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Chapter 1
 INTRODUCTION
 The friction stir welding (FSW) is a new welding technique in domain of welding. It is
 solid state welding process and invented by The Welding Institute (TWI) of
 Cambridge, England in 1991 [1]. This process is simple, environment friendly, energy
 efficient and becomes major attraction for an automobile, aircraft, marine and
 aerospace industries due to the high strength of the FSW joints as near as base metal. It
 allows considerable weight savings in light weight construction compared to
 conventional joining technologies. In contrast to conventional joining welding process,
 there is no liquid state for the weld pool during FSW, the welding takes place in the
 solid phase below the melting point of the materials to be joined. Thus, all the problems
 related to the solidification of a fused material are avoided [2]. Materials which are
 difficult to fusion weld like the high strength aluminum alloys can be joined with minor
 loss in strength.
 In friction stir welding a non-consumable rotating tool with a specially profiled
 threaded/unthreaded pin and shoulder is rotated at a constant speed. The tool plunges
 into the two pieces of sheet or plate material and through frictional heat it locally
 plasticized the joint region. The tool then allowed to stir the joint surface along the
 joining direction. During tool plunge, the rotating tool undergoes only rotational motion
 at only one place till the shoulder touches the surface of the work material, this is called
 the dwelling period of the tool. During this stage of tool plunge it produces lateral force
 orthogonal to welding or joining direction. The following diagram depicts the
 procedures of FSW/FSP.
 The upper surface of the weld consists of material that is dragged by the shoulder from
 the retreating side of the weld, and deposited on the advancing side. After the dwell
 period the tool traverse along the joining direction, the forward motion of the tool
 produces force parallel to the direction of travel known as traverse force. After the
 successful weld, the tool reaches to termination phase where it is withdrawn from the
 workpiece [4]. This is shown in Fig. 1.1(d). During the welding process the parts have
 to be clamped rigidly onto a backing bar in a manner that prevents the abutting joint
 faces from being forced apart. The length of the tool pin is slightly less than the weld
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depth required and the tool shoulder should be in intimate contact with the work
 surface.
 Fig. 1.1 Schematic representation of FSW [3]
 Besides tight clamping of the members to be welded, the key to success is to select the
 optimum parameters which include rotational speed, welding speed, axial force, and
 tool pin as well as shoulder profile. Detailed description of FSW process is shown in
 Fig.1.2.
 Fig. 1.2 Friction stirs welding [5]
 Above diagram of friction stir welding indicates two terms advancing side and
 retreating side, when rotation of tool is the same as the tool traverse direction along
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weld line is called advancing side and when rotation of tool is opposite to the tool
 traverse direction is called retreating side. Non consumable tool is most important tool
 in friction stir welding process, it serves following function like heating of the work
 piece, movement of material to produce joint and containment of the hot metal beneath
 the tool shoulder. Friction stir welding tool consist pin and shoulder and both has
 individual purposes.
 Fig.1.3 FSW Tool
 In recent development, the FSW has found application into the welding of the
 circumference, cylinders, curvilinear, three dimensional objects and objects which
 require finer executing movements. FSW is considered to be the most significant
 development in metal joining in a decade and is a ‘‘green’’ technology due to its energy
 efficiency, environment friendliness, and versatility. The process has the unique
 characteristics, as there is no melting of parent material, the alloying elements are not
 lost and thus mechanical properties are preserved. Therefore, the degree of combining
 different materials is high and hence increases the possibility of welding materials
 which was difficult to weld. As compared to the conventional welding methods, FSW
 consumes considerably less energy. No cover gas or flux is used, thereby making the
 process environmentally friendly. Key benefits of FSW process are enlisted in table 1.1
 [5].
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Table 1.1: Key benefits of friction stir welding
 Metallurgical benefits
 Solid phase process
 Low distortion of workpiece
 Good dimensional stability and repeatability
 No loss of alloying elements
 Excellent metallurgical properties in the joint
 area
 Fine microstructure
 Absence of cracking
 Replace multiple parts joined by fasteners
 Environmental benefits
 No shielding gas required
 No surface cleaning required
 Eliminate grinding wastes
 Eliminate solvents required for degreasing
 Consumable materials saving, such as rugs, wire
 or any other gases
 Energy benefits
 Improved materials use
 Only 2.5% of the energy needed for a laser weld
 Decreased fuel consumption in light weight
 aircraft, automotive and ship applications
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Chapter 2
 REVIEW OF LITERATURE
 Aluminium and its alloys show unique characteristics like light weight, high strength,
 high toughness, extreme temperature capability, versatility of extruding, and excellent
 corrosion resistance. Those make it the obvious choice of material by engineers and
 designers for the variety of engineering applications.
 Many researchers, they have given copious attention towards the parameters
 optimization like rotational speed (N), traverse speed (ʋ) and axial force (F) and apart
 from parameters optimization they have also given sufficient focus to find out the effect
 of tool pin profile on friction stir welding joints that yields optimum characteristics of
 joint. But very less work has been done on tool shoulder like effect of tool shoulder
 profiles and tool shoulder geometry on microstructure and mechanical properties of
 friction stir welded joint.
 2.1 Process variables in FSW
 The tool rotational speed (N), welding speed (ʋ) and the axial force (F) are the three
 important welding variables in FSW. The study of the effect of welding variables on
 the friction stir welding process is important because it directly decides the weld quality
 of the FSW joint. The welding process affects the joint properties primarily through
 heat generation and material flow. The rotation speed (N) results in stirring and mixing
 of material around the rotating pin and the translation of the tool moves the stirred
 material from the front to the back of the pin. The axial force (F) is another important
 parameter to avoid the frictional slippage at the tool workpiece interface.
 Mandal et al.[6] investigated the axial force during plunging of AA2024 aluminium
 alloy of thickness 12.5mm. It is observed that plunging is completed in 14 seconds, the
 peak load of 25 KN is observed at 5 seconds mark. At the end of the 14 sec., the load
 dropped to approximately 8 KN where it remains steady. During the initial stage of
 welding, high force values act on the material due to tool penetration, since the material
 temperature is still low and consequently its yield strength is high only when tool
 penetration is completed and the travel motion is not yet started, the softening of
 material induces a drop in axial force.
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Kumar and Kailas[7] studied the role of axial force on weld nugget defect. They
 conclude that with the increase of axial load the defect size decreases. During the
 investigation they shows that the shoulder contact increases with the base material as
 the axial load increases and the transferred of material from the leading edge is
 confined in the weld cavity, and sufficient amount of frictional heat and hydrostatic
 pressure is generated to produce a defect free weld.
