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FORwARd
 This workshop is organized by UNIDO- ICAMT in association with
 Indian Welding Society, Bangalore Center, PES Institute of Technology,
 Bangalore, ETA Technology, Bangalore, IISc, Bangalore. The purpose
 of this workshop is primarily intended for the benefit of design and
 manufacturing engineers to improve the knowledge base and skill levels
 and also obtain first-hand information on the intricacies of the new
 manufacturing technologies.
 Friction welding (FW) and Friction Stir Welding (FSW) are important
 classes of solid-state welding processes which find immense applications
 world wide wherein the combination of fast joining times (order of a few
 seconds), and direct heat input at the weld interface, yields relatively
 “melt-free” and "clean" joints. These are new technologies and require
 in-depth knowledge of the process parameters and a multitude of
 metallurgical phenomena.
 The objective of this workshop is to bring to focus all the technological
 issues to the forefront and help the practicing engineers to come to grips
 with the latest cutting edge technology. The sectors which can make use
 of the deliberations include Automobile, Aerospace, Machine Tools and
 Process Engineering. Experts from reputed Industries, R&D
 Organizations and Academic Institutions have contributed their rich
 experience and knowledge to this workshop.
 Editors
 Dr K. Narasimha Murthy Dr V.P. Raghupathy Mr D. Sethuram
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 1. 1
 Friction Welding – An overview T.S. Kasturi
 ETA Technology Pvt. Ltd., Bangalore Email : [email protected]
 1.0 How the process of rotary friction welding is implemented in a modern day Machine
 The name friction welding itself is a misguide! The term "welding" tends to suggest melting or liquid phase joining of two components, whereas friction welding is a solid phase joining process. There is no melting. I will however go along with the term "friction welding” and be with the crowd! From age old days the blacksmith has been joining pieces together by heating the ends to be joined in his furnace and at the right temperature beating them together with a hammer to cause a joint. Today's friction welding process and the associated friction welding machine are not doing anything much different.
 We rub the components against each other and the friction at the joint face produces the heat instead of a furnace and the "beating" force is delivered by a hydraulically operated cylinder. The advancement over the years is that the blacksmith's skill is utilised in judging how hot the components should be and how hard and where to hammer. His experience in forging matters is converted into parameters and the machine faithfully and repeatedly obeys his instructions. Fiction Welding Machines manufactured by ETA TECHNOLOGY are used as a guide. In the discussions below.This is done more for convenience since the author is familiar with this machine. Most modern day machines generally work the same way.
 2.0 The Principal Mechanical elements of the Machine 1. A cast or fabricated base with spindle housing at one end and a tailstock at
 the other. Linear motion guide ways are fitted to the base between the spindle and tailstock.
 2. A Spindle located in the spindle housing and rotated via a torque belt by an asynchronous servo motor
 3. A job holding device like a collet or special chuck with its actuating mechanism. The device holds the rotating component and rotates with the spindle.
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 1. 2
 4. A slide which moves longitudinally along the axis of the spindle on the linear motion guide ways fitted on the base.
 5. Job holding vise mounted on the slide at the end closest to the spindle. The vise actuating mechanism is also mounted on the slide. The vise holds the non- rotating component.
 6. A hydraulic cylinder which pushes the component held in the vise against the rotating component, thereby causing the force required for the friction and forging phases of the welding operation.
 3.0 Control and Display Elements 1. A Controller or PC provides the front end of the machine. The PC accepts the
 input necessary for the operation via a touch screen. All necessary process information is also displayed on the monitor.
 2. A hydraulic power pack provides the fluid power for the operation of the forge cylinder. It also powers the clamping system.
 3. A hydraulic servo valve controls the force exerted by the cylinder and a pressure transducer keeps track of the force value.
 4 A linear digital scale monitors the slide position.
 5. The servo drive controls the spindle motor. The drive also provides information on the speed and torque of the motor at all times.
 6. In addition there are the usual logic controllers, sensors, hydraulic valves, conventional electrical switchgear etc.
 4.0 Welding process on the machine
 The Operation Sequence
 The operating cycle can be considered to follow the following stages:
 i. Enter the operating parameter values
 ii. Component Loading
 iii Initialisation
 iv Spindle start
 v Soft force application
 vi Friction force application
 vii Spindle stop
 viii Upset or forging force application
 ix Load release and component retract
 x Unload Welded Component
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 1. 3
 Parameter Value entry:
 A number of operating parameter values need to be entered before the welding cycle can operate. The parameter values are principally dependent on the shape, size and materials to be joined. Previous experience and trials determine these values. Major parameters are the soft force, friction force, forging or upset force, the spindle speed, the "burnoff" or total length shortening, the time duration for the soft force, the ramp time for raising the soft force to the friction force, the time duration for holding the upset force and if necessary, the time for raising the friction force to the upset force.
 The forces mentioned above are caused by a hydraulically operated cylinder whose line of action is the axis of rotation, and hence all forces mentioned above are axial forces transverse to the joint face. These forces are servo-controlled
 Component loading
 The two components to be joined are placed in their respective positions, the component to be rotated in the chuck against a stopper and the stationary one in the vise and the cycle start button is pressed. The chuck and the vise are closed with pre-set clamping force. Next the cylinder is actuated.
 The cylinder pushes the stationary component forcing it to move towards the spindle pulling the vise and the slide along with it. When the movement finally stops, the two components are held firmly between the spindle stopper and the piston rod of the hydraulic cylinder and also against each other and now the hydraulic pressure in the cylinder is raised to a value corresponding to a preset forging force.
 Displacement initialization
 Since the final forging force is quite substantial, all the elements which experience this force will be strained and the displacement value recorded at the end of the forging will include the strain, which is why the strain value is also included at displacement initialization by raising the hydraulic pressure in the cylinder to produce the final forging force. After initializing, the hydraulic force is totally released and the slide moved in a direction away from the spindle by a couple of millimeters. This is to prevent contact between the components when the spindle is next started.
 Spindle start
 The spindle is now started and the speed raised to a preset value.
 Soft force application
 When the set speed is reached the slide is moved towards the spindle with a light hydraulic pressure which produces a constant force of a small value. This force value is held for a preset period of time. After the preset time period, the applied force is increased at a constant rate till it reaches the preset friction force.
 Friction force application
 The force is held at this friction force value till a predetermined slide displacement has taken place during which period the pieces are continuously getting shorter or getting "burnt off".
 Stop Spindle
 At this point the motor is braked to a stop by the servo drive.
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 Forging force application
 When the spindle comes to a stop the hydraulic pressure on the cylinder is raised till the applied force reaches the forging force. Under this force the displacement rate rises steeply and finally comes to a stop when the force cannot cause any further shortening.
 Load release and slide retract
 The hydraulic pressure is now released and the chuck is opened. The slide is returned to its initial position. In so doing the slide pulls along the vise with the "welded" components held by the vise.
 Declamp and unload
 The vise is declamped and the welded piece is unloaded.
 5.0 Friction weld graph and influence of parameters Weld Graph:
 The process itself is better understood if read with the welding process graph. A graph is generated and displayed on the computer monitor as the weld progresses during each welding cycle.
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 The graph is indicative of the load, displacement, the motor speed and the motor torque, in relation to time. Time is placed on the abscissa. Four graphs are plotted for the above four variables each to a suitable scale. The load graph shows the axial force between the rubbing components. The displacement graph is an indication of the decrease in the combined length of the two components being joined. The motor speed and torque are instantaneous values provided by the drive. The machine plots a graph on the display as the weld proceeds and one can see in the Annexure a typical display as at the end of a weld cycle. The graph helps explain what happened during this particular cycle. The display shows four graphs all of them with time in the abscissa. The plot starts (time = 0) immediately after initialization. The total cycle time is shown split into several periods. During each period the behaviour of axial load, motor speed, motor torque, and slide displacement in relation to time and in relation to each other can be viewed and studied.
 Input Parameters:
 As explained earlier the parameter values are mainly dependent on the material of the components to be joined, their shape and size. as also to a large extent on previous experience and/ or trials. The Machine Control is designed to accept and respond to these parameters consistently. Once entered the machine would faithfully produce joints of a consistent quality. The major feature of the machine is that these parameters which influence the quality and output of the machine can easily be changed (since they are simply input data to the computer) and therefore trials and optimization are very much easier and faster. The machine monitors the operation continuously and critical values are instantly available on the display. The change in principal values with time is available on a graph. The operation can be monitored by the operator and inconsistencies, if found can be at once investigated.
 Operation of the Soft Force :
 The soft force time is the period immediately after initialization when a small force is initially applied and held constant for a preset period of time and then ramped up to a preset friction force in a preset time. The parameters which govern this phase of the operation are:
 a. The constant value of the soft force
 b. The friction force
 c. Time for which this soft force is held constant
 d. Ramp time during which the soft load rises linearly from the constant to friction force value
 The factors which influence selection of values for these parameters almost entirely depend on the quality of the joining faces. The best condition is when the faces are machined square to the axis of rotation. But then there are situations where it is difficult to machine these faces and even fabricated or cropped unmachined faces are presented for welding. When the finish is jagged it will take many rotations before the edges are sheared clean. This is also to a lesser extent true, if the faces are not square to the axis of rotation. The spindle experiences varying torque during this initial phase. It takes a little while for the contact between faces to be total. The amount of heat developed between the rubbing faces during this "soft load" period is
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 unpredictable and so is the shortening or burn off. The soft load value and the duration of its application will have to be set anticipating the worst case. The fluctuations reduce as the unevenness reduces and when the torque becomes more stable, which is when the faces are more or less in full contact, the soft force is ramped up to finally reach the friction force over the preset period of time.
 As the applied load increases the friction increases and the heating rate also increases. This causes the temperature at the interface to grow. When this happens the coefficient of friction between faces reduces and lesser torque is experienced by the spindle. It is therefore possible to more or less maintain the same or even a reduced torque with a higher axial force and when the ramp time is over the temperature at the joint and adjacent zones are closer to the required forging temperature, while torque is closer to stability. Along the ramp the displacement shows an increasingly faster rate of length shortening attributable to the increasing force during the ramping as also to the increasing temperature at the joint face and adjacent zones. The axial force which is causing the length to reduce pushes the extra material into the curl or flash as it is varyingly termed.
 Operation of the Friction force
 The two parameters influencing the process during this phase are :
 a. The Friction force
 b. The specified "burnoff" or length shortening
 During friction phase a fixed axial force, which is the friction force is applied and maintained. Ideally the temperature and the heat transfer process should stabilize before the end of the friction time and the joint faces should be at the ideal forging temperature. During this period the load applied causes a proportionate friction force and the heat generated is expected to make up for the heat losses on account of conduction, radiation etc., as also to heat the material pushed into the weld. In the ideal case the heat equation is balanced and there is no increase in temperature.
 Theoretically one can continue applying this force and the joint remains at the same temperature. In the graph shown the torque value becomes more or less stable after passing half way through the friction time. Thereafter one could say that the heat equation is satisfied. Looking at the displacement curve one sees that the shortening is linear with respect to time. This is because the operating temperature at the joint is more or less constant - the material strength is constant and therefore the constant applied force produces a constant displacement rate. When the displacement has reached the preset value the operation passes into the upset phase. It may be noted here that the temperature at the weld inter-phase is determined by only the axial force applied.
 The Operation of the Upset force
 Operating parameters are :
 a. Upset force
 b. Upset time
 When a near-uniform temperature is established across the weld inter-phase, the spindle motor is electrically/ electronically braked to a very fast stop. When the spindle has come to a complete stop we go into a preset upset time during which the
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 axial force is raised to a preset upset or forging force. This force is maintained till the end of the upset time. The time should be sufficiently long to ensure that there is no further change in the displacement value. At the end of the Upset time the forging load is released. The forging process is now over and the two components have been "friction welded".
 6.0 POINTS TO CONSIDER TO PRODUCE GOOD WELDS Obviously the quality of weld as well as the output of welds from the machine is entirely dependent on the choice of the welding parameters. The forging or upset force applied and the temperature at forging are values decided by the materials being welded. The upset force value is easily set as a direct input value but the temperature is not that easy and needs a manipulation of the friction force. A higher force causes temperature to stabilize at a lower value and vice versa.
 Starting with the soft force time, the fixed force applied and the period for which the fixed soft force is applied depend on the quality of the joint faces. If the surfaces are machined true, this period could be reduced. The time set for ramping up to the friction force should be as little as possible, the criterion for this being the torque experienced by the motor, which should not exceed the capacity of the motor.
 The friction time should be long enough to establish a near-uniform temperature across the weld. In the case of welding two solid shafts no heat is generated at the centre since the speed here is zero. Heating of this zone happens only by conduction from the outer layer. Heat transfer by conduction takes a definite amount of time and during this period a certain amount of material gets burnt off. The minimum burn-off required is to be experimentally established. During this phase, the motor torque is more or less constant and the slide displacement rate is also more or less uniform.
 The initial total length of the two pieces is influenced by the length tolerance maintained and the quality of finish when preparing the pieces. The friction time ends when the scale reads a preset value which is also a preset distance from the initial reading. But if the initial reading itself is influenced by the finish on the faces the "burn off" length will contain an inherent error. One should be careful not to land up with an incomplete burn off since this will directly influence weld quality. It is better to burn off a little extra material rather than risk failure of a weld. This is especially so when it is not economical to machine the faces on account of the extra operation and also when subsequent operations could correct length differences. It is also possible to set the machine to maintain overall length rather than to maintain weld position.
 There is yet another factor to be considered when welding pieces of inconsistent dimensional or metallurgical properties. If the temperature attained at the end of friction time is inconsistent the amount of upset will also be inconsistent and an unacceptable weld may be the result.
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 It must be emphasized here that in most cases there is no direct way of measuring the weld quality except by destructive methods and therefore monitoring the quality of the input material and the process via the graph is the only way to ensure reliability. One could very easily pile up suspect parts with no way of knowing if they could be good. A machine builder can only provide a machine with the capability of responding reasonably to changes in input parameters provided. Reasonable guidance, based on the builder's experience when trying out components provided by various users for various applications may also be available. But there is no running away from the fact that the user is the best judge when it comes to setting welding parameters on a machine where user produces components day in and day out.
