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Fig.1  Diagram of a blank and its workpiece 
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Fig.2  Force analysis of the workpiece 
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Fig.3  Bend deformation of the workpiece 
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Fig.4  Three frame workpiece (a) and distribution curves of initial 

residual stress of workblank (b) 
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Fig.5  Simulated results of FEM: (a) at 16.5 mm and (b) deformation 

nephogram 
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Table 1  Residual stress in each layer 

Layer number 

σ

X

 in the rolling 

direction/MPa 

σ

Y

 in the transverse 

direction/MPa 

Layer number 

σ

X

 in the rolling 

direction/MPa 

σ

Y

 in the transverse 

direction/MPa 

1 0.78 –9.13 21 –3.48 4.83 

2 –3.34 –15.74 22 –1.7 5.42 

3 –8.31 –15.81 23 0.84 6.31 

4 –11.54 –13.53 24 3.74 7.31 

5 –12.12 –10.52 25 6.55 8.24 

6 –10.15 –7.31 26 8.77 8.86 

7 –6.34 –4.04 27 9.99 8.97 

8 –1.61 –0.78 28 9.9 8.42 

9 3.12 2.31 29 8.39 7.1 

10 7.07 5.02 30 5.58 4.98 

11 9.73 7.15 31 1.85 2.15 

12 10.84 8.57 32 –2.2 –1.17 

13 10.43 9.22 33 –5.77 –4.65 

14 8.72 9.16 34 –8.03 –7.83 

15 6.1 8.54 35 –8.29 –10.18 

16 3.07 7.58 36 –6.31 –11.24 

17 0.12 6.5 37 –2.7 –10.81 

18 –2.3 5.54 38 –1.5 –9.3 

19 –3.82 4.88 39 0.5 –8.29 

20 –4.23 4.63 40 1.5 –7 
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Fig.6  Fixturing layout for the raw milling of workpiece 
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Fig.7  Finish milling of the workpiece 
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Fig.8  Comparison of workpiece deformation 

 

©ª«� &�¬ @�®�¯°±Jc�²x&¢

³´5��¥¦tu� 

���������	
��

µ�a¶&�·¸#� 16.5 mm/0X&¹���

�º»¼½�� �	a¾ 0.6 mm ]^&v¿ÀS¡

��Á~��J�:wÂÃ� �~��J&aÄ�Å

Æ� �~�/0¤Ç�~��	� 

����������

;È~�$&xyÉ{EÊËÉ{�É{�aÌg

Í 30%

[22]

&Î� ÏÐÑ&5Ò�Ó� 3 Ô

[23]

&ÀS¡

ÌgwÉ{���¼½�Õ5KÖ&·¸×Ø����

s� �	�ÙÚÛx¾ 90%Ü�

[20,21]

&s� �	  

ÝÁÞ�ß�à��`&� �	áâaÜãä~�   

��$¼½�å~��æç�·¸×Ø�����   

��

[13]

� 

5Ò¡&·¸�èéSH� èé&ê�ëLè

é&`ì� �·¸$~�/0�í&-������

�î�í&�æ¼½��	�qî�5ï&78 9-9�

:`aÄ�ÅÆ� �·¸$�ëL/0&;Us~�

�	�Ç�&ÅÆð©añ¾7ò� 

 

A

B

σ

30

Extreme 

position 1

Arbitrary 

position

z

0

Extreme 

position 2

ó

 

� 9  IJ�KLM 

Fig.9  Range of position 
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Fig.10  Efficient residual stresses of workpiece deformation: 

(a) positive or negative and (b) both negative 
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Fig.11  Computation flowchart 
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Table 2  Search of optimal machining position for the third frame workpiece 

No. Position, z

 