 For FSW, two parameters are very important: tool rotation in clockwise or counter
 clockwise direction and tool traverse speed along the line of joint. The rotation of tool
 results in stirring and mixing of material around the rotating pin and the translation of
 tool moves the stirred material from the front to the back of the pin and finishes
 welding process. Higher tool rotation generates higher temperature because of higher
 friction heating and results in more intense stirring and mixing of material as will be
 discussed later. However, it should be noted that frictional coupling of tool surface with
 workpiece is going to govern the heating. So, a monotonic increase in heating with
 increasing tool rotation is not expected as the coefficient of friction at interface will
 change with increasing tool rotation rate.
 Han et al.[8] investigated the optimum condition by mechanical characteristic
 evaluation in friction stir welding for 5083-O Al alloy. The mechanical characteristics
 for friction stir welding (FSW) of 5083-O Al alloy were evaluated. The results show
 that in FSW at 800 r/min and 124 mm/min, a weld defect is observed at the start point.
 However, the button shape at the end point is good and the stir zone has a soft
 appearance. At 267 mm/min, a void occurs at the button. A slight weld defect and
 rough stir zone are seen both at the start and end points at 342 mm/min. Moreover, at
 the bottom, a tunnel-type void is observed from an early stage to the end point, and at 1
 800 r/min, a weld defect can be found from an early stage to the end point. These
 defects are rough with imperfect joining due to excessive rotation speed and high
 physical force. Weld fractures relative to rotational and travel speeds are observed at
 the stir zone. The optimum FSW conditions are a welding speed of 124 mm/min and a
 rotational speed of 800 rpm.
 Arora et al.[9] studied to design a tool shoulder diameter based on the principle of
 maximum utilization of supplied torque for traction. Optimum tool shoulder diameter
 computed from this principle using a numerical heat transfer and material flow model.
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Pin diameter was fixed ϕ6mm and shoulder diameters were varied ϕ15, 18, and 21 mm
 and best weld joint strength was got in shoulder diameter of ϕ18 mm.
 Preheating or cooling can also be important for some specific FSW processes. For
 materials with high melting point such as steel and titanium or high conductivity such
 as copper, the heat produced by friction and stirring may be not sufficient to soften and
 plasticize the material around the rotating tool. Thus, it is difficult to produce
 continuous defect-free weld. In these cases, preheating or additional external heating
 source can help the material flow and increase the process window. On the other hand,
 materials with lower melting point such as aluminium and magnesium, cooling can be
 used to reduce extensive growth of recrystallized grains and dissolution of
 strengthening precipitates in and around the stirred zone.
 2.2. Temperature distribution and Heat transfer in FSW
 As discussed earlier, the welding parameters plays very significant role in deciding the
 temperature distribution as it directly influences the microstructure of welds, such as
 grain size, grain boundary character, coarsening and dissolution of the strengthening
 precipitates. Therefore, the study of temperature distribution and the resulting heat
 input within the workpiece material is very important during FSW process.
 Hwang and coworkers[10] experimentally explore the thermal histories and
 temperature distribution within butt joint welds of 6061-T6 aluminium alloy. Four
 thermocouples of K-type with data acquisition system connected to a personal
 computer were used to record the temperature histories during welding. The different
 types of thermocouple layout same side and equal distance, opposite side and equal
 distance and same side and unequal distance) are devised at different locations on the
 workpiece to measure the temperature distribution during welding process. They
 concluded that the temperature inside the pin can be regarded as a uniform distribution
 and that the heat transfer starts from the rim of the pin to the edge of the work piece.
 For the successful welds temperature lies between 365 oC and 390 oC respectively.
 Maeda et al.[11] studied experimental observation that the temperature distribution are
 not symmetrical about the joint line. The temperature at fifteen points of the top and the
 bottom surfaces were recorded using K-type thermocouple for the material of AA7075
 and dissimilar materials of AA6061 with AA5083 aluminium alloys. They concluded
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that there is asymmetric temperature distribution between the advancing side and
 retreating side in both of the cases. For the defect free welding conditions the
 advancing side shows higher temperature distribution than the retreating side.
 2.3. Tool Geometry
 Tool geometry is the most influential aspect of process development. The tool
 geometry plays critical role in material flow and in turn governs the traverse rate at
 which FSW can be conducted. An FSW tool consists of a shoulder and a pin as shown
 schematically in Fig. 2.1.
 Fig.2.1 Schematic diagram of the FSW tool [5]
 As mentioned earlier, the tool has two primary functions: (a) localized heating, and (b)
 material flow. The friction between the shoulder and workpiece results in the biggest
 component of heating. From the heating aspect, the relative size of pin and shoulder is
 important. The shoulder also provides confinement for the heated volume of material.
 The second function of the tool is to ‘stir’ and ‘move’ the material. It is desirable that
 the tool material is sufficiently strong, tough and hard wearing at the welding
 temperature.
 Tool shoulders are designed to produce heat (through friction and material
 deformation) to surface and subsurface regions of the work piece. The tool shoulder
 produces a majority of the heating in thin sheet, while the pin produces a majority of
 the heating in thick work pieces. Also, the shoulder produces the downward forging
 action necessary for weld consolidation. Tool pin is designed to disrupt the faying, or
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contacting, surface of the work piece, shear material in front of the tool, and move
 material behind the tool.
 In recent years several new features have been introduced in the design of tools.
 Several tools designed at TWI are shown in table 2.1. The Whorl and MX-Triflute have
 smaller pin volumes than the tools with cylindrical pins. The tapered threads in the
 whorl design induce a vertical component of velocity that facilitates plastic flow. The
 flute in the MX-Triflute also increases the interfacial area between tool and the work-
 piece, leading to increased heat generation rates, softening and flow of material.
 Consequently, more intense stirring reduces both the traversing force for the forward
 tool motion and the welding torque. Although cylindrical, Whorl and Triflute designs
 are suitable for butt welding; they are not useful for lap welding, where excessive
 thinning of the upper plate can occur together with the trapping of adherent oxide
 between the overlapping surfaces. Flared-Triflute and A-skew tools were developed to
 ensure fragmentation of the interfacial oxide layer and a wider weld than is usual for
 butt welding. The Flared-Triflute tool is similar to MX-Triflute with an expanded flute,
 while A-skewTM tool is a threaded tapered tool with its axis inclined to that of the
 machine spindle. Both of these tools increase the swept volume relative to that of the
 pin, thus expanding the stir region and resulting in a wider weld and successful lap
 joints. Motion due to rotation and translation of the tool induces asymmetry in the
 material flow and heating across the tool pin. To overcome this problem, TWI devised
 a new tool, Re-stir, which applies periodic reversal of tool rotation. This reversal of
 rotation eliminates most problems associated with inherent asymmetry of conventional
 FSW. With the exception of FSW with Re-stir tool, material flow is essentially
 asymmetric about joint interface. Understanding the asymmetry in material flow is
 important for optimal tool design [5].
