld region. It is 

carried out by heating the joined pieces to melting point and fusing them (with or without 

filler material) applying pressure to the pieces in a cold or heated state. The welding filler 

metal is melted to form a pool of molten material in that region.  

The application of welding is so varied and extensive that it would be no exaggeration to 

say that there is no metal industry and no branch of engineering science that does not make 

use of welding in one form or another. Varying from small machines to large machinery 

and small scale industry to large scale industries, welding is applied everywhere. 

Construction of large bridges, ships, huge buildings, roadways, railways, automotive and 

aircraft construction, pipelines, tanks and vessels, machinery parts depend on the welding 

technology. 

In the welding, process materials are melted and solidification during fusion welding it such 

as pores and solidification cracks are generated. Fusion welding is not possible in the 2XXX 

and 7XXX series. In friction stir welding the peak temperatures are lower, allowing a 

reduction in distortion and shrinkage. 

 

 

http://www.substech.com/dokuwiki/doku.php?id=diffusion_in_alloys&DokuWiki=ca62dcbd2c1f8fa0a63da503efc9c0c1
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1.3 FRICTION STIR WELDING 

In the 1990s, Welding Institute (TWI) in the United Kingdom, Friction stir welding is a solid-

state welding process now used and researched around the world. Friction stir welding is one 

type of solid-state welding technology. In solid-state welding technology, the joining of 

surfaces occurs in a thermoplastic state. Here heat is generated by some external tool. Friction 

stir welding is mostly used in aerospace, shipbuilding construction and automobile industries. 

Friction-stir welding (FSW) is a solid-state joining process (meaning the metal is not melted). 

It is used for applications where the original metal characteristics must remain unchanged as 

much as possible. It works by mechanically intermixing the two pieces of metal at the place of 

the join, transforming them into a softened state that allows the metal to be fused using 

mechanical pressure, much like joining clay, dough, or plasticize. This process is primarily 

used on aluminium, and most often on large pieces which is not easily heat-treated post-weld 

to recover temper characteristics. 

Friction stir welding is a solid-state joining method used for aluminium alloys, which are often 

difficult to be fusion welded without porosity and hot cracking. There are many advantages 

compared to another welding such as very low distortion, no fumes, porosity, no consumable 

electrode, and no special surface treatment. There are a few limitations such as a large 

downward force is required, welding on the continuous path only, at the end of the welding 

process an exit hole remains when a tool is withdrawn. The FSW pin is rotated at a constant 

speed (rpm) and feed at a constant traverse rate (mm/min) into a joint line between two 

aluminium plates shown in figure 1.2. Two plates are clamped rigidly onto the backing bar in 

a manner that prevents abutting joint faces from being forced apart. The pin moves against the 

workpiece at that time heat generates between tool and workpiece, causing the material to 

soften. Forcing force is applied at the plate’s two sides. In this process material is transfer from 

to the retrieving side to the advancing side and joints can be generated. The welding of the 

material is facilitated by severe plastic deformation in the solid-state involving dynamic 

recrystallization of the plate [1]. Currently in industries very high load is applied on the rotating 

tool and the multi-pass process under usage. In a single tool with multi-pass welding friction 

stir welding is used. In the attempt to extend the tool life and improve welding efficiency [2]. 

Twin tool welding effect on the microstructure of the welding. Along with the cooling rate is 

helpful to determine the final weld microstructure. The cooling rate is inversely proportional 

to the preheat temperature and heat input.    

http://en.wikipedia.org/wiki/Aluminium
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During a weld a rotating twin tool is driven through the material to be welded, heating the 

material to a plasticized state and stirring the workpieces together. While initially performed 

in aluminium FSW is now achieved in a variety of materials and joint configurations. It offers 

numerous benefits over conventional forms of welding and with continued work is being 

applied to an ever-growing number of projects and situations. The side of the weld where the 

tangential velocity and welding direction are parallel is referred to as the advancing side (AS) 

of the weld; the other side where the vectors point in opposite directions is called the retreating 

side (RS). In general, fsw is a stable process as the temperature of the material around the tool 

rises, the frictional forces and thus, heat input decrease. As the environment near the tool cools, 

additional heat is generated by increased friction  

 

Figure 1.2 Schematic of Typical FSW Process [2] 

 

1.4 Metallurgical aspects of FSW 

It is also very common to study etched metallurgical cross-sections of single tool friction stir 

welding. Figure 1.3 shows a schematic cross-section fsw and figure 1.4 gives four zones of 

the FSW joints. 

. It is mostly divided into four parts 

 Parent material  (A) 

 Heat affected zone (B)  

 Thermal mechanically affected zone (C) 

 Weld nugget (D) 
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There are four noticeable regions created by the FSW tool separated by how much heat and 

deformation the material was exposed to, where the pin has passed in the weld nugget, 

characterized by the greatest deformation and as a site of Recrystallization.  

                  

Figure 1.3 FSW cross-section view [4] 

 

Figure 1.4 Schematic of a typical fsw cross-section (A) parent material (B) heat affected zone 

 (C) thermal mechanically affected zone(D) weld nugget [4] 

Surrounding the nugget is the TMAZ (Thermal mechanically affected zone). In the case of 

material, it is possible to get significant plastic strain without Recrystallization in this region. 

There is generally a distinct boundary between the recrystallized zone and the deformed zones 

of the TMAZ, which contains grains of the original material in a deformed state. The third 

layer, affected by the heat of the weld but lacking the deformation of the more central zones, 

is referred to as the heat-affected zone (HAZ), similar to conventional fusion welding. Finally, 

the unaffected original material is often called the parent material or the unaffected zone; both 

names are relatively descriptive. The asymmetrical nature of the nugget and surrounding zones 

is a result of different flows between the AS and RS of the weld. FSW offers several advantages 

over conventional fusion welding techniques. FSW is used with materials and alloys considered 

hard or impossible to weld by Conventional means; it's joint with different materials and 

different material thicknesses. 
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1.5 Welding Forces Applied in FSW 

 Welding force is that 

 Lateral force,  

 Downward force  

 Transverse force. 

Lateral force mainly depends on the advancing side because lateral force applies on the 

perpendicular tool side. The downward force is applied to the tool. It is one type of axial 

force or axial load. Friction stir welding main concentrate on the downward force. 

Downward force decreased so that the temperature of the material on the tool side 

increased. A transverse force is required to rotate the tool, and torque is higher, so welding 

quality and efficiency are higher.  Process parameters of Friction stir welding are given in 

the below  

 Welding forces during the process(downward force, transverse force, lateral force ) 

 Design of the tool  

 The angle of tool tilt and plunge depth (2˚ to 4˚) 

 Tool traverse speed 

 Tool rotational Speeds 

 Heat Generation 

 

 

 

1.6 Advantages, Limitations and applications of Friction stir welding 

1.6.1 Advantages of friction stir welding 

Friction stir welding has many advantages over fusion. FSW is used with materials and alloys 

considered hard or impossible to weld by conventional means; it also joins different materials 

and different materials' thicknesses. The selected parameters offer improved weld quality and 

less distortion, and faster welding speeds all the while requiring less operator skill. FSW tools 

are generally very robust, welding great distances before wearing out, which combined with 

the absence of needed filler or flux material means nearly zero consumables. Finally, this new 

welding scheme generates no fumes or no requires any shielding gasses because of the lower 

level of heating, it requires less overall energy than any fusion welding. All of these advantages 

and efficiencies add together to make FSW a very “green” process, a fact that is not lost on the 

industry in today’s age. 
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Many potential advantages of FSW over conventional fusion-welding processes have been 

identified:  

 Good mechanical properties. 

 Safety is higher due to the absence of toxic fumes or other spatter of molten 

metal. 

 No consumables are required only pin made of conventional tool steel (H13), 

and no filler or gas shield is required. 

 Lower set-up costs and less training are required – easily automated on simple 

milling machines. 

 Operated in all positions (horizontal, vertical) there is no weld pool. 

 Strength is higher. 

 Dimensional stability is higher 

 Generally good weld appearance and minimal thickness under/over-matching, 

thus reducing the need for expensive machining after welding. 

 Low environmental impact.  

 FSW joints have improved mechanical properties and are free from porosity or 

blowhole. 

 Low distortion of the workpiece 

 Eliminates grinding wastes 

 Compare to laser welding, low energy is required. 

 

 

1.6.2 Limitations of Friction stir welding   

However, some disadvantages of the process have been identified: 

 Exit hole at the end of welding. 

 Higher down word forces are required with heavy clamping forces necessary 

to hold the plates. 

 Less flexible than manual and arc processes  

 Difficulties with thickness variation and non-linear welds. 

 Often slower traverse rate as compared to other welding techniques. 
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1.6.3 Application of Friction stir welding 

Friction stir welding and its variants friction stir spot welding, and friction stir processing is 

used for the following industrial applications: 

Shipbuilding and Offshore, Aerospace, Automotive, Railway Rolling Stock, Fabrication, 

Aluminium extrusions, Hulls and superstructures, Helicopter landing platforms, Offshore 

accommodation, Marine and transport structures, Masts and booms, e.g. for sailing boats, 

Refrigeration plant, Wings, fuselages, empennages, External throw away tanks for military 

aircraft, High-speed trains, Railway tankers and goods wagons, Container bodies, Engine and 

chassis cradles, Wheel rims of railways, Attachments to hydroformed tubes, Tailored blanks, 

e.g. welding of different sheet thicknesses, Space frames, e.g. welding extruded tubes to cast 

nodes, Truck bodies, Tail lifts for lorries, Mobile cranes, Electric motor housings (in 

production), Refrigeration panels, Cooking equipment and kitchens, White goods, Gas tanks 

and gas cylinders, Connecting of aluminium or copper coils in rolling mills, Furniture 

 

1.7 Design of experiment (DOE) 

A scientific approach plan the experiments is a necessity for the efficient conduct of 

experiments. By the statistical design of experiments, the process planning of the experiment 

is carried out, so that appropriate data will be collected and analyzed by different statistical 

methods. When a problem involves data being subjected to an experimental error, the statistical 

methodology is the only objective approach to analysis. There are two aspects of an 

experimental problem: the design of the experiments and the statistical analysis of the data. 

These two points are closely related since the methods of analysis depend directly on the design 

of experiments employed. The advantages of the design of experiment are as follows:  

 Reduce the number of trials  

 Significant decision variables for process/ product identified.  

 Optimal setting of the parameters found.  

 Experimental errors have been estimated  

 The relationship between the input parameters on output characteristics of the 

process has been identified.  

  Important decision variables that control and improve the performance of the 

product and the process identified.  

  A qualitative estimation of parameters has been made.  

http://en.wikipedia.org/wiki/Friction_stir_processing
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 Inference regarding the effect of parameters on the characteristics of the process 

has been made.  

DOE is a technique of defining, investing all possible combinations in an experiment involving 

multiple factors and identifying the best combination. Different factors and their levels are 

identified. The design of experiments is useful to combine the factors at appropriate levels with 

respective acceptable ranges to produce the best results and exhibit minimum variation around 

the optimum results. In a designed experiment, the engineer often makes changes in the input 

factors. Determines how the output functional performance varies accordingly. It is important 

to note that not all variables affect the performance in the same manner. Some may have strong 

influences on the output performance, some may have medium influences, and some do not 

influence at all. Therefore, the objective of a carefully planned design of experiment is to 

understand which set of variables in the process affects the performance most and then 

determine the best levels for these variables to obtain satisfactory output functional 

performance in the product. The design of experiment is used to develop a layout of the 

different conditions to be studied. An experiment design must satisfy two objectives:  

1. The number of trials must be determined.  

2. Conditions for each trial must be specified.  

Before designing an experiment, the knowledge of the product/process under their 

investigation is of prime importance for identifying the factors likely to influence the outcome. 

This Design of experiments (DOE) is a method to determine the critical factors in a process, 

identify and fix the problem in a process, and also identify the possibility of estimating 

interactions. The methods of Design of experiment such as full factorial method, taguchi 

method, response surface method.  

 

 1.8 Testing tools 

 In this research work, a systematic mathematic approach has been used for the design of a 

counter-rotating twin tool.  The final dimensions of CRTT have been analyzed using three 

types of materials on Ansys design developer 16.0® to find out the best material for the 

development of CRTT. The process parameters such as tool feed and tool rotational speed 

have been taken and applying the design of experimentation. Full factorial design of 

experiment used for welding. Welding joints have been tested with different tests such as 

radiographic test, ultrasonic test, tensile test, hardness test, and microstructure. 
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1.8.1 Radiographic test 

In Friction stir welding defects are small size and specific shape of defects as well as their 

localization, which makes them difficult to detect. Radiography is most frequently used to 

detect such defects as tunnels and there is little information on the observation of other types 

of defects. Radiography testing is a non-destructive testing method that is mostly used for the 

x-rays or gamma rays to examine the internal structure of the weld joint.  This method is used 

real shapes and size of defects are formed in friction stir welding. For this purpose welded 

specimens joints have been tested on the radiography method.  

 

1.8.2 Ultrasonic test 

Ultrasonic testing is one of the non-destructive testing methods performed on the materials. In 

order to examine the quality of the welds and to detect a variety of welding flaws such as 

wormholes and root flaws, it is required to develop a methodical inspection technique that can 

be used for the identification and localization of such defects. This test is used to find out any 

internal defect in this joint. This testing gives the total thickness of the top to the end of the 

plate and checks with every joint of the welding. In this testing ultrasonic gauge transmits a 

beam of high-frequency ultrasonic energy into the material. The ultrasonic beam is penetrate 

the entirety of the workpiece. Then, two audible signals result from the gauge, alerting the 

tester. The ultrasonic beam is intercept a discontinuity in the component, it reflects the location 

back to its point. This indicates a deformity beyond acceptable parameters. From that signal, 

we know the exact location and size of the deformity. 

  

1.8.3 Tensile test  

Tensile testing is a destructive test process that provides information about the tensile strength, 

yield strength, and ductility of the metallic material. It measures the force required to break a 

composite or plastic specimen and the extent to which the specimen stretches or elongates to 

that breaking point. The tensile tests are done on the fabricated welds according to the standards 

given by the ASTM E8M-04. The specimens are cut as per the dimensions shown in figure 

1.5(i). The UTM machine used for tensile testing is a UTS system corporation manufactured 

machine with a capacity of 600KN the machine is hydraulic powered. The UTM machine is 

very versatile and many different tests are run on this machine by changing the die set on the 

hydraulic actuator. Hydraulic wedge grippers are used for the tensile tests, the grippers are 

shown in figure 1.5 (ii).   
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                                (i)                                                                          (ii) 

Figure 1.5 (i) Specimen size as per ASTM standards (ii) UTM grippers 

The UTM machine has a control panel attached to it which has all the knobs for the operation 

of the machine, the controller has a keypad which is used for programming and controlling the 

hydraulic actuator. The control panel has a screen to display a simulation of a graph of the 

motion of the actuator even without switching on the hydraulic system of the UTM. The 

machine has the capacity to work with different cartridges to meet the needs of the materials 

being tested. The gripper is shown in figure 1.5 (ii) at the time of the tensile test piece is fixed 

and the next load is applied on the down word force. The piece has been broken and the result 

displays on the computer. After working on UTM analyze the tensile test on the machine. When 

the end time of testing last all of the pieces are cut from the welding point and measured tensile 

test 

 

 

1.8.4 Hardness test 

The hardness of the welded joints was measured on a Rockwell hardness tester. The hardness 

test to determine the resistance a material exhibits to permanent deformation by penetration of 

another harder material. The hardness is determined by measuring the depth of indenter 

penetration or by measuring the size of the impression left by an indenter. The hardness tester 

has an indicator and a rhombus-shaped indenter to measure the hardness of the material. 

Aluminium material ball diameter 1/16” and load on the 100kgf set on the buttons. The 

hardness test was tested on the Zen air tech Pvt. Ltd. At GIDC, Naroda, Ahmedabad.  
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1.8.5 Microstructure test 

The optical microscope is used to see the microstructure of the weld joint. The microstructure 

analysis reveals that interlayer particles are evenly distributed in the nugget zone of joints. The 

samples mounted for microstructure are cut from the weld in transverse directions to observe 

the weld structure in detail. The samples are ground on a grinder to smoothen the edges and 

get an even surface of the weld joint to check the microstructure. The microscope has 200 X, 

300 X, 400 X, and 500 X magnifications to facilitate the detailed analysis of the microstructures 

of the samples. 

1.9 Analytical tool 

In this work, it has been analyzed data from the experimental work. Experimental data have 

been analyzed with the help of analytical tools. In this research used as two statistical tools 

such as analysis of variance and a genetic algorithm.  

 

1.9.1 Analysis of variance (ANOVA) 

Analysis of variance is an analysis tool used in statistics. It is splits an observed aggregate 

variability found in the data. ANOVA is based on the law of total variance. The observed 

variance in a particular variable is permitted into components attributable to a different 

source of variation. It is used in the analysis of comparative experiments, those in which 

only the difference in outcomes is of interest. The statistical significance of the experiment 

is determined by a ratio of two variances. The ratio is independent of several possible 

alterations does not alter significance. Multiplying all observations by a constant does not 

alter significance. It is the simplest form of ANOVA that provides a statistical test for two 

or more population means are equal. ANOVA has been generated with the help of the 

Minitab 17. It has been used for which input parameters are important for the output.  

 

1.9.2 Genetic algorithm 

Here is the description of two nontraditional search and optimization methods which are 

become popular in engineering optimization problems in recent. They are new because they 

are found to be potential search and optimization algorithms for complex engineering 

optimization problems. Genetic algorithms (GAs) mimic the principles of natural genetics and 

natural selection to constitute search and optimization procedures. To illustrate the working 

principles of GAs, It is considered an unconstrained optimization problem. It is discussed how 

GAs are used to solve a constrained optimization problem. Let us consider the following 



Introduction Page 16 
 

maximization problem. Although a maximization problem is considered here, a minimization 

problem also be handled using GAs. Multi-objective genetic algorithm used for the 

optimization in Matlab 2012a. This optimization gives the value of the tensile strength and 

hardness for two tools. Regression equations are put in the ga-multi inbuilt function. This 

function has been run and then gets an optimized value. After optimization, this value has 

been validate with the practical data. 
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Chapter 2 

Literature Survey 

Current research work is on the fsw with twin tool technology on Al alloys. As the FSW was 

invented in 1990 by the Welding Institute (TWI) in the United Kingdom. A recent development 

on the FSW tools, techniques and experimentation for FSW have been exotically reviewed 

and reported in this chapter. Different materials, process parameters of FSW, various 

characterization of weldment and optimization for the same have been reviewed in detail. 

Literature review is  majorly classified as mentioned. 

1. Reviewed on tool geometry of FSW 

2. Review on effect of process parameters on performance evaluation criteria 

3. Review on optimization for FSW. 

4. Review on FSW for aluminium alloys (7XXX) 

 

2.1.1 Reviewed on tool geometry of FSW  

Yan-hua Zhao et al. (2005) have been focused on the tool geometry of FSW. The influence of the 

tool geometry on welding structure and mechanical properties have also been investigated. Four 

different stir pins such as column screw, thread pin, taper screw and column pin have been used 

as shown in figure 2.1.  

                                      

Figure 2.1 Tool stir pin [92] 

 

It has been concluded that the tool pin is without a screw thread the zone between the nugget and 

TMAZ has poor properties because of the insufficient material flow and higher speed grade. The 

microstructure of the nugget and the TMAZ change gradually by using the screw thread pin and 

the grain size varies not very sharply. Pin without screw thread void defects occurred with different 

weld parameters, take a lower tensile strength, and often arise upside of the voids' cracks. 
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R.Palanivel, P. Koshy Mathews  (2011) have been focused on the tensile strength of two dissimilar 

aluminium alloys AA6351-T6 and AA5083-H111 alloy on friction stir welding. Investigation with 

five different tool pin profiles as a straight square, tapered square, straight hexagonal, straight 

octagon, tapered octagon with three different feeds 50mm/min,63mm/min, 75mm/min has been 

used in the welding process. Five different tool pin profiles are shown in figure 2.2. 

 

 

Figure 2.2 Straight Square (SS), Straight Hexagon (SH), Straight Octagon (SO), Tapered Square (TS), and 

Tapered Octagon (TO) [68] 

 

The joint tensile strength is higher with the straight square tool pin and lowers on the tapered 

octagon tool pin. The straight square tool pin profile at the welding speed of 63mm/min showed 

the best tensile strength. 

H.K.Mohanty et al. (2012) have been analyzed that the tool probe is very important for friction stir 

welding. The straight cylindrical probe is the best for the tensile strength and gives maximum 

strength compared to the tapered cylindrical and trapezoidal. Different tool probes are shown in 

figure  2.3. 
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Figure 2.3 schematic tool geometry [29] 

 

C. Blingnault, D.G.Hattingh, and M.N. James et al. (2012) have been observed the optimization 

procedure for FSW on aluminium alloys and different tool design modifications. In this paper, 

multi-force, torque and temperature responses have been recorded during FSW using 24 different 

tools geometry as input parameters. Some of the tool geometries are shown in figure 2.4.                      

 

Figure 2.4. (a) Custom Tool 4; (b) SC Tool 1; (c) SC Tool 2; (d) SC Tool 3 [15] 
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Dinaharan, K.kalaiselvan et al.(2012) have been observed that the dissimilar welding of the cast 

and wrought aluminum alloys have a high potential to expand the usage of economical castings. 

In this welding hexagonal tool have been used and concluded that friction stir welding (FSW) is 

an appropriate technique to join dissimilar aluminum alloys.  

K.Kumari, Surjya k. pal et al. (2015) in this paper, A twin-tool setup has been designed and 

fabricated to make a comparative study between twin tool and single tool using double pass in a 

friction stir welding process. The twin tool helps in generating high heat causing intense plastic 

deformation in the processed zone. Defect-free weld depends on the rotational speed and the 

combined effect of welding speed and rotational speed. A higher hardness profile is observed with 

higher welding speed and rotational speed.  

 

Figure 2.5   Twin tool attachment [41] 

 

This new variant technique has a lot of advantages over the conventional method of friction stir 

welding. Figure 2.5 has been shown the two contra rotations pins and the resultant force counters 

each other tools. It has been reduced the torque value and also requires less clamping force for the 

parts to be welded. As the second tool has been moved over the first tool's welded portion, it helps 

in fragmenting the oxide layer remaining inside the material after the first tool. At 1800 rpm, welds 

made with TT show a higher hardness profile than ST-DP under all welding speed values. The 

formation of the defect-free weld is a function of both the rotational speed and the welding speed. 

