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 The most successful ‘‘top–down’’ approach to produce bulk ultra-fine grained or nanostructured 
materials involves the use of severe plastic deformation (SPD) processing. The amount of higher 
effective plastic strain per pass plays a key role on the final microstructure of SPD processed samples. 
In the present study the numerical experiments of the combination of the equal channel angular pressing 
(ECAP) and simple shear extrusion (SSE) as a new process entitled “planar twist channel angular 
extrusion (PTCAE)” was performed based on the Response Surface Methodology (RSM), as a statistical 
design of experiment approach, in order to investigate the effect  of parameters on the response 
variations, achieving the mathematical equations,  predicting the results to impose higher effective 
plastic strain values.  and  angles, radius and friction coefficient was imposed as the input 
parameters while average, minimum and maximum effective strain and maximum load was imposed as 
the output parameters. Governing regression equations obtained after analysis of the simulation data by 
Minitab software. Optimum process parameters are: =400,  =450, r=2 mm and µ=0.1. Verification of 
the optimum results using simulation experiment was done. Good agreement between simulation, 
experimental and optimization was occurred. 
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Severe plastic deformation (SPD) 
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Equal channel angular extrusion (ECAP) 
Design of experiments 
Nanostructured materials 
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Fig. 2 Schematic of SSE process 
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Fig. 3 Schematic of (a) bidirectional and (b) unidirectional planar 
twist extrusion processes, equal channel angular extrusion with (c) 
variable  and  and (d) -  =  and (e) planar twist channel 
angular extrusion 
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Table 1 Input parameters of the process and their levels  

  

-2 -1 0 1 2    
0 10 20 30 40 [°]   
0 0.5 1 1.5 2 [mm] R  
45 67.5 90 112.5 135 [°]   
0.1 0.15 0.2 0.25 0.3 [-] µ  
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Fig. 4 (a) Initial and (b) deformed meshed sample 
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Fig. 5 The effect of and angles on average strain 

5  

  
Fig. 6 Response graph of average strain in terms of and angles 
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2 PTCAE   
Table 2 Simulation results of PTCAE process according to design of experiments matrix  

 

   

 
  

) )mm( 
  

) 

 

 )N(  
 

 
1 0.3 90 1 20  20575 0.994664 1.961336 1.313193 
2 0.2 90 1 40  22749 1.270546 2.069437 1.675933 
3 0.2 90 1 20  17098 1.039849 1.922321 1.279546 
4 0.15 112.5 0.5 30  17438 1.093926 1590696 1.330198 
5 0.2 90 2 20  15677 1.01478 1.54496 1.158825 
6 0.25 67.5 0.5 30  30690 2.165946 2.597115 2.327282 
7 0.25 112.5 0.5 30  20600 1.148336 1.611509 1.350744 
8 0.15 67.5 1.5 10  16104 0.957437 1.409929 1.175538 
9 0.25 67.5 0.5 10  23011 1.03738 1.452117 1.240865 
10 0.15 67.5 1.5 30  20360 1.364778 1.769629 1.604455 
11 0.25 112.5 0.5 10  15298 0.655192 1.345035 0.865002 
12 0.2 45 1 20  23312 1.372393 1.520173 1.474706 
13 0.15 112.5 1.5 10  10087 0.565113 1.08967 0.794457 
14 0.25 112.5 1.5 10  13647 0.569534 1.193803 0.808404 
15 0.15 67.5 0.5 30  22375 1.413611 1.878023 1.714915 
16 0.15 112.5 0.5 10  11316 0.617505 1.269322 0.82315 
17 0.15 112.5 1.5 30  15185 0.952045 1.426059 1.170071 
18 0.2 90 1 0  15400 0.651379 1.100587 0.958753 
19 0.2 135 1 20  17387 0.957357 1.225034 1.07545 
20 0.25 67.5 1.5 10  22208 1.041558 1.256305 1.195956 
21 0.1 90 1 20  13475 1.066022 1.741034 1.242793 
22 0.25 112.5 1.5 30  18233 0.986853 1.388052 1.189422 
23 0.15 67.5 0.5 10  16970 1.11075 1.408599 1.253398 
24 0.25 67.5 1.5 30  28052 2.533717 3.016571 2.722207 
25 0.2 90 0 20  20019 1.045745 2.205665 1.386217 

