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Abstract: In order to study the effects of the process parameters on springback and section deformation, a sensitivity analysis model 
was established based on the combination use of the multi-parameter sensitivity analysis method and the springback/section 
deformation prediction finite element model, and by using this model the sensitivities of the springback and the section deformation 
to process parameters were analyzed and compared. The results show that the most sensitive process conditions for springback angle 
are the boost speed and the pressure of pressure die, and the most sensitive process condition for section deformation is the number 
of cores. When the clamp force, the boost speed and the pressure of pressure die are utilized to control section deformation, the effect 
of these process parameters on springback should be considered. When the process parameters are mainly used to control springback, 
the effect of these process parameters on the section deformation should be always considered. 
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1 Introduction 
 

Springback and section deformation are the two 
main defects influencing the forming quality of 
thin-walled rectangular H96 brass tube in rotary draw 
bending process [1]. Springback is inevitable for there is 
always residual stress to release the elastic deformation 
after the rotary draw bending process. Section 
deformation is inevitable too, for the resultant force of 
tangential stress will cause section sag. Research shows 
that the stress of a bending tube mainly depends on the 
process conditions, such as clamping force, boost speed 
and pressure of pressure die [2]. Therefore, to realize the 
control of springback and section deformation, both the 
effect trends and the effect degrees of the process 
parameters on them should be analyzed, which can be 
expressed by the sensitivity degrees of the springback 
and the section deformation to process parameters. So, 
the multi-parameter sensitivity analysis method 
combined with the finite element (FE) simulation is used 
to study the effects of process parameters. In Ref. [3], a 
sensitivity analysis was performed to study the 
contributions of various factors to the springback 

behavior of bending sheet metal. A sensitivity analysis 
was also carried out to find the optimum process 
variables that can minimize the springback of bending 
sheet metal [4]. Based on the multi-parameter sensitivity 
analysis method, ZHANG et al [5] took the maximum 
principal strain as a measure of disturbance degree of 
simulation results, and analyzed the sensitivity of 
controllable simulation parameters to the maximum 
principal strain of L-bending sheet. A sensitivity study 
was performed by CLAUSEN et al [6] using the 
numerical simulation and statistical tools, and the main 
model parameters influencing springback and cross- 
section deformation were obtained for the rectangular 
tube of stretch bending. All of these researches show that 
the sensitivity analysis method is a simple, robust and 
effective way to study the effects of model parameters to 
the simulation results, such as springback and section 
deformation. On the other hand, previous researches on 
the section deformation of the bending tube always 
unilaterally studied the variation trends with the process 
parameters [7−10] as well as how to control the section 
deformation by changing the process parameters [11,12]. 
They ignored that there are coupling effects between 
springback and section deformation [13], and the cross- 
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section distortion should be measured after the 
springback; the trends of springback with process 
parameters may be just opposite with the trends of 
section deformation, which may lead to the control of 
section deformation but the increase of springback; 
section deformation includes both the cross-section 
distortion and the longitudinal-section ovalization. 
Previous researches on the springback of bending tube 
always unilaterally took the springback as a study subject, 
while ignored the impact of process parameters on 
section deformation [14−17]. 

So, based on the FE simulation and the 
multi-parameter sensitivity analysis method, not only the 
effects of process parameters on springback and section 
deformation were studied, but also the sensitivity degrees 
of the process parameters on springback and section 
deformation were analyzed and compared for rotary 
draw bending of thin-walled rectangular H96 brass tube. 
The research can provide a support to determine whether 
the springback should be considered when the process 
parameters are mainly used to control the section 
deformation, and vice versa. 
 
2 Establishment of sensitivity analysis model 

for thin-walled rectangular H96 brass tube 
in rotary draw bending process 

 
2.1 Description of multi-parameters sensitivity 

analysis method 
Sensitivity analysis is one kind of the system 

analysis method concerning about the stability of the 
system, which shows the variation degree of system 
characteristics with various factors. The various factors 
need to have a dimensionless disposal first. The relative 
errors δP and 

kαδ of the system characteristics P and the 
various factors αk (k=1, 2, …, N) are defined as Eq. (1) 
[18], and parameter N is the number of various factors. 
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Their ratio is the sensitivity value Sk(αk), as shown 

in Eq. (2). 
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When |∆αk|/αk is small, Sk(αk) can be expressed as: 
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where Sk(αk) (k=1, 2, …, N) are a set of dimensionless 
non-negative real number, and the higher the value, the 
more sensitive the P to αk, namely, the higher the effect 

of αk on P [19]. 
 
