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ABSTRACT 

 

  This research aims to investigate the effects of parameters on the metallurgical 

and mechanical properties of friction stir (FS) welded butt joints of dissimilar aluminum alloy 

sheets between Semi-Solid Metal (SSM) 356 (as-cast and T6) and AA 6061-T651. The base 

metals of SSM 356 and AA 6061-T651 were located on the advancing side and retreating side, 

respectively. The cylindrical pin was used as the welding tool geometry. Friction stir welding 

parameters using different tool rotation speed (1,750 and 2,000 rpm) and welding speed (20, 50, 

80, 120, 160 and 200 mm/min). These parameters influence directly on the structure and 

mechanical properties of the FS welded joints significantly. From investigation, the increase in 

tool rotation speed results in the increase in tensile strength of the FS welded joints. At the same 

time, the increase in welding speed leads to increase in the tensile strength up to a maximum 

value; and further increase in welding speed results in the decrease in tensile strength of FS 

welded joints. The maximum average value tensile strength of 197.1 MPa (in case of SSM 356 

and AA 6061-T651) and 206.3 MPa (in case of SSM 356-T6 and AA 6061-T651). The value was 

achieved for the joint produced at tool rotation speed 2,000 rpm, welding speed 80 mm/min. The 

hardness observed in the stir zone is higher than that in the thermo-mechanically affected zone. 

Away from the weld nugget, hardness levels increase up to the levels of the base metals. The 

microstructure in the welding zone of FS welded dissimilar which can be characterized both the 

recrystallized of SSM 356 grains and AA 6061-T651 grains layers. 
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  (Dissimilar joint) 

 

 

1 



 

 
 

 

  

    

 (Intermetallic compound: IMC) 

 

 (Stress discontinuities)  

 

  

 (Brandon and Kaplan, 1997) 

 
  

(Conventional fusion welding)

(Metallurgical changes) ( , 

2550) (Welding region)  

  
(Friction Stir Welding Process: 

FSWP) (The Welding Institutes: 

TWI) 

 (Thomas et al., 1991; 

Thomas and Nicholas, 1997; Midling et al., 1998; Harris and Norman, 2003)
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  M (M Code)  

2.2 

M Cincinnati A2100   

   N (N Code)  

 

   N0010 

 N  10  

 N  

   X-, Y-, Z-, A-, B-,  C 

  X, Y  Z 

 A, B  C  X, Y  Z  

 3  X, Y  Z  

 X, Y  Z  

   F (F Code)  

 

  

   F  G01, G02, G03 

 1   F 

  

   S (S Code)  

 

   S 

  S -  

   T (T Code)  

  

  M  

   R (R Code)  

  

 



 

 
 

 

2.4  (Hardness Test) 

  

 

 

   

  Brinell Hardness Test

Indentation

Brinell hardness number

 

  Rockwell Hardness Test

-

 

  Vickers Hardness Test

-  

 
 

 



 

 
 

 

2.5 (Tensile Test) 

   

ASTM American Society of Testing and Materials BS British Standards JIS

Japanese Industrial Standards

 

  -
-

Proportional Limit

Elastic Behavior

 

  

Elastic Limit

Permanent Deformation or Offset

Plastic Deformation

Low Carbon 

Steel

Yield Point

Yield Stress Yield Strength  Yield Strength

 

  
Ultimate Strength

- Tensile Strength

Fracture



 

 
 

 

 

  Fracture

Rupture 

Strength

Cold Work

Brittle Materials

  

  

  -
Yield Strength  

 

  - Ductility

Percentage Elongation Reduction of Area

2.2 2.3  

  E1 = %100³
-

o

of

L

LL
  (2.2)  

 

   Lf   =  

   Lo   =  

 

  R.A. = %100³
-

o

fo

A

AA
 (2.3) 

 

   Ao   =  

   Af   =  

 



 

 
 

 

  E1

E1

Brittle  

 

- Modulus of Elasticity or Stiffness 

  

Modulus of Elasticity E   Modulus 

 Stiffness ksi 1 ksi = 1000 psi kgf/mm2 GPa

 2.4 

 
  

LA

PL

e
E

D
==

s       (2.4) 

 

  Shear Modulus Modulus 

of Rigidity G  2.5 

 

  
Aa

Ph
G ==

g
t       (2.5) 

 

  E G

Stiffness, Rigidity E G

E G E G

 

 

2.6   

   

 

(Thermo-mechanically Affected Zone; TMAZ)

Macro and Micro Specimen  



 

 
 

 

Reagent 

 

  2.6.1 

 
  2.6.2

10 

 
  2.6.3  

 10 

2,000 100,000 

 
 

2.7  

  

 

(Descriptive Statistics) 

(Inferential Statistics) 

 

 

   

3  

 

  1) 

 



 

 
 

 

  2)

 

  3)

 

 



 

 
 

 

3  

 

 

 

3.1  

  (Friction Stir 

Welding Process ; FSWP) SSM 

356 (as-cast T6) AA 6061-T651 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

3.1  

 

 

(Friction stir welding) 

AA 6061 T651 

(AA 6061 T651) 

  

(Experimental design) 

 356 

(SSM 356 SSM 356-T6) 

 

(Physical Characteristics) 
 

(Metallurgical Testing) (Mechanical Testing) 

 

(Analysis) 

 
(Report) 

36 



 

 
 

3.2  

   
 

3.2.1 SSM 356  

  SSM 356 3.1 

SSM 356 GISS 

Gas induced semi-solid  GISS 

65

20

Mold  (Squeeze)  2,000 psi 

1-1.5  

20 3.2 
 

 
 

3.2 SSM 356 

 

3.2.2 AA 6061-T651 

  AA 6061 

T651 

 
  

3.1 



 

 
 

 

3.1  (W.T. %) 

SSM 356, SSM 356-T6 AA 6061-T651  
 

Materials Si Fe Cu Mn Mg Zn Ti Cr Ni Al 

SSM 356 7.74 0.57 0.05 0.06 0.32 0.01 0.05 0.02 0.01 Bal. 

AA 6061-T651 0.60 0.70 0.28 0.15 1.00 0.25 0.15 0.20 - Bal. 

