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ABSTRACT 

 

  The aim of this experiment was to improve the mechanical properties of cast 

semi-solid metal (SSM) aluminum alloys by friction stir processing. The friction stir processing is 

a solid-state microstructural modification technique using a frictional heat and stirring action. The 

parameters of friction stir processing for semi-solid metal (SSM) aluminum alloys of 356 grade 

were three different travel speeds: 80 mm/min, 120 mm/min and 160 mm/min under three 

different rotation speeds 1,320 rpm, 1,480 rpm and 1,750 rpm. The hardness and tensile strength 

properties were increased by friction stir processing. The hardness of friction stir processing was 

64.55 Hv which was higher than the base metal (40.58 Hv). The tensile strengths of friction stir 

processing were increased about 11.8% compared to the base metal. The optimum processing 

parameter was rotation speed at 1,750 rpm with the travel speed at 160 mm/min. Consequently, 

the application of the friction stir processing is a very effective method for the mechanical 

improvement of semi-solid metal aluminum alloys. 
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  1, 5, 9, 13

 

1,750 120  3, 7, 11

 Si 

 Si 

1 2 3 4 5 6 7 8 9 10 11 12 13 
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80 /

 retreating side 2, 6, 10 

  retreating side 

160 /

80 /  4.14    

  

 
 

 
 

1 

2 

3 

 

4.14 1,750  

 120   

1 2 3 4 5 6 7 8 9 10 11 12 13 
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 advancing side 4, 8, 12 

 retreating side

 advancing side

 

160 / 80 /   

 

 4.3.9  356  1,750 
160  

 

  1, 5, 9, 13

 

1,750 160  3, 7, 11

 Si 

 Si 

80 120 /

 retreating side 2, 6, 10 

  retreating side 

80 120 /  advancing side 

4, 8, 12  retreating 

side  advancing side

 

80 120 /  4.15   
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1 

2 

3 

 

4.15 1,750  

 160   

 

 4.3.10  
 
  

 

a  Al

1 2 3 4 5 6 7 8 9 10 11 12 13 
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Mg 2 Si 

 MA et al. [13]  

a  Al

[11, 27-29] 

 

[15]

[3, 29-30] 

[26]  advancing side 

 retreating side 

 

 advancing side [31]

 

   

4.4  
 
  

50  10 

 

400 m 0.4   1,320, 1,480 1,750  

 80, 120 160   
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 4.4.1  1,320  
80   

 
(BM)  40.58 Hv 

(SZ) 37.94 Hv TMAZ) 

 retreating side  advancing side  

44.57 Hv  6.51%

 advancing side  retreating side 9.83 

% 4.16 
 

 
 

4.16  356  1,320  

 80  (BM :  TMAZ : 

 SZ : ) 

 

 4.4.2  1,320  
120    

    

   (BM)  40.58 Hv 

(SZ) 59.58 Hv TMAZ) 

 retreating side  advancing side  
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53.55 Hv  

advancing side  retreating side  46.82% 31.96% 

4.17 

 

 
 

4.17  356  1,320  

 120  (BM :  TMAZ : 

 SZ : ) 

 

 4.4.3  1,320  
160   

   

   (BM)  40.58 Hv 

(SZ) 54.71 Hv TMAZ) 

 retreating side  advancing side  

51.80 Hv  

advancing side  retreating side  34.82% 27.65% 

4.18 
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4.18  356  1,320  

 160  (BM :  TMAZ : 

 SZ : ) 

 

 4.4.4  1,480  
80   

 
(BM)  40.58 Hv 

(SZ) 34.91 Hv TMAZ) 

 retreating side  advancing side  

42.93 Hv  13.97%

 advancing side  retreating side 

5.79 % 4.19 
 



 
73 

 
 

4.19  356  1,480  

 80  (BM :  TMAZ : 

 SZ : ) 

 

 4.4.5  1,480  
120   

     