G. Rambabu et al. (2015) have been carried out welding is the main fabrication method of AA2219 

alloy for manufacturing various engineering components. Dynamic polarization testing has been 

determined critical pitting potential in millivolt, which is a criterion for measuring corrosion 

resistance and the data was used in the model. In this paper, five-tool geometries were shown in 

figure 2.6. In this paper hexagonal tool is the best compared to another tool in the tensile strength.  
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Figure 2.6  Tool geometry [25] 

 Luis Trueba jr, Georgina Heredia et al.(2015)  have been researched the effect of the tool shoulder 

on the FSW. Six unique tool shoulder designs (figure 2.7) were produced with the objective of 

improving metal constraint and flow to the pin. The six tools were made of Ti–6Al–4V by metallic  

 

Figure 2.7 Schematic diagrams of shoulder designs used. All tools were designed for counter-clockwise 

rotation[49] 

It was concluded that shoulder features in the form of a raised spiral (tool C) have the greatest 

potential for producing high-quality welds even under non-ideal process conditions. Shoulder 

wipers are improve the surface finish of friction stir welds. Additive manufacturing shows promise 

as a route to producing. FSW tools with unique shoulder and pin features that would otherwise be 

difficult to machine. 

 

Paul D. Edwards and M. Ramulu (2015) have been published a paper to analyze 6 mm thick Ti-

6Al-4V material 6.28% Al, 0.1% C, 0.21% Fe, 0.010% N, 0.13 O, 4.05% V, with Ti as the balance 

butt joints. Here a tracer material is embedded in the joint under a variety of process conditions, 

namely rotational speed and traversing speed in an attempt to relate the welding process parameters 

and material flow behavior via post-weld radiographic and metallographic evaluations. Low 

rotational speed to traversing speed ratios resulted in widespread tracer material across the width, 

but not the thickness. High rotational speed to traversing speed ratios (“hot” welds) led to the more 

vertical distribution of the tracer materials. Weld parameters have been selected that affect defect 



Literature review Page 22 
 

formation in the bottom or root. The metallographic examination helps to know the no tracer 

material was placed in the root. Parameters associated with high heat inputs lead to voids, while 

low heat inputs cause a lack of penetration. 

 

 

 

 

Figure 2.8 CT scans of a weld [64] 

 

Rahul Jain et al. (2017) have been developed the finite element model for friction stir welding with 

the conical cylindrical and threaded pin. As shown in figure 2.9 material flow during FSW has 

been observed and concluded that the material flow has been transferred from the advancing side 

to the retrieving side. In figure 2.9 material is transferred from the contact point of the different 

tools.   In threaded conical pin material velocity, strain rate, and effective strain higher generated.    
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Figure 2.9 Material flow (I) Initial location of material (II) Intermittent location (III) final deposition [71]. 

Md. Reza-E Rabby et al. (2017) have been analyzed the unthreaded and threaded pin with a various 

number of flats on pin. In this study, cylindrical unthreaded pins do not have any defects but in the 

flat unthreaded pins observed fewer defects on the advancing side. They found that the temperature 

iii 

ii 

i 
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and weld power increase to increase the tool rotational speed and feed. Flats increase in the range 

so that the resultant force decreases. Force signal lowest for the pin having the three flats and low 

defects in the welds shown in figure 2.10. 

                           (i) Unthreaded pin                                                                      (ii) Threaded pin 

Figure 2.10 Temperature vs. Weld power as a function of the rotational speed for different flat numbers [55] 

Hongjun Li et al. (2018) have been analyzed the five different tools (figure 2.11) such as hollow 

structure, shank with the flute, hollow structure with coating, shank with flute and coating, and 

conventional tool.  

 

Figure 2.11 Different tool structure [33] 
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It has been found that tool structures with thermal insulation reduce heat flow in tools up to 50%. 

Also, the tool design improved thermal efficiency up to 96% for friction stir welding. Marathe 

Shalin et al. (2018) have been observed three different tool pins and have different contact areas 

shown in figure 2.12. If the tool pin area has been increased contact area between tool and base 

plate, so get good UTS in this work tapered tool is the best for the UTS. Tapered tools have a 

higher contact area compared to other tools.   

                                

Figure 2.12 Different tool geometry (i) cylindrical tool pin (ii) Tapered pin(iii) square tool pin[54] 

 

Gadde Naveen et al. (2018) have been analyzed the three tool pin (conical, cylindrical, convex) 

temperature and mechanical properties rise on AZ31 alloy. Cylindrical and convex at lower 

rotational speed generate low-temperate and increased tool rotational speed increased temperature. 

The convex tool gives higher UTS and elongation with the lower temperature at the 

retreating side.  

B. Vijaya Ramnah et al. (2018) have been developed a fixture setup for a vertical milling 

machine in which operations have occurred and design with required specifications.  ANSYS 

software has been carried out testing of the fixture. In this paper, three different materials 

are analyzed cast iron, die steel, tool steel, and hard alloy. After finding the best material for 

the fixture. The fixture is shown in figure 2.13. 
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Figure 2.13 Isometric view of the fixture [8] 

The equation of heat generation in  FSW for tapered tool profile is given in the below figure 2.14. 

In the given figure 2.14 four types of pins have been observed such as triangular tool, square tool, 

pentagonal tool and hexagonal tool. The amount of heat generated from the shoulder surface 

increased so decreased the probe base area. The deformation rate has been decreased by the contact 

area decreased. The amount of heat generation for the non-circular probe profile is higher due to 

the increasing number of edges. In this analysis hexagonal tool profile reach the maximum 

temperature compared to the other tool has been found by Basim M. A. Al Bhadle et al. (2018). 

 

 

Figure 2.14 Tapered pin profile for FSW [10] 

X. H. Zeng et al. (2018) have been found that flowability of the material around the pin increased 

with decreased workpiece depth and material flow. An advancing side of material transfer to the 

on the retreating side. The fastest flowability is at the center of the stirring zone. Mainly the void 

defect found at the top of the stirring zone on the advancing side.   
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Hao Su et al. (2018) have been determined the three tools (cylindrical tool, square tool, triangle 

tool)  transverse force as well as temperature distribution diagram shown in the below figure  2.15. 

According to the numerical result, the square tool profile rotating shoulder produces more plastic 

deformation. The below figure gives the information of the three tool temperature curves. Also, 

analyzed that the square tool temperature is higher compared to the cylindrical and triangle tool. 

 

 

Figure 2.15 Temperature distribution diagram at horizontal level (a) CT (b) ST (c) TT [30] 

The difference between the flat and curved friction stir welding has been observed by Bahman 

Meyghani et al. (2019).  In flat friction stir welding, the temperature is approximately up to 50˚ to 

80 ˚ C higher compared to the curved friction stir welding. In the flat model, a higher temperature 

is taken in the tool backside. In flat friction stir welding, the material softened band around the 

tool is deformed in the TMAZ. In flat welding, TMAZ is wider compared to curved welding. The 

twin pin tool geometry has been used with dissimilar aluminium plates for the butt joint. In this 

research, the twin pin, a semi-conical shape tool (figure 2.16) used at the centerline and welded 

joint with a pin, presents defect-free weld morphology at different process parameters found by 

CH. Ratnam et al. (2019). 
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Figure 2.16 Semi conical twin pin geometry [73] 

R. Anand et al. (2019) have been observed the basic factors as weld speed, the tool's tilt angle, and 

an important parameter for the heat generation as a plunging depth. FSW tool is a circular pin 

profile has been used. It is gives the minimum shoulder diameter equation for the pin geometry 

(SD= 2.2 + thickness of plates+7.3) a greater effect on the welding parameters. 

The basic figure 2.17 (i) has been given different regions of the weld joint. Figure 2.17 (ii) different 

pin dimensions have been used in this research paper. This analysis found that aluminium alloy 

pin diameter was 1.7 to 8 mm, shoulder diameter 10-25mm, pin length 1.2-4.6mm, and rotational 

speed 600-1620 rpm dwell time 2-2.5 sec and plunge rate 2.55 mm/sec. In magnesium alloy pin 

diameter 3 to 6.5 mm, shoulder diameter 18-25mm, pin length 1.7-5.7mm, and rotational speed 

1000-1600 rpm dwell time 1-4sec and plunge rate 0-10 mm/sec. In copper alloy pin diameter is 4 

to 5.6 mm, shoulder diameter 10-25mm, pin length 1.3-3.8 mm, and rotational speed 400-800 rpm 

dwell time 1-10 sec and plunge rate 15 mm/sec. Titanium alloy pin diameter 5.1 to 9.5 mm, 

shoulder diameter 10-25mm, pin length 1.7-12mm, and rotational speed 200-1250 rpm dwell time 

1-10 sec, and plunge rate 0-10 mm/sec.  

 

(i)                                                                                 (ii) 

Figure 2.17 (i)the basic regions in FSW joints (ii) different tool design [66] 

Heat in FSW is due to the low tool rotational speed, and high tool feed gets tunnel defect, improper 

stirring material kissing bond generates. Insufficient plunge force got a lack of the material. Lack 

of penetration is due to an error in the design of the tool and backing plate material. Excessive 
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indentation is termed as a loss of material from the weld zone. Flash and nugget collapse due to 

the improper combination of the rotational speed and feed. Different types of defects are shown in 

figure 2.18. 

 

 

Figure 2.18 FSW weld defects[66] 

Ajay Kumar et al. (2020)  have been analyzed that the square pin gives better results compared to 

the threaded and cylindrical pin profile. It has been observed that the tool plays a vital role in 

stirring and mixing to produce a better weld joint quality. Vijaykumar et al. (2019) have been 

observed on the AZ31B maganesium alloy joint with Sic particles used for microstructure. In this 

paper parameters used as tool rotational speed is 1200 rpm and tool travelling speed 25mm/min. 

The areas of the surface composite of welded joints of specimens V4 to V20 were decreased from 

67.45 mm2 to 42.35 mm2. It is also taken V4 to V12 specimens. 

 

2.1.2 Review on effect of process parameters on performance evaluation criteria 

T. De Vuyst et al. (2005) have been investigated a first finite element model for the FSW. In this 

work used SAMCEFTM finite element code is used to perform the simulations. In this work, they 

recorded temperature-time histories for several locations. An important process parameter that 

controls the quality of the weld area a) axial force b) rotation speed (rpm), c) traverse speed 
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(mm/min), and d) tool tilt angle, and these process parameters were optimized to obtain defect-

free welded joints have been observed N.T. Kumbhar et al. (2006). FSW on the O-condition has 

specific advantages in terms of optimizing the process parameters. Mechanical properties 

substantially improve during PWHT and at an optimized heat treatment schedule. Fractures mostly 

occurred on the retreating side, and the fracture surface shows a simple structure. Input parameters 

related to tool transverse speed and tool rotational speed are shown in figure 2.19. In this figure 

gives information about the defect-free joint performed in the present study and past study.  

 

 

Figure 2.19  Process map with different tool speed (rpm) and feed (mm/min) [62] 

 

The microstructural evolution around the tool during friction stir welding of aluminium are 

described by R.W. Fonda, K.E. Knipling, and J.F. Bingert et al. (2007). In this paper tool rotational 

speed is induced a gradual rotation of the crystal lattice with concomitant development of 

elongated subgrains. It has been discussed the development of texture and similarities to friction 

stir welds in titanium alloys. The ranges of the process parameters such as tool rotational speed 

{900 < Tool rotational speed (rpm) > 1900}, Tool feed{ 12< tool feed (mm/min)> 125}, Axial 

force { 5<axial force( KN)> 11}, Shoulder diameter { 7< Shoulder diameter (mm) > 22}, Pin 

diameter { 2 <pin diameter (mm)> 7 } have been found by S Rajakumar et al. (2009). This range 

gives defect-free joints in the FSW. It was generated a relation between the inputs and outputs. 

The rotational speed is more important than the other parameters. 
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Aidy Ali and Omar Suliman Zaroog have been analyzed the characterization of friction stir 

welding (FSW) based on microstructures, hardness, and residual stress distribution. The 

macrostructure regions are shown in figure 2.20.  

 

Figure 2.20 Microstructure of the FSW [4] 

The weld nugget and flow arm microstructure features were the finest grain dimension and 

intermetallic particle distribution, while these of the TMAZ and HAZ are coarsened in the above 

figure 2.21. The hardness in FSW is governed by the distribution of the strengthening precipitates 

affected by the heat that causes over-aging rather than the grain size. 

H.K.Mohanty et al. (2012) have been found that welding speed increases up to a certain range, so 

tensile strength increases and nugget hardness increased. The ductility of the joint depends on the 

tool as well as welding speed. Muhsin J.J et al. (2012) have been used the tool speed 

rpm(900,1400) and feed mm/min (16,40). ANSYS has been used to analyze temperature 

distribution contour to the top surface of the welding and finite element temperature distribution 

curve at different tool positions. The temperature at the advancing side is higher than the retreating 

side. The numerical result shows that rotational speed increase so temperature increase and 

temperature decrease transverse speed increase. It is give a relation of the temperature to the 

rotational speed and transverse speed. Indira rani M. et al. (2011) have been found that annealed 

condition speed 800 rpm and feed 10 mm/min and 15mm/min optimal parameters but in T6 

condition rotational speed 1000 rpm and feed 10mm/min are optimal parameters for friction stir 

welding.  

C. Blingnault, D.G.Hattingh, and M.N. James et al. (2012)  have been found that plunge spindle 

speed 600 rpm, weld length 340 mm,  plunge feed rate 10 mm/min, plunge depth (from the center 

of a pin) 0.1 mm, dwell time 8 s, feed rate 150 mm/min, weld spindle speed 500 rpm, tool tilt angle 
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2.5˚, plate thickness 6 mm, parent material 5083-H321, pin length 5.7 mm. When the pin diameter 

of the tool is increased, so that time higher Z force requires at the welding time.   

 

R.Palanivel, P. Koshy Mathews  (2011) have been observed that the lower tensile strength at the 

lower welding speed (50mm/min) and higher welding speed (75mm/min). The straight square tool 

pin profile at the welding speed of 63mm/min showed the best tensile strength. Also, the workpiece 

dimension is 100 mm × 50 mm × 6 mm. Effect of welding speed and pin profile on ultimate tensile 

strength an analyzed by computerized (universal testing machine) with the different pin profile. 

Different tool pin profile with different rotational speed, feed graph has been shown in figure 2.21. 

From the figure, the higher tensile strength is on a straight square and straight hexagonal at the 63 

mm/min feed.  

 

                               

Figure 2.21  Effect of welding speed and pin profile [68] 

Dinaharan, K.Kalaiselvan et al. (2012) have been found an unmixed region consisting of the 

microstructure of the cast and wrought aluminum alloy AA6061. Figure 2.22 is shown below that 

tool rotational speed versus UTS on wrought and cast AA 6061 in advancing side. Tool rotational 

speed 1200 rpm higher tensile strength of wrought aa6061 is in AS. The plasticized dissimilar 

alloys are mechanically coupled in the mechanically mixed region. Some portion of the weld zone 

of microhardness was higher compared to the wrought alloy, and another portion was higher 

compared to cast alloy. The dissimilar joint has been exhibited maximum tensile strength. When 
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cast aluminum alloy was placed on the advancing side at a tool rotational speed of 1200 rpm. The 

plasticized dissimilar alloys are mechanically coupled in the mechanically mixed region.  

 

 

 

Figure 2.22 Tool rotational speed  vs. UTS [22] 

 

K.Kumari, Surjya k. pal et al. (2015) observed that joints fabricated at 1800 rpm and63 mm/min 

welding speed shows the highest hardness profile compared to the other welded joints. Welds were 

made at 900 rpm with 31.5 mm/min welding speed give maximum value of YS of 44 MPa, UTS 

of 87 MPa, and joint efficiency of 73% compared to the weld made with a double pass. On the 

other hand, ST-DP is having 22% of elongation, which is higher compared to the twin tool. The 

presence of microscopic voids of different sizes and shapes confirms the existence of ductile 

failure, where the specimen breaks outside the nugget zone. The existence of ductile failure has 

been confirmed from the result of a fractured surface of the tensile specimen. 

L. Shi et al. (2015) have been concentrated on the effect of the welding parameters and tool size 

on the thermal process and tool torque in reverse dual-rotation friction stir welding. The key feature 

is that the tool pin, the assisted shoulder are separated and rotate reversely during the welding 

process. Thus it has great potential to improve the weld quality and lower welding loads through 

adjusting rotation speeds of tool pins independently. A 3D model of the RDR-FSW process is 

developed to analyze the effect of welding parameters and tool size on the thermal process and the 
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tool torque quantitatively. In figure 2.23 has been provided information of pin heat generation 

fraction, total heat generation and pin heat generation. In figure 2.23 (i) (ii)  welding speed, pin 

rotating speed is increased heat generation rate increased. Figure 2.23 (iii) assisted tool rotational 

speed increase it can impact on the pin heat generation fraction is decreased. Figure 2.23 (iv) 

diameter of sub shoulder increased from 3 to 13 mm so heat generation is constant.  

 

Figure 2.23 Effect of (a) the welding speed, (b) the assisted shoulder rotation speed, (c) the tool pin 

rotation speed, and (d) the inner diameter of an assisted shoulder on the total heat generation, pin 

heat generation, and pin heat generation fraction [47] 

The heat generation rate at the shoulder-work piece contact interfaces is non-axis symmetrical. For 

the points with the same distance away from the tool axis, the heat generation rate in front of the 

tool is higher than that behind it.  

Ghada M. F. Essa et al. (2016) have been studied that the microstructure and microhardness of the 

welded joints of AA 7020- O to post-weld heat treatment (solution treatment and artificially aged, 

T6). Microstructure examination found that the grain size of weld nugget is increased with 
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decreased welding speed. Also, the experimental range for tool rotational speed (1140 and 1400 

rpm) and tool feed (20, 40, and 60 mm/min) is not find any defect.  L. CEDERQVIST et al. 

explained that the cold welding condition, low rotational speed, and high welding speed causes 

less mixing of the retreating side. It is used in the aerospace industry to join plates. Welding 

variables include welding speed, rotational speed, and particular tool dimensions. In this paper, 

welding speed ranges from 2.3mm/s to 5.6mm/s, and tool rotational speed range from 300rpm to 

983 rpm. They used input parameters pin length mm (3,3.3,3.6,4), pin diameters mm( 

4.4,4.8,5.1,5.9,9.7) shoulder diameters mm (12.7,15.7,25.4). Shorter pin length causes less vertical 

mixing of material. B. Ravi Sankar et al. (2017) observed that peak hardness at lower feed and 

values vary for different diameters. UTS is higher at the minimum diameter and higher feeds. 

Marathe Shalin (2018) has been worked on the tool rotational speed rpm (2250,2500, 2750) and 

tool feed mm/min(10,15,20). In this work, tool feed is increased UTS of FSW joint increase up to 

a certain level than after decrease UTS. Lastly, it was found that 15mm/min and 2750 rpm are best 

for tensile strength. The tool geometry, tool rotational speed, tool feed, and UTS are shown in 

figures 2.24 and 2.25. In figure 2.24 (i), (ii), (iii) gives tool rotational speed vs. tensile strength for 

tool feed 10 mm/min, 15 mm/min, and 20 mm/ min, respectively. From the figures, tensile strength 

is depends on the tool pin, tool rotational speed, and tool feed. In figure (i) tapered tool rotational 

speed increase so tensile strength increases. Cylindrical tool 2500 rpm tensile strength decreased 

slightly than after increased. At 10 mm/min feed cylindrical and tapered pins tool rotational 

increase with increased tensile strength. At 20 mm/min tool rotational speed is increased so tensile 

strength decrease and than after increase. 

 

                                     (i)                                                                                     (ii) 
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(iii) 

Figure 2.24 Effect of tool rpm on UTS Different feed (i) 10 mm/min (ii) 15 mm/min (iii) 20mm/min [7] 

 

 

 

                                   (i)                                                                                            (ii) 

 

(iii) 

Figure 2.25 Effect of tool feed on UTS different tool rpm (i) 2250 (ii) 2500 (iii) 2750 [7] 

 

In figure 2.25 effect of tool feed on the tensile strength with different rotational speeds. Gadde 

Naveen et al. (2018) have been worked on the rotational speed rpm (1200,1600,2000),  feed 

mm/min (80,100,120) and found the temperature at the two sides advancing and retreating. Vickers 

hardness test as per the ASTM E 384-11e1 with 100 kgf load in 15 seconds. In this work, the 

temperature rise at the retreating side is higher compared to the advancing side of the tool 

geometry. It is observed microstructure to fine structure generated for the cylindrical tool. Higher 

tool rotational speed convex tool controlled to the mechanical twins. Thermocouples at 30 mm 
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distance measure temperature for 30 and 70 mm both side and gathered data and generate graph 

as per given below figure 2.26. In this process advancing side 30, Retrieving side 30 and 70 have 

temperature almost same but the Advancing side 70 has lower temperature distribution. 

 

Figure 2.26 Temperature rise at advancing and retreating side in all specimens[27] 

Lisheng Zuo et al. (2018) have been investigated the surface topography with pixel covering 

method. Increasing the welding feed the arc texture spacing is larger. If the tool rotational speed 

increases the arc texture spacing on the job is smaller and smaller. It is a relationship between 

surface roughness and fractal dimensions. If smaller the fractal dimensions the surface roughness 

is smaller.   

R.Arjunkumar et al. (2019) have been found the effect of processparameters such as tool material, 

tool rotational speed (900-1400 rpm), tool feed (25-75 mm/min), on the magnesium alloys. The 

tensile properties properties of the mg alloy such as low yield strength ,ultimate strength and 

elongation were found to be 55 Mpa, 105 Mpa, 15.2% and elongation increase upto 18.9%. 