 Some of the typical Friction welding machines for different applications:
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 2. 1
 Friction Welding – Process principles Dr. K.A. Asokkumar, BHEL, Tiruchirappalli
 1.0 General
 In Friction Welding, the ability to create enough heat at the two welding faces to the extent that they become plastic is made use of and subsequently an axial force creates as inter-atomic bond and a weld is created. The friction welding process is widely practiced in two distinct modes ; a. conventional or continuous drive friction welding and b. stored energy or inertia welding.
 2.0 Process description 2.1 Continuous drive Friction Welding In this method, the work pieces are axially aligned and one component is rotated at a constant speed by a direct drive whilst the other is advanced into contact under axial pressure. This condition is maintained for a specific period so that the frictional heat would raise the interfacial temperature sufficiently to render the metal plastic and ensure adequate softening of the metal behind the interface to permit the components to be forged together. At this stage, rotation is rapidly stopped by braking while the original pressure is maintained or even increased to consolidate the joint. In practice, the work piece to be rotated is clamped in the spindle chuck of the head stock of the machine and brought to a pre-determined speed of rotation. The non-rotating component is clamped on a chuck or a fixture mounted on a hydraulically actuated tail stock slide which is advanced to bring the work-pieces in contact under a constant or gradually increasing axial pressure. As soon as the work pieces have been slightly brought above the welding temperature the spindle brake is applied which suddenly stops the spindle rotation. Simultaneously, the tail stock pressure is increased to complete the weld. The spindle speed, axial pressures during the heating and forging stages and duration of the time the pressure is applied depend on the materials to be welded and the area of cross-section of the joint.
 2.1 Stored energy or Inertia Friction Welding In this process, often referred to as American Stored Energy or Inertia method, the conversion of kinetic energy from a rotating flywheel system to heat at the welding area forms the basis. With this method, it is usual to place the rotating component in the chuck of a flywheel system which is subsequently accelerated to a pre-determined speed. This ensures optimum initial sliding velocity to be achieved at interface while storing in the flywheel system all the energy required to make the weld. At this instant, the driving power is cut off. The fixed component is mounted on a stationary holding device and is thrust against the rotating mass. Friction between the parts decelerates the flywheel converting the inertial energy to thermal energy which is enough to soften (but not melt) the faces of the parts and also to provide a torsional
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 forging action at the weld interface. As the rotation begins to cease, the two parts bond together and the remaining flywheel energy goes into hot working of the metal interface expelling any impurities or voids as well as refining the grain structure.
 3.0 Mechanism of joint formation 3.1 Continuous drive Friction Welding In the majority of cases, three main stages can be identified with the process as reflected by the changes in the torque versus time curve as shown in Figure 1. Stage 1 occurs as the surface contact is made at localized regions especially at surface irregularities and asperities. Due to the high local pressure and the interaction during rotation, surface films are broken down to reveal the nascent metal and local hot spots are continuously formed and destroyed.
 This phenomenon known as ‘seizure’ is accompanied by high demand power. S the process continues, the seizure extends over the entire area of the butting surfaces and the torque records a peak in the curve (Figure 1). The second stage is characterized by smooth and steadily increasing power demand. At the start of this stage, the temperature reaches its operating value and plastic deformation begins at the interface as indicated by the appearance of a small collar, known as ‘burn off’ at the joint area. The duration of this stage is determined by the machine settings and extends up to the time of braking. The third stage of the process begins when the rotating component is brought to rest and the applied pressure is maintained or decreased to consolidate the weld. This action is accompanied by rapid material displacement in joint region, diffusion at the interface, recrystallization and grain growth. During deceleration stage, the interface undergoes hot working as identified by the rise in torque as indicated in Figure 1. This continues until such a point when the shear strength of the interface equals to that of the material adjacent to it. The absolute value of the torque developed is governed by the adjacent material, applied pressure and the speed of rotation. However, the specific power is roughly constant for a given material.
 The heat generated in Friction Welding is attributed to the work expended in breaking down the bonds formed between the friction surfaces. As the temperature of the metal increases, the energy requirement decreases and the rate of heat generation falls down. Thus, the rate of heat generation and the temperature of the contact cross section maintain a dynamic equilibrium. If a molten film was to appear, then the rate of heat generation would drop considerably and the temperature would come down. It therefore becomes imperative that an equilibrium temperature (not vey much below the melting point of the lower melting alloy) determined by the thermo-physical and mechanical properties of the materials being joined is established and automatically sustained. This explains the self – regulation of the process and further substantiates the argument that no prolongation of the process could raise the temperature of the interface above the equilibrium temperature.
 3.2 Inertia drive Friction Welding The area Friction Welding process can also be regarded as a three stage process with each stage blending smoothly into the succeeding stage as reflected in the torque – time curve in Figure 2. During the first stage, the pressure is built up rapidly and
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 after the protective films have been disrupted, the torque raises up due to increase in frequency of localized seizures and then breaking apart. This action results in peaking of the torque to maximum. From this point onwards and through the second stage, interfacial area develops a stabilized plastic condition and the work piece surfaces are heated almost uniformly across the interface. This is achieved by continuous discharge of energy fro flywheel systems at a rate fast enough to compensate the temperature lost due to conduction, radiation and the extrusion of a small amount of flash. The temperature, pressure and plastic condition necessary for bonding are present during the second stage itself but the surface velocity is above the critical speed for bond formation. Eventually as the velocity of the flywheel system reduces, there is a smoother transition to the third stage. This stage is characterized by a pronounced rise in torque which indicates the beginning of bond formation. This torque again records a peak as a result of the weld interface being worked mechanically to a high degree. This action improves the physical properties of the metal in the interface, refine the grain structure and actually tests the quality of the weld. At the end of this stage, the still rotating flywheel is finally brought to rest by the bonded metal.
 It can be concluded that in Inertia welding the flywheel supplies all the energy for heating at what ever rate is demanded by the weld; it implies the torsional forging force near the end of the cycle and permits the speed to be declined from beginning to the end of the process.
 4.0 Process parameters 4.1 Continuous drive Welding The principle variables in this process are ; relative velocity, heating and forging pressure and the duration of heating. The selection of these primary variables must be considered with secondary factors such as the rate of pressure build-up during heating and forging, deceleration during braking and the physical character of the material being welded. The working range for each of these variables is generally wide making for a tolerant process. Reliable welds of high integrity are produced once working limits have been established.
 4.1.1 Influence of rotary speed It has been established that satisfactory weld can be made for a wide range of materials and sizes with peripheral speeds in the range of 75 to 105 m/min. Lower speeds are not recommended due to the high torques developed with work handling problems while higher speed produce a wider heat affected zone. Rotary speed has an important influence on the steady state temperature reached in the process. The rate of heat generation and heat dissipation balance each other at a steady value which depends on the process settings, particularly the rotary speed. This factor is of importance in the welding of dissimilar metals where inter-metallic compounds may be formed. The best procedure to lower the peak temperature would be to adopt lower speeds of rotation.
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 4.1.2 Influence of pressure Pressure is an important parameter as it influences the temperature gradient in friction welding as well as the driving torque and power. The heating pressure chosen should be sufficient to maintain the surfaces in intimate contact to prevent atmospheric contamination. The optimum value of the pressure depends on the materials being welded and their size. Too low a value of pressure enlarges the heat affected zone due to lower power input while heavy pressure would extrude the plastic materials prematurely forcing cold material into contact with eventual lack of bonding defects. The forging pressure depends on the hot strength of the alloys being joined. The pressure chosen for this operation must be sufficient to consolidate.
 4.1.3 Influence of heating time or burn off Duration of heating is considered as the third basic parameter of the process though it depends on the rotary speed and pressure. For a given setting, duration of heating determines the energy input into the materials. Since the heating time is governed by the plastic deformation of the materials, this parameter is sometimes replaced by the upset or burn off. The monitoring of burn off has been found to be advantageous in the case of fully automatic machines since the monitoring of duration of heating does not take into account the surface irregularities on the joining faces. This technique also permits the upset length to be predicted to as close as 0.1 mm.
 4.1.4 Selection of parameters A number of materials and their combinations such as steels of ally types (plain carbon or alloy steels, low / medium and high carbon varieties, tool steels, stainless steels, maraging steels etc), copper and its alloys, aluminum and its alloys are being extensively friction welded with reproducible accuracy both in size tolerance and in mechanical properties. Table I serves as a guide to the selection of parameters for some of the material combinations being welded commercially. Though this table indicates the parameters for specific sizes, it could be well be used to work out the parameters for other sizes with slight modifications. Thus, the speed of rotation could be determined using the condition of constancy of peripheral velocity by the pressure values are to be corrected through a factor of two times the ratio of diameters. The upset values are to be determined experimentally for the actual production jobs. However, the upset specified in Table I would suffice for most of the sizes being friction welded in practice.
 4.2 Inertia Welding Three variables control the characteristics of Inertia weld are the initial peripheral velocity of the rotating work piece, axial pressure and the flywheel size. Each combination of materials has its own peculiar range of optimum process variables as discussed below:
 4.2.1 Influence of peripheral speed For each material combination, there exits a minimum speed below which poor quality of weld results. The heating pattern in Inertia welding though dependant on energy input and axial pressure, is primarily influenced by the surface velocity. In the case of Mild steel, at speeds below 1.5 m/s, the weld pattern is narrow, hour- glass shaped and blurred at the centre. At higher speeds the weld becomes essentially flat
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 and uniformly thick across the part. At speeds above 5 m/s, the weld becomes rounded and is thicker towards the centre than the boundary. While satisfactory welds can be made in Mild steels above 1.5 m/s, tool steels require a minimum speed of 1.8 m/s.
 4.2.2 Influence of axial pressure Pressure employed to force the parts together has an important influence on the heating patterns. The pre-selected pressure is built – up rapidly in inertia welding and held constant through out the cycles. Use of high axial pressures narrows the heat affected zone and reduces the time for welding. The temperature reached is also governed by the axial pressure. This is helpful in controlling the weld quality while joining materials of differing melting temperatures. High pressures are equivalent to low surface speeds and vice versa with regard to weld appearance. For general use, the value of thrust pressure can be chosen about 25% of the room temperature yield strength of the materials being welded.
 4.2.3 Influence of Flywheel size The flywheel size and the surface speed of the material control the energy requirement of the Inertia welding process. The power capability of the flywheel is limited only by the rate at which it can be retarded. The peak power demand is met by the flywheel by stopping in about 0.5 seconds for steels, 0.2 seconds for copper and 0.1 second for Tungsten. In addition, the flywheel supplies the torsional forging force towards the end of the welding cycle. Thus, a difficult to forge materials would require larger flywheels. Although the flywheel should meet the minimum energy requirements of the weld, a much larger energy supplied by the flywheel (as much as 200%) does not affect the quality of the weld. The extra energy of course, causes a larger amount of flash to be extruded resulting in greater burn off.
 4.2.4 Selection of parameters for welding Inertia welding is a very tolerant process wherein a wide range of settings can give a satisfactory joint. Table II indicates the recommended parameters for a range of materials and their combination, while this table serves to select directly the rotary speeds and axial pressure, the flywheel moment of inertia is to be calculated from the energy requirement using the following relation;
 E = Iω2 Where E : energy required
 I : Polar moment of inertia
 ω : angular velocity
 The upset depends on the flywheel selected and must be determined experimentally. Once the flywheel system has been selected for a given material and size, the upset is fairly accurate and reproducible.
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 Table – I Typical parameters for continuous drive Friction Welding
 Base Material Dia. (mm)
 Relative rotation
 speed (rpm)
 Axial pressure Upset
 (mm) Heating Kg/mm2
 Forging Kg/mm2
 Similar Materials Low Carbon steel Medium Carbon steel Chromium steel
 Dissimilar materials High C to low C steel
 20 10 10
 15
 1500 3000 1500
 1500
 5 4 12
 12
 12 10 30
 30
 5 3 3 6
 Table – II
 Typical parameters for Inertia Friction Welding
 Base Material
 Peripheral speed (m/s)
 Min. weld energy
 Kg/m/mm2
 Axial pressure for
 25 mm Kg/mm2
 Similar Materials Low Carbon steel Medium Carbon steel Chromium steel
 Dissimilar materials Stainless steel to low C steel
 2.5 to 5.0 2.5 to 5.0 3.0 to 4.5
 3.0 to 4.0
 6.6 7.7 8.2
 3.2
 11.2 12.8 13.8
 13.8
 Table III
 Comparison of Continuous drive and Inertia Friction Welding process
 Base Inertia Friction Welding
 Continuous drive Friction welding
 Process variables Relative velocity Flywheel movement Axial thrust
 Relative velocity Forging pressure Heating pressure Time
 Energy input rate 20 – 170 watts / mm2 12 - 47 watts / mm2 Equipment control system Simple controls Accurate controls
 necessary Work holding Higher chucking
 efficiency required due to large torques
 Simple chucking device would suffice
 Power input requirement Not important The drive power should be sufficient to overcome torque peaks
 Tolerance Fixed energy content – tolerance determined by limits of parts prior to welding
 The heating period can be adjusted to obtain the required tolerance
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 Friction Welding – Process – Applications – Testing
 Dr. K.G.K. Murti Prof. , Head and Dean GRIET , Hyderabad.
 1. HISTORICAL PREAMBLE The friction welding process gained enormous reputation since its commercial application from 1956. Several industries all over the world are using this process for fruitful gains as many industrial applications are conceived year after year. India though started late in using this process, is continuously trying to establish this technology in various sectors.
 All out efforts are required by industrialists, equipment suppliers, researchers, educational institutes and funding agencies to promote this unique process where 100% joint efficiency can be realized with ease. Friction between two contacting surfaces was known to man from early civilization to generate fire in forests and other places by using different techniques. This idea of heat generation for joining metals was first patented in 1891. Other patents followed in Germany, Britain.