Properties Ultimate tensile strength (MPa) Yield strength (MPa) Elongation (%) 

SSM 356 

SSM 356-T6 

AA 6061-T651 

198 

268 

290 

131 

184 

240 

9.7 

10.6 

10.2 

 

3.3   

   

 
 3.3.1 (Computerized Numerical Control Machine: CNC) 

  CINCINNATI ARROW 

VMC750 3.3 3 X, Y 

Z X 762 . Y 510 . Z 510 . 

950 . 520 . 750 (Spindle) 60-

6,000 (Feed) 16 

(Tool Drum) 21 

Acramatic 2100 
 

 
 

3.3 CINCINNATI ARROW VMC750 



 

 
 

 

  CINCINNATI ARROW VMC750

2 3 

0.001 . 

 
 

3.3.2  

                     

20 . 5 . 

3.2 . JIS-SKH 57 3.4 

CNC 
 

 
 

3.4  
  

 3.3.3 2-10  

   3.5 
 

 
 

3.5 2-10  



 

 
 

 

 3.3.4 (Optical Microscope: OM) 

  

2 

3.6 50-800 

Nikon  
 

 
 

 3.6  
 

 3.3.5  

  Testometric M500-50kN 

(Ultimate Tensile Strength) (Yield Strength) 

(Percent Elongation) 3.7 
 

 
 

3.7 Testometric M500-50kN 



 

 
 

 

 3.3.6  

 
Micro Hardness Vickers Test HWDM-3 Type A

136 5-1,000 kgf 

(Load Fixed) 100 10 

3.8 
 

 
 

3.8  
 

 3.3.7  

 

3.3.7.1 (Milling machine) 

3.3.7.2  

  3.3.7.3 METKON

DIGISET-2V 8

 
3.3.7.4 HSAP-2 50-0-90  

  3.3.7.5 

3.9 

  3.3.7.6 T6 

SSM 356  



 

 
 

 

 
 

3.9  

 

3.4  

  

  

 

 

3.4.1   

  
 

  3.4.1.1 1,750 2,000  
  3.4.1.2 20, 50, 80, 120, 160 200 

 

 
3.4.2  

   

  3.4.2.1  
  3.4.2.2 SKH 57 

JIS 



 

 
 

 

  3.4.2.3 450  

  3.4.2.4 SSM 356 

advancing side (

) AA 6061-T651 retreating side (

) 

  3.4.2.5  

  3.4.2.6  

 

3.4.3  

  (n) 

 

 

  3.4.3.1 Type I Error (Alpha;a )  = 0.05 

3.4.3.2 Power )1( b-   = 0.95 

3.4.3.3 Number of Center Point = 0 

3.4.3.4 Estimate (s ) 

3.4.3.5 Minimum Effect (D) 

 

  Estimate (s ) Minimum Effect (D)

1 

12 3.2 

ASTM-E8M 

(Ultimate Tensile Strength) 

Minimum Effect (D) 

 Estimate (s ) (n)  



 

 
 

 

3.2  
 

Run Order Std. Order Rotation Speed (rpm) Welding Speed (mm/min) 

1 11 2,000 160 

2 9 2,000 80 

3 4 1,750 120 

4 1 1,750 20 

5 10 2,000 120 

6 8 2,000 50 

7 7 2,000 20 

8 6 1,750 200 

9 12 2,000 200 

10 2 1,750 50 

11 5 1,750 160 

12 3 1,750 80 

 

3.4.4  

 

(Ultimate Tensile 

Strength) 

 

 

  1 

2 1,750 2,000  

  2

6  20, 50, 80, 120, 160  200  



 

 
 

 

  3

(Interaction Effect) 

 

  (Factor)  (A) 

 (B) 2 A 

B A a B b 

a * b n  ijky

A i i = 1, 2,..., a) B j (j = 1, 2,..., b) 

k (k = 1, 2,..., n) 2 

a * b * n  (Completely 

Randomized Design) (Linear Statistical Model) 3.1 

 

   ( )
î
í

î
ì

ë

=
=
=

++++=
nk

bj

ai

y ijkijjiijk

,...2,1

,...2,1

,...2,1

etbbtm         (3.1) 

  

  m  it i A;

jb j   B; ( )ijtb

it jb ije

(Fixed)  (Treatment Effect)  

 

  1.  

 

 

   1)  Error Type I (Alpha;a ) = 0.05 

   2)  Error Type II Beta; b ) = 0.05 

   3)  Factor A = (Rotation speed) 

   4)  Factor B = (Welding speed) 

   



 

 
 

 

  2. 

 

1) Main Effect 

   

 

210 : tt =H  

211 : tt ¸H    

 

   
 

  6543210 : bbbbbb =====H   

 

  6543211 : bbbbbb ¸¸¸¸¸H  

 

 

2) Factor Interaction Effect 

   

 

 ( ) jiallforH ij ,0:0 =tb   i, j 

 (i = 1, 2; j = 1, 2, 3, 4, 5, 6) 
 ( ) 0:1 ¸ijoneleastatH tb   i, j

 (i = 1, 2; j = 1, 2, 3, 4, 5, 6) 
 

  3.  

   1) (Model Adequacy Checking)

  

   2)  

   3) 

 



 

 
 

 

3.5  
 

 3.5.1  
  

SSM 356  AA 6061-T651

(Vertical milling machine)

50 . 100 . 4 .

3.10 ( )-( )  

 

 
 ( )  ( )  

        
( )    ( )  

 

3.10  

 

 3.5.2  

  

3.11

 Cincinnati A2100 3.3 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
  

 

3

 

 

3.11  

 3.3  Cincinnati A2100 

  
N0010  :G90 G94 G17 G71 G40  
N0020  T05 M06 5  

N0030  S** M03  ** rpm  
N0040  G00 X0.00 Y0.00 Z100  X0.00 Y0.00 Z100 

N0050  G01 Z10.0 F1000 1,000 mm/min  Z10.0 

N0060  G01 Z0.00 F100 100 mm/min  Z0.00 

N0070  G01 Z-3.70 F12 12 mm/min  Z-3.70 

N0080  G04 F55 55  
N0090  G01 Z-7.87 Y-79.89 F* * mm/min   Z-7.87 Y-79.89 

N0100  G04 F10 10  

N0110  G01 Z-4.17 F12 12 mm/min  Z-4.17 

N0120  G01 Z100 F1000 1,000 mm/min  Z100 

N0130  M05  

N0140  M30  
 

: ** 1,750 2,000 rpm.                                                 .......... ....           