CH. Ratnam et al. (2019) used as input parameters tool rotational speed rpm (1130,1340,2000) 

and feed mm/min (11,18,22) and tilt angle (1,2,3). The tensile strength of the maximum at 1340 

rpm and feed 18 mm/min and minimum at 1130rpm and feed 22mm/min, so they found that with 

an increase of the feed rate, tensile strength increase first and then decreases. In hardness is high 

at 1130 rpm and increases at 2000 rpm but decreases at 1320 rpm. Also, hardness was examined 

concerning the distance of the tool from the centerline (-15 to 15 mm) obtained result from the 

below figure no 2.27.  
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           (i) Hardness of rotational speed rpm(1130)  (ii) Hardness of rotational speed rpm(1340)   

 

                                        (iii) Hardness of rotational speed rpm(2000) 

Figure 2.27  (i) Hardness of rotational speed rpm(1130) (ii) Hardness of rotational speed rpm(1340)   (iii) 

Hardness of rotational speed rpm(2000) [73] 

Dr. PVS Subhashini et al. (2018) have been observed the quality welds could be with the tool 

speed of 1000-1200 rpm defects that occurs in the weld nugget. Tensile strength was 10% less than 

the base metal. Bending for root and face bend test allowing high bend angles and cracks found at 

the weld nugget. S.P. Sundar Singh Sivam et al. (2019) observed that the ring of fire existed in one 

small scope at a feed rate ranging from 90 mm/min to 210 mm/min and speed 1000 rpm to 2000 

rpm. This is the influence of each process parameter on ignition mapping shows (figure no 2.28 & 

2.29) the importance in various applications to avoid the flares and ring of fire during friction stir 

welding. From the figure 2.29 travel speed and tool rotational speed are increased it can be 

generated first sparks, second flares and third ring of fire.  
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Figure 2.28 Ignition sample of dissimilar alloys [75] 

 

Figure 2.29 Ignition mapping for cylindrical tool profile [75] 

 

This paper presents work using additional parameters tool geometry, number of passes and 

direction of each pass, and output parameters microhardness and microstructure analyzed and 

optimized by Ajay Kumar et al. (2020). It was used tool tilt angle (2, 2.5, 3) and transverse speed 

rpm (40, 50, 60), and tool geometries (threaded, cylindrical, square). The optimum parameter UTS 

is 60 mm/min and 20 rpm and square pin profile. Observation shows that lower tilt angle and 

higher transfer speed produce better tensile strength and percentage of contribution tool pin profile 

60%, transfer speed 25%, and tilt angle have a minor contribution to the mechanical properties. 

Bharat Singh et al. (2020) have been observed that the hardness of the base metal is higher 

compared to the weld zone. Its effect on the softening of the weld zone is due to dynamic 

recrystallization, and strain hardening effect. If Transverse speed is decreased so impact strength 

increased. Transverse speed increasing heat flow decrease at the timeless material flow generate 

sound bonding. Uday Kumar et al. (2020) have been found that Al-Mg dissimilar metals at 500 

rpm and 0.5mm/sec and 700 rpm and 0.5mm/sec to get good welding. The microhardness value at 

the stir zone is higher than the base metal. A.R. Cisko et al. (2020) have been examined mechanical 

properties with regards to the welding parameters. The tensile strength efficiency was found to the 

61% to 75% compared to the base metal. It was found that increasing tool feed lowers the heat 

input and reduces the opportunity for the dissolution of strengthening precipitates, minimizing 

grain growth to lead the increase in tensile strength. Lower tool feed is increases the stir zones and 
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regions of lower hardness. UTS was mainly depends on the tool pin profile (60.8%), transverse 

speed (25.5%), tool tilt angle (11.8%), and other parameters (1.9%) shown in figure 2.30. 

  

 

 

Figure 2.30  Percentage distribution for UTS [67] 

M. Shunmugasundaram et al. have been analyzed different tool rotational speeds ( 650,750,850) 

and welding speed mm/min (20,30,40) and tilt angle (1,1.5,2) and found that 850 rpm, 20mm/min, 

and 2˚ tilt angle are the best for the tensile strength. Akash Sharma et al (2020) have been worked 

on the tool rotational speed rpm(900,1110,1320,1750) and welding speed mm/s (30,35,40,45) and 

plunge depth mm (0.10,0.12,0.14,0.16). Welding speed is an important parameter for friction stir 

welding. The tool rotational speed increased the tensile strength increased, and it depends on the 

grain size. Rotational speed generates more heat, which results in the case of age hardenable 

aluminium alloy and generates coarse grain growth. 

 

2.1.3 Review on optimization of FSW weldment 

H.K.Mohanty et al. (2012) have been analyzed the relationship between the process parameters 

and tool probe for friction stir welding has been established and generated a regression model 

checked their adequacy with ANOVA. Sefika Kasman et al. (2013) have been analyzed on the 

multi-response optimization using the Taguchi. In ANOVA results the process parameters 

contribution given as a shoulder diameter to pin diameter, welding feed, and tool rotational speed 

are 50%, 38%, and 12% respectively. Zhaoxin meng et al. (2006) have been used a multi-target 

Tool pin profile 
61%Tool tilt angle

12%

Transverse 
speed
25%

Others
2%
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optimization-based genetic algorithm. It is developed a mathematical model for the optimization 

of stir heads. Also, the operation process of the algorithm, according to the principle and process 

of the genetic algorithm shown in figure 2.31. 

 

Figure 2.31 Operation process for the genetic algorithm [57]  

G. Rambabu et al. (2015) have been used to develop the response surface method (RSM) model. 

In this work, a central composite design with four factors and five levels has been used to minimize 

the experimental conditions. The developed mathematical model has been optimized using the 

simulated annealing algorithm optimizing technique to maximize the corrosion resistance of the 

friction stir welded AA2219 aluminium alloy joints. The simulated annealing algorithm was used 

to optimize the friction stir welding parameters and tool profiles to attain maximum tensile 

corrosion resistance in the welded joints. 
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Shaikh Mohammed and yagnesh b Chauhan et al. (2015) have been analyzed tool rotational speed, 

traverse speed, and tilt angle and output parameters are hardness, tensile strength, and yield 

strength. Work material is taken as AA6061 T6 and AA2024. Taguchi method with L9(33) 

orthogonal array design of an experiment has been used. Depending upon the design, a total of 

nine experiments are to be performed; The output parameters are measured with the accurate 

method.  The grey relational analysis uses multi-response optimization and a mathematical 

regression model for the statistical analysis. All the methods have been optimized at the same level. 

Chinmay Shah et al. (2015) have been analyzed on the L9 orthogonal array and four different UTS 

variables and ANOVA is performed for the optimization process parameters.   Three factors five-

level response surface method and optimum values are plots [Sankar et al. (2017)]. ANN modeling 

with GA optimization was carried out for ultimate tensile strength, micro-hardness, and corrosion 

resistance of friction stir welded on aluminium alloy. ANN modeling the output responses with 

high accuracy have been observed by K Kamalbabu et al. (2017). Jitender Kundu et al. (2017) 

observed single response and multi-response optimization using response surface methodology. In 

response surface methodology uses a central composite design with input process variables for 

experiment runs. Also, validation of the predicted values has been done. The experimental values 

and validation value differences are less than 5 %. So, this work is validated to predict optimal 

boundaries. 

 Vijay Verma et al. have been analyzed the full factorial for 33 used and performed a total of 27 

experiments. It was optimized with optimal parameters for effective output. In this work, three 

levels and three factors found different relations with input parameters and an equation was 

generated. It has been generated an interaction plot for output parameters. The micrograph patterns 

for the TMAZ in FSW have been observed by K. Mallieswaran et al. (2018). On the retreating 

side, the speed gradient is less than on the advancing side. In this work generated empirical 

relationship was developed and found the 95% confidence level at the input process parameters in 

ANOVA. The tool pin profile was found to have the greatest impact on the tensile strength than 

after welding speed, tool rotational speed, and tool tilt angle. Marathe Shalin (2018) has been 

generated a full factorial model with three levels and three factors. Thus, it generates 3 3 means 

total of 27 experiments and ANOVA with full factorial and found the most significant parameter 

effect on the UTS.  
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FSW similar aluminium alloys with full factorial design and generating a mathematical model was 

formulated using the R programming language by Bhabani Bora et al. (2020). In this paper, the 

analysis of variance (ANOVA) statistical tool has been measured the difference between multiple. 

The model is generated with multiple process parameters. The model developed using R 

programming calculated the F value and exceeds the tabulated values 1% of the significance level. 

In this model P-value (Pr> F ) is to be very small (<0.05), which signifies the model is precise.  

Generate an empirical model that is a perfect fit, and the regression model validates the test of  

result.  

Bharat Singh et al. (2020) have been observed that the hardness of the base metal is higher 

compared to the weld zone. Its effect on the softening of the weld zone due to dynamic 

recrystallization, strain hardening effect. If Transverse speed is decreased so impact strength 

increases. Transverse speed increasing heat flow decrease at the timeless material flow generate 

sound bonding. C. Rathinasuriyan et al. (2020) have been analyzed that GRA optimization using 

RSM to obtain maximum hardness and percentage elongation of the submerged friction stir welded 

joint. It has been generated mathematical relation between welding parameters and grey relation. 

They found that an increase in hardness and elongation is 24.4%, 31.45% respectively. It depends 

on the adequate heat generation and grain refinement with the welding parameters. The difference 

between conventional friction stir welding (CFSW) and non-rotating shoulder friction stir welding 

(NRSFSW) has been observed by Sunil sinhmar et al. (2020). In this study, CFSW gives heat 

generation rate is 50% higher compared to the NRSFSW so heat over in a wide area and increased 

the micro-hardness.  

Samuel O. Sada (2020) have been optimized on the genetic algorithm. In Combined weld 

parameters successfully used the optimizing tool “gamultiobj” in MATLAB 2012a. Also, 

confirmatory shows the percentage error is 5 % and it is acceptable. Sourabh katoch et al. (2020) 

have been analyzed on the recent trends in the genetic algorithm, moreover, it is used in new and 

demanding researchers to provide a wider vision. It is provided to understand the fundamentals of 

GA and their research problems. It is provided information regarding the genetic operators in the 

GA such as cross-over, mutation, and selection in alleviating.  Akash Sharma et al. (2020) 

performed ANOVA to validate assumptions and used Minitab 17 software to check whether the 

residuals are normally distributed. Rajeshkumar (2021) et al. observed the  research work the 

aluminium alloys including AA7075 and AA5083 are combined with friction stir welding method. 
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Tensile strength was found 254 MPa. ANOVA results show that the quality-wise effectiveness of 

the weld as welding speed (5.48%), axial force (15.18%), then the rotational speed (79.32%). 

2.1.4 Review on fsw for Aluminium alloys (7XXX) 

D.A Wadeson et al. (2005) have been analyzed the behavior of the corrosion on a friction stir 

welding. It has been investigated using accelerated testing, and electrochemical measurements. It 

is observed that the expected zones are associated with the friction stir welding on the nugget zone, 

thermomechanically affected zone, and heat-affected zone. Corrosion occurs in the inter-

granularly due to the thermo-mechanically affected zone in the non-uniform distribution. The 

mechanical strength and hardness indicate the completion of the natural aging within the weld. In 

figure 2.32 gives the different zones and parent metal microstructure. 

 

Figure 2.32 Optical micrographs of the AA7108 weld cross section, after etching for 15 s at 0 C in Kellers 

reagent: (a) low magnification image; (b) nugget; (c) TMAZ; (d) HAZ; and (e) parent alloy [19] 
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Ida Westermann et al. (2009) observed understanding and observation of the aluminium alloys 

with regards to the strength and forming operation.  Tensile specimens have been exposed to a 

solution heat treatment. It has been analysed on a two-step age-hardening treatment with varying 

time at the final temperature. Ida WESTERMANN et al. (2012) observed the different quenching 

procedure on the 480 °C on AA7108. When held for a longer time at intermediatetemperatures 

under the solvus temperature during quenching, a microstructure with coarse, but homogeneously 

distributed lath-shaped precipitates formed during holding at the intermediate temperature is 

observed. The tensile properties show an approximate 40% decrease in strength compared with 

the reference sample.  The effects of temper conditions and corrosion on the fatigue behavior of a 

laser beam welded Al–Cu–Mg– Ag alloy (2139) have been investigated by T. Kermanidis et al. 

(2013). Natural aging (T3 temper) and artificial aging (T8 temper) have been applied before the 

welding. Corrosion testing has been performed by exposing the welded specimens to a salt spray 

medium for 720 h. Stress concentration induced by corrosion pits accelerates fatigue crack 

initiation and leads to a reduction of fatigue life compared to un-corroded welds. It was obtained 

a decrease in the fatigue limit is in the order of 52% with respect to the un-corroded material in 

both T3 and T8 tempers. In the T3 temper, the fatigue crack initiation site is at the weld metal HAZ 

interface, while for the T8 temper, the initiation site is at the base metal.  

Abul Hossain, ASW Kurny et al. (2013) have been analyzed the effects of strain rates on tensile 

properties and fracture behavior of Al-6Si-0.5Mg alloy containing 0.5 – 4 wt% Cu. Ultimate tensile 

strength and yield strength increased with increasing strain rate, but ductility decreased. The 

investigated alloys show a ductile or ductile-brittle mixed fracture at various strain rates. Particles 

and some precipitates fracture are the main damage behavior at relatively low strain rates. In 

contrast, precipitates/matrix interface de-bonding is the dominant fracture behavior at relatively 

high strain rates. C. Hamilton et al. were published friction stir welding (FSW) data across 

numerous aluminum alloys demonstrates that a characteristic relationship between the temperature 

ratio (the maximum welding temperature divided by the solidus temperature of the alloy) and the 

energy per unit length of weld exists. Utilizing these characteristic curves, the maximum welding 

temperatures were estimated for Sc-modified Al-Zn- Mg-Cu alloy extrusions joined through FSW 

at 225, 250, 300, and 400 rev/min (all other weld parameters held constant). The characteristic 

curves successfully predict the maximum weld temperatures at the lower energy weld conditions, 
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i.e., 225 and 250 rev/min. Still, for the high-energy welds, 300 and 400 rev/min, the curves predict 

the maximum weld temperatures. 

Ying Deng et al. (2014) have been observed that corrosion behavior, microstructure, and 

intermetallic residual stress of friction stir welded of aerospace Al-Zn-Mg-0.10Zr (wt%) 

comparatively study with different test perform such as residual stress test, slow strain rate 

test, immersion test, microstructure, and micro-hardness profiles. It was found that TMAZ 

and nugget zone were most susceptible to corrosion in two weld joints. Also, high tensile 

residual stress is the main factor. Al, Sc, Zr nanoparticles reduce exfoliation corrosion rates 

and increase stress corrosion cracking. V. I. Lukin et al. (2018) have shown the production of 

the welding wings panel of the Tu-204SM aircraft from the V-1469 high strength aluminium 

lithium alloy. It was observed that welded panels reduce the weight of the wing by approximately 

10% and increase the load-carrying capacity by 30%. 

Rudnei José Wittmann, Paulo Celso Pires et al. have been presented the development of research 

status with several materials. The state of the art of FSW at present makes the welding of 

aluminium alloys its main application. Other materials have been successfully welded in the 

laboratory. Several applications have been found in the shipbuilding industry, followed by the 

space industry and train industry too, and a lot of applications are in research at aircraft, 

automotive, and other industrial sectors. In figure 2.33 gives different types of friction stir welding 

applications. 

        

(i)                                                                   (ii) 
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                     (iii)                                           (iv)                                                     (v) 

Figure 2.33  (i) Naval Applications (ii) Rocket Tank Manufacturing (iii) Final Assembly and Entirely FSW 

Panel(iv) Assembly Possibilities [74] 

V. Balasubramanian. et al. have been analyzed the respiratory effects often seen in full-time 

welders including some of the dieses such as bronchitis, airway irritation, lung function changes, 

and lung cancer. In this study, the researcher compared some of the fusion welding processes to 

friction stir welding. In wrought aluminum alloys, FSW strength is higher than the 34% GMAW 

and 28% GTAW joint strength approximately. A defect-free weld region, higher hardness, and 

fine microstructure has been achieved. It is found that friction stir welding did not produce gaseous 

emissions, particulate emissions, and radiation during welding. Akash Sharma et al. (2020) friction 

stir welding technology is utilized in aerospace, automobiles, railways and shipbuilding, etc. 

 

2.2 Summary of Literature Review and Research Gap 

Friction stir welding process in aerospace, automobile, submarine, manufacturing and work on the 

aluminium 6XXX grade. From current literature, it has been discovered that the main focus 

towards tensile strength, hardness, microstructure, macrostructure on the welded joint. Friction stir 

welding has been given the proper choice of the process parameter is a noteworthy issue in any 

process. Traditionally, the choice of process parameters depends on the knowledge of the operator, 

literature review, and information provided by the manufacturer or experimentation (trial and 

error) strategically. It might be an increased additional time and wastage of material. 

Moreover, it does not ensure certainly the required properties and quality of finish components. 

This may give conflicting execution.  The machine manufacturer does not provide a specific value 

of the process parameters for the specific material. Hence, it is necessary to analyze the given 

range of process parameters recommended by the manufacturer for specific materials. 
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In addition, it has not been found any application of an algorithm to find the optimal parameters 

for a twin tool with AA7108 T79. Therefore, it is essential to conduct this investigation to 

determine the twin tool process and optimal process parameter. After a comprehensive literature 

review, a number of research gaps have been observed. 

 Several researchers have explored alloys of copper, magnesium, aluminum, stainless steel, 

and mild steel for different areas like shipbuilding, automobile, aerospace, etc. However, 

it has been found that work towards AA7108 T79 is extremely limited compared with other 

materials. Therefore, it is essential to carry out an investigation of the FSW process for 

AA7108 T79 material. 

 From the literature review, it has been observed that several investigations done with a 

single tool with a different design. However, it has been found that work towards the twin 

stir technology is extremely limited. 

 Above the literature review, it has been observed that several investigations have been done 

with limited process parameters on FSW with only in one direction rotation and multi-pass 

in single side rotation but limited research on the counter-rotating twin tool. 

 Some of the researchers work on the vertical milling machine, but few researchers work 

on the CNC milling machine. 

 From the literature review, it has been observed that several investigations have been done 

with limited process parameters on FSW. Therefore, it is essential to carry out systematic 

optimization of FSW process parameters for AA7108 T79 material. 

 A limited study is conducted using the proper design of experiment methods like Taguchi, 

response surface methodology, and full factorial design. 

 

2.3 Problem statement 

 The Conventional fusion welding of aluminium alloys leads to the melting and 

resolidification of the fusion zone, which results in the formation of the eutectic phase and 

brittle structure. The formation of brittle structure is in the weld zone leads to decreased 

mechanical properties such as strength lower hardness and ductility. Friction stir welding 

(FSW) is a solid-state metallic alloy joining process and thus emerged as an alternative 

technology used in high strength alloys that are difficult to join with conventional 
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techniques, in which the relative motion between the tool and workpiece produce heat 

which helps the material of two edges being joined by plastic diffusion. Hybrid friction 

stir welding improves mechanical properties. It consumes less energy. It produces welds 

which are high in quality, strength and inexpensive. 

 The twin tool enables the cost reduction for multipass since it consumes time in the 

process of welding. The twin tool works as a stress-relieving process for the workpiece 

so tensile strength to be increased. Good microstructure to be taken in welding.  

 So above discussion, we make a statement “An experimental investigation of friction 

stir welding on AA7108 T79 using counter-rotating twin tool”. 

 

2.4 Objectives 

 To design a  twin tool and FEM analyses for a gear meshing and different forces on the 

twin tool. 

 Fabrication of twin tool as per the design. 

 Development of fsw set up on a vertical milling machine and its fixture. 

 To perform welding as per the design of experiments on AA 7108 T79 with different 

input process parameters. 

 To conduct characterization and testing of weldment joint.  

 Optimization of process parameters   

 Validation of research work. 

 

2.5 Contribution of research and society 

 This research attempts to provide enough knowledge to those industries that use the FSW 

process for making welding joints. Research has also provided optimal process parameters 

for desired performance evaluation criteria in specific industries application. This prior 

knowledge reduces the welding time of making joints, increases the tool life and reduces 

adjusting parameter setting. In addition, it is easily predict the performance criteria by 

varying the value of the process input parameters with help of regression equation.                  
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Chapter 3 

Methodology 

This chapter describes design of twin tool by using CREO PARAMETRIC 3.0®) and analysis of 

the same with the help of ANSYS WORKBENCH 16.0®. Selections of materials for workpiece, 

twin tool and tool pin, procedure for development of twin tool and tool pin, exhaustive pilot runs 

with different fixtures and final experimental setup. Procedure of final experiments run with D.O.E., 

testing of weldment specimens and characterization of weldment are discussed here. 

This section describes the methodology used in current research.  

 Design of the twin tool (CREO PARAMETRIC 3.0®) and analysis in ANSYS 

WORKBENCH 16.0®. 

 Selection of the friction tool pin materials and dimensions specifications 

 Selection of workpiece material  

 Exhaustive pilot test experimentation with different process parameters and 

fixtures 

 Preparation of the final experiment setup 

 The final experiment runs with D.O.E. 

 Testing of weldment specimens 

 Analysis of data obtained 

 

3.1 Design and development of twin tool 

The approach towards making a twin tool has been split into three different steps as (I) conceptual 

design (II) analysis of conceptual design with different materials and  (III) Development of the twin 

tool. Detailed methodology is shown in figure 3.1.  

The first step is to identify the problem and conceptual design. The second step has been developed 

the idea to overcome the problem, which has been defined in the first step. Once the concept has 

been recognized problem. The different possibilities generate and various mathematical 

calculations are used for gear. The next step has been developed the conceptual idea of a 3-D CAD 

model generate with the help of modeling software by cad model (CREO PARAMETRIC 3.0®). 

The next step has been generated grid generation (ANSYS DESIGN MODELER 16.0®). It has been 
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analyzed on twin-tool with different materials and different properties with the help of a static 

structure solver and post-process (ANSYS WORKBENCH 16.0®). The next stage has been 

developed a twin tool. 