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Table 2.1 Selection of tools designed at TWI [5]
 Elangovana et al.[12] studied the influences of tool pin profile and welding speed on
 the formation of friction stir processing zone in AA2219 aluminium alloy. AA2219
 aluminium alloy has gathered wide acceptance in the fabrication of light weight
 structures requiring a high strength to weight ratio. Compared to the fusion welding
 processes that are routinely used for joining structural aluminium alloys, 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. This process uses a non-consumable tool
 to generate frictional heat in the abutting surfaces. The welding parameters and tool pin
 profile play major roles in deciding the weld quality. In this investigation, an attempt
 has been made to understand the effect of welding speed and tool pin profile on FSP
 zone formation in AA2219 aluminium alloy. Five different tool pin profiles (straight
 cylindrical, tapered cylindrical, threaded cylindrical, triangular and square) have been
 used to fabricate the joints at three different welding speeds. The formation of FSP
 zone has been analyzed macroscopically. Tensile properties of the joints have been
 evaluated and correlated with the FSP zone formation. From this investigation it is
 found that the square pin profiled tool produces mechanically sound and
 metallurgically defect free welds compared to other tool pin profiles.
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Fujii et al.[13] investigated the effect of tool shape on mechanical properties and
 microstructure of friction stir welded aluminium alloys. Prospecting the optimal tool
 design for welding steels, the effect of the tool shape on the mechanical properties and
 microstructures of 5mm thick welded aluminium plates was investigated. The simplest
 shape (column without threads), the ordinary shape (column with threads) and the
 triangular prism shape probes were used to weld three types of aluminium alloys. For
 1050-H24 whose deformation resistance is very low, a columnar tool without threads
 produces weld with the best mechanical properties, for 6061-T6 whose deformation
 resistance is relatively low, the tool shape does not significantly affect the
 microstructures and mechanical properties. For 5083-O, whose deformation resistance
 is relatively high, the weldablity is significantly affected by the rotation speed. For a
 low rotation speed (600 rpm), the tool shape does not significantly affect the
 microstructures and mechanical properties of the joints.
 Apart from tool pin design there is significant impact of tool shoulder profile and tool
 shoulder geometries on weld quality. Various tool shoulder geometries have been
 designed by TWI. These geometries increase the amount of material deformation
 produced by the shoulder, resulting in increased work piece mixing and higher-quality
 friction stir welds. Following figure consists of scrolls, ridge or knurling, grooves, and
 concentric circles and can be machined on any tool shoulder profile.
 Fig.2.2 Tool shoulder geometries, viewed from underneath the shoulder [5]
 Scialpi et al.[14] studied the effect of tool shoulder geometries on microstructure and
 mechanical properties of 6082 aluminium alloy joint welded by friction stir welding. In
 this study, we used three different tool shoulder geometry (fillet, fillet+scrolled, and
 fillet+cavity shoulder geometry tool) with 1810rpm rotational speed and 460 mm/min
 welding speed. Welding surface appearance and flash formation observed visually and
 observed that tool shoulder with fillet+scrolled produces less flash formation and rough
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surface finishing and tool shoulder with fillet and fillet+cavity produces little flash and
 good surface finishing. In the transverse tensile test the three joints showed good
 strength and non-considerable differences were observed, while great differences were
 observed in the longitudinal tensile tests of the stirred zone, because tool shoulder with
 fillet+cavity and fillet+scrolled showed an higher and higher strength and elongation
 with respect to fillet tool. Tool shoulder with fillet+cavity considered the best tool
 because that increases traverse and longitudinal strength, elongation and good surface
 appearance.
 Galvao et al.[15] studied the influence of tool shoulder geometry on properties of
 friction stir welds in thin copper plate. The welds were produced using three different
 shoulder geometries like flat shoulder, conical shoulder and scrolled shoulder with
 varying the rotational and welding speed of tool. After experiment we observed that
 scrolled tool provides the best flow of material that yield defect free welding and
 scrolled tool also provides greater grain refinement that gives better weld strength and
 hardness with respect to flat and conical tool.
 Zhang et al.[16] investigation has been carried out by rotational tool without pin but
 different geometry over bottom surface of tool shoulder. The experiments of FSW are
 carried out by using inner-concave-flute shoulder, concentric-circles-flute and three-
 spiral-flute shoulder with welding speed of 20mm/min and 50mm/min and constant
 rotational speed of 1800rpm. In case of three-spiral-flute shoulder tensile strength of
 joint increases with decreasing of welding speed while the value of tensile strength
 attended by the welding speed of 20mm/min and rotational speed of 1800mm/min is
 about 398Mpa, which is more than parent material strength. This verify that tool with
 three-spiral-flute shoulder can be used to join the thin plate of aluminium alloy.
 Leal at el.[17] studied to see the influence of tool geometry on material flow in
 heterogeneous friction stir welding of 1 mm thin plate of AA5812-H111 and AA-6016-
 T4 aluminum alloys. Two types of tool shoulders were used: a shoulder with conical
 cavity and scrolled shoulder. Pin driven flow was predominant in welds produced with
 the conical cavity shoulder, which are characterized by an onion ring structure. The
 interaction between pin-driver and shoulder-driver flow is restricted to the crown other
 weld, at the trailing side of the tool, and extends throughout the weld thickness, at the
 leading side. Although no onion ring structure was formed in welds done with scrolled
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shoulder, extensive mixing of the base material occurred in a plasticized layer flowing
 through the thickness around the rotating pin. Shoulder-driven flow is intense and
 continuous around the tool.
 2.4. Material flow in FSW
 The FSW process can be modeled as a metalworking process in terms of five
 conventional metal working zones: (a) preheat, (b) initial deformation, (c) extrusion, (d)
 forging, and (e) post heat/cool down. Typical zones obtained during the process are
 shown in Fig 2.3. In the preheat zone ahead of the pin, temperature rises due to the
 frictional heating of the rotating tool and adiabatic heating because of the deformation
 of material. The thermal properties of material and the traverse speed of the tool govern
 the extent and heating rate of this zone. As the tool moves forward, an initial
 deformation zone forms when material is heated to above a critical temperature and the
 magnitude of stress exceeds the critical flow stress of the material, resulting in material
 flow. The material in this zone is forced both upwards into the shoulder zone and
 downwards into the extrusion zone, as shown in Fig.2.3.
 Fig.2.3 Showing (a) Metal flow pattern and (b) Metallurgical processing zones
 developed during friction stir welding [5]
 A small amount of material is captured in the swirl zone beneath the pin tip where a
 vortex flow pattern exists. In the extrusion zone with a finite width, material flows
 around the pin from the front to the rear. A critical isotherm on each side of the tool
 defines the width of the extrusion zone where the magnitudes of stress and temperature
 are insufficient to allow metal flow. Following the extrusion zone is the forging zone
 where the material from the front of the tool is forced into the cavity left by the forward
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moving pin under hydrostatic pressure conditions. The shoulder of the tool helps to
 constrain material in this cavity and also applies a downward forging force. Material
 from shoulder zone is dragged across the joint from the retreating side toward the
 advancing side [18].
