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Optimization on loading path in hydroforming process for X-type tube

Feng Yingying', Liu Zhaosong', Zhang Hongge”, Luo Zong'an'
(1. The State Key Laboratory of Rolling and Automation, Northeastern University, Shenyang 110819, China;
2. FAW CAR Co. , Lid. , Changchun 130012, China)

Abstract: The loading path is very important to the hydroforming quality of X-type tube. Only when the various parameters of the loading
path are properly matched, the qualified formed parts can be obtained. Therefore, the formability of X-type tube under different loading
paths was simulated by software DYNAFORM. Then, based on the test design of Box-Behnken Design and response surface method, tak-
ing the internal pressure, axial feeding amount, back displacement and friction coefficient as the main test factors and the minimum wall
thickness, branch pipe height and ultimate fillet radius as the objectives, the response surface model was established, and the loading path
of X-type tube hydroforming process was designed and optimized by the analysis of variance and regression equation, which improved the
wall thickness distribution, reduced the ultimate fillet radius and increased the branch pipe height. Furthermore, the optimal loading path
was selected by the numerical optimization function of software, and under this loading path, the simulation results of X-type tube hydro-
forming were compared with the test results. The result shows that the error is less than 5%, and the wall thickness distribution is consist-
ent, which indicates that the loading path optimization method has high accuracy and good feasibility.
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Fig. 1 Finite element model of X-type tube
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Table 1 Performance parameters of material

- it Al 5 BE/ HURmpEE, ks FRHEE ]

MPa MPa % ES
SS304 356. 60 638. 74 51.00 1.02
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Fig. 2 Setting of loading path
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Table 3 Factors and levels of test Table 5 Quadratic variance model for minimum wall
S thickness
K- -
A/MPa B/mm C/mm D FERE VFHTFHEM ARE  BE FE  PfH
-1 110 20 12 0. 050 sl 1. 0300 14 0.07300  43.02  <0.0001
0 130 25 16 0.125 A 0. 1200 1 0.12000 70.25  <0.0001
1 150 30 20 0.200 B 0.2100 1 0.21000  125.41 <0.0001
e \ C 0. 2000 1 0.20000 114.99 <0.0001
T4 R REBLER
Table 4 Test design and simulation results D 0.2900 1 0.29000  172.90  <0.0001
e WE W AB 0.0110 1 0.01100 6.28  0.0252
5 A/MPa B/mm C/mm D Y//mm Y,/mm Y;/mm AC 0.0120 1 0.01200 7.29 0.0173
1 130 20 16 0.200 0.612 15.994 10.274 AD 0. 0540 1 0.05400 31.70  <0.0001
2 130 25 20 0.050 1.097  20.854 8.832 BC 0. 0300 1 0.03000 17.45  0.0009
3 110 20 16 0.125 1.040 15.861 12.361 BD 0. 0042 i 0.00423 2,48 01378
4 130 30 16 0.200 0.944 16.189 10.297 o 0. 0040 . 0.00400 1427 0.0020
5 150 25 16 0.200 0.606 16.238 8.686
A2 0.0011 1 0.00106 0.62  0.4433
6 130 30 20 0.125 1.082 20.606 9.294
B? 0.0210 1 0.02100 12.11  0.0037
7 130 25 16 0.125 1.090 16.725 8.165
c? 0.0160 1 0.01600 9.10  0.0092
8 150 25 20 0.125 0.751 20.468 8.820
2
9 130 25 16 0.125 1.090 16.725 8.165 b 0. 0500 ! 0.05000  29.48  <0.0001
10 130 25 16 0.125 1.090 16.725 8.165 W22 0.0240 14 0.00171
11 130 20 16 0.050 0.936 16.952 7.648 ST 0.0240 10 0.00238
12 130 30 12 0.125 1.176  13.718 3.620 a2 0. 0000 4 0. 00000
13150 20 16 0.125 0.778 16.589 8.498 o 1. 0500 28
14 130 25 16 0.125 1.090 16.725 8.165
15 110 25 16 0.200 1.107 15.725 12.882 x6 XTHZEBENZRFEES
16 130 25 16 0.125 1.090 16.725 8.165 Table 6 Quadratic variance model for branch pipe height
17 130 25 12 0.050 1.197 13.950 3.205 2RI EYERM ABmE ¥y FAE P1H
18 150 25 12 0.125 1.107 13.590 3.907 fRETR 157.57 6 26. 250 1640.05  <0. 0001
19 110 25 20 0.125 1.035 19.674 13.036 A 1.29 1 1.270 79.60  <0.0001
20 130 30 16 0. 050 1. 188 17.884 3.553 B 1. 69 1 1. 690 105. 48 <0. 0001
21 130 2 12 0.200 0.964 12.256 9.883 c 148.72 1 148.720  9290.48  <0. 0001
22 150 30 16 0.125 1.104 17.412 5.090
D 5.49 1 5.520 344.60  <0.0001
23 110 25 16 0.050 1.167 17.068 5.648
BD 0.14 1 0. 140 8.48 0. 0093
24 150 25 16 0.050 1.131 17.855 4.751
cD 0.19 1 0. 190 11.69  0.0030
25 130 25 20 0.200 0.552  20.025 9.953
B 0.29 22 0.016
26 110 30 16 0.125 1.159 16.881 5.884
27 110 25 12 0.125 1.168 13.033 4.392 K 0.29 18 0.020
28 130 20 12 0.125 1.087 12.814 6.674 stz 0.00 4 0. 000
29 130 20 20 0.125 0.648 19.979 10.313 JEX(:) 157.85 28
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Table 7 Quadratic variance model for ultimate fillet radius