 (BM)  40.58 Hv 

(SZ) 52.49 Hv TMAZ) 

 retreating side  advancing side  

46.65 Hv  

advancing side  retreating side  29.35% 14.96% 

4.20 
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4.20  356  1,480  

 120  (BM :  TMAZ : 

 SZ : ) 

 

 4.4.6  1,480  
160  

    

   (BM)  40.58 Hv 

(SZ) 54.54 Hv TMAZ) 

 retreating side  advancing side  

51.58 Hv  

advancing side  retreating side  34.40% 27.11% 

4.21 
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4.21  356  1,480  

 160  (BM :  TMAZ : 

 SZ : ) 

 

 4.4.7  1,750  
80  

  

    (BM)  40.58 Hv 

(SZ) 34.96 Hv TMAZ) 

 retreating side  advancing side  

43.18 Hv 13.85% 

 advancing side  retreating side 

6.41% 4.22 
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4.22  356  1,750  

 80  (BM :  TMAZ : 

 SZ : ) 
 

 4.4.8  1,750  
120   

    

   (BM)  40.58 Hv 

(SZ) 53.12 Hv TMAZ) 

 retreating side  advancing side  

47.51 Hv  

advancing side  retreating side  30.91% 17.08% 

 4.23 
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4.23 356  1,750  

 120  (BM :  TMAZ : 

 SZ : ) 
 
 4.4.9  1,750  

160   

   

   (BM)  40.58 Hv 

(SZ) 64.55 Hv TMAZ) 

 retreating side  advancing side  

55.79 Hv  

advancing side  retreating side  59.07% 37.48% 

 4.24 
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4.24 356  1,750  

 160  (BM :  TMAZ : 

SZ : ) 

 

 4.4.10  1,320  1,480  1,750 
 80 120  160  

 

  1,320, 1,480 1,750  

 120  160  

[4, 9, 12, 15, 22, 32] 80  

 [26] 

[29] 

1,750 / 160 
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/ 64.55 Hv  

 retreating side  advancing side 

4.25 

 

 
 

4.25 356  1,320, 1,480  

1,750  80, 120  160  (BM :  TMAZ : 

 SZ : ) 

 

4.5    
 
 

356  

 ASTM (E8)  

1.67 x 10-2   4.1 

 
 

 

 



 
80 

     4.1  1,320, 1,480   1,750   

 
 

 : 

 

MPa  

 S.D. 
1  2  3 

1 1,320 : 80 165.29 160.53 163.89 163.24 2.45 

2 1,320 : 120 184.27 182.80 182.68 183.25 0.89 

3 1,320 : 160 174.71 175.95 172.80 174.49 1.59 

4 1,480 : 80 156.62 158.75 157.69 157.69 1.07 

5 1,480 : 120 173.85 172.59 170.21 172.22 1.85 

6 1,480 : 160 174.24 176.43 173.19 174.62 1.65 

7 1,750 : 80 154.73 154.25 152.98 153.99 0.90 

8 1,750 : 120 169.59 170.58 173.59 171.25 2.08 

9 1,750 : 160 185.83 189.94 189.93 188.57 2.37 

 
 4.5.1  
 
  main effects

interaction  2  

 

  Main Effect 

 
-  

321 ,, ttt  

 

 0: 3210 === tttH   

 

 0: 3211 ¸¸¸ tttH   

 
  -  

 321 ,, bbb   
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 0: 3210 === bbbH  

 

0: 3211 ¸¸¸ bbbH  

 

 2 Factor Interaction Effect 

 

  -  
 

( ) 0:0 =ijH tb  i, j  ( )3,2,1;3,2,1 == ji  

 

( ) 0:1 ¸ijH tb  i, j  ( )3,2,1;3,2,1 == ji  

 

 4.5.2   
 
  

 

 
 1)   residual versus the order of 

the data  4.26 

 4.26 
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4.26  

 

 2)  30

normal probability plot of the residuals 4.26 

normal probability 4.27  Alpha a  = 0.05  P -

Value = 0.271 0.05  
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4.27  

 

3)  