 2.5. Microstructure zones
 A typical FSW weld was produces four distinct microstructural zones: the heat affected
 zone (HAZ), the thermal mechanically affected zone (TMAZ), the stir zone, and the
 unaffected zone or base metal. A transverse section from a FSW welded joint is shown
 in Fig.2.4. The heat affected zone is characterized by a change in the microstructure
 without plastic deformation of the original grain structure. The mechanical properties
 are changes in this region, but there is no change in grain size or chemical properties.
 The TMAZ can be further divided into the non-recrystallized TMAZ and the nugget or
 recrystallized TMAZ. In the non-recrystallized zone, the strain and the temperature are
 lower and the effect of welding on the microstructure is correspondingly smaller. The
 detailed description about all the distinct microstructure zones is given below.
 A. Unaffected material Or Parent Metal This is material remote from the weld, which has not been deformed, and which
 although it may have experienced a thermal cycle from the weld is not affected
 by the heat in terms of microstructure or mechanical properties.
 B. Heat affected Zone (HAZ) In this region, which clearly will lie closer to the weld centre, the material has
 experienced a thermal cycle which has modified the microstructure and/or the
 mechanical properties. However, there is no plastic deformation occurring in
 this area. In the previous system, this was referred to as the “thermally affected
 zone”. The term heat affected zone is now preferred, as this is a direct parallel
 with the heat affected zone in other thermal processes, and there is little
 justification for a separate name.
 C. Thermo-mechanically affected zone (TMAZ) In this region, the material has been plastically deformed by the friction stir
 welding tool, and the heat from the process will also have exerted some
 influence on the material. In the case of aluminium, it is possible to get
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significant plastic strain without recrystallization in this region, and there is
 generally a distinct boundary between the recrystallized zone and the deformed
 zones of the TMAZ. In the earlier classification, these two sub-zones were
 treated as distinct microstructural regions. However, subsequent work on other
 materials has shown that aluminium behaves in a different manner to most other
 materials, in that it can be extensively deformed at high temperature without
 recrystallization. In other materials, the distinct recrystallized region (the
 nugget) is absent, and the whole of the TMAZ appears to be recrystallized. This
 is certainly true of materials which have no thermally induced phase
 transformation which will in itself induce recrystallization without strain, for
 example pure titanium, β titanium alloys, austenitic stainless steels and copper.
 In materials such as ferritic steels and α-β titanium alloys (e.g.Ti-6Al-4V),
 understanding the microstructure is made more difficult by the thermally
 induced phase transformation, and this can also make the HAZ/TMAZ
 boundary difficult to identify precisely.
 D. Weld nugget The recrystallized area in the TMAZ in aluminium alloys has traditionally been
 called the nugget. Although this term is descriptive, it is not very scientific.
 However, its use has become widespread, and as there is no word which is
 equally simple with greater scientific merit, this term has been adopted. A
 schematic diagram is shown in the above Figure which clearly identifies the
 various regions. It has been suggested that the area immediately below the tool
 shoulder (which is clearly part of the TMAZ) should be given a separate
 category, as the grain structure is often different here. The microstructure here is
 determined by rubbing by the rear face of the shoulder, and the material may
 have cooled below its maximum. It is suggested that this area is treated as a
 separate sub-zone of the TMAZ.
 2.6 Typical friction stir welding defects
 Compare to fusion welding process of aluminium and its alloys, the FSW does not
 suffer from problems such as weld porosity, solidification cracking, and heat affected
 liquation cracking. This is because in FSW there is no bulk melting of the parent
 material. The defects in the FSW are either due to imbalance in material flow or
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geometrical factors associated with the position of the tool in relation to the joint. The
 optimal parameters settings during welding balance mass both in terms of material
 volume and energy. This facilitates constant volume processing while ensuring minimal
 impact on the pre-existing microstructure. The temperature below melting point of the
 parent material is the main source of plastic deformation of the material at the joint line.
 This facilitates microstructural change like recrystallization, coarsening and or
 dissolution of strengthening precipitates, grain orientation and growth. The process
 parameters in FSW giving rise to too hot or too cold welding condition. Too cold weld
 condition responsible for insufficient material flow and giving rise to defects like void
 formation and nonbonding. Too hot weld condition, giving rise to excessive material
 flow leading to material expulsion like flash formation and the collapse of the nugget
 within the stir zone.
 2.7 Defects from too hot welds
 The defects which are generated under such processing conditions are visually
 identified through the surface appearance of the welded joint. The improper parameter
 settings cause too much thermal softening. The surface of welded joint appears to
 contain blisters or surface galling. Furthermore, excessive heat generation can lead to
 thermal softening in the workpiece material beyond the boundary of tool shoulder.
 Therefore, the tool shoulder, rather than actively participating as a mean of material
 containment, it is giving rise to material expulsion in the form of excessive flash
 formation. Too much thermal softening can also lead to the thinning of the workpiece
 material. The workpiece material below the tool shoulder will reaches a point where it
 is no longer able to support the axial load placed upon it. Such a condition during
 processing causes ‘excessive flash’ of the workpiece material.
 A weld nugget collapse under too hot welding condition is another serious defect in
 FSW joints. It is not expected all the times that increase of tool rotational speed at
 constant tool travel speed causes increase in the size of weld nugget.
 Colegrove et al.[19] author has observed that the nugget region for an Al-Cu-Mg-Mn
 2024 alloy can actually decrease in size rather than increase in size when tool rotational
 speed is sufficiently increased. The thermal softening brought about by very hot
 processing condition can lead to slip between the tool pin and the workpiece material,
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and thus decreases strain rates within the immediate vicinity of the tool pin. The weld
 nugget appears distorted. This weld nugget collapse is generally occurred in the
 retreating side of the stir zone.
 2.8 Defects from too cold welds
 Tool cold welding condition results in work hardening of the workpiece material. This
 causes the dry slip between the tool pin and the workpiece material. The lack of surface
 fills or voids and channel defect are the main defects arising due to insufficient heat
 generation. The insufficient heat generation causes improper material mixing and thus
 responsible for non-bonding [20].
 Cavaliere et al.[21] studied the FSW joint cross-sections and SEM observations of the
 fractured surfaces to characterize the weld performances. He studied the effect of the
 welding speed on the fractured surface of the tensile and fatigue tested specimens. The
 workpiece material investigated is AA 6082. The fractured surface appears populated
 of very fine dimples revealing a very ductile behavior of the material before failure. All
 the fatigue tested specimens was observed to fracture in the advancing side of the tool.