 During Second World War, this process was exploited for welding of plastics. However, the real credit for developing friction welding into a commercially viable process, especially for welding of metallic materials, must go to Chudikov who obtained a Russian patent in 1956. Afterwards there was continuous growth for this process in Europe, Japan and USA.
 In Europe and Japan extensive work was reported for “Continuous drive friction welding process”. In USA Fly wheel or Inertia drive friction welding process gained acceptance. Other variants like orbital friction welding , radial friction welding , linear friction welding , friction stir welding and friction surfacing have been developed and are being used in different countries for commercial and research work.
 2. CONTINUOUS DRIVE FRICTION WELDING In this process one of the work pieces is held stationary while the other is rotated at a constant speed using the motor driven spindle and chuck. The rotating or stationary component is then advanced into contact with the other component under axial pressure. The rubbing action breaks down surface contamination and generates frictional heat at the interface. As the weld faces become hot and plastic, material begins to be extruded from the interface to form the interface to form a flash (collar). When a predetermined weld time has elapsed or a specified amount of material loss (axial shortening) has occurred, brake is applied to stop rotation. The axial force is either maintained or increased to consolidate the weld.
 The system can be operated either in the pressure mode or in the feed mode, both during fractioning stage and upsetting stage. Feed mode is advantageous for materials like aluminium and copper.
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 3. INERTIA FRICTION WELDING In this process the energy from flywheel (stored energy) is used for welding. One of the parts is coupled to flywheel which is spun to a speed that stores a pre-determined amount of energy in the flywheel. The latter is then disengaged from the driving motor and pressed against the stationary work-piece under an axial force. The rubbing action causes heat generation and a reduction in the speed of rotation till the rotating component stops. A hybrid process where both continuous and inertia drive processes are employed also is possible.
 4. ADVANTAGES OF FRICTION WELDING The metallurgical quality of the joints is excellent. On account of the low energy input, problems associated with melting and solidification can be avoided and the heat-affected zone (HAZ) is kept to a narrow zone. The hot torsional deformation results in a fine – grained structure with good mechanical properties. The energy consumption and material loss are very low in relation to flash butt welding, which in many ways may be regarded as the competitor to friction welding. The important advantage of friction welding is its applicability to the joining of dissimilar materials. Differences in melting temperature and conductivity and the possible formation of brittle intermetallic phases render many dissimilar combinations difficult to join with other conventional processes. On the other hand, with a properly selected set of machine parameters, friction welding is capable of producing high quality joints between most dissimilar metal parts. High production rates can be achieved not only because the welding time is short but also because the friction welding process lends itself to easy automation. It is a clean welding process, does not require fluxes or other consumables and does not produce fumes or spatter or harmful radiation.
 While the process is generally applicable only when at least one of the components has rotational symmetry, this is not as restrictive as it may appear and there are many situations in industrial practice where the geometrical requirement is satisfied.
 5. INFLUENCE OF PROCESS PARAMETERS The important process parameters during fractioning stage are 1) Rotational speed 2) Friction pressure 3) Friction time. During forging stage the important process parameters are 1) forging pressure 2) forging time. There are many other parameters like feed rate , upset delay time , brake delay time which also are required for precise control of the process. It is very important to understand clearly the significance of each of the parameters for proper selection of levels of each of the parameter. Friction pressure, in conjunction with surface rubbing speed, determines the thermal conditions established in the weld region and the rate at which metal is extruded to form the upset collar. Low friction pressure or high peripheral speed produces a relatively low rate of deformation. Over heated structures are likely to form as for a fixed axial shortening, weld cycle time is extended. High axial pressure, or low speed on the other hand, produce a high rate of deformation and this results in a short weld time. This may be desirable for high productivity but may lead to excessive hardening in high carbon equivalent steels. However, for most materials, wide range of combination of rotation speed and pressure is possible. Generally the interface
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 microstructure is fine grained due to rotary forging. Higher pressures result in a very fine equiaxed structure, while increasing speed tends to slightly offset the effect of pressure. The increase in grain size at higher speed is also reflected in the coarser structure. In case of steels, WIdmanstatten structure in both interface and HAZ can occur if high speeds at low pressures are used. High pressures at low speeds result in general narrow HAZ. The lower speeds, however, are not always to be recommended since high torques may be developed presenting work holding problems. High pressure also tends to produce the same effect.
 The duration of heating is selected so as to ensure that the faying surfaces are cleaned by friction and the weld zone the temperature is raised to achieve the required softening for plastic deformation and solid state welding. The optimum time for a given combination depends on material composition, dimensions, friction pressure and rotational speed.
 When the friction time is too short, the heating effect could become irregular and lack of bonding results in some regions. Any heating time in excess of the optimum not only reduces productivity and increases material consumption but also leads to grain coarsening. In the case of steels. coarse widmanstatten structures with poor ductility result under such conditions. When the forging pressure is higher than the friction pressure, much shortening is produced during forging stage. One of the functions of forging pressure is to eject the overheated grains to collar. The level of forging pressure is important while welding dissimilar metals and where intermetallic layer thickness needs to be controlled. Design of experiments approach helps to optimize process parameters and to obtain the desired properties.
 6. APPLICATIONS Friction welding was originally introduced for mass production of automotive parts. Its range of application has, however increased rapidly and it is now widely used for both quantity and batch production of components in many industries. While several applications are reported for ferrous metals, there are many machines engaged in the mass production of components made from dissimilar metals required in the electrical, chemical, nuclear and marine industries. Material combinations such as aluminium to stainless or mild steel, aluminium to titanium and copper to aluminium are being commercially welded with significant savings in material and labour costs. Automotive applications include the fabrication of axle cases, drive axles, propeller shafts, gear levers etc. The ability to weld simple but standard parts efficiently has led to rationalization of stocks and thus makes procurement of components easier as a result of standardization. Some examples are pipeline control equipment especially Valves where flanges of a variety of dimensions are welded on to valve body blanks. Friction welding has been successfully employed for oil, gas, and mineral exploration industries, e.g., in the production of pumps, shafts and control valve shafts involving joints between plain – carbon and corrosion resistant alloy steels. A natural application for friction welding in this area is in the attachment of tool joints to drill pipes.
 A similar application is the joining of feed tubes for rock drills to end fittings. Friction welding is used in the manufacture of bimetal electrical connections that are
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 employed in power transmission and in electro-chemical processing plants. A typical example is the production of copper – aluminium transition pieces which are essential where copper has been replaced by aluminium for transmission cables. In the chemical industry special electrodes are used which involve the joining of titanium or steel cell elements to aluminium conducting studs. One of the most important applications of friction welding is the joining of aluminium hangers to steel stubs for use as anodes in aluminum smelting. In cryogenic application the process is used to connect aluminium components with stainless steel pipe work. Bi-metal tools made of high speed steel and medium carbon steel are successfully welded by friction welding.
 Friction welding has been used in nuclear industry for joints between zirconium – aluminium – stainless steel, nickel – iron alloy / stainless steel and stainless steel / aluminium. In the aircraft industry also, friction welding finds application, e.g., for the joining of a turbine disc in a nickel – base alloy to turbine disc in a nickel – base alloy to a shaft in a gas turbine engine. The application of friction welding for the manufacture of nozzles of rocket motors and for joints between nodular cast iron pipe and steel pipe for construction use has been reported from Japan. Similarly the use of friction welding in the production of eccentric shafts for machine tools and agricultural machinery, the manufacture of bi-metal twist drills and the production of various types of automobile components has been reported from Europe.
 7. TESTING OF WELDS Tension, bend, impact, hardness have been employed for destructive testing. In the tensile test failure tends to occur away from the interface if the weld is satisfactory. If lack of bond defects is present, failure takes place in the weld and the defects are revealed in the tensile fracture faces as smooth flat areas. However, when non-interfacial failures occur in the tension test, the weld remains untested. A simple method to induce interfacial failure in joints with sound welds is to introduce a notch at the interface. While welding dissimilar metals (soft to hard) failure occurs in weaker metal away from interface during tensile test .Shear test is best suitable to reveal the energy absorbed by weld. Controlled bend test with special fixture also reveals well the quality of weld. Several applications of friction welded joints call for high torsional strength, such as pump shaft, gear shafts , drilling tools etc. The static torsion test and torsion fatigue test will be useful to assess behavior under such service conditions. Torsion – fatigue is employed for medium carbons steel to tool steel joints. NDT tests have limited success. UT with special probes and technique can be employed. In- process quality monitoring with record of process parameters is best employed now a days. Go or no go system is employed for checking the quality for mass production requirement.
 References 1. A W S Welding Hand Book Vol.3 2. A S M Handbook Vol.6 Welding and Brazing 3. Welding for Engineers Udin,Funk,Wolf 4. Metallurgy of Welding,Brazing and Soldering - Lancaster 5. Welding Process Technology Houldcraft
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 Annexure
 Schematic of Friction welding
 Different stages of Friction welding
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 INERTIA FRICTION WELDING One of the work pieces is connected to a flywheel; the other is clamped in a non-rotating axial drive. The flywheel is accelerated to the welding angular velocity. The drive is disengaged and the work pieces are brought together. Frictional heat is produced at the interface. An axial force is applied to complete welding. The joint face of at least one of the work piece must have circular symmetry (usually the rotating part).
 Typical joint configurations
 .
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 FEATURES OF INERTIA WELDING
 Creates narrow heat-affected zone ; 100% bond of contact area ; Resulting joints are of forged quality ; Stronger than parent material ; No weld splatter is created ; Since there is no melting, no solidification defects occur (e.g. - gas porosity, segregation or slag inclusions) ; Dissimilar materials can be joined, even some considered incompatible or unweldable
 ILLUSTRATIONS OF JOINTS
 Inertia welded Manifold Tubing used in Oil well heads
 Electrical connectors – Copper to Aluminum
 Pump Motor shaft – Stainless steel to carbon steel
 Copier Roll – Stainless steel to Aluminum
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 Water Pump shaft – Stainless steel to carbon steel
 Carburized hardened Gear to Finished clutch drum
 Stabilizer Bars – Steel tubing with solid ends
 Forged steel to Tubing
 Bronze laminate thrust washer to sleeve Roll threaded screw to machined screw
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 METALLURGICAL ISSUES Welding of Aluminum to copper
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 Micro-structure of Aluminum to steel joint Friction weld between Tantalum to Stainless steel (Mechanical mixing)
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 AUTOMOTIVE AXLE WELDING
 TESTING
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 Friction Stir Welding: A Revolutionary Process V. BALASUBRAMANIAN,
 Professor & Director, Centre for Materials Joining & Research (CEMAJOR),
 Department of Manufacturing Engineering, ANNAMALAI UNIVERSITY,
 Annamalai Nagar – 608 002, Tamil Nadu. Email:[email protected]
 1.0 INTRODUCTION Friction stir welding is a continuous, hot shear, autogenous process involving non-consumable rotating tool of harder material than the substrate material. Fig. 1 explains the working principle of FSW process. Defect free welds with good mechanical properties have been made in a variety of aluminium alloys, even those previously thought to be not weldable. Friction stir welds will not encounter problems like porosity, alloy segregation, hot cracking and welds are produced with good surface finish and thus no post weld cleaning is required.Compared to many of the fusion welding processes that are routinely used for joining structural alloys, FSW is an emerging solid state joining process in which the material that is being welded does not melt and recast. Due to the absence of parent metal melting, the new FSW process is observed to offer several advantages over fusion welding. The benefits that stand out most are welding of difficult to weld alloys, better retention of baseline material properties, fewer weld defects, low residual stresses, and better dimensional stability of the welded structure. Above all, FSW is an environmentally cleaner process, due to the absence of a need for the various gases that normally accompany fusion welding. FSW process produces no smoke, fumes, arc glare and it is an eco-friendly process. Further, no consumable filler material or profiled edge preparation is normally necessary.
 Fig. 1 Schematic representation of FSW principle

Page 39
                        

Two day workshop on Friction Welding and Friction Stir Welding, 24 & 25th Nov. 2011
 4. 2
 Fig. 2 Computer Numerical Controlled FSW Machine
 Aluminium alloy (6 mm thick) butt joint
 Copper alloy (6 mm thick) butt joint
 Fig. 3 Computer Numerical Controlled FSW machine in operation
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 2.0 WELDING OF WROUGHT ALUMINIUM ALLOY 2.1 INTRODUCTION The RDE-40 aluminium alloy (Al-Zn-Mg alloy) was basically developed by Research and Development Engineers, Pune, India, and it is closely confirming with the specifications of the AA7039 alloy. It is the most widely used high-strength aluminium alloy and has gathered wide acceptance in the fabrication of lightweight structures that require a high strength-to-weight ratio, such as transportable bridge girders, military vehicles, road tankers and railway transport systems. The frequently preferred welding processes for these alloys are Gas Tungsten Arc Welding (GTAW) and Gas Metal Arc Welding (GMAW) due to their comparatively easier applicability and better economy. The welding of these alloys, however, still remains a challenge. Apart from the softening in the weld fusion zone and Heat-Affected Zone (HAZ), hot cracking in the weld can be a serious problem. Friction Stir Welding (FSW) is an innovative solid-phase welding process in which the metal to be welded is not melted during welding; thus, the cracking and porosity that are often associated with fusion welding processes are eliminated. Therefore, the FSW process can be used to weld heat-treatable aluminium alloys in order to obtain high-quality joints. FSW gives rise to softening in the joints of the AA7075, a heat-treatable aluminium alloy, because the dissolution or growth of strengthening precipitates during the welding thermal cycle, thus resulting in the degradation of the mechanical properties of the joints. However, no systematic study has been reported so far that compares the mechanical properties of GMAW, GTAW and FSW joints of the RDE-40 aluminium alloy. Hence, in this investigation, an attempt has been made to evaluate the mechanical properties of GMAW, GTAW and FSW joints of the RDE-40 alloy.
