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            5 th International & 26 th All India Manufacturing Technology, Design and Research Conference (AIMTDR 2014) December 12 th –14 th , 2014, IIT Guwahati, Assam, India 528-1 Parametric Analysis of Friction Stir Welding Suyash Tiwari 1* , H. Chelladurai 2 , Ashish Kumar Shukla 3 1, 2,3 PDPM Indian Institute of information Technology, Design and Manufacturing, Jabalpur, India E-mail: 1 [email protected], 2 [email protected], 3 ashish.shukla@ iiitdmj.ac.in Abstract Friction stir welding (FSW) uses a non consumable tool to produce frictional heat in the adjoining surfaces. The welding parameters like rotational speed, welding speed, tool pin length, and tool shoulder diameter play a major role in deciding the joint properties. In this work, an attempt has been made to analyze the effect of various tool profiles on mechanical properties of aluminum alloy. Various tool profiles have been used to fabricate joints by using constant thickness (3mm) work piece of aluminum alloy. The mechanical properties of welded materials are measured in-terms of tensile strength and Brinell hardness number (BHN). By using Design of Experiment (DOE) concept, experiments were carried out to predict tensile strength and BHN of the welded joint. In this work, heat generated during the process is utilized to improve the quality of welded joint by using backing plate (low thermal conductivity or insulating material) between workpiece and fixture. By varying the welding parameters, effect on joining efficiency in terms of gap between two mating surfaces on the back side of the welded plate has been analyzed. From this investigation, it has been found that tool profile (shoulder dia. 18 mm, pin length 2.8 mm) produces good tensile strength. Keywords: AA6063 aluminium alloy, friction stir welding, BHN. 1. Introduction Friction Stir Welding (FSW) is a solid state welding process invented at TWI (The Welding Institute), UK in 1991. Friction Stir Welding is a solid- state process, which implies that the workpieces are joined without arriving at the melting point. This opens up entirely new ranges in welding innovation. Friction Stir Welding can be utilized to weld aluminum sheets and plates without using filler wire or shielding gas. Heat is generated within the work piece by friction between the rotating tool pin and shoulder as well as by plastic deformation of the work piece. Due to restricted heating, the material around the pin becomes soft and when amalgamated with the tool rotation and translation, it leads to the flow of material from the front of the pin to the back of the pin, consequently filling the cavity in the tool wake as the tool traverses forward. The tool shoulder confines the metal flow to a level corresponding to the shoulder position, i.e., more or less equal to the initial top surface of workpiece. As a consequence, a solid-state joint is generated, i.e., no melting of material occurs. It is possible to weld materials with thickness in the range 0.5-65mm from one side at full depth without any porosity or internal voids [ESAB hand book].The process parameters which influence the formation of welded joint are tool RPM, welding speed, plunge depth. If the process parameters are efficiently used, defects can be minimized. These parameters and material properties together are accountable for temperature profiles, cooling rate and torque exerted by the tool. In friction stir welding tool geometry, welding speed and tool rotational speed leave a significant impact on weld strength [S. Rajkumar et al. (2012)] Recently, many post weld heat treatments method have also been applied to investigate their effects on microstructure and mechanical properties of friction stir welded joint [P.Prasanna et al. (2013)]. The present appraisal deals with the study of tool geometry and related effects on gap existing on the back side of welded plate, BHN and tensile strength of 6063 T6-grade aluminium alloy and an attempt has been made to utilise excess heat generated during the process with the concept of backing plate. 2. Methodology On the basis of literature review, still there is a need to strengthen friction stir welding for lightweight and low melting temperature materials. Implementation of such a strengthened friction stir welding requires proper instrumentation to analyze the welded specimen. Development of such strengthened welding instrumentation includes universal testing machine, Brinell hardness testing machine and USB microscopic camera. To increase the strength of the friction stir welding, it is important to control parameters used during the friction stir welding process. For testing the tensile strength of welded joint, a specimen with gauge length of 50mm on which the welding is performed in a single pass is cut with the help of abrasive water jet machine and then the specimen is placed between the 
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 Parametric Analysis of Friction Stir Welding
 Suyash Tiwari1*, H. Chelladurai2, Ashish Kumar Shukla3 1, 2,3PDPM Indian Institute of information Technology,
 Design and Manufacturing, Jabalpur, India E-mail: [email protected], [email protected], 3ashish.shukla@ iiitdmj.ac.in
 Abstract
 Friction stir welding (FSW) uses a non consumable tool to produce frictional heat in the adjoining surfaces. The welding parameters like rotational speed, welding speed, tool pin length, and tool shoulder diameter play a major role in deciding the joint properties. In this work, an attempt has been made to analyze the effect of various tool profiles on mechanical properties of aluminum alloy. Various tool profiles have been used to fabricate joints by using constant thickness (3mm) work piece of aluminum alloy. The mechanical properties of welded materials are measured in-terms of tensile strength and Brinell hardness number (BHN). By using Design of Experiment (DOE) concept, experiments were carried out to predict tensile strength and BHN of the welded joint. In this work, heat generated during the process is utilized to improve the quality of welded joint by using backing plate (low thermal conductivity or insulating material) between workpiece and fixture. By varying the welding parameters, effect on joining efficiency in terms of gap between two mating surfaces on the back side of the welded plate has been analyzed. From this investigation, it has been found that tool profile (shoulder dia. 18 mm, pin length 2.8 mm) produces good tensile strength.