....        .     ..     ...  * . 20, 50, 80, 120, 160 200 mm/min. 



 

 
 

 

3.5.3 T6 

  T6 

SSM 356 

T6 T6  

  1) SSM 356 

540 C 1.07 

Solution Treatment 

8  
  2) 

 

  3)  1 2 165 C 

12  

  4)

 

 

3.5.4  

  
tool  tool  

3.12 ( ) 3 

3.12 ( )

3.12 ( )-( )

3.12 ( )-( ) 

 



 

 
 

 

  
( )  tool ( )  

  
( ) ( )  

  
( ) ( )  

 

3.12  

 

 3.5.5  

   2 

3.13 

 
 



 

 
 

 

 
 

3.13  
 

  

 
   

  1

180, 360, 600, 800,  1,200 3.14 ( )-( )

 
 

 
 ( )  ( )  

 

3.14  



 

 
 

 

  2) 

 

  3) (Alumina oxide) 

5, 1 0.3  

 

4)   

48% 2 ml. 

( ) 3 ml. 

5 ml. 190 ml. 

5

 (Optical microscope)  

   

  2

 

 

 3.5.6  
  

2 

 
 

 

 



 

 
 

 

3.5.6.1  

  

ASTM-E8M 

3.15 ( )-( )

3.15 ( )-( )

1.67x10-2 mm/s. 

 

 
( ) ASTM-E8M 

 

 
( ) ( ) ( )  

 

3.15  

 

3.5.6.2 (Hardness Testing) 

  

3.16 ( ) 

(Stir Zone; SZ)  (Thermo-



 

 
 

 

mechanically Affected Zone; TMAZ)  (Base Metal; BM) 

Vickers Micro Hardness Vickers Test

HWDM-3 Type A 100 10 

136 

1 

0.4  3.16 ( ) 
 

 
3.16 ( )  

 
3.16 ( )  

 

3.16  

 



 

 
 

 

4 

 

 

 

SSM 356 

T6  AA 6061-T651 

SSM 356 

T6  AA 6061-T651

 
 

4.1 (Welding surface of welded) 

  

 1,750 2,000 rpm 20, 50, 80, 120, 160 

200 mm/min 

 

55 



 

 
 

 

  

 

        
           ( )  20 mm/min           ( )  50 mm/min 

        
           ( )  80 mm/min                        ( )  120 mm/min 

        
           ( )  160 mm/min                       ( )  200 mm/min 

 

4.1 1,750 rpm 

 

  
1,750 rpm 4.1 2,000 rpm 

4.2 

(20 mm/min) 

(200 



 

 
 

 

mm/min)

.1 .2  

 

        
           ( )  20 mm/min           ( )  50 mm/min 

        
           ( )  80 mm/min                        ( )  120 mm/min 

        
           ( )  160 mm/min                       ( )  200 mm/min 

 

4.2 2,000 rpm 



 

 
 

 

4.2  (Macro and microstructure of 

welded) 

  

 4.2.1  
  

3 

4.3

1,750 rpm 4.4

2,000 rpm

4.3( ) 4.4( )

 4.3 

160 200 mm/min

4.4 

2,000 rpm 

 



 

 
 

 

 
( ) 20 mm/min 

 
( ) 50 mm/min 

 
( ) 80 mm/min 

 
( ) 120 mm/min 

 
( ) 160 mm/min 

 
( ) 200 mm/min 

 

 4.3 1,750 rpm 



 

 
 

 

 
( ) 20 mm/min 

 
( ) 50 mm/min 

 
( ) 80 mm/min 

 
( ) 120 mm/min 

 
( ) 160 mm/min 

 
( ) 200 mm/min 

 

 4.4 2,000 rpm 

 

 



 

 
 

 

 4.2.2  

 

  4.2.2.1 1,750 rpm 

20 mm/min 

  1,750 rpm 

20 mm/min 

( )

4.5( )  

AA 6061 

SSM 356 

4.5( )

 4.5( )

AA 6061 

4.5( )

SSM 356 AA 6061 

 

 
( )  

    
( ) a         ( ) b          ( ) c         ( ) d 

 

4.5 1,750 rpm 

20 mm/min 



 

 
 

 

  4.2.2.2 1,750 rpm 

50 mm/min 

  1,750 rpm 

50 mm/min 

( )

20 mm/min

4.6( )  AA 6061 

SSM 356 

4.6( )

4.6( )

AA 6061 

4.5( )

SSM 356 AA 6061 

 

 
( )  

    
( ) a         ( ) b          ( ) c         ( ) d 

 

4.6 1,750 rpm 

50 mm/min 



 

 
 

 

  4.2.2.3 1,750 rpm 

80 mm/min 

  1,750 rpm 

80 mm/min 

( )

4.7( )

AA 6061 

SSM 356 

4.7( )

4.7( ) AA 6061 

4.7( )

SSM 356 

AA 6061 

 

 
( )  

    
( ) a         ( ) b          ( ) c         ( ) d 

 

4.7 1,750 rpm 

80 mm/min 

 



 

 
 

 

  4.2.2.4 1,750 rpm 

120 mm/min 

  1,750 rpm 

120 mm/min 

( )

4.8( )

AA 6061 

SSM 356 

4.8( )

4.8( ) AA 6061 

4.8( )

SSM 356 AA 6061 

 

 
( )  

    
( ) a         ( ) b          ( ) c         ( ) d 

 

4.8 1,750 rpm 

120 mm/min 



 

 
 

 

  4.2.2.5 1,750 rpm 

160 mm/min 

  1,750 rpm 

160 mm/min 

4.9( ) 

AA 6061 

SSM 356 

4.9( ) 

4.9( ) AA 6061 

4.9( )

 

 

 
( )  

    
( ) a         ( ) b          ( ) c         ( ) d 

 

4.9 1,750 rpm 

160 mm/min 



 

 
 

 