 2.2 EXPERIMENTAL WORK The rolled plates of the RDE-40 aluminium alloy were cut into the required size (300 mm × 150 mm) by power hacksaw cutting and milling. A single ‘V’ butt-joint configuration was prepared to fabricate GTAW and GMAW joints. An AA5356 (Al-5%Mg) grade filler rod and wire was used for the GTAW and GMAW joints, respectively. High-purity (99.99%) argon gas was the shielding gas. The square butt-joint configuration was prepared to fabricate the FSW joints. A non consumable, rotating tool made of high-carbon steel was used to fabricate the FSW joints. The direction of welding was normal to the rolling direction. Single-pass welding was used to fabricate the joints.
 The welded joints were sliced using a power hacksaw and then machined to the required dimensions. The American Society for Testing of Materials (ASTM E8M-04) standard was followed for preparing the test specimens. Two different tensile specimens were prepared to evaluate the transverse tensile properties. The smooth (unnotched) tensile specimens were prepared to evaluate the yield strength, tensile strength, elongation and reduction in the cross-sectional area. Vicker’s microhardness tester (Make: Shimadzu, Japan; Model: HMV-2T) was used to measure the hardness of the WM with a 0.05 kg load. Microstructural examination was carried out using a light optical microscope (Make: MEJI, Japan; Model: MIL-7100) incorporated with an image analysing software (Metal Vision).
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 2.3 RESULTS Table 1 Transverse tensile properties of welded RDE-40 aluminium alloy joints
 Joint Type
 Yield strength (MPa)
 Ultimate tensile strength (MPa)
 Elonga tion (%)
 Reduction in c.s.a
 (%)
 Notch tensile
 strength (MPa)
 Notch strength
 ratio (NSR)
 Joint Efficiency
 (%)
 Weld Metal
 Hardness (Hv)
 GMAW 151 204 8.2 5.36 208 1.019 53.26 60
 GTAW 165 223 9.9 6.94 231 1.036 58.22 69
 FSW 227 310 13.8 9.41 329 1.061 80.93 108
 2.4 CONCLUSIONS
 • Of the three types of welded joints, the joints fabricated by FSW exhibited higher strength values and the enhancement in strength is approximately 34% compared to the GMAW joints and 28% compared to the GTAW joints.
 • The formation of fine, equiaxed grains and uniformly distributed, very fine strengthening precipitates in the weld region are the reasons for the superior tensile properties of the FSW joints compared to the GTAW and GMAW joints.
 3.0 WELDING OF CAST ALUMINIUM ALLOY 3.1 INTRODUCTION The usage of cast aluminium alloys in automotive and aerospace applications is ever increasing due to their light weight and castability. It is necessary to weld aluminium castings to themselves or to wrought alloys for various applications. These alloys are
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 not easily weldable by conventional fusion welding techniques because the quality of the welded joint is deteriorated due to the presence of porosity, hot cracking, and distortion. Friction Stir Welding (FSW) process is an emerging solid state joining process in which the material that is being welded, does not melt and recast. FSW creates the weld joint without bulk melting. In addition, the extensive thermo mechanical deformation induces dynamic recrystallization and recovery that refine the microstructure of the stir region.
 Therefore, welds made by FSW are shown to have much improved mechanical properties than the corresponding fusion welds. Since, FSW is a solid state process and the material under the rotating action of non-consumable tool has to be stirred properly to get good, defect free welds. The material flow behaviour is predominantly influenced by the FSW process parameters.
 There have been lot of efforts to understand the effect of process parameters on material flow bahaviour, microstructure formation and mechanical properties of friction stir welded joints. However, only a limited number of studies have been done on cast aluminum alloys, although wrought aluminum alloys are being intensively studied. It is already known that the joint between cast Al alloys has a potential for expanding the usage of economic casting in aircraft and automotive applications. In this Investigation, an attempt was made to understand the effect of FSW process parameters on tensile strength of cast A356 aluminium alloy.
 3.2 EXPERIMENTAL WORK
 Castings of unmodified A356 aluminium alloy were made by sand casting method and they were machined to rectangular plates of size 175 mm X 75 mm X 6 mm. Square butt joint configuration was prepared to fabricate FSW joints. The initial joint configuration was obtained by securing the plates in position using mechanical clamps. Non-consumable tool made of high carbon steel was used to fabricate the joints. Friction Stir Welding Machine was used to fabricate the joints. Joints were fabricated using different combinations of tool rotation speed, traverse speed, and axial force. Tensile specimens (ASTM std.) were machined in the traverse direction from the welded joints.
 Tensile test was carried out in 100 kN, servo controlled Universal Testing Machine (Make: FIE-Bluestar, India; Model: UNITEK-94100). Microstructural analysis was carried out using optical microscope (Make: MEIJI, Japan; Model: MIL-7100) incorporated with an image analyzing software (Metal Vision MVLx1.0) and scanning electron microscope (JEOL, Japan; Model: 6410LV) with energy dispersive spectrum (EDS) analyser. The specimens for metallographic examination were sectioned to the required sizes from the joint comprising weld zone (WZ), thermo mechanically affected zone (TMAZ), heat affected zone (HAZ) and base metal (BM) regions. Usual metallographic procedures were followed to polish the specimen and 5% hydrofluoric acid was used as an etchant to reveal the microstructure.
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 3.3 RESULTS
 (a) 900 rpm (b) 1000 rpm (c) 1200 rpm (d) 1400 rpm
 (e) 22 mm/min (f) 40 mm/min (g) 75 mm/min (h) 100 mm/min
 (i) 3 kN (j) 4 kN (k) 5 kN (l) 6 kN
 Fig. 6 Effect of FSW parameters on microstructure
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 3.4 CONCLUSIONS
 From this investigation, the following important conclusions are derived:
 • Of the twelve joints fabricated, the joint fabricated using the process parameters of 1000 rpm (tool rotation speed), 75 mm/min (welding speed) and 5 kN (axial force) yielded higher tensile strength compared to other joints.
 • Defect free weld region, higher hardness of weld region and very fine, uniformly distributed eutectic Si particles in the weld region are found to be the important factors attributed for the higher tensile strength of the above joints.
 4.0. WELDING OF MAGNESIUM ALLOY 4.1 INTRODUCTION Magnesium (Mg) alloys have recently received considerable attention due to their excellent properties such as light weight, high specific strength and stiffness, machinability and recyclability. These advantages make magnesium alloys very attractive materials in a wide variety of applications, where weight reduction is extremely important.The electronics and consumer goods industries, are also responding to the widening acceptance of magnesium alloys. However, magnesium alloys are still not as popular as aluminium alloys in structural applications and a major technical challenge is the development of reliable and inexpensive joining methods to produce high quality welds. The welding of magnesium alloys, though not very difficult, needs precautionary measures, since they have a wide solidification range and form brittle intermetallic phases.
 Recently, few studies were carried out to evaluate the weldability of magnesium alloys. The relationship between material flow and defects formation during friction stir welding of AZ31 magnesium alloy was reported by Zhang et al. Microstructure and mechanical properties of laser beam welded AZ31B magnesium alloy was studied by Coelho et al. Jinhong Zhu et al. [11] compared the process characteristics of CO2 laser and diode laser welding of AZ31 alloy. Sun et.al. [12] compared GTAW and LBW joints of AZ31 magnesium alloy in terms of weld bead formation and microstructural characterization. However, a detailed comparison has not yet been reported on tensile properties of GTAW, FSW and LBW joints of AZ31B magnesium alloy. Hence the present paper is aimed to reveal the influences of these three welding processes on microstructure, hardness and tensile properties of AZ31B magnesium alloy.
 4.2 EXPERIMENTAL WORK The rolled plates of AZ31B magnesium alloy were machined to the required dimensions (300 mm x 150 mm x 6 mm). Square butt joint configuration was prepared to fabricate the joints. The plates to be joined were mechanically and chemically cleaned by acetone before welding to eliminate surface contamination. The direction of welding was normal to the rolling direction. Necessary care was taken to avoid joint distortion and the joints were made by securing the base metal. Single pass welding procedure was applied to fabricate the joints. High purity (99.99%) argon gas was used as shielding gas in GTA welding. A non-consumable, rotating tool made of high carbon steel was used to fabricate FSW joints. The welded joints were sliced using a power hacksaw and then machined to the required
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 dimensions. The American Society for Testing of Materials (ASTM E8M-04) standard was followed for preparing the test specimens. Two different tensile specimens were prepared to evaluate the transverse tensile properties. The smooth (unnotched) tensile specimens were prepared to evaluate the yield strength, tensile strength, elongation and reduction in the cross-sectional area. Vicker’s microhardness tester (Make: Shimadzu, Japan; Model: HMV-2T) was used to measure the hardness of the WM with a 0.05 kg load. Microstructural examination was carried out using a light optical microscope (Make: MEJI, Japan; Model: MIL-7100) incorporated with an image analysing software (Metal Vision).
 4.3 RESULTS Table 2 Transverse tensile properties of welded joints
 Joint Type
 Yield strength (MPa)
 Ultimate tensile
 strength (MPa)
 Elongat ion (%)
 Reduction in c.s.a
 (%)
 Notch tensile
 strength (MPa)
 Notch strength
 ratio (NSR)
 Joint Efficiency
 (%)
 GTAW 148 183 7.6 5.9 156 0.85 85
 FSW 171 208 11.8 8.7 181 0.87 97
 LBW 174 212 12.1 9.4 187 0.88 99
 (a) GTAW (b) LBW
 (c) FSW (d) Base metal
 Fig. 7 Optical micrographs of weld metal region
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 4.4 CONCLUSIONS From this investigation, the following important conclusions are derived.
 • Of the three types of welded joints, the joints fabricated by LBW exhibited higher strength values, and the enhancement in strength was approximately 14% compared to GTAW joints and 2 % compared to FSW joints.
 • Hardness was found to be higher in the weld region compared to the HAZ and BM regions, irrespective of welding processes. Very low hardness was recorded in the GTAW joints (70 Hv) and maximum hardness was recorded in the LBW joints (76Hv).
 • The formation of very fine grain microstructure, higher fusion zone hardness and the absence of heat affected zone are the main reasons for superior tensile properties of LBW joints compared to GTAW and FSW joints.
 5.0 WELDING OF COPPER ALLOY 5.1 INTRODUCTION Copper alloys are widely used in industrial applications due to its excellent electrical and thermal conductivity, good strength and corrosion and fatigue resistances. However, welding of copper is usually difficult by conventional fusion welding techniques because of its high thermal diffusivity, which is 10–100 times higher than that of steels and nickel alloys. Hence, the heat input required for welding is much higher, resulting in quite low welding speeds. Higher thermal conductivity and thermal expansion of copper result in greater weld distortion than in comparable steel welds. Gas tungsten arc welding (GTAW) of copper alloys produces some defects such as porosity and hot crack, which deteriorate their mechanical properties. The production of the defect free weld requires proper selection of suitable welding parameters. Though reasonable welding speeds can be achieved, problems can be experienced such as high-welding-residual stresses and changes in microstructure resulting from melting and solidification. On the other hand, friction stir welding (FSW) is a solid state process would alleviate most of the problems caused by the fusion welding processes because it does not result in the melting and resolidification of the material to be welded.
 This process is considered to be the most significant development in metal joining in the last decade. Accordingly, FSW has been developed as an effective welding technique for aerospace, automotive, petrochemical, marine and other nuclear industries. Extensive studies on FSW of aluminium and its alloy have been reported but in the case of copper limited studies are available. No systematic study and detailed comparison has been reported so far on tensile and impact properties of GTAW and FSW joints of copper. Hence, in this investigation, an attempt was made to evaluate the tensile properties, microhardness, microstructure, of GTAW and FSW joints of copper.
 5.2 EXPERIMENTAL WORK The rolled plates of 4 mm thickness commercial pure copper were cut into the required dimensions (300 x 150 mm) by abrasive cutting. Square butt joints were fabricated autogenously (without filler metal addition) using GTAW and FSW processes. Direction of welding was normal to the rolling direction. All necessary care
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 was taken to avoid joint distortion and the joints were made with applying clamping devices. A non-consumable, rotating tool made of tungsten based alloy was used to fabricate FSW joints. The welded joints were sliced using a power hacksaw and then machined to the required dimensions. The American Society for Testing of Materials (ASTM E8M-04) standard was followed for preparing the test specimens. Two different tensile specimens were prepared to evaluate the transverse tensile properties. The smooth (unnotched) tensile specimens were prepared to evaluate the yield strength, tensile strength, elongation and reduction in the cross-sectional area. Vicker’s microhardness tester (Make: Shimadzu, Japan; Model: HMV-2T) was used to measure the hardness of the WM with a 0.05 kg load. Microstructural examination was carried out using a light optical microscope (Make: MEJI, Japan; Model: MIL-7100) incorporated with an image analysing software (Metal Vision).
 5.3 RESULTS Table 3 Traverse tensile and impact properties of welded joints
 Joint type Yield
 strength (MPa)
 Ultimate tensile
 strength (MPa)
 Elongation (%)
 Notch tensile
 strength (MPa)
 Notch strength
 ratio (NSR)
 Joint Efficienc
 y (%)
 Weld metal
 hardness (Hv)
 Base metal 220 246 40 273 1.11 - 217
 GTAW 125 181 45 191 1.06 82.2 180
 FSW 185 206 28 226 1.10 93.63 207
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 5.4 CONCLUSIONS
 • Of the two welded joints, the joints fabricated by FSW process exhibited higher strength values and the enhancement in strength is approximately 12 % compared to joint fabricated by GTAW process.
 • The formation of fine, equiaxed grains and relatively higher hardness of weld region and HAZ are the reasons for superior tensile and hardness properties of FSW joints compared to GTAW joints.
 6.0 WELDING OF IF STEEL 6.1 INTRODUCTION Interstitial free (IF) steels with very low carbon and nitrogen contents have been successfully developed in order to perform specific or complex deep drawing operations in the automotive industry. For these grades, however, the appearance of unusually (excessive) large grain in the vicinity of the weld region of gas tungsten arc welded (GTAW) and laser welded (LW) joints has been reported. The presence of such zone leads to a decrease in tensile and fatigue properties. Since FSW is a solid state welding process, significant differences compared to conventional welding may be expected in terms of heat affected zone (HAZ) size and microstructure, and residual stress fields around the weld. In friction stir welding of interstitial free steel the microstructure and mechanical properties do not significantly change due to the ultra-low carbon content, although a series of welding condition was used.