 It was observed that, at higher stresses the fatigue cracks started from the surface. Such
 big defects are often associated with the vortex formed in the material in the advancing
 side where a more chaotic flow is formed leading to the presence of voids of the mean
 dimension of hundreds of microns that represent the site of fatigue cracks initiation. By
 decreasing the stress amplitude a strong change in the crack behavior was detected, the
 crack appear to start from the forging defects inside the joints which are always present
 in this kind of welding. The failure is also related to the coalescence of many small
 voids and defects in the material. The presence of dimples on the surface revealed a
 local ductile behavior of the material prior to fracture. This is the case of such
 conditions in which the optimal solution between material mixing and grain refinement
 is obtained. By increasing the advancing speed of the tool the material is extruded too
 fast (high strain rates) and then they are not reached the conditions for the optimal
 mixing. The coupling of a high rotation speed and high advancing speed leads to a
 good material mixing but to a non-optimal grain structure. The too high strain rate,
 acting on the material during deformation, causes a boundary weakening of the
 recrystallized structure which can be visualized by cleavage fracture.
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Chapter 3
 OBJECTIVE
 After literature survey it was found that very less work has been done on area of tool
 shoulder design i.e. design of tool shoulder profile and design of tool shoulder
 geometry and there is significant influence of tool shoulder profile and geometry on
 weld quality of any metal or metal alloy and less focus has been given on thin sheet
 material.
 So on the basis of literature survey project topic was finalized, research topic is “Effect
 of tool shoulder geometry and welding parameters on mechanical properties of friction
 stir welded joints of AA1100 aluminium alloy”. Aluminium has following
 characteristics like high strength to weight ratio, easy availability on earth crust, high
 thermal and electric conductivity etc. Aluminium alloys are widely used in aerospace,
 automobile, and marine industries.
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Chapter 4
 EXPERIMENTAL SETUP 4.1 Fixture
 For conducting actual experiments it requires a fixture which can hold the welding
 plates firmly and prevents the rotary and translator motions. Fixture has been designed,
 manufactured and properly installed over milling machine bed is as shown in Fig.4.1
 (a).Fixture has been properly installed over the bed of VF3.5 knee type vertical milling
 machine which is shown in Fig.4.1(b). Material used to make a fixture is cast iron
 which has higher damping coefficient and shock absorbing capabilities so that it will
 sustain during the actual experiments and provides best clamping.
 Fig.4.1. Pictorial view of fixture (a) Fixture installed over milling machine bed (b)
 Welding plates clamped over fixture
 4.2 Machines/instruments used during experiment
 4.2.1 VF3.5 knee type vertical milling machine
 VF3.5 knee type vertical milling machine has been used to fabricate the joints is shown
 in Fig.4.2.Friction stir welding setup has been installed over this VF3.5 knee type
 vertical milling machine. This has a facility of rpm ranges from 50 to 1800 rpm and
 traverse speed ranges from 16 to 800 mm/min which made possible to do number of
 experiments by varying welding speed and rotational speed and tool holding spindle
 can be rotated either direction (clockwise or counter clockwise direction), maximum
 traverse length of machine table is 1000 mm over which workpiece is kept.
 (a) (b)
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Fig.4.2. VF3.5 knee vertical milling machine
 4.2.2 FLIR infrared thermography camera
 It is very sophisticated and non contact type infrared thermal imager camera and it
 measures surface temperature and also records surface temperature during process and
 gives temperature of entire surface with accuracy. Range of this FLR infrared camera is
 20 ̊ C to 1200 ̊ C. Camera is connected with PC or laptop with connecting cord and data
 are acquired in PC or laptop though connecting cable attached with camera because
 supporting software already installed in PC or laptop. Following technical
 specifications about FLR infrared camera is given below.
 Fig.4.3. FLIR A320 camera
 An Infrared camera measures and images the emitted radiation from an object. The fact
 that radiation is a function of object surface temperature makes it possible for the
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camera to calculate and display this temperature. FLIR R&D software was used to
 analyze the video feed from the camera. A sample image taken during the welding
 process is shown in the Fig.4.4. The FLIR A320 camera has optimum resolution of
 320x240, frequency of 30Hz and 8X interpolating zoom.
 Fig.4.4 Captured image of welding zone
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Chapter 5
 EXPERIMENT CARRIED OUT
 Thin AA1100 aluminium alloy sheet has been cut into desired dimensions of 200
 x85x2.5 mm by power hacksaw and then milling. Square butt joint configuration, as
 shown in Fig.5.1 has been prepared to fabricate FSW joints. Single pass welding
 procedure has been used to fabricate the joints with friction stir welding tool with
 different shoulder geometries and attempt has been made to find out effect of different
 tool shoulder geometries on mechanical properties of FSW joints. No preprocessing
 treatment was carried out before welding and testing. Non-consumable tools made of
 stainless steel SS316 have been used to fabricate the joints. The tool dimensions are
 shown in Fig.5.2.
 Fig.5.1 Work plates to be welded
 Fig.5.2. FSW tool dimensions
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Chemical composition of work piece AA1100 aluminium alloy that one is non-heat
 treatable series of aluminum alloy and non consumable tool SS316 has been shown on
 table 5.1 and 5.2 respectively. Chemical composition of workpiece and tool has been
 analyzed by optical electron spectroscopy test.
 Table 5.1 Chemical composition (weight %) of workpiece material (AA 1100Al)
 Composition Weightage %
 Silicon (Si) 0.760
 Iron (Fe) 0.850
 Magnesium (Mg) 0.0065
 Manganese (Mn) 0.0059
 Copper (Cu) 0.0096
 Chromium (Cr) 0.0023
 Remaining Aluminum 98.7
 Table 5.2 Chemical composition (weight %) of tool material (SS316)
 Composition Weightage %
 Silicon (Si) 2.13
 Phosphorus (P) 0.27
 Manganese (Mn) 8.95
 Chromium (Cr) 16.29
 Nickle (Ni) 0.20
 Molybdenum (Mo) 0.14
 Iron (Fe) 72.01
 Friction stir welding tool with two different shoulder geometries (Flat shoulder,
 concentric circle shoulder) has been used for welding purpose. Using each tool, 9
 welding joints have been fabricated with combination of three rotational speed and
 three welding speed (3x3=9) and in total 18 (9x2) experiments have been carried out on
 vertical milling machine. Dimensions of all tools have been kept same for all
 experiments and set up of vertical milling machine is kept in Steel Technology Centre.
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Given Fig.5.3 shows CAD model of friction stir tools which were used in welding.
 Dimensions of geometry which was made over tool shoulder bottom surface is height
 of semi circle is 0.7 and diameter 1.4 mm and which was revolved about 360 degree
 and made two circle over surface of shoulder.
