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[bookmark: PointTmp]Abstract—Friction stir process is a solid-state process in which the grain refinement of the base material will take place below the recrystallization temperature. The surface composites are produced by mixing the reinforcement particles on the surface layer of the base material at a certain thickness by using a suitable reinforcement strategy which improves the surface properties of the composites. The success of the process depends on the tool shoulder design, and pin design. In the present work, an attempt has been made to design a suitable tool by using analytical models based on the torque capacity of the motor used in the Computerized milling machine. The tool shoulder diameter of 20 mm is obtained based on the yield strength of the tool material, and the taper pin average diameter of 4 mm is obtained based on the maximum shear strength of the tool material with suitable safety factor. The axial and transverse forces in the process are determined by an analytical method. The axial force-induced during the plunging phase is 28.7kN on the contact surface of the tool shoulder and in travelling phase the maximum transverse force-induced is 3kN at the pin side of the tool. The structural stability and the reliability of the tool are studied by structural and fatigue analysis using ANSYS software. The result shows that the negligible deformation and stresses induced during the process are less than the yield strength of the tool material, and the tool endure 14×103cylces of fatigue load-induced during the process. 
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I. INTRODUCTION
I
n recent years metal matrix surface Nano/micro composites are used potentially in automobile and aerospace industries to produce lightweight and durable, components and increase fuel efficiency and to reduce environmental pollution. In surface metal matrix composites, aluminium, magnesium, and copper are widely used as base metals and ceramic particles, oxides of micro/Nano size particles are used as reinforcements. Magnesium is one-fourth times lighter than that of steel and two-third than that of aluminium which offers applications in lightweight components of automobile and aerospace industries, but magnesium has some limitations such as poor hardness, poor wear resistance and also it is a very reactive metal which restricts the use of Mg alloys, to overcome these limitations and to enhance the mechanical and tribological properties Nano reinforcement particles are imposed on the surface of the Mg metal matrix[1].
To fabricate surface Nano/micro composites different liquid phase techniques like laser beam treatment, electron beam irradiation and plasma spraying are available. In these methods, the inter-reaction occurs in between the matrix and reinforcement particles, which intern forms detrimental phases. To eliminate this problem reinforcement particle needs to be imposed on the surface of the base matrix below the recrystallization temperature, by using solid-state  Friction Stir Process (FSP), Friction Stir Process is derived from Friction Stir Welding (FSW) which was developed by The Welding Institute in 1991, by using Friction Stir Process the grain refinement in the microstructure of the base material and mixing of the Micro/Nanoparticles on the surface layer of the base material at certain thickness can be achieved which improves the surface properties, like hardness and wear resistance [2].
In Friction Stir Process a tool having shoulder with pin is used to process the material is as shown in Fig 1. During FSP, the friction between the contact surface of the rotating tool and the base material leads to the generation of heat, which makes the base material soft and it undergoes plastic deformation and hence the grain size refinement in the microstructure takes place. The stirring action of the tool pin mixes the reinforcements in the base material. As the tool traverse in the desired direction, the material forged below the tool shoulder and forms a stirred zone resulting in surface composites. The stir zone of the processed material determines the properties of the synthesized surface composites [3].
The friction stir processing technology is still not known solution, especially to use in the industries. The research work carried out on laboratory has shown that microstructure and its associated physical and mechanical properties of the modified materials are attractive, and the same technology can be competitive with currently used methods. The literature review reveals the few gaps in research on surface composites via FSP route such as fabrication of defect-free composites, tailoring microstructures, development of durable and cost effective tools, and understanding on the strengthening mechanisms [4].
II. Analytical Model 
A. Tool Design
The success of the FSP process depends on the design of the FSP tool. The tool consists of two design features, the shoulder and a pin. Several pin geometries such as threaded cylinder, a threaded cylinder with flattened sides proposed in the literatures [7] [35]. The rotating pin forces the material to flow around the pin and to mix. The shoulder applies a thrust force/pressure on the material to constrain the plasticized material around the pin, generates heat through friction and plastic deformation in a relatively thin layer under the shoulder surface. Tool geometry significantly affects the energy input, deformation pattern, plunge force, travelling force, microstructures and mechanical properties of surface composites and other important aspects of FSP tool design are tool material selection, geometry and load-bearing ability.
In the successful solid-state FSP process, the forces/ torque is enough to stir the plasticized material, and influence tool, base material and process parameters. As a consequence, an improper combination of the parameter results in insufficient deformation, stirring action and defects. For a given set of parameter, the force and torque variation is monitored for the better surface process and helps to find a relationship between torque variation in defective and defect-free surface composite fabrication.
B. Tool Material Selection
 (
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Fig. 1.
  Friction stir process
)[image: ] During FSP the torsional and bending moments are exerted on the tool, hence, the tool experiences normal and shear stresses with the thermal effects. In the present work, H13 tool steel used as tool material, since many researchers, H13 tool steel was used as a tool material which is more suitable for processing aluminium and magnesium alloys with micro/Nano surface composites. According to AISI standards, the mechanical properties of the tool material and base material Magnesium alloys are given in Table 1[6].
C. Tool Shoulder Design
 (
Table.1
AISI Mechanical properties of H13 t
ool steel and Magnesium alloy [6
]
Materials used
Yield strength
(
MPa
)
Yield Shear strength
(
MPa
)
Modulus of elasticity
(
GPa
)
Ultimate tensile strength
(
MPa
)
Density
(
Kg/m
3
)
H-13 tool steel
1380
796.74
215
1590
7800
Magnesium alloy
130-165
95.263
45
220-330
1800
        