 Keywords: AA6063 aluminium alloy, friction stir welding, BHN. 1. Introduction
 Friction Stir Welding (FSW) is a solid state
 welding process invented at TWI (The Welding Institute), UK in 1991. Friction Stir Welding is a solid-state process, which implies that the workpieces are joined without arriving at the melting point. This opens up entirely new ranges in welding innovation. Friction Stir Welding can be utilized to weld aluminum sheets and plates without using filler wire or shielding gas. Heat is generated within the work piece by friction between the rotating tool pin and shoulder as well as by plastic deformation of the work piece. Due to restricted heating, the material around the pin becomes soft and when amalgamated with the tool rotation and translation, it leads to the flow of material from the front of the pin to the back of the pin, consequently filling the cavity in the tool wake as the tool traverses forward. The tool shoulder confines the metal flow to a level corresponding to the shoulder position, i.e., more or less equal to the initial top surface of workpiece. As a consequence, a solid-state joint is generated, i.e., no melting of material occurs. It is possible to weld materials with thickness in the range 0.5-65mm from one side at full depth without any porosity or internal voids [ESAB hand book].The process parameters which influence the formation of welded joint are tool RPM, welding speed, plunge depth. If the process parameters are efficiently used, defects can be minimized. These parameters and material properties together are accountable for temperature profiles, cooling rate and
 torque exerted by the tool. In friction stir welding tool geometry, welding speed and tool rotational speed leave a significant impact on weld strength [S. Rajkumar et al. (2012)] Recently, many post weld heat treatments method have also been applied to investigate their effects on microstructure and mechanical properties of friction stir welded joint [P.Prasanna et al. (2013)]. The present appraisal deals with the study of tool geometry and related effects on gap existing on the back side of welded plate, BHN and tensile strength of 6063 T6-grade aluminium alloy and an attempt has been made to utilise excess heat generated during the process with the concept of backing plate. 2. Methodology
 On the basis of literature review, still there is a
 need to strengthen friction stir welding for lightweight and low melting temperature materials. Implementation of such a strengthened friction stir welding requires proper instrumentation to analyze the welded specimen. Development of such strengthened welding instrumentation includes universal testing machine, Brinell hardness testing machine and USB microscopic camera. To increase the strength of the friction stir welding, it is important to control parameters used during the friction stir welding process. For testing the tensile strength of welded joint, a specimen with gauge length of 50mm on which the welding is performed in a single pass is cut with the help of abrasive water jet machine and then the specimen is placed between the
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jaws of Universal testing machine for tensile testingHardness testing is done on Brinell hardness testing machine and USB microscopic camera for microstructure analysis requires a standard specimen (square specimen for hardness and microstructure study). The motive of this work is to achieve high quality strength of the welded joint by controlling the parameters when welding is taking place. Thereforeattempt has been made to improve the strength of the welded specimen by applying statistical analysis 3. Experimental setup and conditions
 Experimental setup was established using a
 conventional vertical milling machineFigure 1. No extra setup is required for friction stir welding except tool and fixture, so as to place piece in proper position during welding.
 Figure 1 Experimental Setup
 4 Development of Mathematical Model
 4.1 Response Surface Methodology (RSM)
 RSM has widely been used in the field of industry and chemical engineering to study the yield or output of a system as it varies in response to the changing levels of one or more applied factors [D.C.Montgomery (2006)].