 

 

Figure 3.1 Solution methodology for Finite Element Analysis (FEA) 

 

 

3.1.1 Identify the problem and conceptual design 

A literature review of FSW shows that there is still an improvement scope of FSW technology with 

the use of FSW tool design. Researchers have been used a number of various design aspects with 

single FSW tool such as tool pin size and shape, different shoulder diameter and design, etc. It is 

also, found that the research on FSW with the use of twin tool technology are comparatively very 

less. Therefore the scope of explore the twin tool technology is a must. The conceptual design of 

twin tool has been started with motions of tool during welding. In the counter-rotating tool, two 

tools have been rotated in opposite directions. In first tool rotate in a clockwise direction and another 

tool rotates in an anti-clockwise direction. Tools have advancing side and retrieving side almost 

Development of twin tool

Static structure solver (ANSYS Design Modeler 16.0®) and analysis of twin tool with different 
materials

Grid Generation of computational domain  (ANSYS Design Modeler 16.0®)

3-D CAD model generate of twin tool (CREO 2.0)

Generate mathematical calculation for gear 

Identify the problem and conceptual design
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opposite. The first tool has been transferred material from the advancing side to retrieving side and 

the second tool material is transferred opposite to the first tool. It has been provided a complete 

balance of materials between two sides so it is impact on the strength of the joint and also, provide 

preheating of the weld specimen. Finally, counter-rotating motions have been finalized. In the same 

rotating twin tool, two tools have the same advancing side and retrieving side so materials are 

removed from one side ( advancing side). 

Twin tool parts such as gears, shafts, friction tool pin have been designed as per the figure 3.2 

 

 

                            

                                 (i)                                                              (ii)                                              (iii) 

 

Figure 3.2 2D design of twin tool parts (i) Tool holder (ii) Spur gear for the twin tool (iii) back plate 

 

 

3.1.2 Mathematical calculation for gear 

The major components are pair of gears and their shafts. The torque transmitted by the pair of gear 

as per the 3.1 [ Bhandari V.B.]. Proposed materials of gears such as steel composite material (SCM 

415), carbon steel (S45C), and Engineering steel (EN8) have been analyzed for the twin tool. From 

the literature review and published data of aluminium AA7108 T79. The power KW and speed of 

pinion Np have been taken 10 and 1500 rpm respectively. From the literature review tool rotational 

speed has been taken as 1500 rpm  So pinion speed Np. Maximum power can be taken as 10 KW 

so selected 10 KW power for the gear calculation.  In this process Service factor, velocity factor 

and factor of safety have been taken as 1.5, 10 and 1 respectively.  
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 Torque transmitted by gears 

Mt =
60 ∗ 106 ∗ KW

2 ∗ π ∗ Np
…… ……………………… …………………… …………………(3.1) 

                 =
60∗106∗10

2∗π∗1500
                                                                                                    

= 63622 𝑁.𝑚𝑚                                                                                    

 

 

 

 The module of gear: 

 M =

[
 
 
 60 × 106

π
[

KW × Cs × Fs

Zp × N × Cv (
B
m

) × (σb) × Y
]

]
 
 
 

1
3

…………………… ………………… . (3.2)     

=  

[
 
 
 
60 × 106

π
[

10 × 1.5 × 1

20 × 1500 × 10 × (
3
8) × (

565
3 ) × 0.34

]

]
 
 
 

1
3

 

  

   =3.44= 3.5 mm 

Dp' = M× Zp = 3.5×20   =70 mm ……………………………………………..…....(3.3) 

Dg' = M× Zp = 3.5×20   =70 mm…………………………………………………....(3.4) 

            b = M×10=3.5×10 = 35 mm ………………………….…………………………....(3.5) 

  

 Tangential components of resultant tooth force: 

       Pt =
 2×𝑀𝑡

𝐷𝑝’
………… …………………… …………… . (3.6) 

                 =
 2 × 63662

70
= 1818.91 N 

v =
π × Dp′ × Np

60000
=

5.49m

s
……………………… … . .…… ……………… . . (3.7) 

                     Cv =
3

3+v
=

3

3+5.49
= 0.3531….…………………..…………….……(3.8) 
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 Effective load on the gear: 

                 Peffect =
𝐶𝑠

𝐶𝑣
× 𝑃𝑡 …………………………………………………..……....(3.9) 

                               =
1.5

0.35
× 1818.91 = 7795.32  

 Beam strength of gear tooth : 

         Sb =M×b×σb×Y……………………………………………..……....(3.10) 

    =3.5× (
565

3
) ×35×0.34 

    =7844 N  

    Sb≥ Peff (satisfy) 

 Factor of safety: 

   Fs=(
𝑆𝑏

𝑃𝑒𝑓𝑓
)………………………………………..…………..(3.11) 

       = 
7844

7795.32
 

       =1.06 

3.1.3 3-D CAD model generation 

The twin tool physical domain in 3-D drawing has been prepared using CREO 3.0 based on 

mathematical calculations. Figure 3.3 (i), (ii) and (iii) shows top view of twin tool in 2 D, assembly 

of parts and twin tool model. In this model, one shaft is main shaft attached with machine so its 

height is higher compared to second shaft. In this design spur gear is used so generate a higher force 

compared to another gear. Gear has been fixed on the shaft with the help of a copper bush. It effects 

on the no slippage between gear and shaft. Two arbors bottom fixed in the same line.   

 

Figure  3.3 3-D CAD Model 
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3.1.4 Grid generation 

For 3-D static structural FEA, grid generation has been carried using Ansys mesh modeler. The 

basic concept in FEA is that the structure may be divided into smaller elements of finite dimensions 

called finite elements. Number of elements connected at a finite number of joints called nodes. For 

better grid quality the hexahedral grid has been taken using elements 5407 with 271733 nodes 

shown in figure 3.4. Hexahenral grids are in smaller angles so it is generated finite element meshes 

and reduced errors.  Gear mesh has been taken for fine grid area. After the grid generation of the 

gears are ready for simulation.  

  

 

 

Figure 3.4 Boundary conditions for FEA of Gear Mesh 

 

3.1.5 Static structure solver and analysis of twin tool with different materials 

Static structural analysis has been calculated the effect of steady (or static) loading conditions on a 

gears and caused by time-varying loads. Boundary conditions for static structure analysis is shown 

in figure 3.5. The maximum gear torque/moment value 15 Nm (Y-axis) in counter-clockwise 

direction with frictionless support and a time step of 1.0 second has been considered for the initial 

run. As shown in table 3.1 fifteen runs have been performed with a torque range from 7.5 to 90 Nm 

for three different materials such as SCM415, S45C, and EN8. The mean computational time has 

been required to perform a single run about one hour. 
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(i)                                                                                              (ii) 

Figure 3.5 (i) Static structure for a moment (ii) frictionless support 

 

 

Table 3.1 Total number of runs performed with different materials and torque range 

Run Torque 

(N.m) 

 Material 

     01 

Run Torque 

(N.m) 

Material 

     02 

Run Torque 

(N.m) 

Material 

     03 

1 7.5 SCM415 6 7.5 S45C 11 7.5 EN8 

2 15 SCM415 7 15 S45C 12 15 EN8 

3 30 SCM415 8 30 S45C 13 30 EN8 

4 45 SCM415 9 45 S45C 14 45 EN8 

5 90 SCM415 10 90 S45C 15 90 EN8 

 

3.1.6 Main components of twin tool and image  

In this twin tool, the tool's main parts are roller bearing, aluminium plates, a rotating shaft with 

different lengths and two spur gears. Parts of twin tool has been shown in figure 3.6 (i). Two spur 

gears have been used in twin tool. Gears have been manufactured at Maxton gear manufacturing 

company ltd. Two shafts have been manufactured at M.B. CNC Technology. Two shafts have 

different lengths 200 mm and 150 mm. In FSW process downward force is higher so roller bearings 

have been used for the twin tool. Two aluminium plates have been taken for the assembly parts of 

the bearing, packing and gears. In plates have been generated grooves for the bearing fix. Packings 

are used for support of the bearing. For the protection purpose outside of the tool stainless steel 

cover has been used. In figure 3.6 (ii) shows the assembly of the twin tool. 



  

Methodology  Page 57 
 

 

(i)                                                                                                                     (ii) 

Figure 3.6 Main components and image of twin tool 

 

3.2 Selection of friction tool material and dimensional specifications 

Weld quality and tool wear are two important considerations in the selection of tool material. The 

properties of tool pin material which may affect the weld quality by influencing heat generation and 

dissipation. The weld microstructure has been affected as a result of interaction between friction 

tool material and workpiece. On account of the severe heating of the tool during FSW, significant 

wear may result if the tool material has low yield strength at high temperatures. Stresses have been 

developed by the tool strength of the workpiece at high temperatures under the FSW conditions. 

The temperature of the workpiece has been depends on the material properties. The coefficient of 

thermal expansion tool material affects by the thermal stresses on the tool. Two different friction 

tools shape have been selected.  

 Straight cylindrical pin (SC) 

 Straight hexagonal pin (SH) 

3.2.1 Chemical compositions and mechanical properties of friction tool material 

In this research has been used as H-13 tool steel and the dimensions of the tool profile. Tools have 

been  made of H-13 tool steel with 20 mm shoulder diameter. H-13 tool steel consist of very good 

mechanical and wear properties[22]. Therefore, in current investigation H-13 tool steel has been 
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selected for the friction tool. The chemical and mechanical properties of H13 tool steel are shown 

in tables 3.2 and 3.3, respectively. 

Table 3.2 Chemical composition of H-13 tool steel 

H-13 C Si Mn P S Cr Mo V 

% 0.380 1.05 0.48 0.015 0.004 4.88 1.270 0.900 

 

 Table 3.3 Mechanical properties of H-13 tool steel 

Material Tensile 

strength 

(MPa) 

Yield 

strength 

(MPa) 

Density  

(Kg/m3)  
 

Poisson’s 

Ratio 

Elastic 

Modulus 

(Gpa) 

Hardness 

(Brinnel) 

BHN 

H-13 1450 1300 7760 0.28 200 197 

 

 

 

 3.2.2 Dimentional specifications of friction tool.  

In this work, two types of pins have been used such as cylindrical pin and hexagonal pin. Also, 

friction tools ( straight cylindrical and straight hexagonal ) dimensions are given in table 3.4. 

Table 3.4 Tool pin dimensions 

Description Straight cylindrical pin Straight hexagonal pin  

Shank length (mm) 60 60 

Shank diameter (mm) 10 10 

Shoulder length (mm) 15 15 

Shoulder diameter (mm) 20 20 

Pin length (mm) 5.9 5.9 

Pin diameter (mm) 6 6 

 

 

This research has been used a two-tool pin profile as straight hexagonal and straight cylindrical tool 

design shown in the below figure. 3.7 and 3.8. 
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Figure 3.7 Straight hexagonal pin design 

 

         

Figure 3.8 Straight cylindrical pin design  

3.3 Selection of workpiece material 

 In current investigation as AA7108 T79 material has been selected as workpiece material. Due to 

its unique mechanical and physical properties. It is used in many applications. This material has 

been purchased from the Akash Grand metals, Mumbai.  

• It is used in the construction of high-speed sea ships, river vessels, airfoil boats, hydrofoil 

ships, aerostatic crafts, deep freezing of fish, fishing boats, and honeycomb panels for 

passenger ship cabins. 

• Living quarters and landing pads for the helicopter in shipbuilding. 

• It is used to manufacture source water pipeline ship fitting, propeller, heat exchanger, and 

shaft liner. 

3.3.1 Chemical composition of AA7108 T79 

 The chemical composition of AA7108 T79 is given in table 3.5. Chemical composition has been 

tested in the hertz laboratory, Ahmedabad and it shows that it is between of ASM range. 

Table 3.5 Chemical composition of AA7108 T79  

Specified 

(ASM) 

Mg  

0.60-

1.20 

Si 

0.70-

1.30 

Mn 

0.40-

1.00 

Fe 

0.50 

(max) 

Cu 

0.10 

(max) 

Zn 

0.20 

(max) 

Ti 

0.10 

(max) 

Cr 

0.25 

(max) 

Al  

Actual 

Material  

0.9600 1.1400 0.5800 0.3810 0.0560 0.0440 0.0190 0.0150 96.7690 
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3.3.2 Mechanical properties of AA7108 T79 

The mechanical properties of the AA7108 T79 have been tested at hertz laboratory, Ahmedabad 

and are given in table 3.6. 

Table 3.6 Mechanical properties of AA7108 T79 

Specified Tensile 

strength 

UTS 

(Mpa) 

Tensile 

strength 

(Mpa) 

Fatigue 

strength   

(Mpa) 

Shear 

strength 

(Mpa) 

Elongation 

at break 

(%) 

Poisson’s 

ratio  

 

Melting 

temperature 

(˚C) 

Material 325.337 259.914 120 210 11.070 0.33 640 

 

3.4 Friction stir welding machine  

The friction stir welding machine has been used for conducting an experiment in figure 3.9, and the 

technical specification of the machine is shown in table 3.7. 

This machine is placed at the M.B. CNC Technology PVT. Ltd. A 36 karnavati estate, near ONGC 

well, Odhav ring road Ahmedabad Gujarat – 382415. This company manufacture different types of 

dies and molds, tools, fixtures and manufacture some ISHRO company parts with high accuracy.   

The Jyoti 850 high-performance VMC series machine has been selected for the FSW experimental 

work. It plays an efficient role. Based on the concept of C- framed machines. These machines are 

designed, manufactured with state-of-the-art technology, maintaining a balance between higher 

rigidity and dynamic performance with improvised machine capability. Figure 3.9 and table 3.7 

shows the experimental setup machine and its specification. 

 

 

3.4.1 Key features of VMC 850 

• Higher table load-carrying capacity with a wider working area to machine complex die 

and mold or complex-shaped high production components 

• Thermally stable graded cast iron body with widely spaced, heavily ribbed base and 

rugged sandwich structured rigid column with 3-walls to damp vibration and enabling 

higher cutting parameters with better accuracy and dynamic performance of a machine 

• 3-Point leveling system for faster installation, better feasibility for relocation enabling 

to deliver better accuracy life 
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• Efficient chip removal and coolant system 

• Higher productivity with short positioning time with heavy-duty linear motion 

guideways for greater positioning accuracy and superior surface finish. 

• High class 8000 rpm spindle BT-40 Spindle taper having higher rpm and torque options 

available 

• Linear motion guideways on all 3-axes with a high rapid traverse rate @ 24 m/min with 

better acceleration for fastest production and lowest non-cutting time 

• Integrated nut and bearing housing in axis motors for better results in higher torque 

carrying capacity enabling better federates 

• 20-tool 180º indexing arm type auto tool changer as std. designed to minimize vibration 

to the cutting zone 

• Easy to operate swiveling operator panel with hand wheel for better flexibility 

considering operator friendliness and total productive maintenance concept with simple 

job loading and unloading facilities. 

• All manufactured components produce using the best machinery and equipment with 

stringent quality awareness at every stage. 

• Various productivity-enhancing feasibility options are possible to the interface. 

• Efficient machine capability is achieved with the latest control systems available with 

options. 
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Figure 3.9 Friction stir machine (Jyoti VMC850) 

Table 3.7 Machine specifications 

Specifications VMC 850 

Machine place M.B. CNC Technology Odhav, Ahmedabad 

Table size 1000×530 mm 

T- slot dimension 4×18×100mm 

Distance from floor to table 800mm 

Max. Load on table 500 Kgf 

X-axis travel capacity 820mm 

Y-axis travel capacity 510mm 

Z-axis travel capacity 510mm 

Distance from spindle face to tabletop 150-660mm 
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Spindle speed 0-8000 rpm 

Spindle power 10.5kw / 1305 kw 

Front bearing bore 70 mm 

Spindle nose BT-40 

Rapid transverse (X,Y and Z) 24m/min 

Cutting speed 10m/min 

Number of tools 20 

Tool Diameter max. 80mm 

Tool weight max. 7kg 

Dimensions (Approx.) L×W×H 2500×2100×1800mm 

 

3.5 Pilot runs for twin tool fsw 

In this research work total 5 pilot runs have been performed with different input parameters and 

different fixtures. A successive pilot test has been performed to overcome the limitations of 

previous test. All the results such as radiography, ultrasonic, tensile strength, soundness of 

weldment etc. of the fifth pilot test have been founded satisfactory. Final process parameter ranges 

and work holding fixture has been finalized based on all positive aspects of five pilot tests. 

 

 

3.5.1 Pilot run I  

The first trial run for the FSW has been carried out to check the welding feasibility on AA7108 T79 

with a twin stir counter-rotating tool. The details of the experiments are given below 

Dimensions of workpiece: 100×100×6 mm 

 Input process parameters: Tool feed 50 mm/min, tool pin length 5.9mm, hexagonal tool and 

tool rotational speed  900,1200,1500 (rpm) 

 Fixture: Vice fixture  

Three specimens have been prepared with the above parameters as shown in figure 3.10. 

Throughout channel have been observed in the workpiece as a wire passed from the weld joint. It 

reveals that the weld joints are very weak and the selected input process parameters and fixture are 

not an appropriate combination. 
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Figure 3.10 Pilot test 1 weld coupons 

3.5.2 Pilot run II  

The above specimens have been welded with the different input parameters, but joint strength is 

weak and channel has been found. The input parameters and fixture have been changed and one 

specimen has been welded. The second pilot run parameters tool rotational speed 1200 rpm, feed 

50mm/min and one change fixture design (clamping) has been used (figure 3.11 (i)).  In figure 3.11 

(ii) gives image of the top view of the workpiece joint. Workpiece dimensions have been taken as 

100×100 mm. In figure 3.11 (iii) gives cut section view of the joint. From the cut section view crack 

not found in pilot II, fixture and input parameters are good for the 100 ×100 weld specimen. 

Selected process parameters and fixture are an appropriate combination. 

 

                                                                         

 (i)     (ii)    (iii) 

Figure 3.11 (i) Image of the fixture (ii) Image of the weld coupon (iii) cut section of the weld 

 

 

100 

100 6 
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3.5.3 Pilot run III 

 Pilot run III has been performed with the tool rotational speed (900, 1200, 1500, and 1800) rpm 

and tool feed (30, 50) mm/min consider and perform a total number of four welding coupons with 

tensile testing.  

 
Table 3.8 Pilot run III testing 

 

 

 Figure 3.12 Pilot run III weld coupon 
 

In a pilot run III shown in figure 3.12 and table 3.8 gives the tensile test result. After test has been 

found a channel in the welded joint. It has a very poor results in tensile strength. After some time, 

some changes in the fixture and tool geometry perform in pilot run IV. 

 

3.5.4 Pilot run IV 

In pilot run III, some of the clamping force was not proper at that time of the plunging gap has been 

generated.  The material was not fill throughout the welding, so the channel has been generated. 

After discussion with the guide and changes in the tapered hexagonal tool and new development 

fixture.  

The fixture was made from the mild steel flat plate and fabricated on the Jyoti VMC 850 machine. 

The fixture's purpose is to hold the aluminium plates to be welded securely. The plates stay in place 

and do not move away due to the welding forces. The fixture set up on the machine is shown in 

figure 3.13. 

Sr 

no 

Tool rotational 

speed (rpm) 

Tool feed  

(mm/min) 

Tensile strength 

(Mpa) 

1 900 50 48.06 

2 1200 50 44.72 

3 1500 50 29.82 

4 1800 50 44.21 
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Figure 3.13 Fixture design 

Table 3.9 Pilot run IV results and parameters 

 

In the pilot test results have been shown in the above table 3.9. After the pilot run IV, easily visible 

a tiny channel was found at the bottom of the weldment specimen. After discussing with the DPC 

member, Dr. Vishvesh Badheka suggested that change the tool geometry and using a straight tool 

compared to the tapered hexagonal tool. After the welding with a straight tool perform test as an 

ultrasonic test or radiography test for the welding defects. These specimens have been rejected pilot 

run IV. 

 

3.5.5 Pilot runs V 

In pilot run V process parameters used as a tool rotational speed 1800 rpm and feed vary from 30, 

50, 70, 90 mm/min and joint has been generated shown in the figure 3.14 (i). After weld joint has 

been completed perform a radiography test at the radio-tech NDT test lab PVT. Ltd. Amaraiwadi 

road Ahmedabad. This radiography test film shown in the figure3.14 (ii).  

 

Sr 

no 

Tool 

rotational 

speed (rpm) 

Tool feed  

(mm/min) 

Tensile 

strength 

(Mpa) 

1 900 50 152.89 

2 1200 50 165.81 

3 1500 50 151.76 

4 1800 50 160.17 

Sr 

no 

Tool 

rotational 

speed (rpm) 

Tool feed  

(mm/min) 

Tensile 

strength 

(Mpa) 

 5 900 30 116.09 

6 1200 30 147.78 

7 1500 30 159.62 

8 1800 30 146.99 
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                          (i)   (ii)                         (iii)      

Figure 3.14 (i) Pilot run V (ii) Radiography image (iii) Cut section view of the weld coupon 

Finally, the pilot run-VI successfully generates a joint with the proper joint and good radiography 

image seen and a cross-sectional cut section view is visible in figure 3.14 (iii).  After the pilot run-

V uses different parameters and different levels and uses the design of experiment to generate final 

experiments. 

 

3.5.7 Schematic diagram for testing 

In figure 3.15 gives diagram of the testing. In the image first part is whole specimen and second 

part is one cut section of the weld specimen.  

 

                 (i)                                                                       (ii) 

Figure 3.15 schematic diagram for testing 
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Above figure 3.15 full specimen has been tested non-destructive tests such as ultrasonic and 

radiography testing. In figure 3.15 (ii) has been used for the destructive testing such as Tensile 

strength, hardness and microstructure. Three specimens have been used for the tensile test because 

of the accuracy for the result. In the three values a maximum value of the tensile strength has been 

taken. One specimen has been used for the hardness, one cut section has been used for the 

microstructure. Waste material is gives as per the tool vary with the feed so this material not used 

for the testing.   

 

3.6 Design of experiment 

Before designing an experiment, the knowledge of the product/process under their investigation is 

of prime importance for identifying the factors likely to influence the outcome. The methods of 

design of experiment such as full factorial method, taguchi method, response surface method.  

Factors and levels are important for the design of experiments.  For full factorial design total of 

four levels and two parameters with two friction tool pin geometry has been finalized as shown in 

table 3.10. 