. 
)The tool shoulder diameter is found based on the principle of maximum utilization of supplied torque for traction and for the tool rotational speeds [15], of 600 rpm, 800 rpm, 1000 rpm, and 1200 rpm as tabulated in Table 2 by “(1)”, with a suitable factor of safety as follows.
The torque equation is given by [5],
		(1)
The suitable factor of safety is calculated based on the yield strength of tool material to the shear strength of the processing material, in ordered to avoid yielding of the tool material during the processing of base material. The tool shoulder experiences 80% of the forces in the process, therefore, in tool shoulder design, 80% of the safety factor considered and the remaining safety factor for pin design.
The estimated shoulder diameters vary from 16 mm to 20 mm, but in literature [15], for high carbon steel tool and AZ31B magnesium alloy (6.0mm & 1.5mm thick) workpiece material, the tool shoulder  diameter of 18 mm and 24 mm taken to process the material, the possibility of Increase in the tool shoulder diameter beyond 18mm but less than 24 mm, a defect-free processed zone observed for variation in the process parameters in 6mm thick plate, therefore, in the current research work the tool shoulder of 20 mm diameter adapted to produce defect-free magnesium alloy based surface composites by FSP.
D. Tool Pin Design
During the FSP process, as the rotating tool moves in the desired direction, the friction between the contact, surfaces generate the heat, and the torsional as well as bending moments are exerted on the tool pin. Hence, the tool pin experiences normal and shear stresses as well as the effect of temperature in the process. For instance to design the tool pin the effect of temperature is neglected. Since the rise in the temperature makes the base metal softer and the tool will experience less shear force compared to shear force at room temperature. Stress calculation for the pin is of great importance since the FSP process fails due to tool pin failure. The pin designed with low safety factor subjected to static or fatigue failures. The high design safety factor considered is enough to avoid severe tool deformation; hence, the safety factor of 3 adopted for the tool pin design. 
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)[image: ]To know the induced stresses on tool pin, consider a schematic of distributed force on the tool pin and its cross-section S-S, as shown in Fig 2, where q(z) is the applied shear force on the infinitesimal length (dz) of length[16].
For point A, at Z distance from the pin root, the bending moment and normal bending stresses calculated by using the following equations.
									(2)
							(3)
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Fig. 4.
 Dimensions of the
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Where  r, x and θ are the second moment of area, pin radius, the normal distance of point A from the y-axis and the angle in polar coordinate respectively.
The shear force distribution on the tool pin calculated by using the following equation.
										(5)
The torsional shear stress calculated by using the following equation. 
															(6)
Where MT is the sticking component of the total required torque in the process
Based on the maximum yield shear strength of the tool material and shear stress-induced on the tool pin during the process with a safety factor of 3, the diameter of the tool pin is determined by ‘(7)’[16].
 (
Fig. 2.
  Shear f
orce distribution along the pin 
length
 