  4.2.2.6 1,750 rpm 

200 mm/min 

  1,750 rpm 

200 mm/min 

1,750 rpm 160 mm/min

4.10( ) AA 6061 

SSM 356 

4.10( )

4.10( )

AA 6061 4.10

( )

 

 

 
( )  

    
( ) a         ( ) b          ( ) c         ( ) d 

 

4.10 1,750 rpm 

200 mm/min 



 

 
 

 

  4.2.2.7 2,000 rpm 

20 mm/min 

  2,000 rpm 

20 mm/min 

( )

 4.11( )

AA 6061 

SSM 356 

4.11( )

4.11( )

AA 6061 

4.11( )

 

 

 
( )  

    
( ) a         ( ) b          ( ) c         ( ) d 

 

4.11 2,000 rpm 

20 mm/min 



 

 
 

 

  4.2.2.8 2,000 rpm 

50 mm/min 

  2,000 rpm 

50 mm/min 

( )

4.12( )

AA 6061 

SSM 356 

4.12( )

4.12( ) AA 6061 

4.12( )

SSM 356 AA 6061 

 

 
( )  

    
( ) a         ( ) b          ( ) c         ( ) d 

 

4.12 2,000 rpm 

50 mm/min 



 

 
 

 

  4.2.2.9 2,000 rpm 

80 mm/min 

  2,000 rpm 

80 mm/min 

( )

4.13( )

AA 6061 

SSM 356 

4.13( )

4.13( ) AA 6061 

4.13( )

 
 

 
( )  

    
( ) a         ( ) b          ( ) c         ( ) d 

 

4.13 2,000 rpm 

80 mm/min 



 

 
 

 

  4.2.2.10 2,000 rpm 

120 mm/min 

  2,000 rpm 

 120 mm/min 

( )

4.14( )

AA 6061 

SSM 356 

4.14( )

4.14( ) AA 6061 

4.14( )

SSM 356 AA 6061 

 

 
( )  

    
( ) a         ( ) b          ( ) c         ( ) d 

 

4.14 2,000 rpm 

120 mm/min 

 



 

 
 

 

  4.2.2.11 2,000 rpm 

160 mm/min 

  2,000 rpm 

 160 mm/min 

( )

4.15( )

AA 6061 

SSM 356 

4.15( )

4.15( ) AA 6061 

4.15(0)

SSM 356 AA 6061 

 

 
( )  

    
( ) a         ( ) b          ( ) c         ( ) d 

 

4.15 2,000 rpm 

160 mm/min 

 



 

 
 

 

  4.2.2.12 2,000 rpm 

200 mm/min 

  2,000 rpm 

 200 mm/min 

( )

4.16( )

AA 6061 

SSM 356 

4.16( )

4.16( ) AA 6061 

4.16( )

SSM 356 AA 6061 

 

 
( )  

    
( ) a         ( ) b          ( ) c         ( ) d 

 

4.16 2,000 rpm 

200 mm/min 

 



 

 
 

 

  
.1  .2  

  

 

  

1,750 rpm 

160 200 mm/min 

2,000 rpm (20 mm/min) 

 

 

 

 

 



 

 
 

 

4.3 (Hardness of welded) 

 
SSM 356 AA 6061-T651

(Thermo-mechanically Affected Zone; TMAZ) 

(Colligan et al., 2003) 

 

 Khodir and Shidayanagi (2008) 

 

  1,750 rpm

4.17 

SSM 356 T6 

 AA 6061-T651 61 HV 

4.18 

SSM 356 T6 

 AA 6061-T651 67 HV 

 

T6 



 

 
 

 

 

 

 
 

4.17 

SSM 356 T6  

 AA 6061-T651 1,750 rpm 

 

 
 

4.18 

SSM 356 T6  

 AA 6061-T651 1,750 rpm 



 

 
 

 

 

SSM 356 T6 

 AA 6061-T651

SSM 356 

T6  AA 6061-T651

T6 

160 200 mm/min

 

  2,000 rpm

4.19 

SSM 356 T6 

 AA 6061-T651 60 HV 

4.20 

SSM 356 T6 

 AA 6061-T651 65 HV 

1,750 rpm

2,000 rpm 

 

  



 

 
 

 

 

 

 
 

4.19 

SSM 356 T6  

 AA 6061-T651 2,000 rpm 

 

 
 

4.20 

SSM 356 T6  

 AA 6061-T651 2,000 rpm 



 

 
 

 

4.4 (Tensile strength of welded) 

  

SSM 356 

T6  AA 6061-T651

  

   

2 mm/min 160 mm min

 

 

(Colligan et al., 2003) 

2 3

SSM 356 (TMAZ of SSM 356) 

1 3

SSM 356 (defect) 

4.21 (voids) 

AA 6061-T651 (TMAZ 

of AA 6061-T651) 



 

 
 

 

 

 
 

4.21  

 

 
 

 4.22 

SSM 356 T6  

 AA 6061-T651 
 

   4.22  (3 ) 



 

 
 

SSM 356 T6  

AA 6061-T651 197.1 MPa 

2,000 rpm 80 mm/min

 SSM 356 T6 (198.4 MPa)

Lee et al. (2003a)

A356 AA6061

192 MPa SSM 356 AA 6061-T651 

 
 

 
   

 4.23 

SSM 356 T6  

 AA 6061-T651 
 

   4.23  (3 ) 

SSM 356 T6  AA 6061-T651

206.3 MPa 2,000 rpm 



 

 
 

 

80 mm/min  SSM 356 

T6 (268 MPa)  Lim et al. (2004) 

A356-T6 T6  AA 

6061-T651 206 MPa 

 SSM 356 T6  AA 

6061-T651

 160 200 mm/min

1,750 rpm

2,000 rpm 

 
  T6

 

( SSM 356 T6  

AA 6061-T651 197.1 MPa) ( SSM 356 

T6  AA 6061-T651 206.3 MPa)

4.67 %

.1

.2  

 

4.5 (Statistical analysis of 

ultimate tensile strength of welded) 

 

  

SSM 356 

T6  AA 6061-T651

SSM 356 

T6  AA 6061-T651  



 

 
 

 