Table 3.10 Factors and levels 

Factors Notations Level 1 Level 2 Level 3 Level 4 

Tool rotational speed 

(RPM) 

R 900 1200 1500 1800 

Tool Feed (mm/min) F 30 50 70 90 

Tool geometry T Straight cylindrical Straight hexagonal 

 

3.6.1 Full factorial method  

A full factorial design is a simple systematic design style that allows for estimation of main effects 

and interactions. This design is very useful but requires a large number of test points as the levels 

of a factor or the number of factors increase. When the effect of one factor is different for different 

levels of another factor and it cannot be easily detected by the OFAT experiment design. For more 

than two factors, a 2K factorial design is helpful in a full factorial design. In this work 24 =16 and 

two tools such as cylindrical and hexagonal tool. Total 32 experiments have been performed with 

the help of the full factorial method. 
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3.6.2 DOE table for research work  

Design of experiments table has been generated with the help of the Minitab 17 shown in table 

3.11. 

Table 3.11 DOE Table 

RUN 

ORDER 

TOOL ROTATIONAL 

SPEED (rpm) 

TOOL FEED 

(mm/min) 

TOOL GEOMETRY 

1 
1800 30 

Cylindrical 

2 
1800 70 

Cylindrical 

3 
1500 30 

Cylindrical 

4 
1200 50 

Cylindrical 

5 
900 90 

Cylindrical 

6 
1200 30 

Cylindrical 

7 
900 70 

Cylindrical 

8 
900 30 

Cylindrical 

9 
1500 50 

Cylindrical 

10 
1800 90 

Cylindrical 

11 
1500 90 

Cylindrical 

12 
1500 70 

Cylindrical 

13 
1800 50 

Cylindrical 

14 
1200 90 

Cylindrical 

15 
1200 70 

Cylindrical 

16 
900 50 

Cylindrical 

 

 
  

 

RUN 

ORDER 

TOOL ROTATIONAL 

SPEED (rpm) 

TOOL FEED 

(mm/min) 

TOOL GEOMETRY 

1 
1800 30 

Hexagonal 

2 
1800 70 

Hexagonal 

3 
1500 30 

Hexagonal 

4 
1200 50 

Hexagonal 

5 
900 90 

Hexagonal 
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6 
1200 30 

Hexagonal 

7 
900 70 

Hexagonal 

8 
900 30 

Hexagonal 

9 
1500 50 

Hexagonal 

10 
1800 90 

Hexagonal 

11 
1500 90 

Hexagonal 

12 
1500 70 

Hexagonal 

13 
1800 50 

Hexagonal 

14 
1200 90 

Hexagonal 

15 
1200 70 

Hexagonal 

16 
900 50 

Hexagonal 

 

3.7 Final Experiments 

By varying the tool rotational speed, tool feed, tool geometry, and keeping some parameters 

constant, final runs have been conducted on the 24th of January 2019. Some of the photos of the 

welded specimens are shown in table 3.12. In this table has been provided some views of the 

welding specimens such as front column input parameters, second column front view of welding 

specimen photo and third column consider a backside photo. 

 

 

Table 3.12 Photos of weldment specimens 

Specimen no. and 

parameters 
Front view Back view 

1. Tool speed (900) 

rpm cylindrical tool, 

and Feed 

(30,50,70,90)mm/min  
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2.  Tool speed (1200) 

rpm cylindrical tool, 

and Feed 

(30,50,70,90)mm/min 

  

3 Tool speed (1500) 

rpm cylindrical tool, 

and Feed 

(30,50,70,90)mm/min 

  

4 Tool speed (1800) 

rpm cylindrical tool, 

and Feed 

(30,50,70,90)mm/min 

  

5 Tool speed (900) 

rpm Hexagonal tool, 

and Feed 

(30,50,70,90)mm/min 
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6 Tool speed (1200) 

rpm Hexagonal tool, 

and Feed 

(30,50,70,90)mm/min 

  

7 Tool speed (1500) 

rpm Hexagonal tool, 

and Feed 

(30,50,70,90)mm/min 

  

8 Tool speed (1800) 

rpm Hexagonal tool, 

and Feed 

(30,50,70,90)mm/min 

 .  

 

3.8 Measurement of performance evaluation criteria 

The qualitative and quantitative measurement of the experiment work has an important aspect of 

research and optimization. In the current investigation, weld specimens have been evaluated 

through a number of performance evaluation criteria as per the material and its application 

requirements. In this research work, radiography and ultrasonic NDT tests have been done to check 

porosity, crack and any inclusion at weldment. The tensile strength and hardness are destructive 

tests have been used to check and measure. The microstructure has been used to observe the effect 

of input parameters.  
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3.8.1 Radiography testing  

Radiography test have been performed at Radiotech NDT test PVT. Ltd. Ahmedabad. This test has 

been performed as per the ASTM-12 1A standard. This machine sensitivity was 2-2T (2 means 

image quality indicator thickness is 2%. 2T means 2T holes must be indicated). This testing has 

some important parameters has been considered during testing are as: 

 Technique: SWSI (single wall single image) 

 Film size: S-D7- 3˝ X 12 ˝ 

 Radiation source: X-rays (5mA/150KV) 

 Exposure time: 24S 

 Processing time: 3 to 5 min 

 Focal spot size: 2mm X 2mm 

 Screen: Lead 

 Front and back size:0.1 mm 

 Density: 1.8 to 4.0.  

3.8.2 Ultrasonic testing 

Ultrasonic test has been performed at the keepsake Engineering Pvt. Ltd. in L.D. Engineering 

college Ahmedabad. In this test tool probe is an important part of the ultrasonic testing. This tool 

probe has been passed on the weld joint and the digital value on the meter has been noted shown in 

the figure 3.16. This tool probe dual sensing technology has been found the thickness of every joint 

from top to bottom. In this testing cracks or any defect at the joint, it has been displayed lower 

thickness of the workpiece For the higher accuracy has been provided with the help of the dual 

probe.  

 
 

Figure 3.16 Ultrasonic testing machine with double probe sensor 
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3.8.3 Tensile strength 

The tensile tests have been done on the fabricated welds according to the standards given by the 

ASTM E8M-04 shown in the figure 3.17 (i). Tensile specimens have been cut on the VMC 850 

with 3 mm cutter with applying lower feed. Coolant has been applied at the time of cutting 

specimens from the workpiece and does not affect on the heating on the welding. The welded plates 

have been marked for the right dimensions cuts from each welded joint to ensure accuracy. In this 

process cross head speed of the 0.25mm/min. In this work, three tensile specimens have been tested 

from each joint and a maximum value has been reported as result. Figure 3.17 (ii) shows the 

untested specimens bunch of all runs. 

 

    
(i)    (ii) 

Figure 3.17 (i) specimen size as per ASTM standards (ii) Tensile specimens marked and set ready for the 

testing. 
 

The experimental procedure is explained in a step-by-step manner in this section. 

 Select the proper jaw inserts and complete the upper and lower chuck assemblies. 

 Apply some graphite grease to the tapered surface of the grip to facilitate smooth surface 

operation upper crosshead grip operation hands and fully the upper end of the test piece. 

 The left valve has been kept in the fully closed condition 

 The right valve has been kept in the normal position open the right valve and close it after 

the lower table has been lifted. 

 Adjust the load to zero using the TARE key (this is necessary to remove the dead weight of 

the lower table, upper crosshead, and other connecting parts from the load) 

 Operate the lower grip operation handle and the lower case head up and grip the lower parts 

fully lock 



  

Methodology  Page 75 
 

 Turn the right valve slowly the open position (anticlockwise) until the desire load has been 

applied 

 The jaw now does not slide down due to its own weight continuing to increase the load until 

failure. 

 When the test piece has been broken close the right control valve and removes the broken 

test pieces. 

 Last open the left valve to take the position down and take a result on the display. 

 

3.8.4 Rockwell hardness testing 

 
The hardness of the welded joints have been measured on a Rockwell hardness tester. The hardness 

tester has an indicator and a rhombus-shaped indenter to measure the hardness of the material. 

Aluminium material ball diameter 1/16” and load on the 100kgf set on the buttons. The load on the 

indenter has been set using a knob on the hardness tester. The indicator load has been set by using 

the button on the side panel of the hardness tester as shown in figure 3.18. 

The hardness test was tested on the Zen air tech Pvt. Ltd. At GIDC, Naroda, Ahmedabad. The 

sample of the workpiece has been mounted on the round plate and fixed shown in the figure 3.18. 

The indicator is used to locate the point where the measurement is to be taken and the height of the 

table is adjusted until the clear indicator shows a small meter is 3 points. 

The table has been locked at this height and the load has been applied with the help of the knob. At 

the time of indentation the load on the specimen has been set to desired numbers and unload the 

knob on the side panel of instrument. The indents value of hardness on welding has been measured. 

After the result round plate has been rotated in anticlockwise and table has been moved to the 

bottom side and indicator leaves the surface of the sample. The second time the same process has 

been applied on another side of the welding then measures hardness. So, that the hardness of the 

welding has been measured and the average of the measurements has been calculated for accuracy 

of the hardness of welding. 
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Figure 3.18 Rockwell hardness tester and chart of BHN to HRB convert 

 

. 

3.8.5 Microstructure testing 

 
The optical microscope has been used for the study of microstructures. The samples mounted for 

microstructure study has been cut from the weld in transverse and longitudinal directions to study 

the weld structure in detail in both directions. The samples have been ground on a grinder to 

smoothen the edges and get an even surface for studying the microstructure. The mounted samples 

have been polished on polishing paper of grit 150,320,600,800,1000and 1200 with a combination 

of water and diamond paste (3-OS-40) for a smooth finish. The final stage of polishing has been 

performed on smooth cloth with a diamond suspension liquid for a smooth finish. The samples have 

been etched after polishing to reveal the microstructure clearly. The etchant has been attacked the 

grain boundaries and gave a clear image of the size of the grains. The etchant has been used for 

aluminum alloys is Keller’s etchant which has been prepared by adding 1 percent of hydrofluoric 

acid by volume, 1.5 percent of hydrochloric acid by volume, 2.5 percent of nitric acid by volume, 

and 95 percent of distilled water by volume. The samples have been etched for 1 min according to 

the Boeing company standards, but over etched for one more minute if the microstructure has not 

been revealed. The etched samples have been washed thoroughly to remove the carbon deposits 
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and pat dry to study the microstructure under the optical microscope. From figure 3.19 material has 

been deposited and a clear image is visible in the microscope. 

 
 

Figure 3.19 Samples for the microstructure study 

 

The optical microscope has been used for the study of the microstructures as shown in figure 3.20. 

The optical microscope works in conjunction with a computer built by future win-Joe which has 

enterprise (image analysis software) installed in it. Grain size has been found with the help of 

heyn/hilliard intercept method. In this method applied test line on the microstructure and count the 

grain intersected count on the image. If the grain structure is not equiaxed, but shows some 

distortion of the grain shape, use straight test lines at various angles, or simply horizontal and 

vertical with respect to the deformation axis of the specimen. . The number of grain counts 

considered as N and the true length of the line LT. 

                            

𝑁𝐿 =
𝑁

LT
 ………………………………..………..…………(3.12). 

                        G = [6.644Log10(NL)] – 3.288 …………….………..…………...……(3.13) 
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Figure 3.20 Optical microscope and the data acquisition computer used for the study of the 

Microstructures 

 

The microscope 200 X, 300 X, 400 X, and 500 X magnifications have been used for the study of 

microstructure. The microscope has been equipped with a knob to control the intensity and 

brightness of the bulb on the Nikon power unit attached to the microscope. The microscope has 

been equipped with three rotating buttons such as use of an adjusting table, travel longitudinal 

workpiece and give clarity for an image. The microscope has been attached to a display unit 

(camera) which gives a bigger and clear view of the microstructure but the display unit (camera) 

have not the capability to record the images. The software for data acquisition system has been 

installed in the computer to capture and store images.  

 

3.9  Analysis of variance  (ANOVA)  

ANOVA is a standard statistical technique to interpret the experimental results. The percentage 

distribution of various process parameters to the selected performance characteristics can be 

estimated by ANOVA. Thus information about how significant the effect of each controlled 

parameter is on the quality characteristics of interest can be obtained. ANOVA for raw data has 

been performed to identify the significant parameters and to quantify their effect on the performance 

characteristics. The ANOVA based on the raw data identifies the factor which affects the average 

response rather than reducing variation. 
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ANOVA helps in formally testing the significance of all main factors and their interactions by 

comparing the mean square against an estimate of the experimental errors at specific confidence 

levels. A study of ANOVA table for a given analysis helps to determine which of the factors need 

control and which do not. Analysis of variance many quantities such as degree of freedom, a sum 

of squares, mean squares etc. are computed and organized. 

 

Degree of freedom: It is a measure of the amount of information that can be uniquely determined 

from a given set of data. DOF for data concerning a factor equals less than the number of levels. 

The degree of freedom measures how much independents information is available to calculate of 

each sum of square. 

Degree of freedom total= k-1 ……………………………………………………………..(3.14) 

 

Sequantial sum of squares (Seq. SS):  These sequential sum of squares for each term in the model 

measures the amount of variation in the response. 

 

Adjusted sum of square (Adj. SS): The adjusted sum of squares for a term in the model measure 

the amount of additional variation in the response. 

 

Adjusted mean square (Adj. MS):  The adjusted mean square for a term is simply the adjusted 

sum of squares divided by the degree of freedom. 

 

Variance ratio: Variance ratio is the ratio of variance due to the effect of a factor and variance due 

to error term. This ratio is used to measure the significance of the facto under investigation with 

respect to the variance of all the factors included in the error term. The F value obtained in the 

analysis is compared with a value from standard F- tables for a given level of significance. When 

the computed F value is less than the value determined from the F tables at the selected level of 

significance, the factor does not contribute to the sum of squares within the confidence level. 

The formula for the pure sum of squares is given below: 

SS' = Seq SS- ( DF × adj MS error) ………………………………………………..(3.15) 
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Chapter 4 

Result and Discussion 

The result of twin tool analysis and discussion on selection of material for twin tool have been 

observed in this chapter. Different results of quantitative test tensile strength and hardness have 

been reported here with their discussion. Results of qualitative tests such as radiography, ultrasonic 

and microstructure have been plotted and their details explanations are included in this chapter. 

ANOVA has been performed results. An ANOVA has been produced a connection between 

performance characteristics and input parameters in form of a second-order regression equation. 

 

4.1 Results of twin tool analysis 

ANSYS Workbench solver 16.0 has been used for static structure FEA of the twin tool to check 

its performance with prescribed torque range and different materials. Figure 4.1 (i) (ii) and (iii) 

shows the deformation at 75 Nm torque for SCM 415, S45C and EN8 material gear pair.   Table 

4.1 shows a comparative analysis of total deformation with torque ranges from 7.5 to 90 N.m. 

Negligible deformation for material EN8 is observed with comparison to SCM415 and S45C 

material. 

For further justification for optimum tool material, equivalent strain, equivalent stress and strain 

energy of all three materials are compared with the prescribed torque range. As shown in table 4.2 

an equivalent strain is a minimum for EN8, which is 0.0027 for elevated torque. The equivalent 

strain for EN8 is about 10% less than SCM415 and 7% less than S45C.  

Similarly, equivalent stress for EN8 is about 8.7% less compared with SCM415 and 8.5% less 

compared with S45C (table 4.3). As shown in table 4.4, a tremendous difference in strain energy 

is observed. For EN8, the difference is 73% less compared with SCM415 and 74% less than S45C. 
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(i)

   

(ii)       

 

(iii) 

Figure 4.1 Total deformation for (i) SCM415 (ii) S45C (iii) EN8. 
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Table 4.1 Total deformation v/s torque 

     

 

Table 4.2 Equivalent Strain v/s torque 

       

 

 

Table 4.3 Equivalent Stress v/s torque 

    

 

 

Run Torque SCM415 S45C EN8

1 7.5 6.04E-07 6.38E-07 4.17E-07

2 15 1.21E-06 1.28E-06 7.85E-07

3 30 2.42E-06 2.55E-06 1.71E-06

4 45 3.62E-06 3.83E-06 2.97E-06

5 90 7.25E-06 7.65E-06 4.72E-06

Total Deformation (m) V/s Torque (N.m)

Run Torque SCM415 S45C EN8

1 7.5 0.000246 0.00026 0.000226

2 15 0.000493 0.00052 0.000451

3 30 0.000986 0.001039 0.000902

4 45 0.001478 0.001559 0.001353

5 90 0.002957 0.003118 0.002707

Equivalent Strain (m/m) V/s Torque (N.m)

Run Torque SCM415 S45C EN8

1 7.5 4.93E+07 4.94E+07 4.51E+07

2 15 9.85E+07 9.87E+07 9.02E+07

3 30 1.97E+08 1.97E+08 1.80E+08

4 45 2.96E+08 2.96E+08 2.71E+08

5 90 5.91E+08 5.92E+08 5.41E+08

Equivalent Stress (Pa) V/s Torque (N.m)
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Table 4.4 Strain energy v/s torque 

         

The drop in the strain energy is due to En 8 material energy stored in a body due to its deformation 

being lower. Thus all four criteria such as deformation, equivalent strain, equivalent stress and 

strain energy show that the EN 8 material is the best suitable material for current investigation. 

The stress concentration factor is very less in all areas, and hence the deformation for all three 

materials comes around 6.7 to 7.0 E-07 mm maximum, which is tolerable. The presence of a wedge 

in the gear's matching teeth reduces the stress and hence improves the overall performance of the 

gears. The refinement mesh has been incorporated to improve the overall meshing quality and 

around the pitch circle areas such that it tolerates biaxial stresses. Hence, EN8 material is used as 

material. 

In this analysis of twin tool physical properties are evaluated by the strength of material. Different 

properties have been compared with the different materials. Finally, strain energy difference rages 

between 7 - 10 % compared different materials with EN8.  

 

4.2 Experimental result of testing 

In current investigation total 32 specimens have been joined with the help of the counter-rotating 

twin tool. In this work testing such as radiography, ultrasonic, tensile strength, hardness and 

microstructure have been performed on preparing specimens. 

 

4.2.1 Radiography testing  

Radiography is a nondestructive testing method. This test has been performed as per the ASTM-

12 1A standard at Radiotech Pvt. LTD. This machine sensitivity was 2-2T to find the internal 

cracks or defects in the welding joint. Radiography tests provides photographic film. The film 

Run Torque SCM415 S45C EN8

1 7.5 2.76E-07 2.92E-07 7.59E-08

2 15 1.10E-06 1.17E-06 3.04E-07

3 30 4.42E-06 4.67E-06 1.21E-06

4 45 9.94E-06 1.05E-05 2.73E-06

5 90 3.98E-05 4.20E-05 1.09E-05

Strain Energy (J) V/s Torque (N.m)



RESULTS AND DISCUSSION Page 84 
 

provide darker areas of the image to reflect thinner portions of the weldment, suggesting 

discontinuities for the joint. The lighter area in the joint suggests proper joint. Table 4.5 provides 

the image of the radiography films. Radiography films have been viewed on the radiography film 

viewer at keepsake engg. Pvt. LTD. Results of radiography shows that all film images have only 

lighter colour. It reveals that all the joints are perfect and selected process parameters are 

appropriate for FSW with a counter-rotating twin tool. 

Table 4.5 Radiography image of the weldment 

Sr no. with 

specifications 

Image of the weldment Image of the radiography 

 1. Tool speed 

(900) rpm 

cylindrical 

tool, and 

Feed 

(30,50,70,90)

mm/min  
 

 

 
2.  Tool 

speed (1200) 

rpm 

cylindrical 

tool, and 

Feed 

(30,50,70,90)

mm/min  
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3 Tool speed 

(1500) rpm 

cylindrical 

tool, and 

Feed 

(30,50,70,90)

mm/min 
 

 

4 Tool speed 

(1800) rpm 

cylindrical 

tool, and 

Feed 

(30,50,70,90)

mm/min 
 

 

5 Tool speed 

(900) rpm 

Hexagonal 

tool, and 

Feed 

(30,50,70,90)

mm/min 
 

 

 
6 Tool speed 

(1200) rpm 

Hexagonal 

tool, and 

Feed 

(30,50,70,90)

mm/min 
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7 Tool speed 

(1500) rpm 

Hexagonal 

tool, and 

Feed 

(30,50,70,90)

mm/min 
 

 

8 Tool speed 

(1800) rpm 

Hexagonal 

tool, and 

Feed 

(30,50,70,90)

mm/min 
 

 

 

4.2.2 Ultrasonic Test 

Ultrasonic testing is based on the ability of high-frequency oscillations to propagate into the metal 

and be reflected from the surface, cracks, voids, porosity and other discontinuities. The nature of 

the defect can be recognized by parametric readings. In this research work, ultrasonic test have 

been performed at the keepsake engineering PVT. Ltd. It is found that the weld specimens have 

6.02 mm thickness at the weld joint area. The testing probes have been moved on the weld joint 

specimens and at each point, the thickness of the plate has been measured. The observed results 

on the screen give plate thickness from 0 to 6.02 mm. It reveals that there is no any porosity or 

defects in the weld joint.  

 

4.2.3 Results of the tensile strength and hardness tests 

 In this research, tensile strength has been measured on the universal testing machine. For tensile 

strength, three specimens have been cut as per the dimensions. In figure 4.2 (i) gives information 

about the tensile specimens jointed by the hexagonal tool. In the figure tensile specimens have 

been cut near to the HAZ so tensile strength is higher of the nugget zone. In figure 4.2 (ii) gives 
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information about the tensile specimens of the weldment with cylindrical tool. Tensile specimens 

have been cut at the TMAZ so tensile strength is lower compared to the HAZ. Weld specimens 

with the hexagonal tool is higher compared to cylindrical tool.  In figure 4.2 (iii) shows the three 

indents on the weld joint. It has been applied on different regions such as the nugget zone, HAZ, 

and TMAZ.  

               

                           (i)                                                         (ii)                                                     (iii) 

Figure no 4.2 Test specimens (i) Bunch of tested specimens with hexagonal tool (ii) Bunch of tested specimens 

with cylindrical tool (iii) Sample of hardness test specimen 

 The result of mechanical properties such as tensile strength and hardness with hexagonal tool weld 

joint has been shown in table 4.6. In table 4.6 the highest tensile strength was observed at 1500 

rpm tool rotational speed and 70 mm/min tool feed. The second highest tensile strength is 199.34 

MPa at 1500 rpm tool rotational speed and 50 mm/min tool feed. Hardness is highest at the 49 

HRB at 900 rpm tool rotational speed, 50 mm/min tool feed. The second highest hardness is 48 

HRB at 900 rpm tool rotational speed and 70 mm/min tool feed.   