 Fig. 5.3 CAD model of friction stir welding tool
 Fig. 5.4 Actual image of friction stir welding tool
 A tensile specimen of base material is also tested to check the mechanical properties of
 the aluminium alloy. Vickers micro hardness test is also performed to check the micro
 hardness of base material. Mechanical properties of work piece sample (aluminium
 alloy) and process parameters/tool dimensions is shown by table 5.3 and 5.4
 respectively.
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Table 5.3 Mechanical properties of workpiece material (AA1100 Al alloy)
 Properties Value
 Ultimate tensile strength, MPa 106.27
 Yield strength, MPa 94.25
 % Elongation 21.27
 Vickers micro hardness 50
 Melting temperature oC 635
 Table 5.4 Process parameters and Tool dimensions
 Process parameter/Tool dimensions Value
 Rotational Speed, rpm 900, 1400, 1800
 Welding Speed, mm/min 16, 31.5, 63
 Tool Shoulder Diameter(D), mm 16
 Tool Pin Diameter(d), mm 5
 Tool Pin length(L), mm 2.1
 D/d ratio 3.2
 5.1 Measurements
 5.1.1 Measurement of Temperature
 While conducting 9x2 (18) experiment surface temperature of nugget zone for each
 sample has been measured. Highest temperature and temperature history at particular
 point recorded during welding has been carried out. Temperature has been measured
 with the help of FLIR A320 infrared camera.

Page 36
                        

Fig. 5.4 Position of FLIR A320 infrared camera during welding
 5.1.2 Macrograph Macrograph analysis has been carried out using a light optical microscope (LEICA
 DFC-295) as shown in Fig.5.5 (a) in corporate with an image analyze software (Leica
 QWin-V3) as shown in Fig.5.5 (b). The specimens for metallographic examination are
 sectioned to perpendicular to welding direction (weld line) to the required sizes from
 the joint comprising FSP zone, TMAZ, HAZ and base metal regions and polished using
 different grades of emery papers. Final polishing has been done using the diamond
 compound (100 micron particle size) in the variable speed grinder polishing machine as
 shown in Fig.5.6. Specimens are etched with Keller’s reagent to reveal the
 macrostructures. All facilities for sample preparation are available at Steel Technology
 Centre in IIT Kharagpur.
 Fig.5.5 (a) Optical microscope (LEICA DFC-295) (b) Leica QWin-V3 (Display)
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Fig.5.6 Variable speed grinder polisher
 5.1.3 Microhardness
 The microhardness profiles of the FSW joints were measured in the cross sections of
 welded joints cut perpendicular to weld line (welding direction) in order to evaluate the
 material behavior as a function of the different welding parameters. Microhardness
 testing has done on Vicker’s microhardness testing apparatus as shown in Fig.5.7
 Vicker’s microhardeness was measured with load of 50gmf (0.5 N) for dwell time of 15
 sec. Before doing microhardness test, sample should be cleaned and proper polished so
 that we can get accurate results. Process adopted by us for sample preparation is same
 as macrostructure samples preparation mentioned in above paragraph. In this
 microstructure machine, range of applied force can be varied from 50gmf to 500gmf.
 Following figure shows actual Vickers microhardness machine.
 Fig.5.7 Vickers microhardness testing apparatus
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5.1.4 Tensile test
 The welded joints are sliced using power hacksaw and then machined to the required
 dimensions to prepare tensile specimens as shown in fig. American Society for Testing
 of Materials (ASTM E8M-04) guidelines is followed for preparing the test specimens.
 Tensile test has been carried out in 100 kN, electro-mechanical controlled Universal
 Testing Machine (INSTRON) as shown in Fig.5.8 (a). The specimen is loaded at the
 strain rate of 2mm/min as per ASTM specifications & extensometer is attached to
 specimen, so that tensile specimen undergoes deformation as shown in Fig.5.8 (b). The
 specimen finally fails after necking and the load versus displacement has been
 recorded. The 0.2% offset yield strength; ultimate tensile strength and percentage of
 elongation have been evaluated. Instron Ultimate Tensile Machine (UTM) is used for
 performed tensile test, three points bending and so on. Experiments are done on this
 machine with ram rate of 2mm/min.
 Fig.5.8 (a) Universal Testing Machine (INSTRON) (b) Specimen mounted over UTM
 along with extensometer
 Tensile testing is also known as tension testing, which is a fundamental materials
 science test in which a sample is subjected to uniaxial tension until failure. Properties
 that are directly measured via a tensile test are ultimate tensile strength,
 maximum elongation and reduction in area. From these measurements the following
 properties can also be determined like Young's modulus, Poisson's ratio, yield strength,
 and strain-hardening characteristics.
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Following figure is actual image of specimen for Ultimate tensile test and also 2D
 drawing of tensile test specimen with standard dimensions respectively.
 Fig.5.9 (a) Actual Tensile test specimen (b) Tensile test specimen with dimensions
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Chapter 6
 RESULTS AND DISCUSSIONS
 6.1 Tensile properties
 The parent material plates and welded plates are sliced using power hacksaw and then
 machined at vertical milling machine to the required dimensions to prepare tensile test
 specimens is shown in Fig.6.1 and American Society for Testing of Materials (ASTM
 E8M-04) guidelines were followed for preparing the test specimens.
 Fig.6.1 Tensile test specimen for Base material
 Fig.6.2 Engineering stress-strain curve for AA1100 Al alloy series
 Tensile test were carried out over UTM and 0.2% offset yield strength, ultimate tensile
 strength and percentage of elongation have been evaluated. Engineering stress-strain
 curve for the entire tested specimens were drawn and is shown in Fig.6.2. After
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evaluating stress-strain curve it has been found that the ultimate tensile strength is 106
 MPa, yield strength is 96 MPa and % elongation is 21.27 for AA1100 aluminium alloy.
 Influence of tool rotational speed, welding speed and tool shoulder geometry on
 tensile properties
 6.1.1 Ultimate tensile strength
 Transverse tensile properties of FSW joints such as ultimate tensile strength, yield
 strength, percentage of elongation and joint efficiency have been evaluated as shown in
 table 6.1 two specimens were tested at each condition and average of the results of two
 specimens is presented. It can be inferred that the tool shoulder geometry, welding
 speed and rotational speed are having influence on tensile properties of the FSW joints.
 Of the eighteen (9x2) joints, the joints fabricated by concentric circle shoulder tool
 geometry exhibited superior tensile properties compared to other joints.