 In this work, a face centered designused because it requires only three levels of the factors and in practice; it is frequently difficult level. However, central composite face centered are not rotatable. Central composite face (CCF) designs provide relatively high quality predictions over the entire design space and do not require using points outside the original factor range [D.C.Montgomery(2006)].The chosen levels of the selected Independent variables with their units and notations are presented in Table 1.All the coefficients were obtained
 sal testing machine for tensile testing. l hardness testing
 and USB microscopic camera for a standard specimen
 (square specimen for hardness and microstructure of this work is to achieve high
 strength of the welded joint by controlling the welding is taking place. Therefore, an
 attempt has been made to improve the strength of the by applying statistical analysis.
 3. Experimental setup and conditions:
 setup was established using a conventional vertical milling machine as shown in
 uired for friction stir to place the work
 position during welding.
 1 Experimental Setup
 Development of Mathematical Model
 (RSM)
 RSM has widely been used in the field of industry and chemical engineering to study the yield or output of a system as it varies in response to the
 one or more applied factors
 a face centered design has been only three levels of the factors
 it is frequently difficult to change factor face centered designs
 face (CCF) designs provide relatively high quality predictions over the entire design space and do not require using points
 D.C.Montgomery The chosen levels of the selected Independent
 variables with their units and notations are presented in All the coefficients were obtained by applying
 central composite face centered design using the Design Expert statistical software. The number oare estimated as N= 2f +2*f+6 where f=4number of experiments in a CCD matrix correspondito three process variables are calculated as=30.
 The two responses or dependent variables (namely tensile strength and BHNvarious friction stir welding conditionof 30 experiments were performed to includecombinations of the three independent parameters.determining the significant coefficients (at 95% confidence level), the final model was developed using only these coefficients and the final mathematical model to estimate tensile strength and BHN Equation 1 and Equation 2 respectively.The value of F-ratio in all cases is higher than tabulated value. If the value of p for the term of regression is less than 0.05, it indicates that the obstatistically significant. The p valueobtained by applying DOE on our experimental data shows that the quadratic model fits well to the experimental results. The high values of R98.91%, 92.90%) provides the proportion of variability in a data set that has been accounted for the statisticalmodel and it provides a measure of how well the future outcomes are likely to be predicted by the model. In other words, the R2 value provides the information about the goodness of fit of the model.
 Table 1 Level of Independent variables
 Input Parameter
 -1
 Shoulder dia. ( mm) 20
 Pin length ( mm) 2.8
 Tool RPM 1600
 Welding speed (mm/min) 100
 1. Regression equation for tensile strength:Ts=(-275.45849) + (14.65795×S) (0.079505×T) + (2.97661×F) - (0.0032×S×T) - (0.021828×S×F) -(0.(0.098507×P×F) + (0.002×T×F)(6.43751×P
 2)-(0.00341524×T2)-(0.016411×
 2. Regression equation for BHN: BHN = (-211.09238) + (30.34159×S
 (0.043526×T) - (0.37494×F) – (0.11111(0.0019688×S×T)-(0.001875×S×F) + (0.14792×P×F) + (0.0014063×T×+ (4.03617×P
 2) -(0.0023794 ×T2) +
 528-2
 central composite face centered design using the Design Expert statistical software. The number of experiments
 where f=4, nc= 6.The number of experiments in a CCD matrix corresponding
 calculated as 24+2*4+6
 dependent variables (namely tensile strength and BHN) are measured for
 friction stir welding conditions. A total number 0 experiments were performed to include all
 ndependent parameters. After determining the significant coefficients (at 95%
 l was developed using only these coefficients and the final mathematical model
 estimate tensile strength and BHN is given by Equation 1 and Equation 2 respectively.