  Table 4.6 Result of tensile strength and hardness with hexagonal tool 

Sr. no Tool rotational 

speed  (RPM) 

Tool feed 

(mm/min) 

Tensile strength (MPa) 

 

Hardness (HRB) 

1 1800 30 145.19 46 

2 1800 70 160.77 47 

3 1500 30 183.77 45 

4 1200 50 189.27 48 
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5 900 90 186.40 47 

6 1200 30 180.35 46 

7 900 70 189.44 48 

8 900 30 183.02 46 

9 1500 50 184.69 48 

10 1800 90 151.63 45 

11 1500 90 199.34 45 

12 1500 70 208.00 47 

13 1800 50 147.29 48 

14 1200 90 194.77 46 

15 1200 70 197.00 47 

16 900 50 184.94 49 

 

The result of mechanical properties such as tensile strength and hardness with cylindrical tool weld 

joint has been shown in table 4.7. In table 4.7 the highest tensile strength 198 MPa observed at 

1800 rpm tool rotational speed and 50 mm/min tool feed. The second highest tensile strength is 

184 MPa at 1800 rpm tool rotational speed and 30 mm/min tool feed. Hardness is highest at the 

45 HRB at 1500 rpm tool rotational speed, 30 mm/min tool feed. The second highest hardness is 

44 HRB at 1800 rpm tool rotational speed and 30 mm/min tool feed 

 

Table 4.7 Result of tensile strength and hardness with cylindrical tool 

Sr. no Tool rotational 

speed  (RPM) 

Tool feed 

(mm/min) 

Tensile strength (MPa) 

 

Hardness (HRB) 

1 1800 30 184.00 44 

2 1800 70 190.00 42 

3 1500 30 135.89 45 

4 1200 50 154.70 41 

5 900 90 159.00 42 

6 1200 30 149.92 43 

7 900 70 174.12 39 

8 900 30 162.22 42 

9 1500 50 153.00 43 

10 1800 90 180.00 45 

11 1500 90 144.52 45 

12 1500 70 150.94 42 

13 1800 50 198.00 42 

14 1200 90 146.00 43 

15 1200 70 161.39 41 

16 900 50 167.63 40 
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4.2.4 Microstructure 

Figure 4.3 (i) and (ii) shows the microstructure of weld joints at 200X and 400X magnification 

respectively. The specimen taken for micro-study examination has highest tensile strength 198 

MPa with 1800 rpm of tool rotational speed, 50 mm/min tool feed using cylindrical tool pin. 

The different regions such as base metal, HAZ, TMAZ, and nugget zone are clearly visible at 

figure 4.3 (i). It is also reveals from figure 4.3 (ii) that there is not any crack or void in the weld 

zone. Figures 4.3 (iii) and (iv) shows the microstructure of weld joint at 200X and 400X 

magnification respectively. The specimen taken for microstructure has the second-highest 

tensile strength 180 MPa with 1800 rpm tool rotational speed, 30 mm/min tool feed using 

cylindrical tool. The component MgZn2 and MgZn are visible as white particles (figure 4.3). 

The average grain size has been measured with heyn/Hilliard intercept method and it is 5.72 

(μm). 

 

(i)                                                 (ii) 

 

(iii)                                      (iv) 

 

Figure no 4.3 Microstructure image of cylindrical tool 

 

Figure 4.4 (i) and (ii) shows the microstructure of weld joints at 200X and 400X magnification 

respectively. The specimen taken for micro-study examination has highest tensile strength 208 
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MPa with 1500 rpm of tool rotational speed, 70 mm/min tool feed using hexagonal tool pin. 

The different regions such as base metal, HAZ, TMAZ, and nugget zone are clearly visible at 

figure 4.4 (i). It is also reveals from figure 4.4 (ii) that these is not any crack and void at weld 

zone. Figures 4.4 (iii) and (iv) shows the microstructure of weld joint at 200X and 400X 

magnification respectively. The specimen taken for microstructure has the second-highest 

tensile strength 199 MPa with 1500 rpm tool rotational speed, 90 mm/min tool feed using 

hexagonal tool. The component MgZn2 and MgZn are visible as white particles (figure 4.3). 

The average grain size has been measured with heyn/Hilliard intercept method and it is 5.72 

(μm). 

 

 

 

(i)                                                      (ii) 

 

(iii)                                                       (iv) 

Figure no 4.4 Microstructure image of hexagonal tool 

4.3 Effect of input parameters on performance evaluation criteria 

In order to determine the effect of the process parameter on each response, it has been drawn out 

the response surface plot for the input parameters. The response surface plots have been provided 

information regarding the effect of process parameters on the response in the form of the three-

dimensions.  

 



RESULTS AND DISCUSSION Page 91 
 

4.3.1 Effect of input parameters on hardness and tensile strength with hexagonal tool 

Figures 4.5 (i) and (ii) present the response plot for the hexagonal tool. Figure no 4.5 (i) present 

the effect of the tool rotational speed and tool feed on the hardness for hexagonal tool. It is 

observed that the tool feed is increased from 30 to 90 mm/min with any tool rotational speed 900 

rpm to 1800 rpm the overall trend of the hardness is decreases from 30 to 50 mm/min and then 

after increases the hardness of weld joint. It has been observed trends of the tensile strength is 

nearly constant as the tool rotational speed is increased 900 to 1800 rpm. It is revealed that the tool 

rotational speed is less affected. 

  

  (i)       (ii) 

Figure 4.5 Response surface plot for hexagonal tool 

It has been observed from figure 4.5 (ii) as the tool rotational speed is increases from 900 rpm to 

1800 rpm with any constant feed 30 to 90 mm/min the overall trend of tensile strength is increases 

up to 1700 rpm after it decreases at 1800 rpm. This phenomenon is due to high heat generated at 

1800 rpm. At a tool rotational speed 1800 rpm microstructure images have different compositions 

of particles so its tensile strength is decreased. It has been observed trends of the tensile strength 

is nearly constant as the feed is increased 30 to 90 mm/min.  

 

 

 

 



RESULTS AND DISCUSSION Page 92 
 

4.3.2 Effect of input parameters on hardness and tensile strength with cylindrical tool 

Figure 4.6 (i) and (ii) presented the response plots for the cylindrical tool. It has been observed 

from figure 4.6 (i) as the tool feed is increased from 30 mm/min to 90 mm/min with any constant 

tool rotational speed 900 rpm to 1800 rpm the overall trend of hardness is decreased up to 70 

mm/min and then after increases up to 90 mm/min. This phenomenon is due to lower feed have 

hardness is higher. Lower feed stirring of the material is higher so hardness is higher. 

. 

  

  (i)       (ii) 

Figure 4.6 Response surface plot for cylindrical tool 

It has been observed from figure 4.6 (ii) as the tool rotational speed is increases from 900 rpm to 

1800 rpm with any constant feed 30 to 90 mm/min the overall trend of the tensile strength 

decreases up to 1500 rpm and it increases after 1800 rpm. In cylindrical tool no one has any edge 

so heat is generated at a higher rotational speed. Tool rotational speed at 1800 rpm tensile strength 

is increased. 

 

4.4 Analysis of variance (ANOVA) 

In order to check the significance of the process parameter for the response, ANOVA has been 

calculated for each input parameter. ANOVA table comprises an estimation of the degree of 

freedom (DF), the sum of square (SS), mean of the square (MS), and P and T-test. ANOVA gives 
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the value of hardness (HRB) for hexagonal and cylindrical tools and tensile strength (MPa) for 

hexagonal and cylindrical tools given in tables 4.8, 4.9, 4.10, and 4.11 respectively. Simply 

variance referred to specific terms as a mean of the square of the term. It has been calculated by 

the division of the sum of the square by the degree of freedom. Generally, the significance of the 

term has been based on the value of the P test and F test. The value of the P-test describes the 

significant term for the model. 

 

4.4.1 ANOVA for hardness of cylindrical tool  

Minitab 17 has been given the result of hardness with cylindrical tool. Table 4.8 gives the analysis 

of variance for hardness in which the coefficient of determines R2 as 97.69%. The higher value of 

the R2 indicates a better fitting model with the data. 

Table 4.8 Analysis of variance for the hardness of cylindrical tool 

Source DF Adj SS Adj MS F – Value P-Value 

Model 6 55.876 7.5792 63.35 0.000 

Linear 6 55.875 7.5792 63.35 0.000 

Tool rotational 

speed (RPM) 

3 21.687 7.2292 31.25 0.000 

Tool feed (mm/min) 3 23.188 7.7292 65.57 0.000 

Error 9 1.063 0.1181  0.000 

Total 15 55.937    

 

Model summary 

S R-Sq R-Sq (adj) R-Sq(pre) 

0.353592 97.69% 96.15% 92.69% 

                         

The value of tool rotational speed, tool feed is less than 0.05, which shows all parameters and their 

interactions are significant for the hardness of weld with cylindrical tool. The value of the F test 

has been shown the significance of the model. The F-value of the hardness of the cylindrical tool 

is 63.35 as shown in table 4.8. Demonstrates the ANOVA for the response of hardness for the 

cylindrical tool. The ANOVA calculation is made at 95% confidence interval. The value of the P 

test and F test for the current model is significant.  
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The residual plot for the hardness is shown in figure 4.7. This layout is useful to determine whether 

the model meets the assumption of the analysis.  Figure 4.7 gives the information about normal 

probability plot is one technique which represents that data set approximately distributed or not by 

the graphical plot. The residual plots for the hardness of weld with cylindrical tool, as shown in 

figure 4.7. All plots of response have a different pattern which indicates that there are very minor 

deviations on the plot. It has been observed that all of the residual data points fall on the line or 

fall near to the line that describes the normal distribution of error. Also, it has been observed that 

frequency, fitted value, and observation order graphs. 

The normal probability plot indicates the data are normally distributed and the variables are 

influencing the response. Standardized residues are within a small range and nature is follow a 

straight line. Residuals versus fitted values indicate the variance is constant and a nonlinear 

relationship exists as well as no outliners exist in data. Histogram proves the data are not skewed 

at one side. Hence the pattern can be considered for the analysis. Residual versus order of data 

indicates that there are systematic effects in the data due to time or data collection order. 

 

Figure 4.7 Residual plots for the hardness of cylindrical tool 
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There is no cluster of residuals at the same location. Hence, the normal distribution is to be 

extremely noteworthy for experimental data.  The normal probability plot indicates whether the 

residuals follow a normal distribution, thus follow the straight line. Other graphs have been fitted 

value to the residual to give total information about the fitted value and it is near to our value. The 

last observation order gives information about the residual between -0.4 to 0.4 value to indicate all 

16 numbers of value is near the 0.0 value. 

 

4.4.2 ANOVA for hardness of hexagonal tool 

Minitab 17 has been given the result of hardness with hexagonal tool. Table 4.9 gives the analysis 

of variance for hardness in which the coefficient of determines R2 as 93.58%. The higher value of 

the R2 indicates better fitting model with the data. 

Table 4.9 Analysis of variance for the hardness of Hexagonal tool 

Source DF Adj SS Adj MS F – Value P-Value 

Model 6 21.500 3.5833 21.50 0.000 

Linear 6 21.500 3.5833 21.50 0.000 

Tool rotational 

speed (RPM) 

3 3.500 1.1667 7.00 0.010 

Tool feed (mm/min) 3 18.000 6.0000 36.00 0.000 

Error 9 1.500 0.1667   

Total 15 23.000    

 

Model summary 

S R-Sq R-Sq (adj) R-Sq(pre) 

0.50.8258 93.58% 89.13% 79.39% 

 

The value of tool rotational speed, tool feed is less than 0.05, which shows all parameters and their 

interactions are significant for the hardness of weld with hexagonal tool. The value of the F test 

has been shown the significance of the model. The F-value of the hardness with the hexagonal tool 

is 21.50 as shown in table 4.9. Demonstrates the ANOVA for the response of hardness of weld 

joint with the hexagonal tool. The ANOVA calculation is made at 95% confidence interval. The 

value of the P test and F test for the current model is significant. . 
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Figure 4.8 Residual plots for the hardness of hexagonal tool 

The residual plot for the hardness is shown in figure 4.8. This layout is useful to determine whether 

the model meets the assumption of the analysis.  Figure 4.8 gives the information about normal 

probability plot is one technique which represents that data set approximately distributed or not by 

the graphical plot. The residual plots for the hardness of weld with hexagonal tool, as shown in 

figure 4.8. All plots of response have a different pattern which indicates that there are very minor 

deviations on the plot. It has been observed that all of the residual data points fall on the line or 

fall near to the line that describes the normal distribution of error. Also, it has been observed that 

frequency, fitted value, and observation order graphs. 

The normal probability plot indicates the data are normally distributed and the variables are 

influencing the response. Standardized residues are within a small range and nature is follow 

straight line. Residuals versus fitted values indicate the variance is constant and a nonlinear 

relationship exists as well as no outliners exist in data. Histogram proves the data are not skewed 
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at one side. Hence the pattern can be considered for the analysis. Residual versus order of data 

indicates that there are systematic effects in the data due to time or data collection order. 

There is no cluster of residual at the same location. Hence, the normal distribution is to be 

extremely noteworthy for experimental data.  The normal probability plot indicates whether the 

residuals follow a normal distribution, thus follow the straight line. Other graphs fitted value to 

the residual to gives total information about the fitted value and it is near to our value. The last 

observation order has been given information about the residual between -0.5 to 0.5 value to 

indicate all 16 number of value is near the 0.0 value. 

 

 4.4.3 ANOVA for tensile strength of the cylindrical tool  

Minitab 17 has been given the result of hardness with hexagonal tool. Table 4.10 gives the analysis 

of variance for tensile strength in which the coefficient of determines R2 as 97.09 %. The higher 

value of the R2 indicates better fitting model with the data. 

 

Table 4.10 Analysis of variance for Tensile strength of the cylindrical tool 

Source DF Adj SS Adj MS F – Value P-Value 

Model 6 5561.9 760.31 50.09 0.000 

Linear 6 5561.9 760.31 50.09 0.000 

Tool rotational 

speed (RPM) 

3 5073.3 1357.77 89.55 0.000 

Tool feed (mm/min) 3 588.5 162.85 10.73 0.002 

Error 9 136.6 15.18   

Total 15 5698.5    

 

Model summary 

S R-Sq R-Sq (adj) R-Sq(pre) 

5.37578 97.09% 95.15% 90.81% 

 

The value of tool rotational speed, tool feed is less than 0.05, shows all parameters and their 

interactions are significant for the tensile strength of weld with cylindrical tool. The value of the 

F test has been shown the significance of the model. The F-value of the tensile strength with the 



RESULTS AND DISCUSSION Page 98 
 

cylindrical tool is 21.50 as shown in table 4.10. Demonstrates the ANOVA for the response of 

tensile strength for the cylindrical tool. The ANOVA calculation is made at 95% confidence 

interval. The value of the P test and F test for the current model is significant.  

 

Figure 4.9 Residual plots for the tensile strength of the cylindrical tool 

The residual plot for the hardness is shown in figure 4.9. This layout is useful to determine whether 

the model meets the assumption of the analysis.  Figure 4.9 gives the information about normal 

probability plot is one technique which represents that data set approximately distributed or not by 

the graphical plot. The residual plots for the tensile strength of weld with cylindrical tool, as shown 

in figure 4.9. All plots of response have a different pattern which indicates that there are very minor 

deviations on the plot. It has been observed that all of the residual data points fall on the line or 

fall near to the line that describes the normal distribution of error. Also, it has been observed that 

frequency, fitted value, and observation order graphs. 

The normal probability plot indicates the data are normally distributed and the variables are 

influencing the response. Standardized residues are within a small range and nature is follow 

straight line. Residuals versus fitted values indicates the variance is constant and a nonlinear 
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relationship exists as well as no outliners exist in data. Histogram proves the data are not skewed 

at one side. Hence the pattern can be considered for the analysis. Residual versus order of data 

indicates that there are systematic effects in the data due to time or data collection order. 

There is no cluster of residual at the same location. Hence, the normal distribution is to be 

extremely noteworthy for experimental data.  The normal probability plot indicates whether the 

residuals follow a normal distribution, thus follow the straight line. Other graphs have been fitted 

value to the residual to gives total information about the fitted value and it is near to our value. 

The last observation order gives information about the residual between -0.5 to 0.5 value to 

indicate all 16 numbers of value is near the 0.0 value. 

 

 

4.4.4 ANOVA for tensile strength of hexagonal tool  

Minitab 17 has been given the result of hardness with hexagonal tool. Table 4.10 gives the analysis 

of variance for tensile strength in which the coefficient of determines R2 as 97.00%. The higher 

value of the R2 indicates better fitting model with the data. 

 

Table 4.11 Analysis of variance for Tensile strength of the hexagonal tool 

Source DF Adj SS Adj MS F – Value P-Value 

Model 6 5253.0 873.85 58.58 0.000 

Linear 6 5253.0 873.85 58.58 0.000 

Tool rotational 

speed (RPM) 

3 5659.3 1553.10 86.17 0.000 

Tool feed (mm/min) 3 583.7 195.57 10.80 0.002 

Error 9 162.2 18.02   

Total 15 5505.2    

 

Model summary 

S R-Sq R-Sq (adj) R-Sq(pre) 

0.301680 97.0% 95.00% 90.52% 
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The value of tool rotational speed, tool feed is less than 0.05, shows all parameters and their 

interactions are significant for the tensile strength of weld with hexagonal tool. The value of the F 

test has been shown the significance of the model. The F-value of the tensile strength with the 

hexagonal tool is 58.58 as shown in table 4.11. Demonstrates the ANOVA for the response of 

tensile strength of weld joint with the hexagonal tool. The ANOVA calculation is made at 95% 

confidence interval. The value of the P test and F test for the current model is significant.  

 

Figure 4.10 Residual plots for the Tensile strength of hexagonal tool 

The residual plot for the tensile strength is shown in figure 4.10. This layout is useful to determine 

whether the model meets the assumption of the analysis.  Figure 4.10 gives the information about 

normal probability plot is one technique which represents that data set approximately distributed 

or not by the graphical plot. The residual plots for the tensile strength of weld with hexagonal tool, 

as shown in figure 4.9. All plots of response have a different pattern which indicates that there are 

very minor deviations on the plot. It has been observed that all of the residual data points fall on 

the line or fall near to the line that describes the normal distribution of error. Also, it has been 

observed that frequency, fitted value, and observation order graphs. 
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The normal probability plot indicates the data are normally distributed and the variables are 

influencing the response. Standardized residues are within a small range and nature is follow 

straight line. Residuals versus fitted values indicates the variance is constant and a nonlinear 

relationship exists as well as no outliners exist in data. Histogram proves the data are not skewed 

at one side. Hence the pattern can be considered for the analysis. Residual versus order of data 

indicates that there are systematic effects in the data due to time or data collection order. 

There is no cluster of residual at the same location. Hence, the normal distribution is to be 

extremely noteworthy for experimental data.  The normal probability plot indicates whether the 

residuals follow a normal distribution, thus follow the straight line. Other graphs have been fitted 

value to the residual to gives total information about the fitted value and it is near to our value. 

The last observation order gives information about the residual between -0.7 to 0.7 value to 

indicate all 16 number of value is near the 0.0 value. 

 

4.5 Regression equation 

The third-order quadratic regression equation is generated with Matlab. In this process, 

experimental results have been put into the Matlab and generated equations. An equation no. 4.1, 

4.2, 4.3, 4.4 for response hardness of cylindrical tool, the tensile strength of cylindrical tool, 

hardness of hexagonal tool, tensile strength of hexagonal tool respectively have been shown. All 

these equations are expressed two control functions tool rotational speed (rpm), tool feed 

(mm/min). In this regression equation, P values have been given from the Matlab and it is also 

provided value range from the Matlab.  

4.5.1 Regression equation of hardness for cylindrical tool  

The regression model was generated for the hardness of the welding joint from the different 

multiple linear regression model given in equation (4.1). This equation was directly generated in 

the mat lab 2012a from the third-degree relationship with the input parameters with the poly linear 

equation in the Matlab.  
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Linear model Poly33: 
 

F(X, Y) =  𝒑𝟎𝟎 + 𝒑𝟏𝟎 × 𝑿 + 𝒑𝟎𝟏 × 𝒀 + 𝒑𝟐𝟎 × 𝑿𝟐 + 𝒑𝟏𝟏 × 𝑿 × 𝒀 + 𝒑𝟎𝟐 × 𝒀𝟐 + 𝒑𝟑𝟎 × 𝑿𝟑 +
𝒑𝟐𝟏 × 𝑿𝟐 × 𝒀 + 𝒑𝟏𝟐 × 𝑿 × 𝒀𝟐 + 𝒑𝟎𝟑 × 𝒀𝟑………………………………………..……….(4.1) 

 

 Where, x= tool rotational speed (rpm), y= tool feed (mm/min) 

Coefficients (with 95% confidence bounds): 

p00 = 74.69(18.39, 131),  p10 = -0.08455(-0.206, 0.03687), p01 =0.07654  (-0.8789, 1.032),  p20 

= 7.972e-05  (-1.017e-05, 0.0001696),  p11 = -0.0004717  (-0.001116, 0.0001723),   p02 

=0.001562  (-0.01241, 0.01554),  p30 = -2.16e-08 (-4.358e-08, 3.701e-10),  p21 = 8.333e-08  (-

1.144e-07, 2.811e-07),  p12 =2.083e-06  (-8.833e-07, 5.05e-06), p03 = -1.042e-05 (-8.458e-05, 

6.375e-05) 

4.5.2 Regression equation of Tensile strength for cylindrical tool  

The regression equation model was developed for the tensile strength from the multiple input 

parameters with third-degree relationship given in the equation (4.2). This equation was generated 

by the mat lab 2012a.  