 4.5.1 

SSM 356 

T6  AA 6061-T651 

  
SSM 356 

T6  AA 6061-T651  
 

  4.5.1.1  

  0.05 

.1 

4.24  
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Histogram Versus Order
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4.24  
 

  1)  

Residual Versus the Order of the Data 

4.25 

 



 

 
 

 

35302520151051

2

1

0

-1

-2

Observation Order

R
es

id
ua

l

Versus Order
(response is UTS (MPa))

 
 

4.25 Residual Versus the Order of the Data 
 

  2) 

(

30 ) 30  Histogram of the 

Residuals  4.26 

 

 

210-1-2

6

5

4

3

2

1

0

Residual

Fr
eq

ue
nc

y

Histogram
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4.26 Histogram of the Residuals 



 

 
 

 

  3) 

Residuals Versus the Fitted Values 4.27 

 

 

200195190185180175
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R
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(response is UTS (MPa))

 
 

4.27 Residuals Versus the Fitted Values   

 

  4.28 

 12  

 2,000 rpm  50 mm/min 

1,750 rpm  160 

mm/min  

 

 

 

 
 



 

 
 

 

 

 

Ho : 1
2 = 2

2 = 3
2 =  4

2 =  5
2 =  6

2 =  7
2 =  8

2 = 9
2 = 10

2 =  11
2 =  12

2  
12  

H1 : 1
2  2

2  3
2   4

2   5
2   6

2   7
2   8

2  9
2  10

2   11
2   12

2  

12  

 

 Error Type I (Alpha:a ) = 0.05 

   4.28  P-

Value = 0.990 a  = 0.05 F

 12 

95%  

 

Rotation speed Welding speed

2000

1750

200

160

120

80

50

20

200

160

120

80

50

20

403020100
95% Bonferroni Confidence Intervals for StDevs

Test Statistic 3.06
P-Value 0.990

Test Statistic 0.22
P-Value 0.994

Bartlett's Test

Levene's Test

Test for Equal Variances for UTS (MPa)

 
 

4.28   

 

  4.5.1.2  

  

4.1  

   



 

 
 

 

4.1 ANOVA 

Analysis of Variance for UTS (MPa), using Adjusted SS for Tests 

Source DF Seq SS Adj SS Adj MS F P 

Rotation speed 1 535.92 535.92 535.92 325.79 0.000 

Welding speed 5 570.68 570.68 114.14 69.38 0.000 

Rotation speed*Welding speed 5 365.32 365.32 73.06 44.42 0.000 

Error 24 39.48 39.48 1.64 - - 

Total 35 1511.41 - - - - 

S = 1.28258,   R-Sq = 97.39%,   R-Sq(adj) = 96.19% 

 

  1) Main effect  

  
 

 

  -  

 

 210 : tt =H   
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  2) Factor interaction effect 
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  4.5.1.3  

 
 (Determination; 2R )  4.1 ANOVA 2R   

97.39%  100 

97.39 2.61 

 2
AdjR 96.19% 2R 36  

 

 A  

B 

 (4.1)  

 

UTS (MPa) = 135 + 0.0309 (Rotation speed) - 0.0334 (Welding speed)  
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 4.5.2 

SSM 356 

T6  AA 6061-T651 

  

SSM 356 

T6  AA 6061-T651  
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  1)  

Residual Versus the Order of the Data 
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4.34 Residual Versus the Order of the Data 
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Residuals Versus the Fitted Values 4.36 
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4.36 Residuals Versus the Fitted Values   
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 Error Type I (Alpha:a ) = 0.05 

   4.37  P-
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  4.5.2.2  

  

4.2   

   



 

 
 

 

4.2 ANOVA 

Analysis of Variance for UTS (MPa), using Adjusted SS for Tests 

Source DF Seq SS Adj SS Adj MS F P 

Rotation speed 1 1251.98 1251.98 1251.98 283.88  0.000 

Welding speed 5 882.60  882.60 176.52 40.02 0.000 

Rotation speed*Welding speed 5 111.64 111.64 22.33 5.06 0.003 

Error 24 105.85 105.85 4.41 - - 

Total 35 2352.07 - - - - 

S = 2.10007,   R-Sq = 95.50%,   R-Sq(adj) = 93.44% 

 

1) Main effect  
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0.000  Alpha a  = 0.05 

 a  

= 0.05 
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  2) Factor interaction effect 
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  4.5.2.3  

 
 (Determination; 2R )  4.2 ANOVA 2R   
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 2
AdjR 93.44% 2R 36  
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Contour plot 
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5.1  
  

SSM 356 (as-cast T6)  AA 6061-

T651 
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  2) 1,750 rpm 
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mm/min
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100 
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SSM 356 

T6  AA 6061-T651 

SSM 356 

T6  AA 6061-T651 2,000 

rpm  80 mm/min 197.1 206.3 

MPa  4.67  
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0.05 
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SSM 356 T6 

 AA 6061-T651 1,750 rpm

50, 80 120 mm/min 

2,000 rpm
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SSM 356 T6 
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 . G Code  M Code 
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 .1 G Code 
G Code Group 

G0* 

G1* 

G2 

G2.01 

G2.02 

G3 

G3.01 

G3.02 

Rapid Traverse (linear) 

Linear Interpolation 

Circular / Helical CW 

Circular / Helical CW (absolute) 

Circular / Helical CW (incremental) 

Circular / Helical CCW 

Circular / Helical CCW (absolute) 

Circular / Helical CCW (incremental) 

Interpolation 

Interpolation 

Interpolation 

Interpolation 

Interpolation 

Interpolation 

Interpolation 

Interpolation 

G4 Dwell Non-modal 

G7.1 

G8 

Cylindrical Interpolation 

Suppress Interpolation 

Interpolation 

Interpolation 

G9 Extract Stop Non-modal Modifier 

G12 Contouring rotary Axis Unwind Non-modal 

G13.1** Cylindrical Interpolation Off Interpolation 

G15.1* 

G15.2* 

Polar Coordinate Programming (bolt Circle) 

Polar Coordinate Programming (part 

Contour) 

 