2.2 Modification of multi-parameter sensitivity 

analysis 
In Eq. (3), the function relationship f(α) between the 

system characteristic P and the effecting factor αk must 
be created before a sensitivity analysis. But its fitting 
precision relies too much on the number of fitting data 
and a lot of data should be adopted to ensure the 
accuracy, so Eq. (3) is replaced by Eq. (4), namely, every 
two adjacent fitting data will have a slope solution 
between them, and finally the average value of these 
slopes is taken as the sensitivity value.  

1 11

1 1
1

1( ) ,  1,2, 1
1

i i im
k k k

k k i i i
i k k k

P P
S i m

m P
α

α
α α

+ +−

+ +
=

⎛ ⎞−
= = −⎜ ⎟⎜ ⎟− −⎝ ⎠

∑ …,  

(4) 
where m is the number of process parameters under each 
process condition, i

kα  is the process parameter value, 
and i

kP  represents the springback value and section 
deformation value corresponding to the process 
parameter αk. 

For the sensitivity analysis of thin-walled 
rectangular H96 brass tube in rotary draw bending 
process, the system characteristics P refers to the 
springback and section deformation, and the effect factor 
αk (k=1, 2, …, N) refers to the process condition. All of 
the analysis was carried out by using the FE simulation, 
and the FE model will be established based on the 
ABAQUS platform. 
 
2.3 Establishment of final FE model for springback 

and section deformation prediction and its 
validation 
A new FE model for rotary-draw bending process of 

thin-walled rectangular H96 brass tube is established, as 
shown in Fig. 1. The key modeling techniques were 
consistent with those in the original shell element model 
in Ref. [20], such as geometry modeling, assembly 
modeling, boundary condition and load definition. But 
the C3D8R solid element is adopted here for the solid 
element can make a more precise prediction to 
springback than the shell element [21]. The simulation 
for rotary-draw bending process is under the platform of 
ABAQUS/Explicit. Finally, the output files of the results 
in the rotary-draw bending process are imported into 
ABAQUS/Standard software, then the final FE model is 
established as shown in Fig. 2, from which the 
springback angle and the ultimate section deformation 
can be obtained. 

To validate the reliability of the final FE model, the 
rectangular H96 brass tube was used. Its cross-section 
sizes are 24.86(b) mm×12.20(h) mm, the thickness is   
1 mm, the length is 200 mm, and the bending radius for 
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Fig. 1 FE model of rotary-draw bending process: 1—Clamp die; 
2—Pressure die; 3—Rectangular tube; 4—Wiper-bend die; 5—
Mandrel and flexible cores; 6—Bending die; 7—Insert die 
 

 
Fig. 2 Final FE model for springback and section deformation 
prediction 
 
simulation is 40 mm. The power exponent hardening 
model σ=K(ε0+ε)n is used to express the material 
hardening behavior, whose values are obtained through 
the tensile text, as shown in Table 1. The final FE model 
is validated by comparing the simulated springback 
angles with the experimental ones, which is shown in  
Fig. 3. It can be seen that the simulation results are very 
close to the experimental values. The maximum relative 
error is 18.48%, and the average error is only 11.48%. 
Therefore, the established final FE model is valid and 
reliable. 
 
Table 1 Property parameters of H96 brass 

Elastic 
modulus, 

E/GPa 

Poisson 
ratio, 
υ 

Hardening 
exponent, 

n 

Strength 
coefficient, 

K/MPa 
ε0 

92.82 0.324 0.425 588.17 0.0058
 
2.4 Description of springback and section 

deformation 
2.4.1 Description of springback 

The amount of springback can be expressed as the 
value of springback angle ∆θ. In Eq.(5), θ and θ′ are the 
bending angles before and after springback, respectively. 
 
∆θ=θ−θ′                                    (5) 

 

 
Fig. 3 Comparison between simulative and experimental values 
of springback angle 
 
2.4.2 Description of section deformation 

The four walls of rectangular tube are named as the 
inner flange, the outer flange and the webs respectively, 
as shown in Fig. 4. After the bending process, the section 
of rectangular tube is deformed, as shown in Fig. 5. The 
minimum height (hmin) and the maximum width (dmax) of 
the cross-section all appear in section symmetry line (Fig. 
5(a)). The longitudinal-section also has the maximum 
deformation in the symmetric longitudinal-section (Fig. 
5(b)). So the deformation located on the symmetric 
longitudinal-section is the study subject. 
 

