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Fig. 2.1 Schematic of friction stir welding

A: BM (Base Metal)

B: HAZ (Heat Affected Zone; affected by heat generated during FSW )

C: TMAZ (Thermomechanically Affected Zone; contains material that 

   interacts indirectly with the tool , plastically deformed with partial 

   recrystallization)

D: SZ (Stir Zone; contains material that interacts directly with the tool,

   dynamically recrystallized)

Fig. 2.2 Microstructural regions in FSW welds
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Fig. 2.3 Schematic of TIG welding
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Fig. 2.4 Classification of Aluminum alloys

Table 2.1 Physical properties for aluminium alloys
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Fig. 3.1 FSW equipment

Fig. 3.2 Setup for TIG assisted hybrid FSW welding process
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Table 3.1 Chemical composition and mechanical properties of material 

used
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Fig. 3.3 Configuration of welded specimen
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Table 3.2 Tungsten carbide rod specifications of FSW tool

(a) Tungsten carbide rod specifications

Co(±0.5%) Grade WC(±0.5%)
Grain

Size(μm)

Density

(g/cc)

Hardness

(HV30)

12% WF20 88% 0.6 14.15 1670

 

Fig. 3.4 FSW Tool shape
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Table 3.3 TIG Welding condition

Table 3.4 Hybrid FSW welding condition

Welding condition Values

TIG

Current(A) 60 ~ 80

Shielding gas(ℓ/min) Ar 7 ~ 10

CTWD(mm) s = 5

Torch angle 60°

FSW

Rotation speed(RPM) 300 ~ 700

Welding speed(mm/s) 0.4 ~ 1.2

Shoulder dia.(mm) Ø18

Pin dia.(mm) Ø6.5

Room temperature 20°

Tilt angle 2 ~ 3°

TIG-FSW Distance = 16 ~ 20mm

Leading condition = TIG leading

Dia. of electrode = 2.4mm
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Fig. 3.5 Schematic of TIG assisted FSW welding process

Fig. 3.6 Tool plunge position for TIG assisted 

 FSW welding process
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Fig. 3.7 Welding configuration for TIG assisted

 hybrid FSW process
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  G-Gage length : 60mm

  W-Width : 12.5mm

  T-Thickness : 3mm

  R-Radius of fillet : 20mm

  L-Overall length : 170mm   

  B-Length of grip section : 40mm

  C-Width of grip section : 25mm 

  

Fig. 3.8 Dimension of tensile test specime
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Fig. 3.9 Vickers hardness test machine and specimen
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Fig. 3.10 Optical microscope equipment
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Fig. 3.11 Temperature measurement points in welds 

by thermo-couple
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Table 4.1 TIG preheating parameters and bead profiles

(a) Preheating parameters

(b) Bead profile of preheating
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Table 4.2 Bead profiles of FSW welds

(a) Welding parameters

(b) Bead surface appearance and cross section of dissimilar joint
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Table 4.3 Bead profiles of TIG assisted hybrid FSW welds

(a) Welding parameters

(b) Bead surface appearance and cross section of dissimilar joint
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Table 4.4 FSW welded specimen fractured after tensile test
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Fig. 4.1 Tensile strength of FSW welded specimen
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Table 4.5 TIG assisted hybrid FSW welded specimen fractured after 

tensile test
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Fig. 4.2 Tensile strength of hybrid FSW welded specimen
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 (a) 9:1  

              

(b) 7:3

Fig. 4.3  Hardness distribution of FSW welds in different 

tool plunge position
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(a) 9:1 

(b) 7:3

   

 Fig. 4.4  Hardness distribution of hybrid FSW welds in different 

tool plunge position
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Table 4.6 Temperature distribution in FSW welds

Table 4.7 Temperature distribution in TIG assisted hybrid 

            FSW welds
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Fig. 4.5  Comparison of temperature distribution in FSW and

    TIG assisted hybrid FSW welds
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Fig. 4.6 Microstructure of FSW welds
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 Fig. 4.7 Microstructure of hybrid FSW welds
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