 
)[image: ]The tool shoulder and average pin diameters for different rotating speeds and torques are shown in Table 2. The tool shoulder diameter, as well as torque on the tool, decreases as speed increases as shown in Fig 3.  The dimensions of the tool based on the shoulder and pin diameters are shown in Fig 4.
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Table 2
 
Shoulder
 and 
avg
 pin
 diameters for different speeds and torque
Speed (rpm)
Torque (Nm)
Shoulder 
diameter
 
(mm)
Average  
Pin diameter 
 (mm)
600
43.91
19.64
3.31
800
32.93
17.85
3.42
1000
26.35
16.57
3.31
1200
21.96
15.59
3.31
        
. 
)			(7)
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)[image: ]Analytical Prediction of Tool Force 
The force acting on the tool during the process, determined for the designed tool. The actual force acting on the tool shoulder and pin during FSP is considered at plunging phase and travelling phase.
A. Force on tool in plunging and travelling phase
The force acting on the tool shoulder and pin tip during plunging are shown in Table 5. The force acting on tool, determined based on the yield shear strength of the base material processed by using the following equations.
						(8)
 (
Fig-6
: Force vs. Torque acting on Pin tip
)[image: ]									(9)
 (
Fig. 7.
  Force vs. Torque acting on Pin side
)[image: ]The force acting on the tool shoulder during the travel obtained based on the friction between the contact surface and the force due to the torque. The friction between the shoulder surface and base metal generates the heat and it makes the base metal soft and reduction in the shear strength of the base metal and thus the tool experience a less force as it experiences a force in plunging phase.  
According to Coulomb friction law, the frictional force on tool shoulder and on the pin tip is given by the following equations. [7],
										(10)
										(11)  
         			(12)
 (
Table 4
Total force on tool in travel
Speed
(rpm)
Total force on shoulder
(
kN
)
Total Force on pin tip
(
kN
)
Total Force on pin side
( 
kN
)
600
5.4028
0.834
2.9722
800
4.3048
0.653
2.6055
1000
3.6468
0.544
2.3857
1200
3.2078
0.472
2.2391
. 
)									(13)
Where  and  are the axial force acting on tool shoulder, and on the pin tip respectively [29], μ = 0.42, and h is depth of plunge.
The force acting on the pin side is given by,
 											(14)
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Table 3 
Torque and force acting on tool
 shoulder, pin tip and pin side
Torque on shoulder
(N-m)
Torque on pin
(N-m)
Torque on pin side
(N-m)
Force on shoulder  
(
kN
)
Force on pin tip 
(
kN
)
Force on pin side
(
kN
)
35.128
1.449
7.333
4.391
0.7245
1.4666
26.344
1.087
5.499
3.293
0.5434
1.0999
21.08
0.869
4.400
2.635
0.4348
0.8801
17.568
0.725
3.667
2.196
0.3623
0.7335
. 
)




Where  and  are the temperature dependent yield and shear strength of the base metal,   is the projected arc of the tool pin.

The torque on tool shoulder, pin tip and on pin side determined by using the following equations [35], and corresponding values are given in Table 3.
						(14)
								(15)
								(16)
The force on tool shoulder, pin tip, and pin side determined by using the following equations, and corresponding values are given in Table 3.
				(17)
			(18)
			(19)
The force variation with the torque on tool shoulder, pin tip and on pin side is as shown in Fig 5, Fig 6, and Fig 7.respectively.
The force acting on the pin side is given by,
 							(20)
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Fig. 9
.
  FSP tool geometry
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)[image: ]Where  and  are the temperature dependent yield and shear strength of the base metal,   is the projected arc of the tool pin.
 (
Fig. 10
.
  Meshed model of FSP tool 
. 
)[image: ] The total force on the tool during travel is the summation of force due to friction between the contact surface and force due to torque. The total forces acting on the tool tabulated as given in table 4. The force acting on the tool during travel decreases with the increase in the tool rotational speed, due to increase in the tool speed, the torque on the tool decreases and intern reduces the force acting on the tool as shown in Fig 8.
 (
Table 5
Maximum f
orces acting on tool during FSP
Forces 
acting on 
tool 
at rotational speed of 
600 rpm
Force during plunging
Force during travelling
Shoulder contact surface force 
(
kN
)
Pin tip force 
 