 However, no systematic study and detailed comparison has been reported so far on tensile and impact properties of GTAW and FSW joints of IF steel. Hence, in this investigation, an attempt was made to evaluate the tensile properties, charpy impact toughness, microhardness, microstructure, lowest hardness distribution profile and fracture surface morphology of GTAW and FSW joints of IF steel.
 6.2 EXPERIMENTAL
 The rolled plates of 4 mm thickness interstitial free (IF) steel were cut into the required dimensions (300 x 150 mm) by abrasive cutting. Square butt joints were fabricated autogenously (without filler metal addition) using GTAW and FSW processes. Direction of welding was normal to the rolling direction.
 All necessary care was taken to avoid joint distortion and the joints were made with applying clamping devices. A non-consumable, rotating tool made of tungsten based alloy was used to fabricate FSW joints. An indigenously designed and developed CNC controlled friction stir welding machine was used to fabricate the FSW joint. The welded joints were sliced using a power hacksaw and then machined to the required dimensions.
 The American Society for Testing of Materials (ASTM E8M-04) standard was followed for preparing the test specimens. Vicker’s microhardness tester was used to measure the hardness of the WM with a 0.05 kg load. Microstructural examination was carried out using a light optical microscope incorporated with an image analysing software.
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 Fig. 9 During FSW of IF steel Fig. 10 GTAW and FSW Joints
 6.3 RESULTS Table 4 Traverse tensile and impact properties of welded joints
 Joint type
 Yield strength (MPa)
 Ultimate tensile
 strength (MPa)
 Elongation (%)
 Notch tensile
 strength (MPa)
 Notch strength
 ratio (NSR)
 Impact tough ness (J)
 Joint Effici ency (%)
 Base metal 228 282 53 316 1.12 31 --
 GTAW 173 208 30 199 0.96 17 74
 FSW 215 274 46 302 1.10 28 97
 Fig. 11 Optical micrographs of IF steel joints
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 6.4 CONCLUSIONS
 • Of the two welded joints, the joints fabricated by FSW process exhibited higher strength values and the enhancement in strength is approximately 24 % compared to joint fabricated by GTAW process.
 • Of the two welded joints, the joints fabricated by FSW process exhibited higher impact toughness values and the enhancement in toughness is approximately 39 % compared to the joint fabricated by GTAW process.
 7.0 WELDING OF MILD STEEL 7.1 INTRODUCTION Friction stir welding (FSW), which is a relatively new solid state joining process and has been the focus of constant attention in joining low and high temperature materials. While most of the FSW efforts to date have involved joining of softer materials like aluminium and magnesium alloys, there is considerable interest in extending the technology to other materials, including steels. Friction stir welding appears to offer several advantages over arc welding of steels. The lower apparent energy inputs of FSW are expected to minimize grain growth in the HAZ and limit distortion and residual stress in steels. Additionally, problems with hydrogen cracking in steels are eliminated since FSW is a solid-state process. Taken together, these advantages make FSW attractive for joining of steel in many applications. Recently, the feasibility of FSW for high melting temperature materials such as carbon steels has been examined and reported, and further revitalization of research and development is advancing FSW. Although the some papers are available on friction stir welded carbon steels, there is a considerable need for experimental research results to further understand the fundamental mechanisms associated with the welding formation process, improve the welding quality and to make progress in the development of the FSW process of steels. In the present investigation, defect-free friction stir welds were produced on 5 mm thick AISI 1018 mild steel at 1000 rpm, 50 mm/min using tungsten based alloy tools. Optical microstructures and transverse tensile properties of friction stir welded AISI 1018 mild steel joints are reported here. The results of this preliminary study show that FSW has the potential to successfully join steels.
 7.2 EXPERIMENTAL WORK The rolled plates of 5 mm thickness AISI 1018 steel were cut into the required dimensions (300 x 150 mm) by abrasive cutting. A non-consumable, rotating tool made of tungsten based alloy was used to fabricate FSW joints. Trial experiments and macrostructural analysis (to identify any visible defects) were carried out to find out the optimum process parameters and defect free weld was made rotational speed of 1000 rpm and welding speed of 50 mm/min. The welded joints were sliced using a power hacksaw and then machined to the required dimensions. The American Society for Testing of Materials (ASTM E8M-04) standard was followed for preparing the test specimens. Two different tensile specimens were prepared to evaluate the transverse tensile properties. The smooth (unnotched) tensile specimens were prepared to evaluate the yield strength, tensile strength, elongation and reduction in the cross-sectional area. Vicker’s microhardness tester (Make: Shimadzu, Japan; Model: HMV-2T) was used to measure the hardness of the WM with a 0.05 kg load. Microstructural examination was carried out using a light optical microscope (Make: MEJI, Japan; Model: MIL-7100) incorporated with an image analysing software (Metal Vision).
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 7.3 RESULTS Table 5 Traverse tensile properties of welded joints
 Joint Type
 Yield strength (MPa)
 Ultimate tensile
 strength (MPa)
 Elongation (%)
 Impact toughness (J)
 Joint Efficiency
 (%)
 BM 361 421 27 32 --
 FSW 424 457 20 21 108
 a) Swirl Zone b)Thermo mechanical affected zone (TMAZ)
 c) FGHAZ-CGHAZ Interface d) WM-HAZ Interface
 Fig. 12 Optical microstructure of FS Welded mild steel 7.4 CONCLUSIONS
 • AISI 1018 Mild steel of 5 mm thick was successfully friction stir welded using rotational speed of 1000 rpm and welding speed of 50 mm/min using tungsten based alloy tools.
 • Tensile strength and hardness indicates the overmatching of friction stir welded joints compared with the base metal. The joint efficiency was found to be 108 %. This is due the fine equiaxed structure of ferrite and pearlite of the stir zone.
 FGHAZ
 CGHAZ
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 8.0 WELDING OF STAINLESS STEEL 8.1 INTRODUCTION Ferritic Stainless Steels (FSS) constitute approximately one-half of the AISI type 400 series stainless steels. These steels contain 10.5 to 30 % Cr along with other alloying elements, notably molybdenum. FSS are noted for their excellent stress corrosion cracking (SCC) resistance and good resistance to pitting and crevice corrosion in chloride environments. While these alloys have useful properties in the wrought condition, welding is known to reduce toughness, ductility, and corrosion resistance because of grain coarsening and formation of martensite. For these reasons, the application of this group alloys is limited.
 The welding arc heats a zone in the base metal above a critical temperature (955°C) and causes rapid grain growth of the ferrite. This coarse grain zone lacks ductility and toughness and a small amount of martensite may be present, which leads to increase in hardness. Excessive grain growth can be avoided, of course, by using lower welding heat inputs. It has also been suggested that nitride and carbide formers such as B, Al, V and Zr can be added to FSS to suppress grain growth during welding.
 Even though, the ferritic stainless steels have lot of potential to become a cheaper alternative to austenitic stainless steels, the fabrication processes, especially arc welding processes are not conducive to this material due to above discussed problems. Friction stir welding appears to offer several advantages over arc welding of ferritic stainless steels. The lower apparent energy inputs of FSW are expected to minimize grain growth in the HAZ and limit distortion and residual stress in steels [9]. Additionally, problems with hydrogen cracking in steels are eliminated since FSW is a solid-state process. Taken together, these advantages make FSW attractive for joining of steel in many applications [10]. Keeping this in mind, an investigation was carried out to study the effect of friction stir welding process on tensile and impact properties of the ferritic stainless steel (AISI 409M grade) joints and the results are compared with continuous current gas tungsten arc welded and pulsed current gas tungsten arc welded joints
 8.2 EXPERIMENTAL WORK The rolled plates of 4 mm thickness AISI 409M grade ferritic stainless steel were cut into the required dimension (300 x 150 mm) by plasma cutting and grinding. The initial joint configuration was obtained by securing the plates in position using tack welding. Square butt joints were fabricated using autogenous welding (without filler metal addition) such as Continuous Current Gas Tungsten Arc Welding (GTAW), Pulsed Current Gas Tungsten Arc Welding (PCGTAW) and Friction stir welding processes. The soundness of all the welded plates was checked using ultrasonic testing. The welded joints were sliced using power hacksaw and then machined to the required dimensions for preparing tensile and impact test specimens. Vicker’s microhardness tester (Make: Shimadzu, Japan; Model: HMV-2T) was used to measure the hardness of the WM with a 0.05 kg load. Microstructural examination was carried out using a light optical microscope (Make: MEJI, Japan; Model: MIL-7100) incorporated with an image analysing software (Metal Vision).
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 8.3 RESULTS Table 6 Transverse tensile and impact properties of base metal and welded joints
 Joint Yield Strength (MPa)
 Tensile Strength (MPa)
 Elonga tion (%)
 Notch Tensile Strength (MPa)
 Notch Strength
 Ratio (NSR)
 Impact Toughness
 (J)
 BM 359 524 12 576 1.10 22
 CCGTAW 450 540 4.5 560 1.03 10
 PCGTAW 480 560 6.2 592 1.06 15
 FSW 520 600 10 650 1.08 19
 8.4 CONCLUSIONS
 • Of the three welded joints, the joints fabricated by FSW exhibited higher strength and the enhancement in strength is approximately 40 % compared to CCGTAW joints, and 35 % compared to PCGTAW joints.
 • Lower heat input, finer weld zone grain diameter, higher weld zone hardness may be the reasons for superior tensile and impact properties of FSW joints compared to CCGTAW and PCGTAW processes.
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 9.0 FRICTION STIR SPOT WELDING 9.1 INTRODUCTION Friction stir spot welding (FSSW) is a novel variant of linear friction stir welding process creates a spot, lap weld without bulk melting. FSSW uses a cylindrical tool with pin tip centered on one circular face. The tool rotates circumferrentially at room temperature and plunges into the samples to be joined with a normal force. There is a backening plate or an anvil on the bottom side of the sample to sustain the normal force.There are numerous applications for FSSW, especially in the transportation industry, employing aluminum structures. Any application that is currently riveted, toggle-locked or spot welded can often have FSSW substituted with little difficulty.
 Challenges with electrical resistance spot welding (ERSW) includes the need to chemically clean the aluminum alloys within 8 hours of joining, excessive electrode mushrooming causing poor welds to be made, process variability and shunting problems which require greater spacing of the welds and its application is limited to 0.25 – 4 mm. Challenges with the mechanical rivets include high cost for fasteners, potentially higher down time due to feeding issues and need for other operations for non self-piercing rivets. Processes such as toggle-lock are simple and cheap but have less strength than ERSW. FSSW is not saddled with the problems that are cited above due to the unique nature of the process. The speed of the process is competitive with ERSW but it is much more consistent because FSSW is not as sensitive to changing material conditions and surface conditions. The published information on the effect of process parameters on mechanical and metallurgical characteristics of FSSW aluminum joints is very scant. Hence, the present investigation was carried out to study the effect of two important process parameters, namely, tool rotational speed and dwell time on lap shear strength of FSSW AA2024 aluminum alloy.
 9.2 EXPERIMENTAL WORK The rolled plates of AA2024 aluminum alloy with a 2.7 mm thickness were cut into the required size (150 x 75 mm) by power hacksaw cutting and milling. Lap joint configuration was used to fabricate FSSW joints. The joint is obtained by securing the plates in position using mechanical clamps. Non-consumable tool made of high carbon steel was used to fabricate the joints. An indigenously designed and developed FSW machine was used to fabricate the joints. Trial experiments were carried out to find out the working limits of welding parameters. Joints were fabricated using different combination of rotational speed and dwell time.
 Lap shear test was carried out in 100 kN, electro-mechanical controlled Universal Testing Machine. The specimen was loaded at the rate of 1.5 kN/min as per ASTM specifications and that Lap shear specimen was tested. Vickers’s micro hardness testing machine was employed for measuring the hardness across the joint with 0.5 kg load. Macro and micro structural analysis were carried out using a light optical microscope incorporated with an image analyzing software.
 The specimens for metallographic examination are sectioned to the required sizes from the welded joints and polished using different grades of emery papers. Final polishing was done using the diamond compound (1µm particle size) in the disc-polishing machine. Specimens were etched with Keller’s reagent to reveal the macro and microstructures.
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 9.3 RESULTS Table 7 Effect of rotational speed (Dwell time = 5 sec)
 Rotational Speed (RPM)
 Spot profile
 Macrostructure of stir zone
 Failure pattern Lap shear force & Hardness of stir zone
 Upper Lower
 1300
 8.62 kN
 128 Hv
 1400
 9.31 kN
 197 Hv
 1500
 8.52 kN
 178 Hv
 1600
 8.46 kN
 151 Hv
 Table 8 Effect of dwell time (Rotational speed = 1400 rpm)
 Dwell time (sec)
 Spot profile Macrostructure of stir zone
 Failure pattern Lap shear force &Hardness of stir zone
 Upper Lower
 3
 8.15 kN
 137 Hv
 4
 8.84 kN
 153 Hv
 5
 9.31 kN
 197 Hv
 6
 8.74 kN
 152 Hv
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 9.4 CONCLUSIONS
 • The tool rotational speed and dwell time have significant influence on lap shear strength of the joints.
 • The joint fabricated using a tool rotational speed of 1400 rpm and a dwell time of 5 seconds showed the highest lap shear strength than other joints.
 10.0 CONCLUSIONS Friction stir welding process was used to weld different materials such as wrought aluminium alloy, cast aluminium alloy, magnesium alloy, copper alloy, IF steel, mild steel and stainless steel. From this work, following important conclusions are derived:
 • The wrought aluminium alloy joints fabricated by FSW exhibited higher strength values and the enhancement in strength is approximately 34% compared to the GMAW joints and 28% compared to the GTAW joints.
 • Defect free weld region, higher hardness of weld region and very fine, uniformly distributed eutectic Si particles in the weld region are found to be the important factors attributed for the higher tensile strength of the cast aluminium alloy joints fabricated by FSW process. Cast aluminium alloys are not weldable by any of the fusion welding process without defects.