 s higher than tabulated the term of regression is less
 indicates that the obtained model is value (p < 0.0001)
 obtained by applying DOE on our experimental data the quadratic model fits well to the
 The high values of R2 (i.e., R2= ) provides the proportion of variability
 accounted for the statistical and it provides a measure of how well the future
 outcomes are likely to be predicted by the model. In ovides the information about
 Level of Independent variables
 Level
 1 0 1
 20 18 16
 2.8 1.9 1
 1600 1200 800
 100 80 60
 Regression equation for tensile strength: + (77.62258×P) + (0.74896×S×P) + (0.00736632×P×T) - ) - (0.30360×S
 2)- (0.016411×F
 2) (1)
 S) - (22.79270× P) + .11111×S×P) -
 +(0.0017014×P×T) ×F) - (0.79518 ×S
 2) (0.00154825×F
 2) (2)
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 Where, S = Shoulder Diameter, P = Pin length, T = Tool RPM, F = Welding speed, Ts = Tensile strength. 5 Effects of Backing Plate and Gap Analysis
 5.1 Analysis of Gap between welded plates:
 An investigation has been done to check the joint between welded plates from the back side in terms of gap measurement. Friction stir welding has been performed by considering parameters like pin length (mm), shoulder diameter (mm), welding speed (mm/min), tool speed (rpm). On the basis of opposite side of welded plates, observation of gap has been done in terms of joining efficiency. Pin length is a very important parameter which affects joining efficiency (from the back side) more than any other parameter but remaining parameters also provide an extra support to reduce the penetration. Gap measurement has been done with the help of USB microscope camera. 5.2 Backing plate effect:
 During experiments a very interesting point was noted that whatever heat is produced by friction between tool and work piece, is transferred to the base and can be utilized for getting better strength. To utilize this heat efficiently, a low thermal conductive metal (backing plate) was placed below the workpiece and experiments were conducted using a backing plate and without using a backing plate to know the effect of backing plate on the properties of welded joint. Thermal conductivity of workpiece (Al-6063) is 201 W/m-K and melting point is 928 K. The material of
 fixture over which the friction stir welding is carried out is mild steel. It should be kept in mind that the material of backing plate should have less thermal conductivity than fixture material so that the effect of low thermal conductivity can be utilized effectively. For this purpose, a backing plate of stainless steel (grade-202) was chosen. Thermal conductivity and melting point of backing plate are 16.3 W/m-K, 1727 K respectively. Figure 2 shows backing plate. 5.3Experiment using backing plate:
 Stainless steel plate (grade-202) of 2mm thickness was taken as a backing plate for performing the experiments. Backing plate was placed on the fixture (as shown in Figure 2) so as to avoid lateral displacement of work piece which results in proper friction stir welding and then workpiece was situated over the backing plate to know the effect of backing plate.
 Figure 2 Arrangement of backing plate on fixture
 Table 2 Experimental data
 Exp. no.
 Parameter With backing plate Without backing plate Shoulder
 dia.( mm)
 Pin length
 ( mm)
 Tool
 RPM
 Welding
 speed
 (mm)
 Yield
 (MPa)
 %
 Yield
 Max
 Stress
 (MPa)
 Yield
 (MPa)
 %
 Yield
 Max
 Stress
 (MPa)
 1 16 2.8 1600 60 125.4 5.39 149.6 96.7 4.06 122.9
 2 16 2.8 800 100 112.7 5.36 124.5 109.6 5.63 138
 3 16 2.8 1600 100 133.8 6.42 161.2 108.3 5.74 119.2
 4 16 2.8 800 60 138.6 6.12 138.6 105.4 5.38 145.8
 5 18 2.8 800 100 132.4 6.78 150.8 116 6.31 132.1
 6 18 2.8 1600 100 132.2 7.65 158 124.1 2.496 136.4
 7 18 2.8 1600 60 123.8 14.95 141.4 96 4.28 139.4
 8 18 2.8 800 60 107.4 5.52 137 86.3 3.16 125.6
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 Out of 30 experiments as calculated using CCFCD, 10 experiments were chosen randomly (Table 2) and experiments were performed with four parameters with or without the use of backing plate. Total 20 experiments were performed out of which 10 were with the use of backing plate and remaining without backing plate. The parameters used in experiments and the experimental data obtained are shown in Table 2.
 6 Results and Discussion
 6.1Effect of Parameters on the Gap Existing on the
 Back Side of Welded Joint
 6.1.1 Pin length effect
 Pin length plays a very important role in joining of workpiece. When length of pin increases, depth of penetration of the pin increases which in turn increases friction between tool and workpiece leading to more heat generation between the workpieces. Thus, a sound joint is obtained between two workpieces. Experiments were performed by varying the pin length while keeping the values of other parameters constant (i.e., shoulder diameter 18mm, tool RPM 1200 mm/min, welding speed 80 mm).On the basis of experiments performed, following results were obtained. Figure 3 (a) and (b) shows the effect of pin length on back side penetration of welded joint which decreases with increases in pin length. While considering remaining parameters constant (shoulder dia.18 mm, tool speed 1200 rpm and welding speed 80mm/min) and increasing pin length from 1.9 to 2.8mm, un penetration depth on the backside of the welded workpieces decreases from 0.208mm to no gap because more pin length leads to more penetration and produces more frictional heat throughout the thickness of workpieces which plasticizes the material. Hence full penetration is observed in figure 3(b).