(
kN
)
Shoulder contact surface force 
(
kN
)
Pin tip force
(
kN
)
Pin side force 
(
kN
)
28.734
1.197
5.4028
.0. 83404
2.9722
. 
) The maximum force acting on the tool during plunging phase and travelling phase are tabulated in Table 5. From Table 5, it is clear that the force acting on the tool during the plunging phase is more and it is due to the impact of the tool on base metal and resistance offered by the base metal to the tool in the axial direction. The magnitude of the plunging force acting on the tool plays an important role in the design of a tool, and these force values are considered in stress analysis of a tool to check the stability and reliability of the designed tool.    
IV. NUMERICAL ANALYSIS 
A. MODEL DESCRIPTION
The solid model of the designed FSP tool is as shown in Fig 9 the tool model created by using ANSYS workbench. The tool has a shoulder diameter of 20mm and taper pin has diameters of 5mm and 3mm, with 5mm pin length. The suitable shank diameter and length are taken as per the standards of tool holder using in CNC milling machine. The tool model is meshed with SOLID87 3-D 10 node tetrahedral structural element of quadratic displacement behavior. The meshed model has 3360 Elements and 6730 nodes with element size of 2.0 mm as shown in Fig 10. The element is defined by ten nodes having three degrees of freedom with temperature at each node. The element also has some other properties such as plasticity, creep, swelling, stress stiffing, large deflection and large strain capabilities.  
B. Static stress analysis 
The static structural analysis performed to check the structural stability of the designed tool by estimating the deformations and stresses induced in the tool. The analysis is carried out by applying suitable boundary conditions and loads on the tool. The displacement and cylindrical constraints are imposed on the shank of the tool to resemble like a tool holder that holds the tool shank firmly during the process. The rotating tool experiences the force due to torque and friction in the tool travelling phase and the axial thrust force during the plunging phase. The forces are applied on the contact surface of the tool shoulder, pin tip and on the projected area of the tool pin. The force exerted  on the shoulder and the tool pin tip are high in the plunging phase, therefore, to perform static stress analysis, the axial thrust force acting on the shoulder and the tool pin tip are considered in both the plunging phase and in the  travelling phase.
 (
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Total deformation in FSP
 tool
. 
)[image: ]The FSP process consists of several phases, each phase has some time period and there is relative motion between the tool and the workpiece. In the first plunge phase, the rotating tool plunged vertically into the workpiece. The plunge phase followed by the dwell phase, in this phase, the rotating tool is held steady on the workpiece. The mechanical interaction, due to the relative motion between the rotating tool and the stationary workpiece, produces heat by friction and material undergoes plastic deformation. This heat dissipates into the surrounding material, the temperature rises and the material softens. After these two phases, the real process initiated by moving the tool relative to the workpiece. When the desired distance is covered, the tool pulled out of the workpiece, leaving behind an exit hole as a footprint of the tool [12].
The FSP tool in travelling phase experiences a frictional force and the force due to torque, as well as a rise in the temperature. The analysis performed by considering both frictional force and force due to torque on the shoulder, pin tip and at the pin side with temperature effects. The total force acting on the tool during travelling phase is given in Table 4, are applied on the tool along x-axis opposite to the FSP direction. 
C. Fatigue analysis of tool
Fatigue failure occurs due to crack formation and propagation. A fatigue crack will typically initiate at a discontinuity in the material where the cyclic stress is a maximum. Discontinuities can arise because of:
1) Design of rapid changes in cross-section, keyways, holes, etc. where stress concentrations occur
2) Elements that roll and/or slide against each other under high contact pressure, developing concentrated subsurface contact stresses that can cause surface pitting or spalling after many cycles of the load.
Various conditions that can accelerate crack initiation include residual tensile stresses, elevated temperatures, temperature cycling, a corrosive environment, and high-frequency cycling.
The three major fatigue life methods used in design and analysis are the stress-life method, strain-life method, and linear-elastic fracture mechanics method. These methods attempt to predict the life in, number of cycles to failure, N, for a specific level of loading. Life of 1 ≤ N ≤ 103 cycles is generally classified as low-cycle fatigue, whereas high-cycle fatigue is considered at N > 103 cycles. The stress-life method, based on stress levels only, and it is the least accurate approach, especially for low-cycle applications. However, it is the most traditional method, since it is easiest to implement for a wide range of design applications, has ample supporting data, represents high-cycle applications adequately [10]. (
Fig. 11.
  Temperature distribution in FSP tool    
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V.  (
Fig. 15.
  Shear stress distribution in XY Plane
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)[image: ]Results and discussions 
A. Thermal analysis 
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Fig. 16
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  Total deformation of the tool in travelling                           
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Fig. 1
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 Von Misses Stress distribution in FSP tool
  