 
Fig. 4 Definition of outer/inner flange, webs, cross-section, 
symmetric longitudinal-section, inner arris of symmetric 
longitudinal-section 
 

1) Cross-section distortion after springback 
After bending process, the coordinate of nodes on 

the inner arris of symmetric longitudinal-section is set as 
(xi, yi) (i=1, 2, …, n), and the coordinate of nodes on the 
outer arris of symmetric longitudinal-section is set as (Xi, 
Yi) (i=1, 2, …, n), as shown in Fig. 6. After springback, 
the coordinates (xi, yi) and (Xi, Yi) are changed to (x′i, y′i), 



ZHU Ying-xia, et al/Trans. Nonferrous Met. Soc. China 22(2012) 2233−2240 2236 

(X′i, Y′i) respectively. The cross-section distortion Dc is 
defined as the average cross-section distortion after 
springback, as shown in Eq. (6), 
 

 
Fig. 5 Segment deformation after bending process: (a) Cross- 
section distortion; (b) Longitudinal-section ovalization 
 

 
Fig. 6 Coordinate of nodes on symmetric longitudinal-section 
inner arris 
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where c

iD (i=1, 2, …, n) is the ratio of the node distances 
before and after being deformed, which is measured after 
springback, as: 
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In Eq.(7), h′=h−2t, h is the height of rectangular 
tube, and t is the thickness. 

2) Reduction ∆Dc of cross-section distortion caused 
by springback 

As known springback can average the stress 
distribution and reduce its value, which leads to the 
reduction of cross-section distortion at last. Thus the 
reduction ∆Dc of cross-section distortion caused by 
springback is studied too, which can be expressed as: 
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where c csgn( )i iD h d h′ ′− − − is a sign function, as 
shown in Eq.(9), which means that if the reduction of 
cross-section distortion caused by springback is positive, 
then the sign function is equal to the positive sign, and 
vice versa. 
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where c
id is the ratio of distance between node (xi, yi) 

and (Xi, Yi), as shown by Eq.(10):  
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dc is the cross-section distortion before springback, 
shown as Eq. (11): 
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3) Longitudinal-section ovalization Dl(dl) of outer 

flange (inner flange) 
Elliptic curve with two parameters is used to fit the 

inner arris of symmetric longitudinal-section after 
springback, as shown in Eq. (12). The parameters a and b 
are obtained and used. Eq. (13) is used to solve the 
ovalization of longitudinal-section, which expresses the 
deviation of the real longitudinal-section from the ideal 
circular longitudinal-section.  

2 2

2 2
( ) ( ) 1x y
a b
′ ′

+ =                            (12) 

l l( )
a r b r

D d
r r
− −

= +                       (13) 
 
where Dl(dl) is the longitudinal-section ovalization of the 
outer flange (the inner flange) in rectangular tube, and r 
is the standard radius of the outer arris (the inner arris) of 
symmetric longitudinal-section. 

4) Ovalization increment ∆D1 of outer flange 
It is found that the springback can increase the 

longitudinal-section ovalization, especially for the 
ovalization of outer flange. Thus the ovalization 
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increment ∆D1 of outer flange is studied and defined as: 

l l lD D D ′Δ = −                              (14) 
 
where D′l is the longitudinal-section ovalization of the 
outer flange before springback. If ∆Dl>0, it shows that 
the springback makes an increment on the ovalization of 
outer flange; while if ∆Dl<0, it shows that the springback 
reduces the ovalization of outer flange. 
 
3 Results and discussion 
 
3.1 Fluctuation ranges of process parameters 

The process conditions for analysis include the 
clamping force pc, the boost speed ν and the pressure pp 
of the pressure die, the friction coefficient f between 
wiper-bend die and tube, and the number n of flexible 
cores. The boost speed and the pressure were analyzed 
together. According to the actual situation, the fluctuation 
ranges of parameters are selected as shown in Table 2. 

 
Table 2 Range of process parameters for analysis 

Parameter Parameter fluctuation range 

pc/MPa 0 4.5 9.0 13.5 18.0 22.5  

ν/(mm·s−1) 22 22 22 13 13 13 0 

pp/MPa 0 3.0 6.0 0 1 1.5 0 

f 0 0.19 0.30     

n 0 1 2 3 4   

 
3.2 Analysis on variation trends of springback and 

section deformation with process parameters 
3.2.1 Variation trends of springback and section  

deformation with clamp force 
Figure 7 shows variation trends of the springback 

angle ∆θ, the cross-section distortion Dc, the 
longitudinal-section ovalization Dl and dl, the reduction 
of cross-section distortion ∆Dc caused by springback and 
the increment of ovalization ∆Dl caused by springback 
with clamp force. It can be seen that Dc decreases first 
then increases with increasing the clamp force; the clamp  