 Table 6.1 Mechanical properties of welded joints
 Type of
 Tool
 Welding
 speed
 Rotational
 speed
 UTS,
 MPa
 Yield
 stress,MPa
 % Joint
 efficiency
 %
 elongation
 Flat tool
 16
 900 85.43 52.11 81.86 13.26
 1400 57.89 57.89 84.91 17.53
 1800 57.58 57.58 85.70 17.94
 31.5
 900 90.99 85.26 85.63 6.64
 1400 92.71 63.2 87.24 15.03
 1800 91.14 56.5 85.76 15.19
 63
 900 86.45 66 92.00 15.34
 1400 90.26 57.58 90.65 16.69
 1800 89.12 52.26 88.45 14.42
 Concentric
 circle tool
 16
 900 94.81 52.11 89.21 17.79
 1400 90.47 49.73 85.13 19.09
 1800 88.04 45.95 82.84 17.89
 31.5
 900 101.76 60.58 95.75 16.77
 1400 94.32 56.8 88.75 15.49
 1800 96.92 62.42 91.20 14.79
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63
 900 94.32 62.12 92.73 15.45
 1400 91.27 47.11 85.88 18.83
 1800 91.22 47.23 85.83 19.87
 Though the tensile strength values are lower than the base metal, the joint efficiency is
 acceptable one when compared to conventional fusion welding process with low joint
 efficiency not exceeding 50%.
 In case of flat shoulder tool, yield stress is more than concentric circle shoulder tool due
 to temperature generation is less in flat tool. This less temperature generation decreases
 cooling rate which gives brittleness in joint hence % elongation reduces which is shown
 in graph. Second reason is that because of more stirring in nugget zone at high
 rotational speed and low welding speed that reduces grains size of particles thus
 hardness increases which cause brittleness in joint. Ultimate tensile stress as well as %
 elongation is more in case of concentric circle shoulder tool for all sets of rotational
 speed and welding speed due to temperature generation is more in this tool because of
 that cooling time is more which leads grains growth that gives more ductility in
 material. For flat shoulder tool, welding speed (feed rate) 31.5 mm/min is better than
 other two welding speed (16 mm/min, 63 mm/min). For particular concentric circle
 shoulder tool, rotational speed 900 rpm with all welding speeds (16, 31.5, and 63
 mm/min.) give better ultimate and yield stress, and in case of flat shoulder tool welding
 speed 31.5 mm/min. gives maximum yield stress and ultimate tensile stress for
 rotational speed of 900 and 1400 rpm respectively. Following graphs show effect of
 welding speeds, rotational speeds and tool shoulder geometry on tensile properties like
 ultimate stress, yield stress and % elongation of weld joints.
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Fig.6.3 Effect of tool rotational speed and tool shoulder geometry on ultimate tensile
 stress of welded joints at 16mm/min.(a), 31.5mm/min.(b), and 63mm/min(c) welding
 speed.
 Fig.6.4 Effect of rotational speed and welding speed on ultimate tensile strength of joints for typical friction stir welding tool.
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6.1.2 Yield stress of joint
 Flat shoulder tool gives better yield strength as compared to concentric shoulder tool
 for all sets of rotational and welding speeds but rotational speed 900 rpm and welding
 speed 31.5mm/min., gives maximum yields stress. There is significant effect of
 rotational speed on yield stress at lower value in case of flat shoulder tool.
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Fig.6.5 Effect of tool rotational speed and tool shoulder geometry on ultimate tensile
 stress of welded joints at 16mm/min.(a), 31.5mm/min.(b), and 63mm/min(c) welding
 speed.
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Fig.6.6 Effect of rotational speed and welding speed on ultimate tensile strength of
 joints for typical friction stir welding tool.
 6.1.3 % of elongation
 As result indicate that significant effect of welding parameters as well as tool shoulder
 geometry on % elongation of weld joint. In case of concentric circle shoulder tool heat
 generation is more due to more stirring and more stirring happened due to concentric
 circle having height and width that penetrated into the work plate and acts as tool pin
 hence temperature is more. Because of high temperature grain growth is more means
 increase in size of grains hence more elongation.
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Fig.6.7 Effect of tool rotational speed and tool shoulder geometry on % elongation of
 welded joints at 16mm/min.(a), 31.5mm/min.(b), and 63mm/min(c), welding speed as
 given below in graphs.
 6.2 TEMPERATURE DISTRIBUTION
 In FSW heat is generated by combination of friction and plastic dissipation during
 deformation of the metal. The dominating heat generation mechanism is influenced by
 weld parameters, thermal conductivities of the work piece, pin tool, backing anvils and
 the weld tool geometry. Hotter welds are generated with high rpm and low weld speed
 and colder welds with low rpm and high weld speed. Temperature field is asymmetric
 with slightly high temperature reported at retreating side. A too-low temperature around
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the joint line will make it difficult for the pin to traverse the workpiece, which will
 probably result in breakage of the pin. A higher temperature can decrease the flow
 stress of the workpiece and make the workpiece material stick on the pin and shoulder,
 and larger grain sizes of the microstructure in the welds may also be obtained.
 Peak surface temperature has been measured for all the welded samples and readings
 are given in table 6.2.
 Table 6.2 shows peak surface temperature for different parameters
 Shoulder geometry Feed rate,
 mm/min. Rotational speed,
 rpm Peak surface temperature in ̊C
 Flat shoulder tool
 16
 900 320
 1400 400
 1800 440
 31.5
 900 330
 1400 380
 1800 420
 63
 900 320
 1400 360
 1800 400
 Concentric circle shoulder tool
 16
 900 390
 1400 450
 1800 480
 31.5
 900 410
 1400 475
 1800 480
 63
 900 380
 1400 400
 1800 450
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From investigation it has found that as rotational speed i.e. rpm increases temperature
 increases for all the tools at constant welding speed but as increasing of welding speed
 temperature decreases except concentric circle shoulder tool produces high temperature
 due to more stirring and stirring of material is one of the sources of heat in friction stir
 welding process.
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Fig.6.8 Effect of rotational speed and tool shoulder geometry on peak surface
 temperature of AA1100 aluminum alloy with 16mm/min(a), 31.5mm/min(b), and
 63mm/min(c) welding speed.
 6.3 MACROSTRUCTURE ANALYSIS
 Tables 6.3–6.8 show the effects of process and tool parameters on macrostructure of the
 friction stir welded joints. It is generally known that the fusion welding of aluminium
 alloys accompanied by the defects like porosity, slag inclusion, solidification cracks,
 etc., deteriorates the weld quality and joint properties. Usually, friction stir welded
 joints are free from solidification related defects since, there is no melting takes place
 during welding and the metals are joined in solid state itself due to the heat generated
 by the friction and flow of metal by the stirring action. However, FSW joints are prone
 to other defects like pin hole, tunnel defect, piping defect, kissing bond, Zig-Zag line
 and cracks, etc., due to improper flow of metal and insufficient consolidation of metal
 in the FSP (weld nugget) region. The kissing bond generally means a partial remnant of
 the un-welded butt surface below the stir zone, which is mainly attributed to
 insufficient plunging of the welding tool during FSW. The mechanism of the kissing
 bond is related to the insufficient breakup of oxide layer by the insufficient stretch of
 the contacting surfaces around the welding pin. The reduction of the heat input results
 in the insufficient breakup of the oxide layer during FSW. There is a high possibility
 that the sufficient breakup of the oxide layer is not achieved in the root part of the weld.