  
. 
)[image: ]In the plunging phase of the FSP process, the rotating tool pin slowly plunges into the base material, until the tool shoulder touches the surface of the base material, during this process, the rise in temperature is less, and hence the temperature effect in stress analysis is neglected, and the temperature increases once the tool starts moving along the base metal. The rise in temperature is due to the friction between the rotating tool and the base metal, and it generates the heat and makes the base material soft and it undergoes plastic deformation. The temperature range in the tool during the FSP process considered as mentioned in the literatures [32][35].  The steady-state thermal analysis of tool is carried out with the temperature range of 2510C to 4510C the temperature distribution on the tool is as shown in Fig 11. The rise in temperature during process induces the thermal stresses in the tool and the strength of the tool material decreases and leads to the failure of the tool material during the operation, hence, the effect of temperature considered in the stress analysis of the tool in travelling phase. 

B.  (
        
Fig. 14.
 Maximum Shear Stress distribution            
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)[image: ]Static Stress analysis 
The stress analysis of the tool in plunging phase without temperature effect shows the negligible deformation and the minimum stress at critical sections even though the tool experiences the maximum force in plunging phase. The Table 6 shows the minimum, maximum and average deformation, equivalent von misses stress and shear stresses in the tool during the plunging phase. The Fig 12 shows the tool deformation at pin tip, shoulder contact surface and in the shoulder are of 12.88µm, 11.45µm and 10 to 1.4 µm respectively.
  	The maximum deformation occurs in terms of microns; hence, the deformation due to the axial thrust force on the tool is neglected and there is no yielding of the tool during the plunging phase.
The stress plot shown in Fig 13 for tool in plunging phase indicates that the maximum equivalent Von Misses stress of 163.84MPa near the tool pin tip and 91MPa to 36.4MPa throughout the length of the tool shoulder. The maximum shear stress is 90.89MPa at the tool pin tip and the shoulder experiences the shear stress of 40MPa to 20MPa as shown in Fig 14. The Shear stress in XY plane is 54.65MPa near the shank and the tool shoulder intersection as shown in Fig 15. The induced normal stresses and shear stresses are  (
  
Fig. 19.
 Shear stress distribution (XY Plane) in FSP tool  
        
. 
)[image: ]much below the yield strength and shear strength of  (
Table 6
Deformation and stresses induced in FSP tool during plunging phase.
Particulars
Total deformation
(mm)
Equivalent von misses Stress
(
MPa
)
Maximum Shear Stress
(
MPa
)
Shear Stress
(
MPa
)
Min
0
130.93 e-6
71.274 e-6
-54.191 
Max
0.0129
163.84 
90.897
54.649 
Avg
0.0075
46.216
23.919 
0.43881 
. 
)the tool material, hence no yielding of the tool during the plunging phase.
The stress analysis of tool in travelling phase is carried out with the effect of temperature. The Fig 16 shows the maximum deformation of 0.31mm near the pin tip and at the contact surface of the shoulder at advancing side of the tool.
 (
`Table 7
Deformation and stresses induced in 
FSP tool during travelling
Particulars
Total deformation
(mm)
Equivalent von misses Stress
(
MPa
)
Max
Shear Stress
(
MPa
)
Shear Stress
(Pa)
Safety factor
Min
0
9.4795
5.432
-336.53
1.37 
Max
0.31
1037.7
580.23
400.11
15. 
Avg
0.147
500.69
257.62
-1.8391
5.2
. 
) (
Fig. 18
.
 Max Shear Stress distribution of FSP tool in travelling 
    