Linear model Poly33: 

F(X, Y) = 𝒑𝟎𝟎 + 𝒑𝟏𝟎 × 𝑿 + 𝒑𝟎𝟏 × 𝒀 + 𝒑𝟐𝟎 × 𝑿𝟐 + 𝒑𝟏𝟏 × 𝑿 × 𝒀 + 𝒑𝟎𝟐 × 𝒀𝟐 + 𝒑𝟑𝟎 × 𝑿𝟑 +

𝒑𝟐𝟏 × 𝑿𝟐 × 𝒀 + 𝒑𝟏𝟐 × 𝑿 × 𝒀𝟐 + 𝒑𝟎𝟑 × 𝒀𝟑……………………………………….…….. (4.2) 

Where, X= tool rotational speed (rpm), Y= tool feed (mm/min) 

Coefficients (with 95% confidence bounds): 

 p00 = -154.4  (-526.7, 218),  p10 = 0.9113  (0.1083, 1.714),  p01 = -0.3802  (-6.7, 5.939),  p20 =  

-0.0008883  (-0.001483, -0.0002937), p11 =0.001881  (-0.002379, 0.00614), p02 = 0.001215  (-

0.0912, 0.09363), p30 =   2.654e-07  (1.201e-07, 4.108e-07),  p21 = -5.824e-07  (-1.89e-06, 

7.257e-07),   p12 =  -2.869e-06  (-2.249e-05, 1.675e-05),  p03 =  -6.182e-05 (-0.0005523, 

0.0004287) 
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4.5.3 Regression equation of hardness for Hexagonal tool 

The regression model was generated for the hardness of the welding joint from the different 

multiple linear regression model given in equation (4.3). This equation was directly generated in 

the mat lab 2012a from the third-degree relationship with the input parameters with the poly linear 

equation in the mat lab. Also, this model has observed that a good prediction get an R-sq value is 

0.9247 with better predictions obtained from the equation. 

Linear model Poly33: 

F(X, Y) = 𝒑𝟎𝟎 + 𝒑𝟏𝟎 × 𝑿 + 𝒑𝟎𝟏 × 𝒀 + 𝒑𝟐𝟎 × 𝑿𝟐 + 𝒑𝟏𝟏 × 𝑿 × 𝒀 + 𝒑𝟎𝟐 × 𝒀𝟐 + 𝒑𝟑𝟎 ×

𝑿𝟑 + 𝒑𝟐𝟏 × 𝑿𝟐 × 𝒀 + 𝒑𝟏𝟐 × 𝑿 × 𝒀𝟐 + 𝒑𝟎𝟑 ×      𝒀𝟑 … … … … … … … … … … … … … … … . (𝟒. 𝟑) 

Where, x= tool rotational speed (rpm), y= tool feed (mm/min) 

Coefficients (with 95% confidence bounds): 

p00 = 122.7(37.5, 207.9), p10 = -0.1437(-0.3274, 0.04004), p01 =-0.8673(-2.313, 0.5784), p20 =   

9.556e-05(-4.046e-05, 0.0002316), p11 = 0.0007658 (-0.0002085, 0.00174), p02 =0.005812(-

0.01533, 0.02695), p30 =-2.315e-08(-5.64e-08, 1.01e-08), p21 =-4.167e-08(-3.409e-07, 2.576e-

07), p12 =-6.042e-06(-1.053e-05, -1.553e-06), p03 =1.563e-05(-9.659e-05, 0.0001278) 

  4.5.4 Regression equation of Tensile strength for Hexagonal tool  

The regression equation model was developed for the tensile strength from the multiple input 

parameters with a third-degree relationship given in equation (4.4). This equation was generated 

by the mat lab 2012a. 

Linear model Poly33. 

F(X, Y)= 𝒑𝟎𝟎 + 𝒑𝟏𝟎 × 𝑿 + 𝒑𝟎𝟏 × 𝒀 + 𝒑𝟐𝟎 × 𝑿𝟐 + 𝒑𝟏𝟏 × 𝑿 × 𝒀 + 𝒑𝟎𝟐 × 𝒀𝟐 + 𝒑𝟑𝟎 × 𝑿𝟑 +

𝒑𝟐𝟏 × 𝑿𝟐 × 𝒀 + 𝒑𝟏𝟐 × 𝑿 × 𝒀𝟐 + 𝒑𝟎𝟑 × 𝒀𝟑………….…………………………………….(4.4) 

Where, X= tool rotational speed (rpm), Y= tool feed (mm/min) 

Coefficients (with 95% confidence bounds): 
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p00 = 815.8 (505.2, 1126),  p10 = -1.349 (-2.019, -0.6792),  p01 =-7.167(-12.44, -1.896), p20 = 

0.001069 (0.0005729, 0.001565), p11 =0.003313(-0.0002398, 0.006866), p02=0.09963  (0.02254, 

0.1767), p30 =-2.811e-07(-4.023e-07, -1.599e-07), p21 =-1.022e-06(-2.113e-06, 6.936e-08), p12 

= -3.598e-06(-1.997e-05, 1.277e-05), p03 =-0.0005586  (-0.0009678, -0.0001494) 
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Chapter 5 

Optimization and Validation 

 

5.1 Optimization 

Optimization is the act of obtaining the best result under given circumstances. In design, 

construction and maintenance of any engineering system, engineers have to take many 

technological and managerial decisions at several stages. The ultimate goal of all decisions is either 

to minimize the effort required or maximize the desired benefit. Optimization can be defined as 

the process of finding the conditions that give the maximum or minimum value of a function. 

Optimization originated in the 1950s. George dantzig has been used mathematical techniques. 

Today, optimization comprises a wide variety of techniques from operations research, artificial 

intelligence, and computer science. It has been used to improve business processes in practically 

all industries. Optimization problems arise when the variables occurring in the optimization 

function take only a finite number of discrete values.  

It can be seen from figure 5.1 that if a point x* corresponds to the minimum value of function f(x), 

the same point also corresponds to the maximum value of the negative of the function, —f(x). 

Thus, without loss of generality, optimization can be taken to mean minimization since the 

maximum of a function can be found by seeking the minimum of the negative of the same function. 

There is no single method available for solving all optimization problems efficiently. Hence a 

number of optimization methods have been developed for solving different types of optimization 

problems. The optimum seeking methods are also known as mathematical programming 

techniques 
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Figure 5.1 Minimum of f(x) is same as maximum of —f(x) [6] 

5.1.1 Need for optimization in manufacturing 

Engineering problems have been solved with mathematical results and numerical techniques of 

optimization theory. It is necessary to delineate the boundaries of the engineering system to be 

optimized. It is gives which variables will be ranked to determine the best and it is based on the 

quantitative criterion.  It is characterized or identify variables, define a model that will express 

which variables are related. 

It is very challenging for all the production industries to meet the required standard of the customer 

as well as to utilize all their resources to gain maximum profit and minimum loss. For the 

production of components on non-conventional machining the major factors have been considered. 

So, from the above factors, It has been needed maximum tensile strength and hardness at tool 

rotational speed and tool feed. So, there should be an intermediate value for both tensile strength 

and hardness at which it has been achieved our target. The process has been used to find that value 

is known as optimization. 

Also, the optimization is helpful to find out at what maximum value of hardness. Also, 

optimization is helpful to find what input parameters will be minimized to get maximum tensile 

strength. The goal of an optimization strategy for tensile strength is to help manufacturing 

engineers in identifying optimal manufacturing process plans in complex manufacturing activities. 
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Implementation of optimal manufacturing process plans is crucial in dynamic manufacturing 

environments. In seeking an optimal solution, it is necessary to employ an appropriate optimization 

solution technique. From public literature on process planning,   genetic algorithms have been 

identified as one option for solving complex process planning problems from an optimization 

perspective. 

 

5.1.2 Optimization Algorithms  

The optimization problems reveal that the formulation of engineering problems could differ from 

problem to problem. Certain problems involve linear terms for constraints and objective function 

but other problems involve nonlinear terms for them. In some problems, the terms are not explicit 

functions of the design variables. Unfortunately, there does not exist a single optimization 

algorithm that will work in all optimization problems equally efficiently. Some algorithms perform 

better on one problem but may perform poorly on other problems. That is why the optimization 

literature contains a large number of algorithms, each suitable to solve a particular type of problem. 

The choice of a suitable algorithm for an optimization problem is, to a large extent, dependent on 

the user's experience in solving similar problems. 

Since the optimization algorithms involve the repetitive application of certain procedures. If need 

to be used with the help of a computer. The algorithms have been presented in a step-by-step 

format so that it have been easily coded. The optimization algorithms have been classified into 

several groups, which are briefly discussed below. 

 

5.1.2.1 Single-variable optimization algorithms:  

These algorithms provide a good understanding of the properties of the minimum and maximum 

points in a function and how optimization algorithms work iteratively to find the optimum point 

in a problem. The algorithms are classified into two categories— direct methods and gradient-

based methods. Direct methods do not use any derivative information of the objective function; In 

gradient-based methods use derivative information (first and/or second-order) to guide the search 

process.  
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5.1.2.2 Multi-variable optimization algorithms:  

These algorithms demonstrate how the search for the optimum point progresses in multiple 

dimensions. Depending on whether the gradient information is used or not used.  

 

5.1.2.3 Constrained optimization algorithms:  

These algorithms have been used as the single-variable and multivariable optimization algorithms 

repeatedly and simultaneously maintain the search effort inside the feasible search region. These 

algorithms have been used in engineering optimization problems. 

 

5.1.2.4 Specialized optimization algorithms 

There exist a number of structured algorithms, which are ideal for only a certain class of 

optimization problems. Two of these algorithms integer programming and geometric 

programming are often used in engineering design problems. Integer programming methods are 

solve optimization problems with integer design variables. Geometric programming methods are 

solve optimization problems with objective functions and constraints written in a special form.  

 

5.1.2.5 Nontraditional optimization algorithms:  

There exist a number of other optimization algorithms that are comparatively new and are 

becoming popular in engineering optimization problems in the recent past. Two types of 

algorithms are genetic algorithms and simulated annealing. 

 

5.1.3 Nontraditional Optimization Algorithms 

Two nontraditional optimization methods which are becoming popular in engineering 

optimization problems. Genetic algorithms (GAs) are the principles of natural genetics and natural 

selection to constitute search and optimization procedures. Simulated annealing the cooling 

phenomenon of molten metal to constitute a search procedure. Since both these algorithms are 

abstractions from a natural phenomenon. 

 

5.2 Genetic Algorithms 

Many practical optimum design problems are characterized by continuous variables, discontinuous 

and nonconvex design spaces. If standard nonlinear programming techniques are used for this type 
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of problem. It will be inefficient, computationally expensive, and in most cases, find a relative 

optimum that is closest to the starting point. Genetic algorithms are based on the principles of 

natural genetics and natural selection. These algorithms are not included because it is new, 

potential search and optimization algorithms for complex engineering optimization problems  

 

5.2.1 GA Working Principles 

To illustrate the working principles of GAs, It is considered an unconstrained optimization 

problem. Later, It has been discussed how GAs to solve a constrained optimization problem. Let 

us consider the following maximization problem. Although a maximization problem has been 

considered here, a minimization problem also be handled using GAs.  

 

5.2.2 Fitness function 

GA’s “the survival-of-the-fittest” principle of nature to make a search process. Therefore, GA’s 

are naturally suitable for solving maximization problems. Minimization problems are usually 

transformed into maximization problems by some suitable transformation. In general, A fitness 

function f(x) is first derived from the objective function and used in successive genetic operations. 

Certain genetic operators are require that the fitness function be nonnegative, although certain 

operators do not have this requirement. For maximization problems, the fitness function is 

considered to be the same as the objective function or F(x) = f(x). For minimization problems, the 

fitness function is an equivalent maximization problem chosen such that the optimum point 

remains unchanged. A number of such transformations are possible.  

This transformation does not alter the location of the minimum but converts a minimization 

problem to an equivalent maximization problem. The fitness function value of a string is known 

as the string’s fitness. The operation of GAs begins with a population of random strings 

representing design or decision variables. Thereafter, each string is evaluated to find the fitness 

value. The population is then operated by three main operators’ reproduction, crossover, and 

mutation to create a new population of points. The new population is further evaluated and tested 

for termination. If the termination criterion is met, one cycle of these operations and the subsequent 

evaluation procedure is known as a generation in GA’s terminology. 
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5.3 Optimization problem formulation 

The present study aimed to determine the set of optimal parameters of the FSW process to ensure 

maximum tensile strength and hardness satisfying the condition. The multi-objective was obtained 

in terms of tool rotational speed (rpm) and hardness (HRB). This equation is divided into two 

categories one is the cylindrical tool and the hexagonal tool. This multi-objective optimization 

generated two functionsY@1 and Y@2 for the cylindrical and hexagonal tools respectively. After 

generating equations, it implements in the fitness function and directly optimize it. The fitness 

value was penalized by using the term given below.  

Maximization, 

 

5.3.1 Optimization of the cylindrical tool  

 Function Y@1= P(x) 

P(1)= 74.69 − 0.08455 × 𝑋 + 0.07654 × 𝑌 + 7.972e − 05 × 𝑋2  − 0.0004717 × 𝑋 × 𝑌 +

0.001562 × 𝑌2 − 2.16e − 08 × 𝑋3 − 2.16e − 08 × 𝑋2 × 𝑌 + 2.083e − 06 × 𝑋 × 𝑌2 +

−1.042e − 05 × 𝑌3; 

 

 P(2)= −154.4 + 0.9113 × 𝑋 − 0.3802 × 𝑌 − 0.0008883 × 𝑋2 + 0.001881 × 𝑋 × 𝑌 +

0.001215 × 𝑌2 + 2.654e − 07 × 𝑋3 − 5.824e − 07 × 𝑋2 × 𝑌 − 2.869e − 06 × 𝑋 × 𝑌2 −

6.182e − 05 × 𝑌3 

double P(1); 

double P(2); 

end 

Where, x= tool rotational speed (rpm), y= tool feed (mm/min) 

 

5.3.2 Optimization of the hexagonal tool  

Function Y@2= P(x)’ 

P(1)= 122.7 − 0.1437 × 𝑋 − 0.8673 × 𝑌 + 9.556e − 05 × 𝑋2 + 0.0007658 × 𝑋 × 𝑌 +

0.005812 × 𝑌2 − 2.315e − 08 × 𝑋3 − 4.167e − 08 × 𝑋2 × 𝑌 − 6.042e − 06 × 𝑋 × 𝑌2 +

+1.563e − 05 × 𝑌3 
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P(2)=  815.8  − 1.349 × 𝑋 − 7.167 × 𝑌 + 0.001069 × 𝑋2 + 0.003313 × 𝑋 × 𝑌 + 0.09963 ×

𝑌2 − 2.811e − 07 × 𝑋3 − 1.022e − 06 × 𝑋2 × 𝑌 − 3.598e − 06 × 𝑋 × 𝑌2 − 0.0005586 × 𝑌3 

double P(1); 

double P(2); 

end 

Where, x= tool rotational speed (rpm), y= tool feed (mm/min) 

 

Subject to the condition that Hardness and tensile strength takes the maximum value and takes the 

value range between maximum and minimum value. 

Xmin ≤ X ≤  Xmax,  

Ymin ≤ Y ≤  Ymax, 

i.e. 900 rpm ≤ X ≤ 1800 rpm, 30 mm/min ≤ Y ≤  90 mm/min 

 

 

5.3.3 Optimization using MATLAB Toolbox 

The multi-objective optimization function GA- multi-objective from the multi-objective genetic 

optimization and a direct search toolbox of MATLAB is used for defining and solving the problem. 

Figure 5.2 shows the multi-objective optimization problem definition screen. 
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Figure 5. 2 A view of genetic algorithm toolbox of MATLAB 

 

In the below figure 5.3 shows directly generated fitness function has been put into this box and put 

upper and lower boundaries of the range of the tool rotational speed(rpm) and tool feed (mm/min). 
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Fitness function  

 

 

Figure 5.3 Settings in MGA toolbox of MATLAB 

 

5.3.4 Multi-objective GA settings 

Genetic algorithm parameters are selected by the trial and error method to use for the friction stir 

welding process such that the best performance is achieved to predict the optimum value in the 

best interaction between the input parameters. 

The basic elements of natural genetics reproduction, crossover,and mutation are used in the genetic 

search procedure. GAs differ from the traditional methods of optimization in the following 

respects: 

The GA parameters are rank-order selection, cross-over probability, mutation probability, and 

cross-over operator have been selected as per the literature. 

Fitness function  

 

Range 
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In the selection process, the selected parameters have been selected operator – Rank order, Cross 

over operator- multi-point cross over, cross over probability- 0.8, mutation probability-0.01, 

Population size-12, fitness parameters- multi-objective function.   

Two-point crossover works when a crossover point along the chromosome is selected where genes 

are exchanged between the parents to create two off-springs. In this one-point crossover, a random 

crossover point is selected and the tails of its two parents are swapped to get new offspring. 

 

Self-adaptive control process GA has been allowed to develop its own parameters. The parameters 

values to be used are included in the individuals and go through mutation and crossover. 

Crossover rate: The number of times a crossover occurs for chromosomes in one generation, i.e., 

the chance that two chromosomes exchange some of their parts), 100% crossover rate means that 

all offspring are made by crossover. If it is 0%, then the completely new generation of individuals 

is to be exactly copied from the older population, except those resulting from the mutation process. 

The crossover rate is in the range of [0, 1]. Cross over probability has been taken as a 0.8. 

Mutation rate (probability): This rate determines how many chromosomes should be mutated in 

one generation; the mutation rate is in the range of [0, 1]. The purpose of mutation is to prevent 

the GA from converging to local optima, but if it occurs very often, GA has been changed to 

random search. Mutation probability has been taken 0.01.  

Population size: The size of the population indicates the total number of the population’s 

inhabitants. Selection of population size is a sensitive issue; if the size of the population (search 

space) is small, this means little search space is available, and therefore it is possible to reach a 

local optimum. Population size has been taken as 12.  

 Number of generations: It refers to the number of cycles before the termination. In some cases, 

hundreds of loops are sufficient, but in other cases, it has been might need more generations, this 

depends on the problem type and complexity. Depending on the design of the GA, sometimes this 

parameter has not been used particularly if the termination of the GA depends on specific criteria. 

After the discussion of all parameters selection of the GA operators as per the given below 

 

Selection operator   = Rank order 

Cross over operator probability = 0.8 

Mutation Probability   = 0.01 
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Population Size   = 12 

Fitness parameters   = Multi objective function 

In this optimization has been used the upper and lower limits of the friction stir welding process 

parameters as per the given table 5.1 

 
Table 5.1 Limits of the input parameters 

Sr no  

 

Friction stir welding process parameters Lower limit Upper limit 

1 Tool rotational speed (rpm ) (X) 900 1800 

2 Tool feed (mm/min) (Y) 30 90 

 

5.3.5 Optimization results of the cylindrical tool  

In this work, the optimized value for the different weights of the UTS and Hardness has been 

shown in the given output table 5.2 

Table 5.2 Optimized value of the cylindrical tool. 

Rank Tool rotational 

speed (X) (rpm) 

Tool Feed (Y) 

(mm/min) 

Tensile strength 

(F1) (MPa) 

Hardness (F2) 

(HRB) 

1 1045.55 50.66 166.19 40.50 

2 1228.48 36.01 148.56 42.36 

3 1223.90 39.53 150.98 41.94 

4 1024.44 56.97 168.53 40.39 

5 1137.41 46.77 159.69 40.93 

6 1328.95 40.56 146.60 42.50 

7 1185.48 42.91 155.05 41.42 

8 1301.70 30.95 141.29 43.59 

9 1061.51 43.61 162.73 40.84 

10 1262.25 35.56 146.42 42.64 

11 1325.01 37.12 144.65 42.87 

12 1187.25 39.61 153.17 41.72 
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 As mentioned earlier it has been obtained the solution of the algorithm stand for the best amount 

of the value of the input and output process parameters. It has been shown value interaction of the 

output parameters tensile strength and hardness. Also gives the output value after the first 

interaction in the optimization table. After the genetic algorithm with multi-objective optimization, 

it has been found the plot from the Matlab given in figure 5.4.  

 

  
Figure 5.4 Plots generated by the Matlab for using multi-objective optimization using equation 

 

 

In the above graph 1 shows the average distance between individuals. In this graph, all of the 

distances between the individuals have been shown between 0 to 300 but all are near to each other 

so it suggests that overwork is optimum. Also, all distances between generations up to 300 but the 

value for the distance between 100 to 200 is in the graph. In graph 2 generation vs. individual meet 

in the graph. In this graph up to 25, it has been given higher generations.  

1 2 3 

4 5 6 

7 8 9 
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In graph 3 gives the information about the score (range) vs. the number of individuals. This graph 

gives the value of the two functions fun1 (tensile strength)and fun2 (hardness) gives the range 

between the minimum and maximum value between these two functions. 

In the given graph 4 gives information about the individuals vs. the number of children. It is useful 

for the selection of the function at the time of the validation. If you select the two outputs as UTS 

and hardness value so as per this graph you select the function. 

In graph 5 shows the information about the percentage criteria met in the generation. In this graph 

percentage that met criteria is almost 75%. Graph 6 illustrates objective 1 vs. objective 2 but in 

this problem, two objectives are in opposite direction. Graph 7 shows the information about the 

distance vs. individuals and distance gives 0 to 2 and individuals 0 to 30 show the relation between 

the distances of the individual's value. Graph 8 gives information about the rank. Graph 9  shows 

the average spread is 0.101042 has the maximum spread gives in the graph and the generations 

above 300. All the graphs give information about all the predicted values regarding the input value.  

5.3.6 Optimization results of the hexagonal tool  

In this work, the optimized value for the different weights of the tensile strength and hardness has 

been shown in the given optimized table 5.3. 

Table 5.3 Optimized value of the hexagonal tool 

Rank Tool rotational 

speed (X) (rpm) 

Tool Feed (Y) 

(mm/min) 

Tensile strength 

(F1) (MPa) 

Hardness (F2) 

(HRB) 

1 1073.01 61.29 189.47 45.28 

2 1074.98 57.88 187.23 45.30 

3 1075.49 55.73 185.77 45.340 

4 1074.55 53.51 184.25 45.40 

5 1075.54 51.29 182.84 45.48 

6 1789.02 71.51 164.00 045.49 

7 1789.06 70.28 163.65 45.61 

8 1791.60 68.07 162.17 45.80 

9 1790.31 64.24 160.67 46.15 

10 1789.23 32.30 146.94 46.15 

11 1791.62 36.62 146.01 46.48 

12 1073.01 61.29 189.47 45.28 
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As mentioned earlier it has been obtained the solution of the algorithm stand for the best amount 

of the value of the input and output process parameters. It has been shown the value interaction of 

the output parameters tensile strength and hardness for hexagonal tool. Also gives the output value 

in the optimization table. After the genetic algorithm with multi-objective optimization it has been 

found the plot from the Matlab is given in figure 5.5. 

