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Å 1  340 mm×127 mm×124 mmTVWqrsuv 

Fig.1  FEM of aluminum alloy thick plate with 340 mm× 

127 mm×124 mm 
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Table 1  Parameters of immersion quenching  

Workpiece 

temperature before 

quenching/� 

Quenchant 

temperature/� 

Quenching time/s 

477 66 500 

 

 2  )*'( 

Table 2  Performance parameters 

Temperature/

� 

Elasticity 

modulus/MPa 

Poisson’s 

ratio 

Temperature/

� 

Yield 

strength/MPa 

0 72450 0.29 66 221 

100 69690 0.29 250 212 

200 64860 0.29 300 150 

300 58650 0.29 350 87 

400 53820 0.29 400 60 

- - - 477 26 
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Table 3  Material parameters  

Tempe

rature/ 

Æ

 

Thermal 

conductivity/ 

kW·(m·

Æ

)

-1

 

Thermal 

expansion/ 

×10

-6

Æ

-1

 

Specific heat/ 

J·(kg·

Æ

)

-1

 

Density/ 

g·cm

-3

 

0 0.11 - - 2.796 

20 - 21.8 837 - 

100 0.12 23.6 896 2.768 

200 0.14 24.5 963 2.768 

300 0.15 25.4 - 2.74 

400 0.16 - 1130 2.713 

477 - - 1193 - 

500 0.17 - - 2.685 

600 - - - 2.657 
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Table 4  Convective heat transfer coefficient 

Temperature/

Æ

 

Convection 

coef./×10

6 

kW·(m

2

·

Æ

)

-1

 

Temperature/

Æ

 

Convection 

coef./×10

6 

kW·(m

2

·

Æ

)

-1

 

50 200.1 350 13 

100 4 400 11 

150 9 450 9 

200 13.5 500 7 

250 17.5 550 5.8 

300 16 - - 
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Å 2  x-locus�4567<¯~ 

Fig.2  Comparison of residual stresses distributed along x-locus: (a) x-component, (b) y-component, and (c) z-component 

 

 

 

 

 

 

 

 

 

 

Å 3  y-locus�4567<¯~ 

Fig.3  Comparison of residual stresses distributed along y-locus: (a) x-component, (b) y-component, and (c) z-component 

 

 

 

 

 

 

 

 

 

 

 

Å 4  720 mm×150 mm×30 mmTVWqrsuv 

Fig.4  FEM of aluminum alloy thick plate with 720 mm× 

150 mm×30 mm 
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� 5   !"#$%&�� 

Fig.5  Simulated results of finite element analysis: (a) temperature vs 

time and (b) equivalent plastic strain vs time 

 

 

 

 

 

 

 

 

 

 

   

� 6  h-locus'�()*)+�,�� 

Fig.6  Temperature and equivalent stress along h-locus  
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� 7  ()-�,��+./0)12�34 

Fig.7  Relation among temperature, equivalent stress and yield 

strength  
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Fig.8  Convective heat transfer coefficient of immersion  

quenching 

Y 8u�¹º Initialg»¼½�n��y��l¾

¿g 4pÀ¹º Change 1O�(VÁ�ÂÃ 6�(

�F�n��y��ÄR�7 17.5×10

6

 kW·(m

2

·�)

-1

�

�\�F�n��y��ÅÆ;@À¹º Change 2O

�\VÁ�m6�(�Fn��y��ÅÆ;@�,

�\�F�n��y��Ä�7 3×10

6

 kW·(m

2

·�)

-1

À

¹º Change 3OÇ�VÁ�ÈÉ�(��n��y�

�Ê�o¼½Ë�,�\�F�n��y��Ê�o

¼½Ë� 

ÌQab�w�ÍCÎ01st��ÉÏn��

y¹ºÐn����¹ºU	
��0Ñ¹º�0Ò

ÓY 9UY 10µ»�Y 9g^��(VÁ�¹ºChange 

1UÇ�VÁ�¹º Change 3�Ä)È��ÔL�É

Õ^Ö���,�\VÁ�¹º Change 2�×Ø�¡

��ÔL��Y 10Ö»��(VÁu�¹º Change 1�

ÙÚ>�ab	
��@ÛÜ±�,�\VÁu�¹

º Change 2UÇ�VÁu�¹º Change 3�Ù���

ab	
��ÍÖÝ��� 

OÞßOàá�vSab�wu���µâL�

ã	
���&'\��s�Y 9 Ug 5 ��vS�

�(VÁ�¹º Change 1 UÇ�VÁ�¹º Change 

3�)È��ÔL�ÉÕ^Ö���,�\VÁ�¹º 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 9  >?��FGDE 