3    
Table 3 Modified analysis of variance of average strain 

 P  F  T     
0.000 24.28 - 1.60882 2 3.2176  
0.000 28.12 5.303 1.86310 1 1.8631  
0.000 20.44 -4.522 1.35455 1 1.3545  

- - - 0.06625 22 1.4576  
0.190 1.68 - 0.09396 6 0.8939  

    24 4.6753  
    R2(adj) = 65.99% R2 = 68.82% 

  

   
  

) 8 (
  

)8( 

= 1.74242 + 0.282936 0.186018   
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(0.163493 × × ) 
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Table 4 Modified analysis of variance of maximum strain 

 P F  T     
0.00 9.55 - 0.74343 5 3.7171  
0.00 24.68 4.968 1.92140 1 1.9214  
0.004 10.67 -3.266 0.83046 1 0.8305  
0.088 3.24 1.799 0.25198 1 0.2520  
0.071 3.67 -1.915 0.28563 1 0.2856 ×  
0.030 5.49 -2.344 0.42768 1 0.4277 ×  

  - 0.07786 19 1.4793  
0.151 3.01 - 0.12006 9 1.0805  

    24 5.1965  
    R2(adj) = 64.04% R2 = 71.53% 
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Fig. 7 The effect of and angles on the maximum strain 

7    
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Fig. 8 Response graph of maximum strain in terms of angle and 
friction 

8    
 

  
Fig. 9 Response graph of maximum strain in terms of and angles  
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Fig 10 Contour line of maximum strain in terms of and angles 

10  

  
Fig. 11 The residual normal distribution of maximum strain 

11     
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5   
Table 5 Modified analysis of variance of minimum strain 

 P  F  T     
0.00 20.58 - 1.55526 2 3.1105  
0.00 22.17 4.709 1.67590 1 1.6759  

0.00 18.98 -4.357 1.43462 1 1.4346  
  - 0.07559 22 1.6629  

0.209 1.61 - 0.10430 6 0.6258  
    24 4.7734  
    R2 (adj) = 62.00%        R2 = 65.16% 
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Fig. 12 The effect of and angles on minimum strain 
12      

  
6   

Table 6 Modified analysis of variance of maximum load 
 P  F  T     
0.00 36.85 - 102660755 5 513303777  

0.00 52.05 7.215 145002090 1 145002090  
0.013 7.58 -2.752 21102507 1 21102507 R 
0.00 72.90 -8.538 203079908 1 203079908  
0.00 47.08 6.862 131157921 1 131157921  

0.044 4.65 -2.157 12961350 1 12961350 ×  
   2785614 19 52926661  
    24 566230468  
    R2 (adj) = 88.19% R2 = 90.65%    
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Fig. 13 The effect of main parameters on maximum load  
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 .8 

   

-6 PTCAE  
  

  

  
Fig. 14 Response graph of maximum load in terms of  angle and 
friction 

14    
  

  
Fig. 15 Response graph of maximum load in terms of angle and 
the radius fillet  

15  
  

7   
Table 7 Optimization criteria of the process 

       
1 1 2.7 2.7 0.8   
1 1 3.0 3.0 1.1   
1 1 2.5 2.5 0.6   
1 1 30690.7 10087.5 10087.5   
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8   
Table 8 Validation of the optimization results 

    
 D  
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17539.3 2.33 2.92 2.53  

0.81 0.1 2 45 40 1 19273.9 2.1 2.7 2.4  
9% 11% 8.3% 5.2%  

  
 PTCAE = 45 = 40 

=2mm 
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Fig. 16 Experimental and numerical results of required load of PTCAE 
process 

16 PTCAE  

  
Fig. 17 Shape of sample’s cross-section obtained numerically and 
experimentally (left) of PTCAE process 

17 PTCAE 
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Fig. 18 SEM picture of the processed sample after single pass of 
PTCAE method. 

18 
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