G17* 

G18* 

G19* 

XY Plane Select 

YZ Plane Select 

ZX Plane Select 

Plane Select 

Plane Select 

Plane Select 

G22,G22.1 

G23,G23.1 

G24,G24.1 

G25,G25.1 

G26 

G26.1 

Milling Cycle Rectangular Face 

Milling Cycle Rectangular Pocket 

Milling Cycle Rectangular Inside Frame 

Milling Cycle Rectangular Outside Frame 

Milling Cycle Rectangular Face 

Milling Cycle Rectangular Pocket 

Interpolation 

Interpolation 

Interpolation 

Interpolation 

Interpolation 

Interpolation 

G27 

G27.1 

Milling Cycle Rectangular Inside Frame 

Milling Cycle Rectangular Outside Frame 

Interpolation 

Interpolation 
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G Code Group 

G28 

G29 

G36 

G36.1 

Auto Return to Reference Point 

Auto From Reference Point  

Move to Next Operation Location 

Test for End of Pattern 

Non-model 

Non-model 

Non-model 

Non-model 

G37 

G38 

G39 

Cancel Pattern  

Rectangular pattern 

Circle Pattern 

Pattern Cycles 

Pattern Cycles 

Pattern Cycles 

G40** 

G41 

G42 

G43 

Cutter Diameter Compensation OFF 

Cutter Diameter Compensation On LEFT 

Cutter Diameter Compensation On RIGHT 

PQP cutter diameter compensation On 

CDC 

CDC 

CDC 

CDC 

G45 

G45.01,G45.02 

G45.03 

G45.1 

 

G45.2 

 

G46* 

Acceleration/Deceleration ON 

User Specific Acceleration 

User Specific Acceleration 

Acceleration/Deceleration ON (Die 

Roughing)  

Acceleration/Deceleration ON (Die 

Finishing) 

Acceleration/Deceleration OFF 

Acceleration/Deceleration 

Acceleration/Deceleration 

Acceleration/Deceleration 

Acceleration/Deceleration 

 

Acceleration/Deceleration 

 

Acceleration/Deceleration 

G50 Pallet Coordinate  Non-modal Modifier 

G51 

G51.1 

G51.2 

G51.3 

G51.4 

G51.5 

Probe Multiple Axes 

Vector probe Surface and Set Offsets 

Rotary Axis measurement 

Angle Measurement in X or Y plane 

Measure feature to XY plane 

Measure feature to feature Z plane 

 

G52 Local Coordinate System Local Coordinate 

G60* 

G61* 

Positioning Mode 

Contouring Mode 

Cornering 

Cornering 
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G Code Group 

G61.1 

G61.2 

Automatic Comer Speed Override (Left) 

Automatic Comer Speed Override (Right) 

Cornering 

Cornering 

G68 

G69 

Tool Probe Cycle Set Tool Length 

Tool Probe Cycle Check Tool Length 

Non-modal 

Non-modal 

G70* 

G71* 

Inch Programming 

Metric Programming 

Inch/ Metric 

Inch /Metric 

G72 

G73 

G74 

G75 

G76 

G77 

G77.1 

G78 

G79 

Set Stylus and Tip Dimension  

Set Probe Stylus and Tip Dimension 

Set Probe Length 

Locate Internal Corner 

Locate External Corner  

Locate Surface 

Stock Allowance 

Locate and Measure Bore or Boss 

Measure pocket or Web 

Non-modal 

Non-modal 

Non-modal 

Non-modal 

Non-modal 

Non-modal 

Non-modal 

Non-modal 

Non-modal 

G80 

G81 

G82 

G83 

G84 

G85 

G86 

G87 

G88 

G89 

Reset  Fix  cycle 

Drill Cycle 

Counter bore/Spot Drill with Dwell Cycle 

Deep Hole drill (Peck Drill) Cycle 

Tap Cycle (Conventional) 

Rapid Tap Cycle 

Bore / Ream Cycle 

Bore Cycle 

Web Drill / Bore Cycle 

Bore / Ream with Dwell Cycle 

Interpolation Hole making Cycle 

Interpolation Hole making Cycle 

Interpolation Hole making Cycle 

Interpolation Hole making Cycle 

Interpolation Hole making Cycle 

Interpolation Hole making Cycle 

Interpolation Hole making Cycle 

Interpolation Hole making Cycle 

Interpolation Hole making Cycle 

Interpolation Hole making Cycle 

G90* 

G91* 

Absolute Dimension Input 

Incremental Dimension Input 

Absolute/ Dimension 

Absolute/ Dimension 

G92 

G92.1 

Position Set 

Position Set Setup Offset 

Non-modal 

Non-modal 
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G Code Group 

G92.2  Position Set pallet Offset Non-modal 

G93 Inverse Time Feed rate(1/T) Feed rate 

G94* 

G95 

Feed Per Minute Feed rate Mode 

Feed Per Revolution Feed rate Mode 

Feed rate 

Feed rate 

G96 

G97* 

G97.1* 

Constant Surface Speed 

Constant Spindle Speed (S=RPM) 

Constant Spindle Speed (S=Surface Speed) 

Spindle 

Spindle 

Spindle 

G98 

G98.1  

Machine Coordinate (Tool Tip) 

Machine Coordinate 

Non-modal Modifier 

Non-modal Modifier 

G99 Positioning Cancel Non-modal  

G150** 

G151 

Scaling Off 

Scaling On 

Scaling 

Scaling 
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 .2 M Code 
M Code Group Function Start/End Of Block Model 

M0 Prog Control Program Stop End No 

M1 Prog Control Optional Stop End No 

M2 Prog Control End Of Program (not put tool away) End No 

M3 Spindle Start Spindle ON CW Start Yes 

M4 Spindle Start Spindle ON CCW Start Yes 

M5 Spindle Stop Spindle and Coolant OFF End Yes 

M6 Tool Control Tool Change End No 

M8  External Flood Coolant ON Start Yes 

M8.1 -

M8.8 

Coolant Jet Coolant Jet Position Control 

(Option) 