TERE CEHTE M AmE ¥y FAH PH
LAY 202. 40 10 20. 24 21.74  <0.0001
A 17.89 1 17.89 19.21  0.0004
B 27.21 1 27.21 29.23  <0.0001
C 68. 01 1 68.01 73.04  <0.0001
D 68. 06 1 68. 06 73.10  <0.0001
AB 2.42 1 2.42 2.60 0. 1246
AC 3.48 1 3.48 3.74 0. 0691
AD 2.34 1 2.34 2.51 0. 1305
BC 1. 04 1 1.04 1. 11 0. 3056
BD 4.24 1 4.24 4.55 0. 0469
cD 7.72 1 7.72 8.29 0.0100
R 16. 76 18 0.93

KT 16.76 14 1.20

4R 0.00 4 0. 00

=X 219. 16 28

Y, =1.09 - 0.104 + 0.13B - 0. 13C - 0. 16D +
0. 05248 = 0.056AC - 0. 12AD + 0. 086BC +
0.033BD - 0.078CD - 0.0134> - 0. 056B° -

0.049C* - 0. 088D’

Y, =16.73 + 0.334 + 0.38B + 3.52C - 0. 68D -

0.18BD + 0.22CD

Y, =-7.87 - 1.204 - 1.50B + 2.38C + 2.36D +

0.77AB - 0.93AC - 0.82AD + 0.51BC +
1.03BD - 1.39CD (1)
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Fig. 3 Scatter diagram of minimum wall thickness
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Fig. 4 Scatter diagram of branch pipe height
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Fig. 5 Scatter diagram of ultimate fillet radius
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Table 8 Comparison of results before and after optimization
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A/MPa B/mm C/mm D Y,/mm Y,/mm Y;/mm
eAkls 150 30 19 0.050 1.158 19.027 3.745
feAkwT 130 25 16 0.125 1.090 16.725 8.165
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Fig. 6 Forming limit diagrams of X-type tube before and after loading path optimization

(a) Before optimization
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(b) After optimization
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Fig. 7 Distribution diagrams of wall thickness for X-type tube before and after loading path optimization

(a) Before optimization
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Fig. 8 Diagrams of principal strain for X-type tube before and after loading path optimization
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Fig. 9  Profiles of branch pipe fillet for X-type tube before and after loading path optimization

(a) Before optimization ~ (b) After optimization
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Fig. 10 Wall thickness distribution of section by finite element simulation (a) and experimental sample (b)
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Table 9 Thickness values of simulation and test
B o 1 2 3 4 5 6 7 8 9 10
B JELAR ) {H/ mm 1. 678 1. 819 1.759 1. 627 1.489 1.347 1.252 1. 158 1. 167 1.173
BEJER I {H/ mm 1. 603 1.748 1. 684 1.598 1. 461 1.281 1. 163 1. 064 1. 088 1. 125
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