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Hybrid ratio of each reinforcement phase in hybrid composite can be defined as proportion of its 
volume to total reinforcement volume of the composite. The hybrid ratio is an important factor which 
controls the participation extent of each reinforcement phase in overall properties of hybrid composites. 
Hence, in the present work, surface hybrid nano composites of Al2024, graphite average particle size of 
100 m and ZrO2 average particle size of 15 nm with different hybrid ratios were fabricated by friction 
stir processing method. For fabrication of nano composite the tool rotation rate was set to be 1000 rpm, 
and its advancing speed was 20 mm/min and tilt angle of 3 degrees were chosen. All samples were 
subjected to 2 passes of FSP to obtain more homogeneous dispersion of the reinforcements. 
Subsequently, effect of hybrid ratio on microstructural, mechanical and tribological properties was 
investigated. Optical microscopy and scanning electron microscopy were utilized to perform 
microstructural observation on the samples and showed that reinforcements are well dispersed inside the 
Nugget Zone. Hardness Vickers value measurements and pin on disk dry sliding wear tests were carried 
out to investigate effect of hybrid ratio on mechanical and tribological properties of the nano 
composites. 
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Fig. 1 Schematic illustration of FSP technique 
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                    ( )(a)                                        ( )(b)  

Fig. 2 (a) TEM micrograph of ZrO2 particles (b) SEM micrographs of 
Gr  

2  ( )  ( )
  

1   
Table 1 Percent of mixed powders 

ZrO2 Gr 
100 0 
75 25 
50 50 
25 75 

2 2024   
Table 2 Chemical composition of aluminum 2024 

  Cu Si  Se  Mn  Mg  Al  

  5.35  0.091  0.29  0.62  1.55    

  
Fig. 3 Schematic of Al 2024 sheet with given dimensional and holes 
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Fig. 4 Fixture for sheet to settle 
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Fig. 5 Schematic of FSP tool with specific dimensional 

5  

3   

Table 3 Chemical composition of etching solution 

1 Keller 
2 Union 
3 Jeol 
4 Image J 
5 Buehler 
6 Pin on dick  
7 Interval  
8 Arca Sanat Arvin

HCl  HF  HNO3  H2O 
1.5 ml  1 ml  2.5 ml  95 ml  
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Fig. 6 Micrograph is showing cross section nanocomposite (a) BM (b) 
SZ (c) TMAZ 
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1 Stir Zone (SZ) 
2 Thermo Mechanical Affect Zone (TMAZ) 
3 Base Metal (BM) 
4 Pinning

 
 ( )(a)                                      ) (b)  

 
 ( )(c)                                      ) (e)  

Fig. 7 Optical micrographs of cross sectional of the FSP zone 
specimens (a) 75% Gr, 25% ZrO2 (b) 50% Gr, 50% ZrO2 (c) 25% Gr, 
75% ZrO2 (d) 100% ZrO2   
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Table 4 Average grain size of different samples 

  BM 75% Gr, 
25% ZrO2  

50% Gr, 
50% ZrO2  

25% Gr, 
75% ZrO2  

100% 
ZrO2  

 
m) 

35  15  12.5  9.7 7.2  
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 ( )(a)                                         ( )(b) 

 
Fig. 8 SEM micrograph of the SZ (a) 100% ZrO2 (b) 75% ZrO2, 25% 
Gr with EDS analysis 

8  ( ) 100% ZrO2 

 ( )75% ZrO2, 25% Gr EDS  
   

) (a) 

 ( )(b) 
Fig. 9 Microhardness profiles of Al2024/Gr/ZrO2 nanocomposite (a) 
surface (b) cross section of specimens  
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Fig. 12 Variations of friction coefficient with sliding distance 
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Fig. 13 (a) Variation of weight loss with the sliding distance the load 
different (b) Variation of wear rate with the sliding distance the load 
different 
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Fig. 14 Steady state wear rate 
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Fig. 10 Variation of weight loss with the sliding distance  
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Fig. 11 Variation of wear rate with the sliding distance 
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                  ( )(c)                                      ( )(d) 

 
) ((e) 

Fig. 15 SEM images  of  the  worn  surfaces  (a)  BM (b)  100% ZrO2 (c) 
25% ZrO2, 75% Gr (d) 50% ZrO2, 50% Gr (e) 25% ZrO2, 75% Gr  
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