(Model Adequacy Checking) 4.26  

Residuals versus the fitted values

 

  4.28 

9

 

 
  

 2
9

2
8

2
7

2
6

2
5

2
4

2
3

2
2

2
1 ,,,,,,,, sssssssss  

 
2
9

2
8

2
7

2
6

2
5

2
4

2
3

2
2

2
10 : sssssssss ========H

9  
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2
9

2
8

2
7

2
6

2
5

2
4

2
3

2
2

2
11 : sssssssss ¸¸¸¸¸¸¸¸H

9  

  

 a = 0.05 

 

   4.28  0H  P-

Value = 0.885   a  = 0.05 

 9  
 

 
 

4.28  

 

 4.2

R2 98.23% 

Controllable

98.23% 1.77% 

Uncontrollable  
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4.2 ANOVA  

Source DF Seq SS Adj SS Adj MS F P 

Rotation speed 2 136.05 136.05 68.02 22.39 0.000 

Travel speed  2 2247.83 2247.83 1123.91 369.91 0.000 

Rotation speed*Travel speed 4 653.36 653.36 163.34 53.76 0.000 

Error 18 54.69 54.69 3.04  

Total 26 3091.93   

R-Sq = 98.23%    

 
 4.5.3  
 
  main 

effects interaction  2  
 Main Effect 

 

  

 
 0: 3210 === tttH   

 

 0: 3211 ¸¸¸ tttH   

 

  4.2  0H  P-Value = 0.000 

 Alpha a  = 0.05  

95%  

 

   

 

 0: 3210 === bbbH  

 

0: 3211 ¸¸¸ bbbH  
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  4.2  0H   P-Value = 0.000 

 Alpha a  = 0.05

95%  

 

  
80 /   120 /  

160 /  

1,320 /

1,750 / 1,480 /

4.29 

 

 
 

4.29  

    

 2 Factor Interaction Effect 
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( ) 0:0 =ijH tb  i, j  ( )3,2,1;3,2,1 == ji  

 

( ) 0:1 ¸ijH tb  i, j  ( )3,2,1;3,2,1 == ji  

 

  4.2 ANOVA

 0H   P-Value = 0.000  Alpha a  = 0.05 

 

95%  

 

 4.30 Interaction

80 120 /

1,320 /  1,750 /

160 /

1,750 /        

       

 
 

4.30  
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 4.5.4 Fisher 

 

  (1) ,  

/  
   

  321 ,, mmm 80, 120 160 /  

 

  3210 : mmm ==H  3  

 

 
  jiH mm ¸:1   1 

i j¸  

 

  4.3  0H   P-Value = 0.000 

 Alpha a  = 0.05  1 

95%   

  

4.3 ANOVA 1,320 /  
Source DF SS MS F P 

1,320 2 603.89 301.95 97.54 0.000 

Error 6 18.57 3.10   

Total 8 622.46    

R-Sq = 97.02%    

 

  80 /

120 / 160 

/ 120 /

160 /  

4.31 
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4.31 1,320 /  

 

  (2) ,48  

/  
   

  321 ,, mmm 80, 120 160 /  

 

  3210 : mmm ==H  3  

 

 
  jiH mm ¸:1   1 

i j¸  

                 

   4.4  0H   P-Value = 0.000 

 Alpha a  = 0.05  1 

95% 

       

4.4 ANOVA 1,480 /  
Source DF SS MS F P 

1,480 2 503.63 251.82 103.72 0.000 

Error 6 14.57 2.43   

Total 8 518.20    

R-Sq = 97.19%   
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  80 /

120 / 160 

/ 120 /

160 /

4.32 

 

 
 

4.32 1,480 /  

 

  (3) ,75  

/  
   

  321 ,, mmm 80, 120 160 /  

 

  3210 : mmm ==H  3  

 

 
  jiH mm ¸:1   1 

i j¸  

 

  4.5  0H   P-Value = 0.000 

 Alpha a  = 0.05  1 

95% 
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4.5 ANOVA 1,750 /  
Source DF SS MS F P 