        
. 
)[image: ]The Fig 17 shows the equivalent Von Misses stress distribution in the tool. The tool pin tip and pin side experiences stress of 9.479MPa and 237.9MPa respectively. The tool shoulder experiences the stress of 9.48MPa to 352MPa, and at the intersection of tool shank and the shoulder experiences maximum stress of 1037.7MPa, due to the abrupt change in the cross-section of the tool shank.
 (
Fig 17.
 
distribution
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)[image: ]The maximum shear stress distribution of the tool is as shown in Fig 18. The tool shoulder and pin experiences the shear stress of 5.4MPa to 133MPa. The tool shank experience shear stress of 452.5MPa. The Fig 19 shows the shear stress distribution of the tool along the XY plane. The tool shoulder and the shank intersection experience the maximum shear stress of 400MPa along the reheating side of the tool. 
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Fig. 20.
  Safety Factor of FSP tool in static loading
        
. 
)[image: ]According to maximum shear stress theory the stress tool safety factor varies from 1.37 to 5 and 5 to 15 at tool pin and at the tool shoulder respectively as shown in the Fig 20. The stress analysis results reveals that the induced stresses are lower than the yield strength and the yield shear strength of the tool material; hence no yielding of the tool in travelling phase.
The minimum, maximum and average normal stresses, shear stresses and safety factor of the tool during travelling phase are shown in the Table 7. (
Fig. 22
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C. Fatigue analysis
 (
Table 8
Fatigue life and safety factor of FSP tool
Particulars
Life
(cycles)
Safety 
Factor
Min
14734
0.40555 
Max
1.e+006
15. 
Avg
9.9193e+005
10.274
. 
) (
Fig. 21
.
Fatigue Life of FSP tool   
        
. 
)[image: ]The fatigue analysis of tool carried out by considering the zero-based loading condition and stress life method to determine the fatigue strength and the fatigue life of the tool under the action of fatigue loads [8]. The Soderberg fatigue failure criterion is used to predict the fatigue life or number of cycles to fatigue failure for the FSP tool during the operation. The Fig 21 shows the fatigue life of tool at different sections of the tool and the Fig 23 shows the S-N curve under the fatigue loading, it is clear that the number of cycles or the fatigue life of the tool is 14734 cycles for 100% loading condition. The safety factor is 0.41 at the shank and the shoulder intersection of the tool and it vary from 1 to 5 at tool pin and 5 to 15 at tool shoulder as shown in Fig 22. The fatigue analysis results are tabulated as shown in Table 8.
VI. Conclusions 
The suitable FSP tool is successfully designed for the existing vertical CNC milling machine to fabricate magnesium alloy based surface composites by friction stir process, from the present work, the following conclusions are drawn,
1. The tool material H13 tool steel used with the tool shoulder diameter of 20mm and the average pin diameter of 4mm to fabricate the defect-free surface composites.
2. The forces acting on the tool during the process are found using analytical models, the maximum force acts on tool in plunging phase and on pin-side, the maximum force acts in travelling phase.  
3.  (
Fig. 23
.
S-N Curve
        
. 
)[image: ]The static stress analysis in plunging and travelling phase shows that the negligible deformation in the tool shoulder and the pin, and the induced normal and shear stresses are less than the yield strength and yield shear strength of the tool material, hence no yielding of tool in the process.
4. The fatigue analysis of tool indicates that the minimum tool life is 14734 cycles, and the safety factor varies from 1 to 5 at tool pin and 5 to 15 for tool shoulder, and 0.4 at the shank and shoulder intersection. The safety factor 0.4 is increased by providing fillet with a suitable radius, by reducing stress concentration due to abrupt change in the cross-section.
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