 • The magnesium alloy joints fabricated by LBW exhibited higher strength values, and the enhancement in strength was approximately 14% compared to GTAW joints and 2 % compared to FSW joints. FSW process is cheaper compared to LBW process.
 • The commercial pure copper joints fabricated by FSW exhibited higher strength values, and the enhancement in strength was approximately 12% compared to GTAW joints.
 • The IF steel joints fabricated by FSW process exhibited higher strength values and the enhancement in strength is approximately 24 % compared to joint fabricated by GTAW process. Similarly, the joints fabricated by FSW process exhibited higher impact toughness values and the enhancement in toughness is approximately 39 % compared to the joint fabricated by GTAW process.
 • Tensile strength and hardness in mild steel joints indicated the overmatching of friction stir welded joints compared with the base metal. The joint efficiency was found to be 108 %. This is due the fine equiaxed structure of ferrite and pearlite of the stir zone.
 • The stainless steel joints fabricated by FSW exhibited higher strength and the enhancement in strength is approximately 40 % compared to CCGTAW joints, and 35 % compared to PCGTAW joints. Similarly, the joints fabricated by FSW exhibited higher impact toughness values and the enhancement in impact toughness is approximately 25 % compared to CCGTAW joints, and 50 % compared to PCGTAW joints.
 • The tool rotational speed and dwell time have significant influence on lap shear strength of the friction stir spot welded joints. The joint fabricated using
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 a tool rotational speed of 1400 rpm and a dwell time of 5 seconds showed the highest lap shear strength than other spot welded joints.
 • It is also found that the friction stir welding (FSW) process didn’t produce gaseous emission, particulate emission and radiation during welding of above materials and hence it could be very much called as Eco-Friendly Welding process. Moreover, the joints fabricated by FSW process exhibited superior mechanical and metallurgical properties compared to other joints fabricated by conventional welding processes.
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 Friction surfacing of metallic coatings on steels
 Dr G. Madhusudhan Reddy
 Defence Metallurgical Research Laboratory Kachanbagh, Hyderabad, India 500 058 * E-mail: [email protected]
 Abstract
 A Friction surfacing machine has been employed to friction surface mild steel, Low Carbon Low Alloy Steel (LCLAS) and Medium Carbon Low Alloy Steel (MCLAS) with aluminum alloy 6061, pure nickel, stainless steel, and aluminum metal matrix composites (MMC) AA 2124 SiCp. Mild steel was coated with aluminum alloy, nickel, stainless steel, and MMC while LCLAS was coated with stainless steel. MCLAS was friction surfaced with stainless steel as well as nickel coating followed by stainless steel coating. Metallographic characterization (optical microscopy, EPMA and XRD) of the friction surfacing coatings as well as micro-hardness survey across the substrate and coating materials were carried out. The observed micro-structural features are correlated to the hardness trends as well as inter-diffusion of elements across the interfaces. The mechanism of bonding when mild steel is coated with aluminum alloy as well as MMC is the formation of intermetallics. Stainless steel coating of mild steel leads to the formation of carbides in the stainless steel adjacent to the interface as a result of carbon migration from mild steel towards stainless steel. Coating of mild steel with nickel leads to solid solution hardening. Carbon migration from the mild steel was not observed in this case as was the case in stainless steel coating. LCLAS could be coated with stainless steel. However the steel could not be coated with nickel as both steel and nickel are soft implying, soft to soft combination are not amenable to friction surfacing. MCLAS could be friction surfaced with stainless steel as well as with nickel followed by stainless steel. Direct coating with stainless steel exhibited carbon migration tendency, while incorporation of nickel as a buffer layer could mitigate this problem. Key words: Friction surfacing, hardness, steel, aluminium alloy, nickel and stainless steel
 1.0 Introduction The surfaces of engineering materials are given specific treatments that are different from those of the core. These treatments can alter the composition of the case by incorporating specific species in the surface of the substrate materials or they can be heat treatments which do not alter the composition of the substrates or the surface can have a different material than the substrate. The surface treatments can be physical, physico-chemical, fusion, as well as non-fusion based. Solid state process that do not involve melting and solidification are versatile as they give rise to deposits which are
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 free from solidification related defects and are the amenable processes for many incompatible dissimilar metals owing to the short interaction time available for the extensive formation of deleterious intermetallics. Friction surfacing is one such solid state processes currently being pursued extensively for various surfacing applications requiring wear and corrosion resistance properties [1-17]. Keeping the afore mentioned in view the present study on friction surfacing has been taken up to have a preliminary understanding on the friction surfacing of metallic substrates with metallic alloys as well as metal matrix composites.
 2.0 Experimental Procedure 2.1 Parent metals: The substrate materials selected were Mild Steel (MS), Low Carbon Low Alloy Steel (LCLAS), and Medium Carbon Low Alloy Steel (MCLAS). The coating materials were Aluminum Alloy 6061, Stainless Steel (AISI 304), Pure Nickel, Aluminum Alloy Metal Matrix composite (MMC), AA 2124 reinforced with, SiC particulates material. The composition of the parent material employed and the hardness details of starting substrate and surfacing materials are furnished in Table 1. The stating parent metal microstructures are shown in Fig.1. The microstructure of mild steel consists of equiaxed grains of ferrite pearlite at the grain boundaries, MMC contains fine SiC particles distributed in aluminum matrix, Low carbon low alloy steel consists of equiaxed grains of ferrite, the aluminum alloy 6061 contains equiaxed grains of alpha with fine strengthening precipitates evenly distributed, the stainless steel contains coarse grains structure with occasional with twins within the grains, medium carbon low alloy steel contains predominantly martensitic microstructure and pure nickel exhibits equiaxed grain structure with occasional twinning. The substrate and the coating material combinations investigated in this study are presented, in Table 2.
 Table 1. Composition and hardness details of parent materials
 MATERIAL COMPOSITION (Wt.%) HARDNESS (HKN)
 Mild steel C- 0.2, Mn <1.0, S-0.05, P < 0.05 172
 Low carbon low alloy steel
 C-0.09, Mn-1.42, Ni-1, Cr 0.05,Mo < 0.05, V-0.05, Cu-0.13, S-0.012, P- 0.012,Nb- 0.07,Al- 0.018,B<0.005
 235
 Medium Carbon Low Alloy Steel
 C-0.28, Mn-0.72,Si -0.55,S &P- 0.012,Cr-0.92, Mo-0.29
 411
 Metal Matrix Composite
 AA 2124 + SiC Particulates (15 vol. %) 162
 Pure Nickel Ni-99.99 194
 Stainless Steel (AISI 304)
 C- 0.08, Mn-2.0, Si- 1.0,Cr- 19,Ni-10, P-0.045, S-0.03
 261
 Aluminum Alloy 6061
 Si-0.6, Fe-0.7, Cu-0.15, Mn-0.15, Mg 0.9, Zn - 0.25, Ti-0.10, Al- 97
 91
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 Table 2. Substrate and consumable material combinations in friction surfacing.
 SUBSTRATE CONSUMABLE
 Mild steel Aluminum Alloy 6061
 Mild Steel Stainless Steel (AISI 304)
 Mild Steel Pure Nickel
 Mild Steel MMC AA 2124 with SiC Particulates
 Low Carbon Low Alloy Steel (LCLAS) Stainless Steel (AISI 304)
 Low Carbon Low Alloy Steel (LCLAS) Pure nickel (unsuccessful)
 Med.Carbon Low Alloy Steel (MCLAS) Pure Nickel and Stainless Steel (AISI 304)
 Fig. 1: Optical microstructure of (a) mild steel (b) AA 6061 (c)AISI 304 (d) AA 2024 SiCp (e) Medium carbon low alloy steel (f) pure nickel (g) Low carbon low alloy steel.
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 2.2 Friction Surfacing
 Friction surfacing of the alloy was carried out using a commercially available friction surfacing machine (Make: ETA Technologies, Bangalore) was employed. The consumable was mounted on a holder that was attached to the arbor of the machine. The substrate plate was degreased, cleaned and held in the vice, which is fixed on the table of the drilling machine. Arbor is moved to the position of the starting plate and is lowered down into position to deposit the material on the starting plate. Once the loaded end of the consumable is sufficiently hot (red hot), the arbor is moved into position to deposit the material on the substrate. The radial drilling machine was set at a spindle speed of 1800 rpm. The translatory motion was manual. Once, the consumable was sufficiently hot (red hot), and then the transverse feed was given to the surfacing consumable. The hot consumable material flows plastically over the substrate to form a thick coating.
 The substrate materials were Mild Steel, Low Carbon Low Alloy Steel (LCLAS), Medium Carbon Low Alloy Steel, (MCLAS). The Coating Material Were Aluminum Alloy 6061, Stainless Steel (AISI 304), MMC, and Pure Nickel. The substrate and the material combination are provided in Table 2.The substrate materials are in the form of plate thickness 6 mm to 10 mm, while the coating material were employed in the form of 20 mm rods of 50 mm length. The translatory motion was given to the consumable rod. Various stages in friction surfacing are presented in Fig. 2.
 Fig.2 Various stages in friction surfacing
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 2.3 Metallurgical Characterization
 The friction-surfaced coatings were subjected to metallurgical characterization employing Optical Microscopy, Electron Probe Micro analyzer (EPMA), and X-Ray Diffraction (XRD) With Copper-Kα radiation. Standard metallographic sample preparation techniques were employed for the metallurgical characterization.
 2.4 Mechanical Testing
 The coatings were subjected to micro hardness testing employing Knoop indentation at 300-gf load. Hardness survey was conducted across the interface at an interval of 0.25 mm - 0.5 mm.
 3.0 RESULTS AND DISCUSSION
 3.1 Visual Examination Based on the visual examination the quality of friction surfacing in respect of different substrate and coating combinations is presented in Table 3. It may be noted from these observations that all substrate and consumable combinations could be successfully friction surfaced with the exception of nickel over LCLAS that is soft over soft combinations.
 Table 3. Observations on the quality of friction surfacing
 Materials Spindle Speed (rpm) Deposition
 Aluminum Alloy AA 6061 over Mild Steel 1800 Good
 Pure Nickel over Mild Steel 1800 Good
 AISI 304 over Mild Steel 1800 Good
 MMC (AA 2124 SiCP) over Mild Steel 1800 Good
 AISI 304 over Low Carbon Low Alloy Steel
 1800 Good
 AISI 304 over Medium Carbon Low Alloy Steel
 1800 Good
 Nickel followed by AISI 304 over med, Carbon Low Alloy Steel
 1800 Good
 Nickel over Low Carbon Low Alloy Steel 1800 Unsuccessful
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 3.2 Metallography
 3.2.1 Aluminum alloy 6061 over mild steel The microstructure of the aluminum alloy 6061 coated over mild steel (Fig 3) shows an interface layer. At higher magnification layering /cracking in the coating is observed on the mild steel side (Fig 3b) 3.2.2 Nickel over mild steel Nickel coating on the mild steel exhibits predominantly layered structure with mild steel distributed in between the layers (Fig 4). 3.2.3 Stainless steel over mild steel Stainless steel coating on mild steel also exhibited layered structure with black precipitates along the some of these layers, and some of the layers contain mild steel sandwiched between them (Fig 5a). Refined grain structure is observed on the mild steel side adjacent to the coating (Fig 5b). The refined structure contains higher volume percent of dark phase and in the form of isolated islands as well as along ferrite grain boundaries. At higher magnification white precipitates are observed in the stainless steel coating adjacent to mild steel (Fig 5c). The interface of the coating with the mild steel exhibited corrugated features.
 Fig. 3. Microstructure of aluminium friction surfaced over mild steel
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 Fig. 4. Microstructure of pure nickel friction surfaced
 Fig. 5. Microstructure of AISI 304 friction surfaced over mild steel
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 3.2.4 MMC over mild steel The interface of MMC coating on mild steel exhibits wavy appearance and the interface well defined. The coating exhibits black phase distributed in white matrix (Fig. 6). At lower magnification distribution of particulates predominantly in white matrix is observed in MMC coating (Fig. 6). These particulates could be those of silicon carbide.
 3.2.5 Stainless steel over low carbon low alloy steel The stainless steel coating on low carbon low alloy steel exhibits graded microstructure with fine features near to the interface to the low alloy steel and increasingly coarse grain structure as the surface of the coating approached (Fig 7).
 3.2.6. Stainless steel over medium carbon low alloy steel In Fig.8, the features of stainless steel coating over medium carbon low alloy steel are shown. The coating exhibited graded microstructure with coarse grains at the outer surface. The coating towards the medium carbon low alloy steel shows metal flow pattern as well as layered structure with possible compositional as well as micro-structural gradation. An intermixed layer is observed between the stainless steel coating and MCLAS. Coarsening of the micro-structural features is observed in MCLAS adjacent to the coating.
 3.2.7 Nickel and stainless steel over medium carbon low alloy steel In Fig.9, microstructure of nickel coating followed by stainless steel coating over MCLAS is shown. The nickel coating is predominantly featureless and stainless steel coating exhibits banded microstructure.
 3.3 Electron Probe Micro-Analysis (EPMA) The back-scattered images of aluminum alloy, nickel, stainless steel and MMC coatings over mild steel are shown in Fig. 10 -13 respectively. The nickel coating as well as, stainless steel coatings exhibits a dark layer in the middle of the coating. Aluminum alloy and MMC coatings do not show such microstructure gradients. Elemental distribution along the coating and the substrate materials is presented in Fig. 14 to Fig 17.
 3.3.1 Aluminum alloy 6061 over mild steel From the distribution of the elements, across the interface of the aluminum alloy coating presented in Fig. 14 a-d, it is observed that the inter-diffusion of the elements is confined to less than one μm. The elements magnesium, manganese, copper, nickel and silicon exhibit greater diffusion tendencies. Aluminum and iron do not exhibit observable diffusion tendencies.