1,750 2 1793.67 896.83 249.71 0.000 

Error 6 21.55 3.59   

Total 8 1815.22    

R-Sq = 98.81%    

 
  80 /

120 / 160 

/ 120 /

160 /

4.33  

   

 
 

4.33 1,750 /  

 

  (4) 80 

/  
   

  321 ,, mmm 1,320, 1,480 1,750 /  

 

  3210 : mmm ==H  3  
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  jiH mm ¸:1   1 

i j¸  

 

  4.6  0H   P-Value = 0.001 

 Alpha a  = 0.05  1 

95% 

 

4.6 ANOVA 80 /  
Source DF SS MS F P 

80 2 130.05 65.03 24.58 0.001 

Error 6 15.87 2.65   

Total 8 145.93    

R-Sq = 89.12%    

 

 1,320 /

1,480 / 1,750 /

1,480 /

1,750 / 4.34  

  

 
 

4.34 80 /  

 

  (5) 120 

/  
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  321 ,, mmm 1,320, 1,480 1,750 /  

 

  3210 : mmm ==H  3  

 

 
  jiH mm ¸:1   1 

i j¸  

 

   4.7  0H   P-Value = 0.000 

 Alpha a  = 0.05  1 

95% 

 
4.7 ANOVA 120 /  

Source DF SS MS F P 

120 2 266.58 133.29 46.82 0.000 

Error 6 17.08 2.85   

Total 8 283.66    

R-Sq = 93.98% 

    

  1,320 /

1,480 / 1,750 /

1,480 /

1,750 / 4.35 

   

 
 

4.35 120 /  
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  (6) 160 

/  
   

  321 ,, mmm 1,320, 1,480 1,750 /  

 

  3210 : mmm ==H  3  

 

 
  jiH mm ¸:1   1 

i j¸  

 

  4.8  0H   P-Value = 0.000 

 Alpha a  = 0.05  1 

95% 

 
4.8 ANOVA 160 /  

Source DF SS MS F P 

160 2 392.77 196.39 54.21 0.000 

Error 6 21.74 3.62   

Total 8 414.51    

R-Sq = 94.76% 

  

  1,320 /

1,480 /

1,750 /

1,480 /

1,750 / 4.36 
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4.36 160 /  

   
 4.5.5  1,320, 1,480  

1,750  80 120  160  

 

  

4.37  

80, 120 160  1,320, 1,480 

1,750 1,480 

1,750  

1,750 / 160 

/  153.99  

171.25 188.57 MPa  

1,750 / 160 /

Si ( ) 

 [9]

.5  

 1,320 /  

120 / 160 /

160 /
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[26]

0.05 

P-Value 0.05    

 

 
 

4.37  1,320, 1,480   1,750 

  80, 120  160  

 

4.6  
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Santella et al. [4] 

356 

 

 T6

  

 [33] 

T6 

a -Al

a -Al

T6 

 

T6 30% 

 T6 
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5 
 

 
 

5.1   
 
  -

 356

 
1.

Al-a , 
40.58 Hv 

168.68 MPa 5.14%  
 2.

 
  3.

retreating 

advancing retreating  
4. retreating  

advancing

120 160 /
80 /
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1,750 / 160 /
64.55 Hv 59.07%  

  5.
188.57 MPa 11.8%

1,750  160 
 

  0.05 

P-Value 0.05
1,750  

160 
  

 
5.2    
 
   

356  
   1. 

 
   2. 

 
3. 