 It is observed that the continuous oxide film, which resulted due to insufficient stirring
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hence, the oxide layers on the initial butt surfaces, could be directly bonded without the
 metallic bond between oxide free surfaces in the root part of the weld. Therefore,
 continuous oxide film is a feature of the kissing bond and is possible to fracture along
 the Zigzag line.
 Table 6.3-6.8: Effect of rotational speed and welding speed on macrostructure of joints
 fabricated by different tool shoulder geometry
 1. Flat Shoulder tool
 Table 6.3 Flat shoulder tool with 16 mm/min welding speed
 rpm Macrostructure of welded joint cross-
 section
 Defect
 900
 Defect
 1400
 No defect
 1800
 No defect
 Table 6.4 Flat shoulder tool with 31.5mm/min. welding speed
 rpm Macrostructure of welded joint cross-
 section
 Defect
 900
 No defect
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1400
 No defect
 1800
 No defect
 Table 6.5 Flat shoulder tool with 63 mm/min welding speed
 rpm Macrostructure of welded joint cross-
 section
 Defect
 900
 No Defect
 1400
 Pin Hole and
 tunnel defect
 1800
 Pin Hole and
 tunnel defect
 The simultaneously rotational and translational motions of the welding tool that divides
 either sides of weld joint line. On one side where, rotation of tool and translational
 motion are in same direction that side is known as advancing side and on other side
 where, tool rotational direction and longitudinal motion are in opposite direction that
 side is known as retreating side. Table no. 6.4-6.8 shows typical macrograph of welded
 sample which were cut perpendicular to welding direction and polished it then etched
 it. The quality of weld zone or weld nugget depends on many factors like welding
 parameters, tool geometry (pin profile, shoulder profile, and shoulder geometry),
 thermal conductivity of tool material, back plate and workpiece itself. If welding speed
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is too much that cause tunnel defect because not proper stirring of material along joint
 line and not proper generation of temperature.
 All the joints fabricated by friction stir welding is examined in Metrology Laboratory at
 low magnification using stereo zoom macroscope that reveals weld quality. When
 unsuitable welding parameters are chosen that cause insufficient flow of material and
 plasticized material unable to refill the gap in advancing side from retreating side that
 create pin holes defect.
 2. Concentric circle shoulder tool
 Table 6.6 Concentric circle tool with 16 mm/min welding speed
 rpm Macrostructure of welded joint cross-
 section
 Defect
 900
 No Defect
 1400
 No Defect
 1800
 Tunnel defect
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Table 6.7 Concentric circle tool with 31.5 mm/min welding speed
 rpm Macrostructure of welded joint cross-
 section
 Defect
 900
 No defect
 1400
 No defect
 1800
 Tunnel defect
 Table 6.8 Concentric circle tool with 63 mm/min welding speed
 rpm Macrostructure of welded joint cross-
 section
 Defect
 900
 No defect
 1400
 Pin hole
 1800
 Tunnel defect
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Particularly there are few reasons behind the formation of defected friction stir zone for
 AA1100 aluminium alloy during FSW and a fast cooling rate. In general, the heat input
 at a low rotational speed of probe is small and the cooling rate of the weld is rapid with
 increasing travel speed. Defects occur due to insufficient heat input and plasticity of
 flow. The second reason involves the stir of material in the weld due to an
 excessive rotational speed of probe, when the pressure of the probe shoulder is
 ineffective. The defect in the weld is generated through chip formation caused by
 excessive heat.
 6.4 Microhardness study
 Flat shoulder tool gives more microhardness value as compared to concentric circle
 shoulder tool because more stirring at higher rotational speed that gives fine grains and
 less temperature generation i.e. fast cooling which also give fine grains which is
 responsible for high hardness and % of elongation decreases which is shown by Fig.
 no.6.7.
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Fig.6.8 Effect of welding speed and rotational speed on vicker’s microhardness
 6.5 Surface appearance of welded plates
 Surface appearance of welded samples is quite good or smooth in case of higher
 rotational speed and lower welding speed and combination of lower rotational speed
 and higher welding speed that yields poor weld surface morphology that leads
 semicircular trace over welded surface. Apart from these two factors one more factor is
 down force or downward force in Z- direction that affects weld surface appearance. In
 both type of tool flash formation is moderate. During welding when tool rotate and
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move along joint line it drags metal in retreating side and metal accumulate that side
 and that accumulate metal is flash. Surface appearance of welded joints is as follow.
 Fig.6.9 Surface appearance of welded samples
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Chapter 7
 CONCLUSIONS
 In this investigation an attempt has been made to study the effect of tool shoulder
 geometry and welding parameters (rotational speed, welding speed) on the formation of
 friction stir processing zone and tensile properties in AA1100 aluminium alloy. From
 this investigation, the following important conclusions are derived.
 (1) In transverse tensile test, concentric circle shoulder tool produces higher
 ultimate tensile stress as compared to flat shoulder tool for all sets of welding
 and rotational speeds.
 (2) Maximum yield stress is produced by flat shoulder tool for all sets of rotational
 and welding speeds.
 (3) Welding speed 31.5 mm/min. and rotational speed 900 rpm is optimum
 parameters for concentric circle shoulder tool which give maximum ultimate
 tensile stress as well as % of elongation.
 (4) Concentric circle shoulder tool gives high % of elongation means more
 ductility.
 (5) With respect to rotational speed and welding speed, surface temperature of
 welded joint increases and decreases respectively.
 (6) More temperature generation in case of concentric circle shoulder tool for all set
 of welding parameters.
 (7) At low rpm (rotational speed of tool), temperature difference is more as
 rotational speeds increases temperature difference reduces in both tools.
 (8) Good surface appearance /morphology is obtained in case of concentric circle
 shoulder tool.
 (9) Moderate flash formation in case of both tools.
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Chapter 8
 FUTURE SCOPE
 In this investigation, an attempt has been made to understand the effect of welding
 parameters (rotational speed and welding speed) and tool shoulder geometry on friction
 stir weld zone formation and tensile properties in AA1100 aluminium alloy.
 Concentric circle shoulder tool has two circles over bottom surface of shoulder, number
 of circles and its dimensions are taken randomly and in experiment we have seen that
 significant effect of this shoulder geometry on mechanical properties and weld surface
 appearance. So by varying the dimensions as well as number of concentric circles thus
 optimum shoulder geometry design can be obtained.
 Present tool shoulder geometry might be optimum.
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