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 Fig. 6 Microstructure of metal matrix composite friction surfaced over mild steel
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 Fig.7. Microstructure of AISI 304 over low carbon low alloy
 Fig.8. Microstructure of AISI 304 friction surfaced over medium carbon low alloy
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 Fig. 9. Microstructure of medium carbon low alloys steel friction surfaced with nickel followed by stainless steel
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 Fig. 10. BSE image of AA 6061 over Mild steel
 Fig. 11. BSE image of pure nickel over Mild steel
 Fig. 11. BSE image of AISI 304 over Mild steel
 Fig. 12. Fig. 13. BSE image of MMC over mild steel
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 Fig. 14. Elemental distribution across the interface of friction
 surfaced AA 6061 over mild steel
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 Fig. 14. Elemental distribution across the interface of friction
 surfaced AA 6061 over mild steel
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 3.3.2 Nickel over mild steel From the elemental distribution in nickel coating over mild steel (Fig. 15 a&b) it is observed that manganese diffuses towards nickel to some extent while silicon does not exhibit such a tendency (Fig 15a). It is observed that iron and nickel show equal inter-diffusion tendency to form iron- nickel solid solution (Fig.15b).
 3.3.3 Stainless steel over mild steel From the elemental distribution across stainless steel over mild steel, it may be noted that nickel diffuses towards mild steel and carbon diffuses towards stainless steel (Fig 16).
 Fig. 15. Elemental distribution in friction surfacing of
 nickel over mild steel
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 Fig. 16. Elemental distribution in friction surfacing of stainless
 steel over mild steel
 Fig. 17. Elemental distribution in friction surfacing of AA 2124 SiCp over mild steel
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 3.5 Micro-hardness 3.5.1 Aluminum Alloy 6061 over Mild Steel From the hardness distribution plot across the aluminum alloy, coating over mild steel (Fig. 18), It is observed hardness is maximum (231 HKN) at the interface. This hardness maximum could be due to the formation of intermetallics based on iron and aluminum and is well reflected by the presence of an interface phase between aluminum alloy coating and mild steel (Fig 3). 3.5.2 Nickel over mild steel The hardness distribution plot across nickel over mild steel exhibits, hardening of mild steel adjacent to nickel (Fig.19), while softening of nickel at this location. The hardening that is observed on the mild steel side could be attributed to the formation of solid solution of iron and nickel that is evident from the elemental distribution of iron and nickel (Fig.15). The softening as well as wavy nature of hardness distribution on nickel side observed on nickel side can be attributed to the layered microstructure that is observed in the nickel coating adjacent to the mild steel (Fig 4).
 3.5.3 Stainless steel over mild steel
 The hardness distribution across stainless steel over mild steel shows peak hardness of 284 HKN on stainless steel side adjacent to interface (Fig. 20). In general hardness is found to increase as the interface is approached from the mild steel side. The interface
 Fig. 18. Hardness across the interface of AA 6061 over mild steel
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 is harder than the mild steel and stainless steel. The high hardness that is observed on the stainless steel side could be due to the formation of carbides (Fig. 5c) as a result of carbon migration towards stainless steel. The carbon migration is evident from the elemental distribution shown in Fig. 16, as well as increase in the amount of dark phase in mild steel adjacent to the interface with the stainless steel (Fig. 5). The increase hardness of mild steel adjacent could be attributed to the grain refining that is observed in mild steel adjacent to the interface with the stainless steel (Fig. 5) as well as increase in the amount of dark phase (possibly pearlite) as a consequence of carbon migration towards stainless steel.
 Fig. 19. Hardness across the interface of pure nickel over mild steel
 Fig. 20. Hardness across the interface of stainless steel over mild steel.
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 3.5.4 MMC over mild steel Hardness distribution across MMC over mild steel exhibits peak hardness of 200 HKN across the interface and a gradual increase in hardness of mild steel towards the interface with the MMC (Fig. 21). The increase in hardness at the interface could be attributed to the formation of intermetallics based on iron and aluminum as evident from the distribution of iron and aluminum shown in Fig. 17.
 Fig. 21. Hardness across the interface of MMC steel over mild steel.
 3.5.5 Stainless steel over low carbon low alloy steel Hardness distribution across stainless steel coating over LCLAS (Fig. 22) exhibits peak hardness of 182 HKN, and a gradual increase in hardness of LCLAS towards stainless steel. Peak hardness at the interface could be attributed to carbon migration in low alloy steel side towards stainless steel. The gradual increase of LCLAS towards the interface could be due to the grain refinement that is observed as interface is approached (Fig. 7).
 Fig. 22. Hardness across the interface of stainless steel over low C low alloy steel
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 3.5.5 Stainless steel over medium carbon low alloy steel
 The hardness distribution trends show a gradual decrease in hardness of MCLAS towards the interface and an increase in hardness of the stainless steel towards the interface (Fig. 23). A peak hardness of 273 HKN is observed at the interface. The decrease in hardness of MCLAS could be attributed to the coarsening of the microstructure of MCLAS adjacent to the interface (Fig. 8). The gradual increase in hardness observed on the stainless steel adjacent to the interface could be due to the formation of inter mixed zone (Fig. 8) as a result of inter-diffusion elements (mainly carbon) as well as work hardening of stainless steel.
 Fig. 23. Hardness across the interface of stainless steel over med. C low alloy steel
 3.5.6 Nickel and stainless steel over medium carbon low alloy steel
 The interface hardness is observed to be 236 HKN (Fig. 24) that is lower than 273 HKN when, stainless steel is directly coated over MCLAS (Fig. 23). The hardness at the interface of nickel with stainless steel is 268 HKN (Fig. 25). A peak hardness of 350 HKN in stainless steel adjacent to nickel, and a gradual increase in hardness of nickel have been observed in stainless steel coated over nickel (Fig. 25). The increase in hardness of both stainless steel and MCLAS steel could be attributed to inter diffusion of elements across the interface as well as work hardening tendency of both nickel and stainless steel.
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 Fig. 24. Hardness across the interface of pure nickel over medium
 carbon low alloy steel
 Fig. 25. Hardness across the interface of pure nickel followed by
 stainless steel over medium carbon low alloy steel
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 4.0 Discussion 4.1 Friction Surfacing of Mild Steel Friction surfacing of mild steel with aluminum alloy 6061 exhibited maximum hardness at the interface (Fig. 18) possibly due to the formation of intermetallics. This view is supported by the presence of interface phase (Fig. 3). Nickel coating over mild steel did not result in such a hard interface phase (Fig. 19). However, hardening is observed on the mild steel side adjacent to the interface. This hardening is due to solid solution hardening (Fig. 15). Friction surfacing of mild steel with stainless steel resulted in interface hardening as well as hardening of the stainless steel adjacent to the interface (Fig. 20). The hardening on the stainless steel side could be due to the formation of carbides as a result of carbon migration from mild steel towards stainless steel. This hypothesis is supported by the presence of carbides in stainless steel adjacent to the interface (Fig. 5a&c) as well as higher proportion of pearlite in mild steel adjacent to the interface (Fig. 5b). The hardening that is observed on the mild steel adjacent to the interface could be due to the combined effects of higher proportion of pearlite and refined grain structure in this region of mild steel (Fig. 5b). The fact that friction surfacing of mild steel over nickel did not result in interface hardening while friction surfacing with stainless steel lead to interface hardening as a result of carbon migration suggests that prior nickel coating of mild steel followed by subsequent stainless steel coating over mild steel could be a solution to mitigate the problem of carbon migration from mild steel towards stainless steel. Friction surfacing of MMC over Mild steel resulted in hard interface (Fig. 21). This could be due to the formation of intermetallics with iron and aluminum as can be observed from the elemental distribution across the interface (Fig. 15a).
 4.2 Friction Surfacing of Low Carbon Low Alloy Steel Friction surfacing of low carbon low alloy steel led to hardening in the interface region as well as on the LCLAS adjacent to the interface (Fig. 22) possibly due to carbon migration towards stainless steel due to higher affinity of carbon for chromium present in stainless steel. The hardening, at the interface region, is supported by, the fine micro-structural features, in the interface region (Fig. 7). It is note worthy, to mention here that nickel could not be deposited over LCLAS due to the soft nature of LCLAS as well as nickel. This soft substrate and coating material combination does not promote frictional heat generation (due to low coefficient of friction) that is essential in friction surfacing.
 4.3 Friction Surfacing of Medium Carbon Low Alloy Steel Friction Surfacing of stainless steel over MCLAS resulted in interface hardness of 270 HKN (Fig. 23) while nickel coating over MCLAS layer resulted in interface hardness of 236 HKN (Fig. 24). Thus, it may be inferred from this observation that nickel could serve as a buffer layer to avoid carbon migration from MCLAS towards stainless steel as observed in stainless steel coating over MCLAS (Fig. 8). The friction surfacing of stainless steel over nickel resulted in interface hardening as well as hardening of stainless steel adjacent to the interface (Fig. 25), possibly due to solid solution hardening effect.
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 5.0 Conclusions
 The following conclusions can be drawn from the present study on friction surfacing of mild steel, low carbon low alloy steel and medium carbon low alloy steel
 i) Possibility of friction surfacing employing a conventional radial drilling machine has been demonstrated. However, the conventional radial drilling machine has the limitations in respect of continuous variable speed selection for the consumable as well as substrate.
 ii) The mechanism of bonding when mild steel is coated with aluminum alloy as well as MMC is the formation of intermetallics.
 iii) Stainless steel coating of mild steel leads to the formation of carbides in the stainless steel adjacent to the interface as a result of carbon migration from mild steel towards stainless steel.
 iv) Coating of mild steel with nickel leads to solid solution hardening. Carbon migration from the mild steel was not observed in this case, as was the case in stainless steel coating.
 v) Low carbon low alloy steel could be coated with stainless steel. However the steel could not be coated with nickel as both steel and nickel are soft implying, soft-to-soft combination are not amenable to friction surfacing.
 vi) Medium carbon low alloy steel could be friction surfaced with stainless steel as well as with nickel followed by stainless steel. Direct coating with stainless steel exhibited carbon migration tendency while incorporation of nickel as a buffer layer could mitigate this problem
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 Friction Stir Welding and Friction Stir Processing
 Satish V. Kailas Department of Mechanical Engineering
 Indian Institute of Science Bangalore 560 012
 Solid State welding processes have several advantages over conventional fusion welding process. This is especially true for aluminum alloys which have a large range of temperatures over which it melts. The larger the melting temperature range the higher will be the shrinkage and so higher will be the residual stresses. Friction stir welding is a process used to weld such difficult to weld alloys, with much lower residual stresses and is especially amenable for butt welds.
 In this relatively new process, a non-consumable rotating tool, which has a shoulder, is plunged into the weld interface and moved forward. The shoulder generates significant amount of heat in the material being welded, increasing it temperature and lowering its flow stress. The rotating action stirs the material and the forward motion makes the material from the front of the weld move to the rear portion of the weld. The large amount of strain induced and the stirring action of the tool eliminates the original weld interface and welds the two plates together. Among the many parameters that control the weld quality and strength are the tool geometry, tool rpm, traverse speed, normal load applied by the tool and weld interface position. While the large number of parameters allow for precise control of the weld strength, it also poses a challenge on what are the optimal weld parameters, especially because they are interlinked in a, many-at-times, non-linear relationship. The present talk focuses on how to go about reaching this “optimal point”, for a given tool geometry, with minimal number of trials. The effect of the normal load applied by the tool and tool interface position is specially emphasized on in this talk.
 The process introduces a large strain on the deforming material and thus is amenable to being used to produce ultra-fine grained and near-nano grained material. Some of the work being done in this direction will also be presented and discussed in this talk.
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 Friction Stir welding of Austempered Ductile Iron using Interlayer Technology
 S.V. Satish 1, V.P. Raghupathy1
 Department of Mechanical Engineering, PES Institute of Technology,
 100 Feet Ring Road, BSK 3rd Stage, Bangalore – 560 085, India Email : [email protected] ; [email protected]
 1.0 Introduction
 Welding Institute of Cambridge, England invented Friction stir welding process (FSW) a solid-state joining process. In this process a rotating tool containing a pin and a shoulder is plunged into the joint between two work pieces, generating heat by friction. The rotation of the tool aids in ‘stirring’ the work pieces together. FSW utilizes a non-consumable tool to create local friction heating to produce a continuous solid state weld. The solid-state, low distortion welds produced are achieved with relatively low cost using simple and energy-efficient mechanical equipment. A variety of joint configurations are produced using single pass, full penetration approach without the use of filler metals. Friction welding techniques are generally melt-free, which offers the advantage of avoiding grain growth in engineered materials such as high-strength heat-treated steels. In FSW the heat must be built up to the desired level, then the tool is translated along the joint. Plasticized base material passes around the tool, where it is consolidated due to force applied by the shoulder of the tool. After a short dwell time, the tool and work pieces are then moved relative to each other such that the tool traces the joint line, after which the tool is extracted from the work piece. Friction welding provides a "full strength" bond with no additional weight. The joint that is produced is solid-state in nature, meaning that the work piece material was not actually melted during the process, but only softened.
 1.1 Tool Materials The requirements for an FSW tool are to withstand very high temperatures. The tool must maintain sufficient strength to constrain the weld material at softening. Also the tool must be resistant to fatigue, fracture, mechanical wear, and chemical reactions with both the atmosphere and the weld material. Tungsten alloys and polycrystalline cubic boron nitride (PCBN) were developed to create FSW tools for use in steel, stainless steel, titanium alloys, and nickel-base alloys. Also two classes of materials have been found that meet the FSW requirements: refractory metal tools and super abrasive tools.
 1.2 Tool Cooling: The welding zone temperatures frequently reach 900°C to 1200 °C. Further, the materials used for the tool have high thermal conductivity. The tools carry the heat generated during the FSW process through spindles and may cause damage to the spindle bearings. To prevent this cooling of the tool shank is required. Two different methods for cooling the tool have been used. In the first, a hollow drawbar is used to conduct coolant directly onto the back end of the tool shank. The second method used
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 for cooling the tool is to mount a cooled tool holder in the machine spindle. The holder can be designed for any spindle configuration, and the cooling is consistent from machine to machine. The major disadvantage of this cooling method is that the cooled tool holder is generally less stiff than the machine spindle. 1.3 FSW Equipment: The FSW equipment for high-temperature, materials requires improved cooling, high precision spindles and increased machine stiffness.
