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Sensitivity of springback and section deformation to process parameters in
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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.
Key words: thin-walled rectangular H96 brass tube; rotary draw bending; sensitivity analysis; springback; section deformation

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,
sensitivity  analysis method
combined with the finite element (FE) simulation is used

the multi-parameter

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 dp and 9, of the system characteristics £ and the
various factors oy (k=1, 2, -**, N) are defined as Eq. (1)
[18], and parameter N is the number of various factors.
Op = M s Oy, = M (1)

P % a;

Their ratio is the sensitivity value Sy(ay), as shown

in Eq. (2).

P

When |Aay|/ay is small, Sy(a) can be expressed as:
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where Sy(ay) (k=1, 2, +*+, N) are a set of dimensionless

non-negative real number, and the higher the value, the
more sensitive the P to a;, namely, the higher the effect

of o on P[19].

2.2 Modification of multi-parameter

analysis

In Eq. (3), the function relationship f{a) between the
system characteristic P and the effecting factor o 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.

m—1 i i+1 i+1
RS 7 N
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i
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sensitivity

Si(ap) = om—1

)
where m is the number of process parameters under each
process condition, a,’; is the process parameter value,
and Pk’ represents the springback value and section
deformation value corresponding to the process
parameter ay.

For the 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
oy (=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.

sensitivity

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(h) mmx12.20(4) 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

Initial predefined feild

Fig. 2 Final FE model for springback and section deformation
prediction

simulation is 40 mm. The power exponent hardening
model o=K(gyte)" 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 Poisson ~ Hardening Strength
modulus, ratio, exponent, coefficient, &
E/GPa ) n K/MPa
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 Af. In Eq.(5), 6 and &' are the
bending angles before and after springback, respectively.

AO=0—0' )

4.0
=—Simulation results
3.5F e—Experimental values

3.0
2.5r

2.0

Springback angle/(°)

1.5F

1.0

0.5 L | L 1 L 1
20 40 60 80 100 120 140 160

Bending angle/(*)

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 (/4,,;,) and the maximum width (dp,.x) 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.

Outer flange

_~Symmetric longitudinal-section

Inner arris of symmetric
longitudinal-section

Outer arris of symmetric
longitudinal-section

Cross-section

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
(x;, i) (=1, 2, **-, n), and the coordinate of nodes on the
outer arris of symmetric longitudinal-section is set as (X,
Y)) (=1, 2, ---, n), as shown in Fig. 6. After springback,
the coordinates (x;, ;) and (X;, ¥;) are changed to (x';, V"),
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(X';, Y')) respectively. The cross-section distortion D, is
defined as the average cross-section distortion after
springback, as shown in Eq. (6),

(a) Undeformed
cross-section

Deformed
cross-section

hmiu
—t—
|
|
|
.
|
|
h

Ovalizated
longitudinal-section

(b)

Ideal shape of bendi
longitudinal-section ¢,
without ovalization i

/s d

/

/ -~ pending=FH-
: g
f_‘i._.--—" segment

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

Nodes on outer
arris of symmetric
longitudinal-section

Outer flange

arris of symmetric
longitudinal-section

Fig. 6 Coordinate of nodes on symmetric longitudinal-section

inner arris

1
D, :;ZDC (6)
i=1

where Di (=1, 2, -+, n) is the ratio of the node distances
before and after being deformed, which is measured after
springback, as:

o A& =) + (1=’
c h!

(7

In Eq.(7), h'=h—2¢, h is the height of rectangular
tube, and ¢ is the thickness.

2) Reduction AD, 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 AD. of cross-section distortion caused by
springback is studied too, which can be expressed as:

L
ADC:;;(

izl) 27 e, n (8)

D, ~d

Dg'—h"—

sent—|-Jei 1)),

where sgn(‘Dé —h"—‘dé —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.

1,

Dé—h"<

di |

sgn(( &)

D}~ i~

d! —h") -
-1,

DEVAE

di =

where dé is the ratio of distance between node (x;, ;)
and (X, Y;), as shown by Eq.(10):

2 2
g J(X,-—x,-)hf(z-—y» "

d. is the cross-section distortion before springback,
shown as Eq. (11):

do=~Yd! ()
o=

3) Longitudinal-section ovalization Di(d)) 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 n2
—(22) +—(Zz) =1 (12)
la=r] oo
Dy(d)) — (13)

where D(d)) 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 AD, 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 AD, of outer flange is studied and defined as:
AD, =D, - D/ (14)

where D'; is the longitudinal-section ovalization of the
outer flange before springback. If AD>0, it shows that
the springback makes an increment on the ovalization of
outer flange; while if AD|<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 p., the boost speed v and the pressure p,
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
pJ/MPa 0 45 90 135 18.0 225
vimms') 22 22 22 13 13 13
ppy/MPa 0 30 6.0 0 1 1.5 0
f 0 0.19 030

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 A0, the cross-section distortion D, the
longitudinal-section ovalization D; and d), the reduction
of cross-section distortion AD, caused by springback and
the increment of ovalization AD) caused by springback
with clamp force. It can be seen that D. decreases first
then increases with increasing the clamp force; the clamp

o
o
AG()

180 225

0 4.5 9.0 13.5
Clamp froce/MPa

Fig. 7 Impact of clamp force on springback and section

deformation

force has a little influence on D, d; and AD;; both A@ and

AD, decrease with the increase of the clamp force.

3.2.2 Variation trends

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

of springback and section

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 A8, D., Dy, AD. and
AD increase first then decrease as the boost velocity
increases; d; decreases first then increases with the
increase of booster velocity, which is opposite with all of
the above.
Figure 9
springback angle and section deformation with the
pressure. Form Fig. 9 it can be seen that both D, and d;

shows the wvariation trends of the

increase as the pressure increases; D decreases first then
increases with the pressure, which is opposite with D,
and d;; A9 and AD, decrease with the increase of pressure;
AD, keeps little change.

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

Boost velocity/(mm-s ") Pressure/MPa AO/(°) D% AD /% Dy/% /% AD/%
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
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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

/]
AOLC)

—Ag
«—D, o°—d -0
s—AD, »—AD,

1 L
0 0.1 0.2 0.3
Friction coefficient between
wiper-bend die and tube

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

section deformation. It can be seen that: D., D; and AD,
keep increasing with the increase of friction coefficient;
d, decreases with the increase of friction coefficient,
which is just opposite with D, and D,; the variation
trends of both A8 and AD, 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 D, is much larger than others,
so it is shown by using the coordinate of right side; D,
D), d; and AD; decrease with the increase of the number
of cores; A6 and AD, have little change.

9
140

=
= 9t
3 130
< ©

s st S
S 120 %
o 3r 110
=
=

1k 1o
1 1 1 1 L

0 1 2 3 ) 5
Number of cores

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
longitudinal-section ovalization. Besides, the ovalization

cross-section distortion or the

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 AD, and Af 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 AD, is always concordant with D;. 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 AD, and AD, 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 AD, and AD,

Parameter AD /% AD/%
De 38.30 27.70
v 30.62 13.75
Dp 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 S; 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

charsaycstteer?;tics S)  50) Sy SO S(n)
AO 0.0500 0.1702 0.1338 0.0171 0.1340
D, 0.2661 0.2919 0.4309 0.1340 2.2867
D, 0.0467 0.3945 0.6487 0.3313 0.8827
d 0.0985 0.2464 0.8276 0.7214 0.8442
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Fig. 12 Sensitivity comparison between springback and section

deformation under same process conditions
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o~
P

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
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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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