 

 
Fig. 7 Impact of clamp force on springback and section 
deformation 
 
force has a little influence on Dl, dl and ΔDl; both Δθ and 
ΔDc decrease with the increase of the clamp force. 
3.2.2 Variation trends of springback and section 

deformation with booster velocity and pressure 
The effects of boost velocity and pressure on 

springback angle and section deformation are shown in 
Table 3, from which it can be seen that the process 
parameters of pressure of 1.0 MPa and 1.5 MPa make the 
bending tube excessively distort when the boost velocity 
is 13 mm/s. So the two process parameters are excluded 
from the study scope. Figure 8 shows the variation trends 
of the springback angle and section deformation with the 
boost velocity. Figure 8 shows that Δθ, Dc, Dl, ΔDc and 
ΔDl increase first then decrease as the boost velocity 
increases; dl decreases first then increases with the 
increase of booster velocity, which is opposite with all of 
the above. 

Figure 9 shows the variation trends of the 
springback angle and section deformation with the 
pressure. Form Fig. 9 it can be seen that both Dc and dl 
increase as the pressure increases; Dl decreases first then 
increases with the pressure, which is opposite with Dc 
and dl; ∆θ and ∆Dc decrease with the increase of pressure; 
∆Dl keeps little change. 

 
Table 3 Impact of boost velocity and pressure on springback and section deformation 

Boost velocity/(mm·s−1) Pressure/MPa Δθ/(°) Dc/% ΔDc/% Dl/% dl/% ΔDl/% 

22 0 2.1761 3.0953 1.3805 3.5392 2.7891 1.1956 

22 3.0 1.8748 6.0553 1.0014 2.6856 5.9967 1.5178 

22 6.0 1.7797 7.4438 0.9361 5.2633 13.633 1.0885 

13 0 2.3885 3.6377 1.5428 3.8797 2.3637 1.1592 

13 1.0 2.6803 − − − − − 

13 1.5 2.6365 − − − − − 

0 0 2.1453 3.0724 1.4043 1.7312 2.6471 −0.8965 
Note: “−” expresses that rectangular tube is in already excessive distortion. 
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Fig. 8 Impact of boost velocity on springback and section 
deformation 
 

 

Fig. 9 Impact of pressure on springback and section 
deformation 
 
3.2.3 Variation trends of springback and section 

deformation with friction coefficient between 
wiper-bend die and tube 

Figure 10 shows the effects of friction coefficient 
between wiper-bend die and tube on springback angle and 
 

 
Fig. 10 Impact of friction coefficient between wiper-bend die 
and tube on springback and section deformation 

section deformation. It can be seen that: Dc, Dl and ∆Dl 
keep increasing with the increase of friction coefficient; 
dl decreases with the increase of friction coefficient, 
which is just opposite with Dc and Dl; the variation 
trends of both ∆θ and ∆Dc are downward. 
3.2.4 Variation trends of springback and section 

deformation with number of cores 
Figure 11 shows the variation trends of springback 

and section deformation with the number of cores. From 
Fig. 11 it can be seen that Dc is much larger than others, 
so it is shown by using the coordinate of right side; Dc, 
Dl, dl and ∆Dl decrease with the increase of the number 
of cores; ∆θ and ∆Dc have little change. 
 

 
Fig. 11 Impact of number of cores on springback and 
ovalization 
 

In sum, it can be concluded that the variation trends 
of springback with process parameters are usually 
contrary to the cross-section distortion or the 
longitudinal-section ovalization. Besides, the ovalization 
trend of inner flange and outer flange are sometimes 
contrary to each other, so that how to control springback 
and section deformation by using the process parameters 
is a large difficulty for the rotary-draw bending 
rectangular tube. The variation trends of ∆Dc and ∆θ are 
the same. This is to say the reduction of cross-section 
distortion is decided mainly by the magnitude of 
springback, and the larger the springback, the more 
positive its effect on cross-section distortion. The 
variation trend of ∆Dl is always concordant with Dl. It 
can be considered the magnitude of outer flange 
ovalization has more effects on its increment than the 
springback. 
3.2.5 Effect of springback on section deformation 

The average values of ∆Dc and ∆Dl are shown in 
Table 4, which were obtained under all of the process 
conditions respectively. It can be seen the springback 
makes a maximum reduction on cross-section distortion 
by 38.30%, yet it increases the longitudinal-section 
ovalization by 27.70% in maximum. 
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Table 4 Average values of ∆Dc and ∆Dl 
Parameter ∆Dc/% ∆Dl/% 

pc 38.30 27.70 
ν 30.62 13.75 
pp 16.66 24.87 
f 28.91 11.99 
n 10.22 21.11 

 
3.3 Sensitivity analysis for springback and section 

deformation 
The springback angle and cross-section deformation 

do not have the same dimension. Thus the effects of the 
process parameters on them cannot be compared directly. 
But the sensitivity analysis method can make a 
comparison between them due to the dimensionless 
processing in analysis. 