 
4.    
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.1  reagent 

 48% 2 ml 
 3 ml 

  5  ml   
   190  ml 

 
.2 ASTM-E8 
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1    
 

1  
 

  Specimen 

Tensile Test MPa  

UTS YS 
Elongation 

( ) 

Base 

1 170.25 137.9 4.83 
2 168.47 134.65 5.46 
3 171.52 138.12 4.62 
4 167.68 133.89 5.34 
5 169.05 134.42 5.76 
6 165.07 134.67 5.12 
7 167.04 136.97 5.23 
8 168.64 135.46 5.31 
9 170.39 137.68 4.98 

10 169.27 134.68 4.73 
 

specimen 1,2,3,4,5,6,7,8,9,10  
 
 
 
 
 
 
 
 
 
 
 



109 

 
2 1,320 

80, 120 160  
 

Rotation 

Speed 

Travel 

Speed 
Specimen 

Tensile Test MPa  

UTS YS 
Elongation 

( ) 

1,320 

 

80 

1 164.02 124.56 5.14 
1 166.56 127.35 5.29 
2 160.81 134.62 4.50 
2 160.25 130.45 4.16 
3 162.44 129.87 4.90 
3 165.34 130.76 5.26 

120 

1 184.19 167.34 5.22 
1 184.34 168.54 4.75 
2 181.33 163.67 4.57 
2 184.21 168.90 4.10 
3 181.1 161.21 4.82 
3 184.26 166.45 5.60 

160 

1 175.35 138.80 4.57 
1 174.06 139.34 4.12 
2 176.11 138.49 4.68 
2 175.78 139.45 4.31 
3 173.82 138.58 5.13 
3 171.78 138.49 5.49 

 
specimen 1,1 1 2 lay out 
specimen 2,2 2 2 lay out 
specimen 3,3 3 2 lay out 
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3 1,480 
80, 120 160  

 

Rotation 

Speed 

Travel 

Speed 
Specimen 

Tensile Test MPa  

UTS YS 
Elongation 

( ) 

1,480 

 

80 

1 157.49 124.56 4.19 
1 155.75 127.35 4.87 
2 158.82 134.62 4.47 
2 158.68 130.45 4.36 
3 158.48 129.87 4.41 
3 156.9 130.76 3.97 

120 

1 174.16 127.34 4.10 
1 173.54 128.54 4.57 
2 172.72 123.67 4.89 
2 172.46 128.90 4.75 
3 171.85 121.21 3.98 
3 168.57 126.45 4.27 

160 

1 175.28 138.80 4.21 
1 173.2 139.34 4.32 
2 175.93 138.49 4.61 
2 176.92 139.45 4.02 
3 174.53 138.58 4.38 
3 171.85 138.49 4.96 

 
specimen 1,1 1 2 lay out 
specimen 2,2 2 2 lay out 
specimen 3,3 3 2 lay out 
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4 1,750 
80, 120 160  

 

Rotation 

Speed 

Travel 

Speed 
Specimen 

Tensile Test MPa  

UTS YS 
Elongation 

( ) 

1,750 

 

80 

1 153.99 126.46 5.38 
1 155.46 127.79 5.04 
2 155.43 130.76 4.07 
2 153.07 128.27 4.15 
3 151.13 131.21 4.32 
3 154.82 127.98 5.73 

120 

1 170.01 138.47 5.35 
1 169.17 136.96 4.94 
2 170.69 132.35 5.18 
2 170.46 138.26 4.30 
3 174.19 130.89 4.06 
3 172.98 134.09 5.05 

160 

1 183.14 161.06 5.90 
1 188.52 162.18 5.03 
2 187.79 165.57 5.46 
2 192.08 167.02 4.16 
3 189.36 162.94 4.79 
3 190.5 168.09 4.86 

 
specimen 1,1 1 2 lay out 
specimen 2,2 2 2 lay out 
specimen 3,3 3 2 lay out 
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5 1,750 
160  

 

Specimen 

Tensile Test MPa  

UTS YS 
Elongation 

( ) 

1 177.79 136.67 4.12 
2 177.36 131.24 4.20 
3 177.17 137.56 4.43 
4 176.90 138.11 4.98 
5 178.37 136.97 5.04 
6 178.23 133.24 5.09 
7 178.54 131.49 5.12 
8 179.13 136.06 5.54 
9 177.90 138.09 4.73 

10 178.10 138.41 4.97 
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