Fig.9  Cooling curves of immersion quenching for the surface (a)  

and the center (b) 
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� 10  �����H 

Fig.10  Distribution of residual stresses in the rolling direction (a) 

and the transverse direction (b) 

 

� 5  ������� 

Table 5  Cooling process of the surface  

Cooling time/s 

Initial Change 1 Change 2 

Change 3 

T/� 

Surface Center Surface Center Surface Center Surface Center 

300 0.88 3.28 0.88 3.20 7.75 9.79 5.99 7.46 

275 1.15 3.81 1.15 3.66 9.58 10.43 6.51 7.88 

200 3.17 6.11 2.67 5.43 10.09 12.57 6.95 9.40 

100 15.07 17.68 7.80 10.90 21.07 23.60 10.98 14.13 

70 42.37 45.71 16.50 20.20 47.94 51.23 18.47 22.39 

� 6  �	
� 

Table 6  Residual stresses  

Convection coefficient curve 

Rolling 

direction 

Transverse 

direction 

Stress at the surface/MPa -78.21 -79.93 

Stress at the center/MPa 98.19 78.85 

Initial 

Stress amplitude/MPa 176.40 158.75 

Stress at the surface/MPa -78.51 -80.20 

Stress at the center/MPa 98.98 79.28 

Change 1 

Stress amplitude/MPa 177.49 159.48 

Stress at the surface/MPa 0.45 -0.02 

Stress at the center/MPa 1.19 0.50 

Change 2 

Stress amplitude/MPa 0.74 0.52 

Stress at the surface/MPa -4.09 -2.32 

Stress at the center/MPa 65.15 9.38 Change 3 

Stress amplitude/MPa 69.24 11.70 
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Table 7  Parameters of spray quenching 

Quenching scheme 1 2 3 

Workpiece temperature 

before quenching/� 

470 470 470 

Quenchant temperature/� 25 25 25 

Spray flow, Q/L·(m

2

·s)

-1

 108 130 70 

Spray pressure, P/kPa 200 100 10 
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Fig. 11  Convective heat transfer coefficient of spray quenching 
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Fig.12  Cooling curves of spray quenching of the surface (a) and  

the center (b) 
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Fig.13  Comparison of residual stresses: (a) rolling direction and  

(b) transverse direction 
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Table 8  Residual stresses  

Quenching scheme 

Rolling 

direction 

Transverse 

direction 

Stress at the 

surface/MPa 

-61.55 -56.01 

Stress at the center/MPa 141.30 90.79 

Scheme 1 

Stress amplitude/MPa 202.85 146.80 

Stress at the 

surface/MPa 

-28.27 -22.13 

Stress at the center/MPa 141.18 46.23 

Scheme 2 

Stress amplitude/MPa 169.45 68.36 

Stress at the 

surface/MPa 

-25.50 -15.36 

Stress at the center/MPa 118.89 34.40 

Scheme 3 

Stress amplitude/MPa 144.39 49.76 
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Formation Mechanism and Control Strategy of Residual Stresses for Quenching 

7075 Aluminum Alloy Thick Plate 
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Abstract: During the operation of machining process, the release and re-distribution of residual stresses is crucial to machining 

deformations of aircraft structural parts. Hence, the non-uniform plastic deformations, which are caused by the high temperature gradient 

field in the quenching process, will give rise to residual stresses. Therefore, a finite element model was established for the quenching 

process in the present paper. The simulated residual stresses are in good agreement with the experimental data both in the amplitude and in 

distribution. On this basis, the proposed method was further used to analyze the formation mechanism of residual stress in the quenching of 

7075 aluminum alloy thick plate. It is concluded that the final residual stresses have been already determined when the plastic deformations 

in the central layer is over at the end slip time. The final residual stresses remain unchanged even if the temperature continues to drop. 

Finally, the performance-controlled and deformation-controlled method is suggested for residual stresses. Because the 

deformation-controlled region can strongly impact the final residual stresses whereas the performance-controlled region has a few changes 

of the final residual stresses, the adjustment of the convective heat transfer coefficient in the deformation-controlled and the 

performance-controlled region, can accelerate the cooling velocity and reduce the final residual stress.  

Key words: 7075 aluminum alloy thick plate; quenching; convective heat transfer coefficient; performance-controlled region; 

deformation-controlled region; residual stress 
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