 Figure 1: Friction Stir welding Tools
 Friction Stir Welding tools are experimented with various forms of pin features which including (a) flats, (b) helical threads, and (c) a combination of convex scrolled shoulder and helical threaded pin. Figure 1 shows various pin features. 1.4 Advantages of Friction Stir Welding
 • Low distortion, even in long welds • Excellent mechanical properties • Low shrinkage • Some tolerance to imperfect weld preparation (thin oxide layers) • Welding Preparation not usually required • Non-consumable tool • Welding of wrought materials to castings • No spatter , No filler wire required • No welder certification required • Energy efficient, Post weld processes not required • No porosity
 1.5 Applications Automotive
 • Engine and chassis cradles • Wheel rims and Body panels
 Railway Industry • Rolling stock, underground carriages and trams • Railway tankers and wagons • Container bodies
 Marine Industry • Panels for decks, sides and bulkheads • Boat sections
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 • Hulls and superstructures • Helicopter landing platforms
 Construction Industry • Window frames, heat exchangers and air conditioners • Pipe fabrication • Aluminium bridges
 Land Transport Industry
 • Truck bodies • Fuel tankers • Motorcycle and bicycle frames • Buses and caravans • Armour plated vehicles
 1.6 Weld Quality Superior weld quality is achieved using Friction Stir Welding compared to Fusion Welding techniques. The crushing, stirring and forging action of the solid phase weld produces a weld with a finer microstructure than the parent material. These welds perform to 90% of the parent material in tensile strength and are comparable in fatigue performance. Typical fusion welds achieve only 60% performance. Friction Stir Welding can also be used in all positions (horizontal, vertical, overhead and orbital) since gravity has no influence on the solid phase welding process. Friction Stir Welding Machines are available in the following configurations (and others to specification): Multi Axis, Moving Gantry, Portable and Robotic.
 2.0 Introduction to Austempered Ductile Iron Friction stir welding: The constant endeavor of any design engineer is to look forward to materials with best combination of low cost, design flexibility, good machinability, high strength to weight ratio and good toughness, wear resistance and fatigue strength. One such candidate material is Austempered Ductile Iron (ADI). ADI offers this superior combination of properties because it can be cast like any other member of the ductile Iron family, thus offering all the production advantages of a conventional Ductile iron casting. Subsequently it is subjected to the Austempering process to produce mechanical properties that are much superior to conventional Ductile iron, cast and forged aluminum and many cast and forged steels. Compared to the conventional grades of Ductile Iron, ADI delivers twice the strength for a given level of elongation. In addition, ADI offers exceptional wear resistance and fatigue strength. Ductile iron has commercially replaced as cast and forged steels in the lower strength region, now ADI is finding applications in the high strength regions as well For a typical component, ADI costs 20 % less per unit weight than steel and half that of aluminum. Process technology aspects of Austempered Ductile Iron i.e. casting and heat treatment methods are well established. However welding and joining aspects have not been studied in depth for Austempered Ductile Iron as per the open literature available. This is extremely important for commercialization and wide spread use in critical sectors like Defence, Automobiles and Agriculture. Against this background it was proposed to take solid state weldability aspects of ADI. Due to the complexity of micro structural features many aspects of welding as detailed below requires regress and comprehensive understanding. It is well known that welding of cast products
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 belonging to Cast Iron family is extremely difficult due to the presence of Graphite/Carbon in various morphologies. Further, the heat due to welding (whether Fusion or solid state welding) causes carbon migration eventually leading to complex phase transformation. Against this background following aspects need to be thoroughly investigated.
 • The Parameters and variables that affect joint efficiency using fusion and solid state welding process (Friction welding and Friction Stir Welding).
 • The effect of heat input on morphology of carbon nodules and bainitic matrix. The attractive features of ADI need to be supplemented with information on Weldability of Austempered Ductile Iron and the joint efficiency that could be achieved. Hence an attempt was made to Austempered Ductile Iron using E7018 electrode deposition as interlayer. The joints were tested both for Physical and Mechanical properties. Establishing interlayer technology friction welding and friction stir welding was effectively carried out on Ductile and Austempered Ductile Iron. Friction stir welding was efficient within 4mm thickness plates. The characteristics of butt welded fusion joints on 3.5 mm sample plates are reported. 2.1 Melting and Molding of Spheroidal Graphite (SG) Iron: Ductile iron castings were made in an induction furnace of 100kg capacity. The charge material used was clean steel scrap, petroleum coke, Ferro-silicon. The induction furnace used for melting ductile iron castings was of 100 kg capacity, 9.6 kHz. The sand casting mould was prepared by silica sand and its ingredients into which the liquid metal had to be poured was assembled properly and placed in proper position. The liquid metal was then tapped onto preheated ladle and the melt was treated with magnesium in the form of Fe-Si-Mg. It was post inoculated using Fe-Si and was poured into pre heated sand casting moulds to increase the cooling rate of the solidifying metal. The sand casting moulds were pre-heated when the casting was poured at around 400 to 500 degree centigrade and the liquid metal was poured above 16000C. The composition of the Ductile Iron is as follows: C: 2.63%, Si:3.18%, Mg:0.035%, Mn: 0.88%, S:0.005 %, P: 0.076%. 2.2 Heat Treatment: The test specimens taken from the castings were subjected to the following heat treatment process.
 • Austenetizing: The test specimens were given an austenetization soak at 9000C and held at that temperature for two hours.
 • Austempering: The austenitized samples were quenched into a salt bath
 containing a mixture of sodium nitrate (NaNO3) and potassium nitrate (KNO3). The specimens were held in salt bath at 3000C for 60 minutes. The salt bath temperature was monitored using thermo couples placed very close to the specimens. The temperature remained reasonably constant during quenching. The Austempered specimens were air-cooled and the possible decarborised layers were removed.
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 2.3 Test specimen preparation Test samples for the welding were made in the form of plate, length of 150mm, width of 50mm, thickness of 3.5 mm were machined using cut off wheels of diameter 5 inches. The samples were cleaned by using acetone to remove surface oxides. Specimens are welded using Friction stir welding machine along the length to get a welded joint as shown in Figure 2. These specimens are used for conducting the following tests:
 1. Tensile test, 2. Hardness of the welded joint and hardness of the parent material at the heat
 affected zone. 3. Micro and Macro structure of the parent material, weld joint and heat affected
 zone.
 Figure 2: Friction stir welding machine, Courtesy: NRB and PESIT, Bangalore
 Specifications of the FSW Machine: Spindle Motor-12 Kw/440 V, Spindle Speed-300 to 3000 (Inverter Drive), Spindle Nose -ISO 50, Vertical Stroke (Hyd)- 300 mm, Manual Stroke-25 mm, T slot table-250X600, Stroke-600 mm, Rapid rate-3000 mm/min, Feed rate (Manual Feed)- 0 to 1500 mm/min, Vertical Cylinder-φ 300, Feed Force-3 to 5 ton, Horizontal Cylinder-φ 63, Feed Force-0.5 to 2.5 ton. 2.4 RESULTS Friction stir welding were carried out initially using 6mm thickness DI and ADI plates. The butt welding joints were tried varying Spindle Speed, Upset force and feed rate. In all cases, no weld joint could be obtained. HSS tool with geometries like straight cylindrical and taper were experimented. Also in both the cases the tool was
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 wearing and the pin was shearing. During the trails it was seen that the base material was peeling out in the form of powder both in case of DI and ADI and the joint formation did not take place. Hence, with the experience gained from Friction welding trials with interlayer deposition was adopted which consisted of depositing E 7018 on the edges of the butt joining faces. Due to the heat dissipation, the tool pin got sheared off with plates of thickness more than 4 mm. Hence, all Friction stir welding trials were restricted to plate thickness of 3.5 mm and optimum machine parameters were established. A flat tool without the pin portion produced 1.5 to 1.8 mm penetration and hence butt jointing was done on both sides of the plate to secure full penetration with proper stirring weld joints. All care should be taken to ensure that the base metal should not get mixed up during Friction stir welding action. If the tool speed is below 600 rpm, accumulation of metal on retreating side with non uniform onion rings due to insufficient heat input to plasticize the metal in the weld zone. If the rotational speed is above there is an apparent increase in turbulent flow of plasticized metal which destroys the regular flow zone features available during 600 rpm. Also the joint should be within the E 7018 fusion weld deposition to secure full penetration joint. The spindle speed used is 600 rpm, feed rate 5 kg/mm2 and upset force of 3 ton. The butt weld joints using E 7018 electrodes as inter-layer, has been thoroughly examined (Figure 3). The friction welded DI and ADI joints were subjected to Mechanical and physical tests for validation of joints for manufacturing purposes. With E NiFe we were not successful to produce the joint even with interlayer deposition. The joints were evaluated for transverse tensile strength, Vickers hardness of HAZ of the parent material and weld bead, SEM, macro and micro structure of the weld and HAZ of the parent material.
 DI E7018 Interlayer- FSW weld region ADI E7018 Interlayer - FSW weld region
 Figure 3: Surface Photograph of DI and ADI FSW joints
 Tensile Strength Test: Results of tensile strength test for DI joints with E 7018 deposition are shown in Table No. 1.
 Table 1: Tensile strength of Ductile Iron with inter layer of E7018 Specimen No. Weld Joint Tensile strength MPa
 01 DI to DI E 7018 Deposit 383 02 DI to DI E 7018 Deposit 370
 Tensile Test Results: Results of tensile strength test for ADI joints with E 7018 deposition are shown in table No. 2.
 Table 2: Tensile strength of ADI with inter layer of E7018
 Specimen no. Weld Joint Tensile strength MPa 01 ADI to ADI E 7018 Deposit 445 02 ADI to ADI E 7018 Deposit 435
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 Vickers Hardness of Friction Stir welded joints Hardens test conducted on DI with inter layer of E 7018 with speed 600 Rpm is tabulated in Table No. 3. It can be seen that hardness of the Heat affected zone and Friction stir welded area are higher than the parent material and weldment in both cases.
 Table 3: VHN of Ductile iron with interlayer of E 7018, 600 RPM Specimen No Speed RPM Location Hardness
 01 600 Parent material 189 02 600 Heat affected zone 314 03 600 Weld 284 04 600 Friction stir welded area 587
 Hardens test conducted on ADI with inter layer of E 7018 with speed 600 Rpm is tabulated in Table No. 4. It can be seen that hardness of the Heat affected zone and Friction stir welded area are higher than the parent material and weldment in both cases.
 Table 4: VHN of ADI with Inter layer of E 7018, 600 RPM
 Specimen No Speed RPM Location Hardness HV 01 600 Parent material 336 02 600 Heat affected zone 315 03 600 Weld 241 04 600 Friction stir welded area 606
 Macro structure of DI and ADI of Friction Stir welded joints Ductile iron with inter layer of E7018, speed 600 RPM: The macro structure is shown in Figure 4 and it can be seen that the fusion is good. No cracks or pores are seen in the weldment. Austempered Ductile iron with inter layer of E7018, speed 600 RPM: The macro structure is shown in Figure 5 and it can be seen that the Fusion is good. No cracks or pores are seen in the weldment.
 Figure No 4 : Macro structure of DI with inter layer of E7018, speed 600RPM
 Figure No 5 : Macro structure of ADI with inter layer of E7018, speed 600RPM
 Micro structure of DI and ADI of Friction Stir welded joints
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 Figure 6 shows the micro-structure of Ductile Iron with interlayer of E7018 welded with FSW process at a speed of 600 RPM.
 Figure 6: Microstructure Ductile Iron with interlayer of E7018 welded with FSW process at a speed of 600 RPM
 Figure 7 shows the micro-structure of Austempered Ductile Iron with interlayer of E7018 welded with FSW process at a speed of 600 RPM.

Page 91
                        

Two day workshop on Friction Welding and Friction Stir Welding, 24 & 25th Nov. 2011
 7. 9
 Figure 7 : Micro structure of ADI with inter layer of E7018, speed 600 RPM
 Fracture surface examination of Friction Stir Welded Joints The broken surfaces of the tensile test specimens were examined by Scanning Electron Microscope at different magnifications to assess the mode and nature of fracture. The photographs are shown in Figures 8 to 11. The fracture mode is predominantly brittle and the role of graphite modules is quite clear in governing the type of fracture.
 Extensive Friction stir welding trials were carried out with DI to DI plate specimens and with ADI to ADI plate specimens, varying Friction stir welding machine parameters like upset pressure, feed rate and spindle speed. Also, different tool geometries were experimented. In all cases, no weld joint could be obtained. Hence, with the experience gained from Friction welding trials with interlayer deposition was adopted which consisted of depositing E 7018 on the edges of the butt joining faces. Due to the heat dissipation, the tool pin got sheared off with plates of thickness more than 4 mm. Hence, all
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 Friction stir welding trials were restricted to plate thickness of 3.5 mm and optimum machine parameters were established. A flat tool without the pin portion produced 1.5 to 1.8 mm penetration and hence butt jointing was done on both sides of the plate to secure full penetration weld joints. All care should be taken to ensure that the base metal should not get mixed up during Friction stir welding action. The butt weld joints using E 7018 electrodes as inter-layer, has been thoroughly examined. The average Vickers hardness values at different regions were reported. It can be seen that hardness values in Friction weld regions both in the case of DI and ADI is far higher than the base metal. Both in case of DI and ADI with E 7018 deposition, the strength values higher than that the minimum specified tensile strength of base metal. With E 7018 deposition, consistent and repeatable joints were achieved. The macrostructure examination revealed that the fusion is excellent and there are no defects. The microstructure examination in the bond region indicated more highly deformed grain structure at the friction stir welded zone along with martensite with some amount of retained austenite without any micro-cracks. The fracture surface examination by SEM indicates brittle cleavage facets wherein extensive interface de-cohesion between carbon nodules and matrix were seen. ACKNOWLEDGEMENT Authors acknowledge PES Institute of Technology, Bangalore and NRB for the support and encouragement provided to carry out the research work.
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