 

 
 

Figure 5.5 Plots generated by the met- lab for using multi-objective optimization using equation 
 

In the above graph 1 gives information about the average distance between individuals. In this 

graph, all of the distance between the individuals are shown between 0 to 300 but all are near to 

each other so it suggests that overwork is optimum. Also all distance between generation up to 

1 
2 3 

4 
5 6 

7 8 9 
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300. In graph 2 gives interactions between the generations vs. individuals. In this graph 15 

individuals give generations 0 to 200 at that time generations are higher.  

In graph 3 gives the information about the score (range) vs. the number of individuals. This graph 

gives the value of the two functions fun1 (tensile strength)and fun2 (hardness) gives the range 

between the minimum and maximum value between these two functions. 

In the given graph 4 gives information about the individuals vs. the number of children also it has 

been useful for the selection of the function at the time of the validation. If you select the two 

outputs as UTS and hardness value as per this graph you select the function. 

In graph 5 have been shown the information about the percentage criteria met in the generation. In 

this graph percentage met criteria is almost 65%. Graph 6 illustrates objective 1 vs. objective 2 but 

in this problem, two objectives are in opposite direction. Graph 7 shows the information about the 

distance vs. individuals and distance gives 0 to 2 and individuals 0 to 30 show the relation between 

the distances of the individual's value. Graph 8 gives information about rank vs individuals. Graph 

9 shows the average spread is 0.3756 has the maximum spread gives in the graph and the 

generations above 200. All the graphs give information about all the predicted values regarding 

the input value.  

5.4 Validation  

 
In table 5.4 shows the range used for input parameters during experiments and found the optimized 

parameters for the validate work. 

Table 5.4 Ranges of input and output parameters 

Factors Notation Range observed 

during the 

experiment 

Optimized values of parameters 

Cylindrical tool  Hexagonal tool 

Tool rotational 

speed (rpm) 

TS (X) 900-1800 1024.43-1328.95 1073.005-1791.621 

Tool Feed (mm/min)  TF (Y) 30-90 30.95-56.96 53.50-71.50 

Tensile strength 

(Mpa) 

UTS (F1)  146-208 141.28-168.18 146.00-189.47 

Hardness (HRB) HRB 

(F2) 

40-48 40.49-43.58 45.27-46.47 
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After the validation table is generated in the software then it has been validated this work with 

practical output. It has not been taken machine speed and feed in two decimal so that some of the 

error generated in this work. The results obtained through optimization had to be validated. This 

has been done through the practical performance of the experiment in the same manner as the 

practicals performed earlier as per DOE.  

 

5.4.1 Validation of cylindrical tool 

 In table 5.5 gives the information of the validation of the work with the practical output for 

cylindrical tool. It has been provided value generated from the Matlab and practical work 

compared. Predicted value and actual value difference it has been found an error.  

Table 5.5 Validation of the cylindrical tool 

 

 

Types of values 

Input and output parameters for the cylindrical tool  

Tool rotational 

speed (rpm) 

Tool feed 

(mm/ min) 

Tensile strength 

(Mpa) 

Hardness 

(HRB) 

Predicted values of  

parameters 

 

1045.551 50.66 166.1867 40.49 

Actual obtained values of  

parameters 

1046 51 162.47 42 

Error % _ _ 2.2% 3.7% 

 

5.4.2 Validation of hexagonal tool  

In table 5.5 gives the information of the validation of the work with the practical output for 

hexagonal tool. It has been provided value generated from the Matlab and practical work 

compared. Predicted value and actual value difference it has been found an error.  

 
Table 5.6 Validation of the hexagonal tool 

 

 

Types of values 

Input and output parameters for the hexagonal tool  

Tool rotational 

speed (rpm) 

Tool feed 

(mm/ min) 

Tensile strength 

(Mpa) 

Hardness 

(HRB) 

Predicted values 1073.005 61.29 189.47 45.27 

Actual obtained values 1073 61 186.03 47 

Error % _ _ 1.8% 3.8% 
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From the above validation of this work some of the errors were generated but this error depends 

on the tool rotational speed and the tool feed is not in the two decimal. The second one is that the 

hardness tester is not indicating the value in two decimal so an error is higher in the hardness. In 

the cylindrical tool error has been found 2.2% and 3.7% in tensile strength and hardness 

respectively.  In the hexagonal tool error has been found 1.8% and 3.8% in tensile strength and 

hardness respectively. From the above result errors have been below than the 5%. 
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Chapter 6 

Conclusion and Future scope 

6.1 Conclusions 

The friction stir welding process is a high potential in the field of the metal joining with various 

aluminium alloys especially the high strength alloys which are difficult to join with conventional 

techniques. This research presents an experimental investigation of friction stir welding on 

AA7108 T79 using a counter-rotating twin tool. In this work design of the twin tool has been done 

using Ansys to analyze the best material. A systematic approach have been adopted for the 

development of a counter-rotating twin tool. Experiments have been conducted for various 

combinations of tool rotational speed and tool feed with two different tool friction tool pins. Four 

levels of rotational speed and feed have been taken during experimental investigation using a full 

factorial design of experiment. The strength of weldment joint has been analyzed by various 

qualitative and quantitative method. Tensile strength and hardness have been tested as per the 

ASM standard. Microstructure, radiography and ultrasonic test have been performed on the 

weldment joint. Multi-objective optimization approach using a genetic algorithm has been done to 

optimize process parameters.  Experimental validation has been done using optimized process 

parameters results. The following conclusions are derived. 

 In this research during pilot tests and experimentation work failure of tool have been not 

reported. Wear on friction pins and crack not observed on this twin tool. Therefore, an 

approach for design and development of a counter-rotating twin tool is the best for FSW 

techniques.  

 EN 8 material is best suitable as there is total deformation difference is 30% and 34% for 

SCM415 and S45C Respectively. In EN 8 material equivalent stress difference is 8% 

compared to the SCM 415 and S45C. Equivalent stress the difference are 8% and 13% of 

SCM415 and S45C respectively compared to EN8. 

 During the experimentation work friction tool pin is not deteriorate as in shape and size. 

The selected friction tool pin material as H13 is performed best with AA 7108 T79 material. 
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 Developed fixture gives the best result compared to the vice and c- clamp device. 

 It is reveals from the radiography results there is not any crack and voids. 

 As per the ultrasonic results the thickness of the plate is in range of 6 to 6.02 mm. It shows 

that the FSW weld joint is defect free. 

 In hexagonal tool pin profile tool rotational speed 1500 rpm and 70 mm/min feed is 

best compared to the 30, 50, 90 mm/min. The difference of tensile strength in the 

hexagonal tool are 9%, 5% and 27% with 900, 1200, 1800 rpm tool rotational speed 

respectively.  

 In Cylindrical tool pin profile tool rotational speed 1800 rpm and 50 mm/min feed is 

best compared to the 30, 70, 90 mm/min. The difference of tensile strength in 

cylindrical tool are 15%, 22% and 22% with 900, 1200, 1500 rpm tool rotational 

speed respectively 

 The hexagonal tool is best compared to the cylindrical tool because the hexagonal tool 

shape plays an important role to found a pulsating stirring action is higher compared 

to the cylindrical tool. Hexagonal tool tensile strength is higher 4% compared to 

cylindrical tool.  

 An increase in the tool rotational speed and feed causes more heat is generated it 

turns in to enlarge the TMAZ and HAZ which results reduce the tensile strength. If 

lower feed and speed so smaller TMAZ and HAZ which leads to the greater tensile 

strength. 

 In the hexagonal tool, hardness is 45 to 49 HRB (8%). In the cylindrical tool, hardness 

is 39 to 45 HRB (13%).  

 The analysis of the microstructure found that the average grain size for the cylindrical 

tool was 5.72 μm and hexagonal tool 5.45 μm. If the grain size is decreased so that 

tensile strength increases.  
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 From the ANOVA results, it has been concluded that the tensile strength depends on the 

tool rotational speed. F- Value are 1357.77 and 1553.10 for cylindrical tool and hexagonal 

tool. Also, P-value is lower than the 5%, so the model is satisfied. 

   In hardness, the most significant parameter is tool feed. In ANOVA, F-value are 65.57 

and 63 for cylindrical tool and hexagonal tool respectively. Also, P-value is lower than the 

5%, so the model is satisfied. 

 A genetic algorithm is able to reach the optimal solution after satisfying the 

constraints.  

 This work was validated practically experiments as the parameters optimized by the 

multi-objective GA. After founding the maximum error in the hardness and tensile 

strength are 3.7% and 2.2% respectively for cylindrical tool.  In hexagonal tool error 

found for the hardness and tensile strength are 3.8% and 1.8% respectively.  

6.2 Future scope  

 Further research by changing the distance between two tools in the twin tool. 

 There is a scope for use of different friction tool pin geometry such as threaded and conical. 

 Double-sided and dissimilar material weld joint can be performed with different 

thicknesses of the material. 

 

6.3 Limitations of the research 

 Tool tilt angle is not possible by this indigenously designed twin technology. 

 In this work tool, the rotational speed is the same for the two tools. 
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 Units

 Model (B4)
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 Parts
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 Contacts
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 Solution (B6)
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 Results
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Units
TABLE 1

Model (B4)

Unit System Metric (m, kg, N, s, V, A) Degrees rad/s Celsius
Angle Degrees

Rotational Velocity rad/s
Temperature Celsius

Geometry

TABLE 2
Model (B4) > Geometry

Object Name Geometry
State Fully Defined

Definition

Source E:\MAULIK 7-11-17\Maulik Backup 2-11-17\ANSYS\2_files\dp0\SYS-2
\DM\SYS-2.agdb

Type DesignModeler
Length Unit Meters

Element Control Program Controlled
Display Style Body Color

Bounding Box
Length X 4.3e-002 m
Length Y 0.2 m
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TABLE 3
Model (B4) > Geometry > Parts

Length Z 8.2818e-002 m
Properties

Volume 3.1541e-004 m³
Mass 2.4829 kg

Scale Factor Value 1.
Statistics

Bodies 4
Active Bodies 4

Nodes 271733
Elements 54075

Mesh Metric None
Basic Geometry Options

Parameters Yes
Parameter Key DS

Attributes No
Named Selections No
Material Properties No

Advanced Geometry Options
Use Associativity Yes

Coordinate Systems No
Reader Mode Saves Updated 

File No

Use Instances Yes
Smart CAD Update No

Compare Parts On Update No
Attach File Via Temp File Yes

Temporary Directory C:\Users\PRATIK\AppData\Local\Temp
Analysis Type 3-D

Decompose Disjoint Geometry Yes
Enclosure and Symmetry

Processing Yes

Object Name SHAFT2 SHAFT-1 SPINDLE_RIGHT SPINDLE
State Meshed

Graphics Properties
Visible Yes

Transparency 1
Definition

Suppressed No
Stiffness Behavior Flexible

Coordinate System Default Coordinate System
Reference Temperature By Environment

Material
Assignment EN8

Nonlinear Effects Yes
Thermal Strain Effects No

Bounding Box
Length X 2.5e-002 m 4.2697e-002 m 4.3e-002 m
Length Y 0.2 m 0.15 m 0.1 m
Length Z 2.5e-002 m 4.3006e-002 m 4.2631e-002 m

Properties
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FIGURE 1
Model (B4) > Geometry > Figure

Volume 9.8175e-005 m³ 7.3631e-005 m³ 7.2413e-005 m³ 7.1186e-005 m³
Mass 0.77283 kg 0.57962 kg 0.57004 kg 0.56038 kg

Centroid X 7.6361e-011 m 8.5438e-019 m -2.3796e-007 m 3.1501e-019 m
Centroid Y -6.8998e-002 m -6.5e-002 m
Centroid Z 2.e-002 m -2.e-002 m -1.9999e-002 m 2.e-002 m

Moment of Inertia Ip1 2.5929e-003 kg·m² 1.1037e-003 kg·m² 5.5614e-004 kg·m² 5.4618e-004 kg·m²
Moment of Inertia Ip2 5.9767e-005 kg·m² 4.4825e-005 kg·m² 1.604e-004 kg·m² 1.5642e-004 kg·m²
Moment of Inertia Ip3 2.5929e-003 kg·m² 1.1037e-003 kg·m² 5.5614e-004 kg·m² 5.4618e-004 kg·m²

Statistics
Nodes 25433 16088 119642 110570

Elements 5733 3478 23552 21312
Mesh Metric None

Coordinate Systems

TABLE 4
Model (B4) > Coordinate Systems > Coordinate System

Object Name Global Coordinate System
State Fully Defined

Definition
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Type Cartesian
Coordinate System ID 0.

Origin
Origin X 0. m
Origin Y 0. m
Origin Z 0. m
Directional Vectors

X Axis Data [ 1. 0. 0. ]
Y Axis Data [ 0. 1. 0. ]
Z Axis Data [ 0. 0. 1. ]

Connections

TABLE 5
Model (B4) > Connections

TABLE 6
Model (B4) > Connections > Contacts

TABLE 7
Model (B4) > Connections > Contacts > Contact Regions

Object Name Connections
State Fully Defined

Auto Detection
Generate Automatic Connection On Refresh Yes

Transparency
Enabled Yes

Object Name Contacts
State Fully Defined
Definition

Connection Type Contact
Scope

Scoping Method Geometry Selection
Geometry All Bodies

Auto Detection
Tolerance Type Slider

Tolerance Slider 0.
Tolerance Value 5.5175e-004 m

Use Range No
Face/Face Yes
Face/Edge No
Edge/Edge No

Priority Include All
Group By Bodies

Search Across Bodies
Statistics

Connections 3
Active Connections 3

Object Name Contact Region Contact Region 2 Contact Region 3
State Fully Defined

Scope
Scoping Method Geometry Selection
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Contact 2 Faces 8 Faces
Target 2 Faces 6 Faces

Contact Bodies SHAFT2 SHAFT-1 SPINDLE_RIGHT
Target Bodies SPINDLE SPINDLE_RIGHT SPINDLE

Definition
Type Bonded

Scope Mode Automatic
Behavior Program Controlled

Trim Contact Program Controlled
Trim Tolerance 5.5175e-004 m

Suppressed No
Advanced

Formulation Program Controlled
Detection Method Program Controlled

Penetration Tolerance Program Controlled
Elastic Slip Tolerance Program Controlled

Normal Stiffness Program Controlled
Update Stiffness Program Controlled

Pinball Region Program Controlled
Geometric Modification

Contact Geometry Correction None
Target Geometry Correction None

Mesh

TABLE 8
Model (B4) > Mesh

Object Name Mesh
State Solved

Display
Display Style Body Color
Defaults

Physics Preference Mechanical
Relevance 0

Sizing
Use Advanced Size Function Off

Relevance Center Fine
Element Size Default

Initial Size Seed Active Assembly
Smoothing High
Transition Fast

Span Angle Center Fine
Minimum Edge Length 2.352e-004 m

Inflation
Use Automatic Inflation None

Inflation Option Smooth Transition
Transition Ratio 0.272

Maximum Layers 5
Growth Rate 1.2

Inflation Algorithm Pre
View Advanced Options No
Patch Conforming Options
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TABLE 9
Model (B4) > Mesh > Mesh Controls

FIGURE 2
Model (B4) > Mesh > Figure

Triangle Surface Mesher Program Controlled
Patch Independent Options

Topology Checking No
Advanced

Number of CPUs for Parallel Part Meshing Program Controlled
Shape Checking Standard Mechanical

Element Midside Nodes Program Controlled
Straight Sided Elements No

Number of Retries 0
Extra Retries For Assembly Yes

Rigid Body Behavior Dimensionally Reduced
Mesh Morphing Disabled
Defeaturing

Pinch Tolerance Please Define
Generate Pinch on Refresh No

Automatic Mesh Based Defeaturing On
Defeaturing Tolerance Default

Statistics
Nodes 271733

Elements 54075
Mesh Metric None

Object Name Edge Sizing
State Suppressed

Scope
Scoping Method Geometry Selection

Geometry 35 Edges
Definition

Suppressed Yes
Active No, Suppressed
Type Element Size

Element Size 1.e-004 m
Behavior Soft

Bias Type No Bias
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Named Selections

Static Structural (B5)
TABLE 10

Model (B4) > Analysis

TABLE 11
Model (B4) > Static Structural (B5) > Analysis Settings

Object Name Static Structural (B5)
State Solved

Definition
Physics Type Structural
Analysis Type Static Structural
Solver Target Mechanical APDL

Options
Environment Temperature 22. °C

Generate Input Only No

Object Name Analysis Settings
State Fully Defined

Step Controls
Number Of Steps 1.
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TABLE 12
Model (B4) > Static Structural (B5) > Loads

Current Step Number 1.
Step End Time 1. s

Auto Time Stepping Program Controlled
Solver Controls

Solver Type Program Controlled
Weak Springs Program Controlled

Solver Pivot Checking Program Controlled
Large Deflection Off

Inertia Relief Off
Restart Controls

Generate Restart Points Program Controlled
Retain Files After Full Solve No

Nonlinear Controls
Newton-Raphson Option Program Controlled

Force Convergence Program Controlled
Moment Convergence Program Controlled

Displacement Convergence Program Controlled
Rotation Convergence Program Controlled

Line Search Program Controlled
Stabilization Off

Output Controls
Stress Yes
Strain Yes

Nodal Forces No
Contact Miscellaneous No
General Miscellaneous No

Store Results At All Time Points
Analysis Data Management

Solver Files Directory E:\MAULIK 7-11-17\Maulik Backup 2-11-17\ANSYS\2_files\dp0\SYS-2\MECH\
Future Analysis None

Scratch Solver Files Directory
Save MAPDL db No

Delete Unneeded Files Yes
Nonlinear Solution No

Solver Units Active System
Solver Unit System mks

Object Name Frictionless Support Moment
State Fully Defined

Scope
Scoping Method Geometry Selection

Geometry 4 Faces 2 Faces
Definition

Type Frictionless Support Moment
Suppressed No

Define By Components
Coordinate System Global Coordinate System

X Component 0. N·m (ramped)
Y Component 7.5 N·m (ramped)
Z Component 0. N·m (ramped)
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FIGURE 3
Model (B4) > Static Structural (B5) > Moment

Behavior Deformable
Advanced

Pinball Region All

Solution (B6)

TABLE 13
Model (B4) > Static Structural (B5) > Solution

TABLE 14
Model (B4) > Static Structural (B5) > Solution (B6) > Solution Information

Object Name Solution (B6)
State Solved

Adaptive Mesh Refinement
Max Refinement Loops 1.

Refinement Depth 2.
Information

Status Done
Post Processing

Calculate Beam Section Results No

Object Name Solution Information
State Solved

Solution Information
Solution Output Solver Output

Newton-Raphson Residuals 0
Update Interval 2.5 s
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TABLE 15
Model (B4) > Static Structural (B5) > Solution (B6) > Results

FIGURE 4
Model (B4) > Static Structural (B5) > Solution (B6) > Total Deformation

Display Points All
FE Connection Visibility
Activate Visibility Yes

Display All FE Connectors
Draw Connections Attached To All Nodes

Line Color Connection Type
Visible on Results No

Line Thickness Single
Display Type Lines

Object Name Total Deformation Equivalent Elastic 
Strain Equivalent Stress Strain Energy

State Solved
Scope

Scoping Method Geometry Selection
Geometry All Bodies

Definition

Type Total Deformation Equivalent Elastic 
Strain

Equivalent (von-Mises) 
Stress Strain Energy

By Time
Display Time Last

Calculate Time 
History Yes

Identifier
Suppressed No

Results

Minimum 1.313e-008 m 3.8328e-012 m/m 0.60187 Pa 1.3572e-019 
J

Maximum 6.0218e-007 m 2.459e-004 m/m 4.9178e+007 Pa 2.7505e-007 
J

Minimum Occurs On SHAFT2 SPINDLE
Maximum Occurs On SPINDLE

Information
Time 1. s

Load Step 1
Substep 1

Iteration Number 1
Integration Point Results

Display Option Averaged
Average Across 

Bodies No
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TABLE 16
Model (B4) > Static Structural (B5) > Solution (B6) > Total Deformation

FIGURE 5
Model (B4) > Static Structural (B5) > Solution (B6) > Total Deformation > Figure

Time [s] Minimum [m] Maximum [m]
1. 1.313e-008 6.0218e-007
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FIGURE 6
Model (B4) > Static Structural (B5) > Solution (B6) > Equivalent Elastic Strain
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TABLE 17
Model (B4) > Static Structural (B5) > Solution (B6) > Equivalent Elastic Strain

FIGURE 7
Model (B4) > Static Structural (B5) > Solution (B6) > Equivalent Elastic Strain > Figure

Time [s] Minimum [m/m] Maximum [m/m]
1. 3.8328e-012 2.459e-004
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FIGURE 8
Model (B4) > Static Structural (B5) > Solution (B6) > Equivalent Stress
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TABLE 18
Model (B4) > Static Structural (B5) > Solution (B6) > Equivalent Stress

FIGURE 9
Model (B4) > Static Structural (B5) > Solution (B6) > Equivalent Stress > Figure

Time [s] Minimum [Pa] Maximum [Pa]
1. 0.60187 4.9178e+007
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FIGURE 10
Model (B4) > Static Structural (B5) > Solution (B6) > Strain Energy
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TABLE 19
Model (B4) > Static Structural (B5) > Solution (B6) > Strain Energy

FIGURE 11
Model (B4) > Static Structural (B5) > Solution (B6) > Strain Energy > Figure

Time [s] Minimum [J] Maximum [J]
1. 1.3572e-019 2.7505e-007
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Material Data
EN8

TABLE 20
EN8 > Constants

TABLE 21
EN8 > Tensile Yield Strength

TABLE 22
EN8 > Tensile Ultimate Strength

TABLE 23
EN8 > Isotropic Elasticity

Density 7872 kg m^-3

Tensile Yield Strength Pa
3.1e+008

Tensile Ultimate Strength Pa
5.65e+008

Temperature C Young's Modulus Pa Poisson's Ratio Bulk Modulus Pa Shear Modulus Pa
2.e+011 0.29 1.5873e+011 7.7519e+010
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