The sensitivity values Sk of springback angle and 
section deformation are obtained by using Eq. (4), as 
shown in Table 5. To get a more direct analysis, the 
sensitivity values in Table 5 are further expressed in  
Fig. 12 and Fig. 13. 

There are five groups of data in Fig. 12, and all of 
them were obtained based on the column data in Table 5. 
So Fig. 12 shows the sensitivity comparison between 
springback and cross-section deformation to the process 
parameters under the same process conditions. According 
to their sensitivity values it can be concluded that the 
clamp force has the greatest impact on cross-section 
distortion, while it has a little impact on springback. The 
boost velocity of pressure die has the greatest impact on 
longitudinal-section ovalization of outer flange, and its 
effect on springback is also large enough. The pressure 
of pressure die has the greatest impact on longitudinal- 
section ovalization of inner flange, yet its effect on 
springback also should be considered. The friction 
coefficient between wiper-bend die and tube has the 
greatest impact on longitudinal-section ovalization of 
inner flange, while it has little impact on springback. The 
number of cores has the greatest impact on cross-section 
distortion. 

There are four groups of data in Fig. 13, and all of 
them were obtained based on the row data in Table 5. So 
Fig. 13 shows the springback sensitivity and the section 
deformation sensitivity under the different process  
 
Table 5 Sensitivity of springback and section deformation for 
process parameters 

System 
characteristics S(pc) S(ν) S(pp) S(f) S(n)

Δθ 0.0500 0.1702 0.1338 0.0171 0.1340
Dc 0.2661 0.2919 0.4309 0.1340 2.2867
Dl 0.0467 0.3945 0.6487 0.3313 0.8827
dl 0.0985 0.2464 0.8276 0.7214 0.8442

 

 
Fig. 12 Sensitivity comparison between springback and section 
deformation under same process conditions 
 

 

Fig. 13 Sensitivity of springback and section deformation under 
different process conditions 
 
conditions. Two results can be obtained: the cross-section 
distortion has the highest sensitivity to process 
parameters, the next are the inner flange ovalization and 
the outer flange ovalization, while springback has the 
minimum sensitivity. The most sensitive process 
conditions for springback angle are the boost speed and 
the pressure, and the most sensitive process condition for 
section deformation is the number of cores. The clamp 
force has the least influence on both springback and 
section deformation. 
 
4 Conclusions 
 

1) Section deformation includes not only the 
cross-section distortion but also the longitudinal-section 
ovalization of inner flange and outer flange. The 
variation trends of them are always opposite with each 
other, which leads to difficulty to control section 
deformation by using process parameters. 

2) The variation trends of springback are always 
inconsistent with the cross-section distortion or the 
longitudinal-section ovalization. The springback makes a 



ZHU Ying-xia, et al/Trans. Nonferrous Met. Soc. China 22(2012) 2233−2240 2240 

maximum reduction in cross-section distortion by 
38.30%, yet it increases the longitudinal-section 
ovalization by 27.70% in maximum. 

3) When the clamp force, the boost speed and the 
pressure of pressure die are utilized to control section 
deformation, the effects of these process parameters on 
springback should be considered, due to the fact that the 
sensitivity of springback to these process parameters is 
large enough. 

4) When the process conditions are utilized to 
control springback, the effects of these process 
parameters on section deformation should be always 
considered for the sensitivity of section deformation to 
these process parameters is always larger than that of 
springback. 
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摘  要：为了研究工艺参数对回弹和截面畸变的作用，结合多参数敏感性分析法和回弹/截面畸变预测三维有限元

模型，建立敏感性分析系统模型，并利用此模型研究回弹和截面畸变对工艺参数的敏感性。结果表明：回弹最敏

感的工艺条件是助推速度和助推压力，截面变形最敏感的工艺条件是芯头的个数；当夹紧力、助推速度与助推压

力被用来控制绕弯过程的截面畸变时，必须同时考虑这些参数对回弹的影响；在任何情况下利用工艺参数控制绕

弯过程回弹都必须同时考虑截面畸变。 
关键词：H96 薄壁矩形管；绕弯成形；敏感性分析；回弹；截面畸变                        (Edited by LI Xiang-qun) 