Start Yes 

M9  Coolant OFF End Yes 

M10/10.x  Clamp Rotary Axis # 1-4 End Yes 

M11/11.x  Unclamp Rotary Axis # 1-4 Start Yes 

M13 Spindle Start Spindle ON CW , External Flood 

Coolant ON 

Start Yes 

M14 Spindle Start Spindle ON CCW , External Flood 

Coolant ON 

Start Yes 

M19 Spindle Stop Oriented Spindle Stop End Yes 

M26  Spindle Axis Full Retract End No 

M27  Through Spindle Coolant Start Yes 

M30 Prog control End of Program (put tool) End No 

M34  Enable Data Acquisition Start Yes 

M35  Enable Data Acquisition End Yes 

M41 Spindle Mode Select Spindle Constant Power 

Mode 

Start Yes 

M42 Spindle Mode Select Spindle Constant Torque 

Mode 

 

Start Yes 
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M Code Group Function Start/End Of Block Model 

M48 Override Feed rate & Spindle Speed Override 

Enable 

Start Yes 

M49 Override Feed rate & Spindle Speed Override 

Disable 

Start Yes 

M58 Probe Disarm Spindle Probe (Option) Start Yes 

M59 Probe Arm Spindle Probe (Option)   

M60  

M61 

Swarf 

 

Swarf Wash ON 

Swarf Wash OFF 

Start 

Start 

Yes 

Yes 

M70 -

M79 

User User Definable M Code (Option) Start 

 

 

M83  Part Complete   

M91 

M92 

Swarf 

Conveyor 

Swarf Conveyor ON 

Swarf Conveyor OFF 

Start 

Start 

Yes 

Yes 
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ASTM-E8M 
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.1 SSM 356 AA 

6061-T651 
Welding speed 

(mm/min) 

Rotation speed (rpm) 

1,750 2,000 

 

 

 

20 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

50 

 
 
 

 
 
 
 

 
 
 

 
 

 

 

80 
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.1 SSM 356 AA 

6061-T651 ( ) 
Welding speed 

(mm/min) 

Rotation speed (rpm) 

1,750 2,000 

 

 

 

120 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

160 

 
 
 

 
 
 
 

 
 
 

 
 

 

 

200 
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.2 SSM 356-T6 AA 

6061-T651 

Welding speed 

(mm/min) 

Rotation speed (rpm) 

1,750 2,000 

 

 

 

20 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

50 

 
 
 

 
 
 
 

 
 
 

 
 

 

 

80 
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.2 SSM 356-T6 AA 

6061-T651 ( ) 

Welding speed 

(mm/min) 

Rotation speed (rpm) 

1,750 2,000 

 

 

 

120 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

160 

 
 
 

 
 
 
 

 
 
 

 
 

 

 

200 

 

 

 
 
 

 
 
 
 

 
 
 

 

 
 



 

140 
 

 

 

 .1 SSM 356 AA 6061-T651 

Welding 

speed 

(mm/min) 

Rotation speed (rpm) 

1,750 

Rep Yield Strength (MPa) Average (MPa) Ultimate Tensile Strength (MPa) Average (MPa) Elongation (%) Average (%) Fracture 

 

20 

1   

2   

3 

89.40 

101.7 

97.53 

 

96.21 

187.1 

188.3 

185.9 

 

187.1 

5.803 

6.712 

5.524 

 

6.013 

(4) 

(1) 

(3) 

 

50 

1   

2   

3 

100.7 

103.7 

103.4 

 

102.6 

192.7 

191.8 

190.3 

 

191.6 

9.436 

7.942 

9.394 

 

8.924 

(1) 

(4) 

(1) 

 

80 

1   

2   

3 

96.30 

103.2 

101.1 

 

100.2 

191.3 

189.7 

190.2 

 

190.4 

12.66 

5.846 

6.112 

 

8.206 

(4) 

(4) 

(1) 

 

: (1) Base metal of SSM 356, (2) Base metal of AA 6061-T651, (3) Stir Zone, (4) TMAZ of SSM 356, (5) TMAZ of AA 6061-T651 
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 .1 SSM 356 AA 6061-T651 ( ) 

Welding 

speed 

(mm/min) 

Rotation speed (rpm) 

1,750 

Rep Yield Strength (MPa) Average (MPa) Ultimate Tensile Strength (MPa) Average (MPa) Elongation (%) Average (%) Fracture 

 

120 

1   

2   

3 

99.52 

93.57 

101.9 

 

98.33 

192.5 

190.4 

192.2 

 

191.7 

10.46 

5.881 

7.437 

 

7.926 

(2) 

(4) 

(1) 

 

160 

1   

2   

3 

83.39 

91.13 

92.01 

 

88.84 

180.7 

179.4 

180.2 

 

180.1 

4.838 

7.105 

5.835 

 

5.926 

(4) 

(5) 

(3) 

 

200 

1   

2   

3 

86.42 

79.36 

87.81 

 

84.53 

173.2 

175.1 

174.6 

 

174.3 

4.977 

6.238 

4.409 

 

5.208 

(5) 

(3) 

(5) 

 

: (1) Base metal of SSM 356, (2) Base metal of AA 6061-T651, (3) Stir Zone, (4) TMAZ of SSM 356, (5) TMAZ of AA 6061-T651 
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 .1 SSM 356 AA 6061-T651 ( ) 

Welding 

speed 

(mm/min) 

Rotation speed (rpm) 

2,000 

Rep Yield Strength (MPa) Average (MPa) Ultimate Tensile Strength (MPa) Average (MPa) Elongation (%) Average (%) Fracture 

 

20 

1   

2   

3 

94.82 

103.0 

96.27 

 

98.03 

186.3 

189.7 

188.6 

 

188.2 

5.487 

8.051 

7.921 

 

7.153 

(4) 

(5) 

(1) 

 

50 

1   

2   

3 

103.4 

104.7 

97.30 

 

101.8 

193.7 

191.3 

195.2 

 

193.4 

5.660 

5.515 

9.633 

 

6.936 

(3) 

(1) 

(1) 

 

80 

1   

2   

3 

106.1 

106.6 

103.5 

 

105.4 

198.2 

195.7 

197.4 

 

197.1 

11.66 

6.262 

7.431 

 

8.451 

(1) 

(4) 

(4) 

 

: (1) Base metal of SSM 356, (2) Base metal of AA 6061-T651, (3) Stir Zone, (4) TMAZ of SSM 356, (5) TMAZ of AA 6061-T651 
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 .1 SSM 356 AA 6061-T651 ( ) 