 (a) (b)
 Figure 3 Effect of (1.9 mm and 2.8 mm) pin length on
 the gap
 6.1.2 Tool RPM effect
 Tool RPM is one of the dominant factors
 affecting the heat generation due to friction. If tool rotating speed (i.e. tool RPM) is too low, the frictional heat is not enough to cause plasticized flow. The metal in the weld zone cannot diffuse and recrystallize. Hence, there are voids in the welded joint. An increase in tool RPM increases the frictional heat which increases the plasticized layer from top to the underside and thus, the voids in the welded joint become smaller. If tool RPM is too high, the temperature of material beneath the tool's shoulder and around the probe will exceed the melting point, and the welding will no longer be a solid-state welding. When tool RPM increases, the frictional heat also increases and the gap existing on the back side of welded joint decreases. Figure 3(a) and Figure 4 shows the effect of tool RPM on the gap existing on the back side of welded plate. While taking remaining parameters constant (shoulder dia. 18 mm, pin length 1.9 mm and welding speed 80 mm/min) and increasing tool speed from 1200 to 1600RPM, gap on the backside of the welded workpieces decreases from 0.208mm to 0 .104 mm.
 Figure 4 Effect of tool RPM on the gap
 6.1.3 Shoulder Diameter effect
 The shoulder of tool is designed to produce
 heat (due to friction and material deformation) on the surface of the workpieces. The tool shoulder accounts for majority of the deformation and frictional heat generation between the workpieces. Due to large surface area, friction increases, which in turn increases the amount of heat generated. As the amount of heat generated increases, gap on the back side of the welded joint decreases. Figure 4 and Figure 5 show the effect of shoulder diameter on the gap existing on the back side of welded plate. While taking remaining parameter constant (pin length 1.9 mm, tool rpm 1600 and welding speed 80mm/min) and increasing shoulder diameter from 18mm to 20mm, the gap reduces from 0.104 mm to 0.086mm.
 9 20 1.9 1200 80 110.3 6.42 115.1 108 5.71 108
 10 22 1.9 1200 80 69.3 1.93 69.3 54.4 1.94 54.4
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 Figure 5 Effect of shoulder diameter on the gap
 existing on the back side of welded plate
 6.2 Effect of Backing Plate on the Gap Existing on
 the Back Side of Welded Plate:
 Comparison of gap with and without using backing plate has been shown in Figure 3(a) and Figure 6.
 Figure 6 Effect of backing plate on the gap
 Experiments were performed with and without using backing plate when all parameters were constant. The gap reduces from 0.208mm to 0.0541mm by using backing plate. The main reason for decreasing gap with the use of backing plate was effective utilization of frictional heat for long time.
 Table 3 Effect of backing plate on tensile strength
 Shoulder dia.
 (mm)
 Pin length (mm)
 Welding speed
 (mm/min)
 Tool RPM
 Tensile strength
 with using
 backing plate
 (MPa)
 Tensile strength without using
 backing plate
 (MPa)
 18 2.8 80 800 150.8 132.1
 18 2.8 80 1600 158 136.4
 6.3 Comparison of Tensile Strength of Welded Plate
 with and without Using Backing Plate: From experiments, it was found that tensile
 strength increases with increase in tool RPM but use of backing plate shows more pronounced effect on tensile strength. Table 3, shows the effect of backing plate on tensile strength.
 Table 4 shows the effect of backing plate on tensile strength where comparison has been done with and without using backing plate. Figure 7 shows that tensile strength increases using backing plate. The main reason for increasing tensile strength was effective utilization of frictional heat for long time resulting in grain refinement. On the basis of results obtained, the graph obtained is as shown in Figure 8.
 Figure 7 Effect of backing plate on tensile strength
 Figure 8 Effect of backing plate on tensile strength
 when tool rpm increases
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 158
 132.1
 136.4
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 Table 4 Effect of backing plate on tensile strength
 Shoulder dia.
 ( mm)
 Pin length (mm)
 Welding speed
 (mm/min)
 Tool RPM
 Tensile strength
 with using backing
 plate (MPa)
 Tensile strength without using
 backing plate
 (MPa)
 18 2.8 60 800 139.4 125.6
 18 2.8 60 1600 147 141.4
 7 Conclusion
 The following conclusions have been made out: 1. Regression analysis has been successfully used
 to develop the relation between input parameters and tensile strength and BHN.
 2. The dominant factors affecting tensile strength is pin length (mm). With increase in pin length, tensile strength increases.
 3. Use of backing plate decreases gap on the back side of welded plate.
 4. Use of backing plate increases the tensile strength and percentage yield of the welded joint.
 5. Increase in pin length decreases penetration depth on the back side of welded plate.
 6. Increase in pin length increases BHN.
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