/mm Layer number, k Deformation, v

Z

/mm Direction flag, λ Variation flag, δ Step, s/mm 

1 0 20 0.3389 1 ~ 30 

2 30 20 –0.5176 0 –1 –15 

3 15 20 0.5077 1 1 7.5 

4 22.5 20 –0.03444 0 –1 –3.75 

5 18.75 21 0.4388 1 1 1.875 

6 20.625 21 0.249 1 0 1.875 

7 22.5 20 –0.03444 0 –1 –0.9375 

8 21.5625 21 0.1257 1 1 0.46875 

9 22.03125 21 0.07359 1 0 0.46875 

10 22.5 20 –0.03444 0 –1 –0.234375 

11 22.265625 21 0.02487 1 1 0.1171875 

12 22.3828125 21 –0.007779 0 –1 –0.05859375 

13 22.32421875 21 0.01199 1 1 0.029296875 

14 22.35351563 21 0.006071 1 0 0.029296875 

15 22.3828125 21 –0.007779 0 –1 –0.014648438 

16 22.36816406 21 0.005662 1 1 0.007324219 

17 22.37548828 21 –0.006136 0 –1 –0.003662109 

18 22.37182617 21 0.005578 1 1 0.001831055 

19 22.37365723 21 –0.005725 0 –1 –0.000915527 

20 22.3727417 21 0.005557 1 1 0.000457764 

21 22.37319946 21 –0.005623 0 –1 –0.000228882 

22 22.37297058 21 –0.005572 0 0 –0.000228882 

23 22.3727417 21 0.005557 1 1 0.000114441 

24 22.37285614 21 0.00555 1 0 0.000114441 

25 22.37297058 21 –0.005572 0 –1 –0.0000572205 
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Fig.12  A straight beam: (a) structure and (b) arbitrary cross-section 
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Fig.13  Initial residual stress of the straight beam

[24]
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Table 3  Search of optimal machining position for the straight beam 

No. Position, z

 

/mm Deformation, v

Z

/mm Direction flag, λ Variation flag, δ Step, s/mm 

1 0 –4.311 0 ~ 15 

2 15 13.71 1 1 –9.27 

3 5.73 –20.41 0 –1 5.72886 

4 11.45886 13.32 1 1 –3.54043548 

5 7.91842452 –10.91 0 –1 2.187989127 

6 10.10641365 5.758 1 1 –1.35217728 

7 8.754236366 –5.665 0 –1 0.835645559 

8 9.589881926 1.325 1 1 –0.516428956 

9 9.07345297 –3.267 0 –1 0.319153095 

10 9.392606065 –0.561 0 0 0.319153095 

11 9.711759159 2.506 1 1 –0.197236612 

12 9.514522547 0.6126 1 0 –0.197236612 

13 9.317285934 –1.257 0 –1 0.121892226 

14 9.439178161 –0.1332 0 0 0.121892226 

15 9.561070387 1.056 1 1 –0.075329396 

16 9.485740991 0.3363 1 0 –0.075329396 

17 9.410411595 –0.3959 0 –1 0.046553567 

18 9.456965162 0.07375 1 1 –0.028770104 

19 9.428195058 –0.2339 0 –1 0.017779924 

20 9.445974982 –0.06992 0 0 0.017779924 

21 9.463754907 0.1366 1 1 –0.010987993 

22 9.452766913 0.03812 1 0 –0.010987993 

23 9.44177892 –0.2339 0 –1 0.00679058 

24 9.4485695 –0.05208 0 0 0.00679058 

25 9.45536008 0.05585 1 1 –0.004196578 

26 9.451163501 –0.03 0 –1 0.002593485 

27 9.453756987 0.05166 1 1 –0.001602774 

28 9.452154213 0.02782 1 0 –0.001602774 

29 9.450551439 –0.03487 0 –1 0.000990514 

30 9.451541953 –0.03034 0 0 0.000990514 

31 9.452532467 0.0281 1 1 –0.000612138 

32 9.45192033 0.0283 1 0 –0.000612138 

33 9.451308192 –0.03003 0 –1 0.000378301 

34 9.451686493 0.02847 1 1 –0.00023379 

35 9.451452703 –0.02996 0 –1 0.000144482 

36 9.451597185 –0.02922 0 0 0.000144482 

37 9.451741667 0.02881 1 1 –8.92901E-05 
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Fig.14  Simulated results of FEM for the straight beam: (a) optimum machining position z=9.451 741 667 mm and 

(b) actual machining position z=7.5 mm 
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Fig.15  Simulated results of FEM for the straight beam 
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Abstract: According to separation of a blank into removed materials and formed workpiece, the initial residual stress can be divided into released 

stress and efficient stress so that the static equilibrium conditions and bend deformation theory were used to deduce the analysis model of 

machining deformation and its finite element method. And then, the measurement experiment of machined workpieces, carried out in NC 

machining factory, shows that the simulated results are in good agreement with the measured data for both the amplitude and deformation curves. 

There is only 10% difference of the amplitude between the two. Finally, based on the simulated values of the machining deformation at two 

adjacent positions, the signs of machining deformation can be obtained. According the determination principle of the next position that the step is 

invariant if the signs are the same while the step is decreasing if the signs are different, a crossover iterative method is presented for the optimal 

machining position. In comparison with middle position method which is frequently employed by the enterprises, the presented crossover iterative 

method can decrease machining deformation by 99.79%.  

Key words: 7075-T7451 aluminum alloy thick plate; residual stress; aeronautical monolithic component; machining deformation; crossover 

iterative algorithm 
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