Welding 

speed 

(mm/min) 

Rotation speed (rpm) 

2,000 

Rep Yield Strength (MPa) Average (MPa) Ultimate Tensile Strength (MPa) Average (MPa) Elongation (%) Average (%) Fracture 

 

120 

1   

2   

3 

105.5 

104.8 

100.8 

 

103.7 

197.1 

194.7 

195.3 

 

195.7 

9.809 

6.425 

7.154 

 

7.796 

(1) 

(4) 

(2) 

 

160 

1   

2   

3 

102.3 

106.1 

104.2 

 

104.2 

194.6 

195.5 

197.3 

 

195.8 

7.150 

8.154 

9.023 

 

8.109 

(4) 

(5) 

(2) 

 

200 

1   

2   

3 

96.31 

101.2 

100.9 

 

99.47 

192.7 

190.8 

190.4 

 

191.3 

8.490 

6.637 

7.862 

 

7.663 

(3) 

(2) 

(4) 

 

: (1) Base metal of SSM 356, (2) Base metal of AA 6061-T651, (3) Stir Zone, (4) TMAZ of SSM 356, (5) TMAZ of AA 6061-T651 
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 .2 SSM 356-T6 AA 6061-T651  

Welding 

speed 

(mm/min) 

Rotation speed (rpm) 

1,750 

Rep Yield Strength (MPa) Average (MPa) Ultimate Tensile Strength (MPa) Average (MPa) Elongation (%) Average (%) Fracture 

 

20 

1   

2   

3 

105.2 

107.3 

102.8 

 

105.1 

193.6 

195.2 

191.7 

 

193.5 

4.582 

6.306 

4.325 

 

5.071 

(3) 

(4) 

(5) 

 

50 

1   

2   

3 

116.9 

109.5 

111.4 

 

112.6 

197.0 

197.5 

194.4 

 

196.3 

7.372 

3.627 

3.857 

 

4.952 

(4) 

(3) 

(3) 

 

80 

1   

2   

3 

98.40 

103.1 

105.7 

 

102.4 

193.5 

190.2 

194.8 

 

192.8 

4.615 

5.049 

6.203 

 

5.289 

(1) 

(4) 

(4) 

 

: (1) Base metal of SSM 356-T6, (2) Base metal of AA 6061-T651, (3) Stir Zone, (4) TMAZ of SSM 356-T6, (5) TMAZ of AA 6061-T651 
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 .2 SSM 356-T6 AA 6061-T651 ( ) 

Welding 

speed 

(mm/min) 

Rotation speed (rpm) 

1,750 

Rep Yield Strength (MPa) Average (MPa) Ultimate Tensile Strength (MPa) Average (MPa) Elongation (%) Average (%) Fracture 

 

120 

1   

2   

3 

104.6 

104.1 

99.14 

 

102.6 

187.4 

192.8 

188.6 

 

189.6 

2.657 

4.121 

4.049 

 

3.609 

(5) 

(4) 

(4) 

 

160 

1   

2   

3 

96.72 

94.98 

101.7 

 

97.80 

180.2 

179.1 

184.0 

 

181.1 

2.115 

1.747 

3.305 

 

2.389 

(4) 

(5) 

(4) 

 

200 

1   

2   

3 

95.03 

95.43 

91.57 

 

94.01 

182.0 

180.8 

179.3 

 

180.7 

2.023 

2.615 

1.383 

 

2.007 

(5) 

(5) 

(5) 

 

: (1) Base metal of SSM 356-T6, (2) Base metal of AA 6061-T651, (3) Stir Zone, (4) TMAZ of SSM 356-T6, (5) TMAZ of AA 6061-T651 
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 .2 SSM 356-T6 AA 6061-T651 ( ) 

Welding 

speed 

(mm/min) 

Rotation speed (rpm) 

2,000 

Rep Yield Strength (MPa) Average (MPa) Ultimate Tensile Strength (MPa) Average (MPa) Elongation (%) Average (%) Fracture 

 

20 

1   

2   

3 

103.8 

101.1 

105.9 

 

103.6 

 

198.7 

205.1 

202.5 

 

202.1 

3.941 

4.974 

3.103 

 

4.006 

(3) 

(3) 

(5) 

 

50 

1   

2   

3 

103.2 

100.8 

110.4 

 

104.8 

207.4 

204.7 

205.3 

 

205.8 

5.724 

6.005 

3.379 

 

5.036 

(5) 

(4) 

(5) 

 

80 

1   

2   

3 

114.9 

118.3 

115.4 

 

116.2 

205.9 

208.2 

204.8 

 

206.3 

6.187 

5.497 

4.873 

 

5.519 

(4) 

(2) 

(4) 

 

: (1) Base metal of SSM 356-T6, (2) Base metal of AA 6061-T651, (3) Stir Zone, (4) TMAZ of SSM 356-T6, (5) TMAZ of AA 6061-T651 
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 .2 SSM 356-T6 AA 6061-T651 ( ) 

Welding 

speed 

(mm/min) 

Rotation speed (rpm) 

2,000 

Rep Yield Strength (MPa) Average (MPa) Ultimate Tensile Strength (MPa) Average (MPa) Elongation (%) Average (%) Fracture 

 

120 

1   

2   

3 

113.1 

107.4 

110.1 

 

110.2 

196.7 

199.3 

195.6 

 

197.2 

4.769  

3.731 

5.189 

 

4.563 

(1) 

(4) 

(5) 

 

160 

1   

2   

3 

112.6 

114.9 

113.9 

 

113.8 

199.8 

197.8 

198.5 

 

198.7 

4.671  

4.212 

5.361 

 

4.748 

(3) 

(5) 

(1) 

 

200 

1   

2   

3 

115.1 

113.5 

105.6 

 

111.4 

192.3 

195.1 

196.7 

 

194.7 

2.708 

4.041 

2.923 

 

3.224 

(4) 

(1) 

(3) 

 

: (1) Base metal of SSM 356-T6, (2) Base metal of AA 6061-T651, (3) Stir Zone, (4) TMAZ of SSM 356-T6, (5) TMAZ of AA 6061-T651 
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