
SI: MODELING MATERIALS AND PROCESSES, IN MEMORY OF PROFESSOR JOSÉ J. GRÁCIO

Control strategy of twist springback for aluminium alloy hybrid
thin-walled tube under mandrel-rotary draw bending

Xin Xue1,2 & Juan Liao1 & Gabriela Vincze2 & António B. Pereira2

Received: 7 November 2016 /Accepted: 22 February 2017 /Published online: 13 March 2017
# Springer-Verlag France 2017

Abstract The focus of this work is to investigate the con-
trol strategy of twist springback of an industrial aluminium
alloy extruded tube after mandrel-rotary draw bending,
which is a complex nonlinear physical process with cou-
pling multi-factor interactive effects. A particularly pro-
nounced twist springback characteristic of an AA6060-T4
hybrid thin-walled bent tube was observed. It leads to dif-
ficulty at the assembly stage due to the inaccurate geome-
try of product. For an accurate modelling of material be-
haviours, a non-quadratic anisotropic yield criterion inte-
grated with combined isotropic and kinematic hardening
model was adopted to describe the strain-stress behaviours
including anisotropy, Bauschinger effects and permanent
softening. The corresponding mechanical tests, e.g., en-
hanced forward-reverse simple shear tests, were performed
to identify the material parameters. By using the improved
and validated finite element model, two process control
strategies related to the mandrel nose placement and the
axial push assistant loading are proposed for the assess-
ment of the control efficiency. The simulation results indi-
cate that the mandrel nose placement mainly affects the
longitudinal angular springback but not twist deformation
in the circumferential sections. The angular springback an-
gle firstly increases and then decreases after several tests of

forward mandrel nose placement. The other control strate-
gy, additional axial push assistant loading with high boost,
is able to reduce twist deformation, but the compensation
of angular springback is not attained and even a slight
increase is observed. It also leads to the rise of the of
wrinkle tendency in the intrados sidewall. Finally, the wipe
die rake is put forward to reduce the wrinkle tendency due
to the high boost applied for twist control.
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Introduction

Thin-walled tube bending has attracted increasing applica-
tions in many industries to provide an appropriate, cost effec-
tive method to replace welded joints used in tricycle produc-
tion. In the majority of applications, circular tubes are bent
because the axisymmetric geometry of the part helps reduce
cross-sectional distortion [1]. However, in practice, many in-
dustrial structures like rollover protection, frameworks and
bumpers usually require bending hybrid thin-walled (HTW)
tubes, which contain a mixture of closed and open sections.
Aluminium alloy HTW tubes have been extensively used due
to the advantages of lightweight, a high bending rigidity and a
good flexibility in assemblage.

Among various tube bending methods, mandrel-rotary
draw bending (MRDB) has become one of advanced and
universal ways to form thin-walled bent tube components
with complex cross-sectional shape [2]. It is a multi-die
interaction physical process with multifactor coupling ef-
fect and multiple defects such as local wrinkling [3], over
thinning [4], cross-section distortion [5–7] and springback
[8–14] in terms of individual case. The interactions
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between local buckling and elastic springback in forming
of thin-walled aluminium extrusions was investigated by
means of numerical and experimental methods [15]. From
the view of the material studied, recently, the bending be-
haviours of large diameter thin-walled CP-Ti tube in rotary
draw bending (RDB) was investigated by Zhang et al. [4].
The thin-walled rectangular H96 brass tube under RDB
was studied by Zhu et al. [16, 17] as well as the effects
of process parameters and the multi-parameter sensitivity
degrees on springback and section deformation. Li et al.
[10] indicated that the material properties (Young’s modu-
lus, strength coefficient and anisotropy coefficient) and the
geometrical dimensions dominate the unloading, and the
springback values of the high strength Ti-tube (HSTT)
are far larger than the ones of the 5052-O Al-alloy tube
and the 1Cr18Ni9Ti tube. Liao et al. [11] and Xue et al.
[12] investigated the twist springback phenomenon and
elastic-plastic deformation mechanism of an AA6060
thin-walled tube with asymmetric section in MRDB.

In this work, the authors focus on the aluminium alloy
HTW structures, of which the undesirable twist springback
phenomenon is inevitable due to geometric asymmetry,
nonlinear material behaviours, unbalanced elastic-plastic
deformation and residual stress release [12, 14]. This leads
to difficulty at the assembly stage because of the inaccurate
geometry of product. The twist springback includes two
main modes of deformation behaviours. In the longitudinal
direction, the amount of springback can be expressed as the
value of bending angle recovery. In the circumferential
direction (cross sections), the amount of twist can be de-
noted by the warping angle of open section (fin). It is not
an easy/simple task to calculate twist springback through
analytical models. This is because it involves geometric
nonlinearities, intricate interfacial conditions and complex
material behaviours. Although analytic models [13, 18, 19]
or semi-analytical ones [8, 20] for 2D springback has al-
ready been developed, the numerical approach by finite
element (FE) modelling appears to be the most viable
way for deformation analysis and control strategy of
twist springback.

In the past decade, many considerable studies have been
devoted to accurate prediction of springback of MRDB by
finite element modelling [16, 17, 21], rather less attention
has been paid to the more complicate twist springback and
its control strategy. In practice, the efficient control of the
twist springback is vital in precision manufacturing and
still treated by the know-how experience and Btry and
error^ tests [22, 23]. Welo et al. [24] developed an adaptive
forming technology with automated closed-loop feedback
control strategy. By activating this method, the dimension-
al accuracy of the bent parts is more than three times better
than that obtained by traditional compression bending [25].
Furthermore, the concept of flatness limit curves was

introduced as a new, visual Design-for Manufacturing
(DFM) tool aimed to leverage more knowledge based de-
cisions within multi-disciplinary product engineering
teams [26]. Li et al. [27] indicated that the mandrel param-
eters have more obvious influence on the bending quality
for the large diameter thin-walled aluminium alloy tubes
than for the small diameter thin-walled tubes. Bardelcikand
and Worswick [28] attempted to experimentally apply the
increased boost to reduce the major strain. Their results
indicated that the major strain distribution and the thinning
at the outside of the bend are reduced while the inside of
the bend thickens with increasing boost. Engel and Hassan
[29] investigated the effect of the neutral axis shifting on
the strain, wall thinning and thickening. The above efforts
provide a trigger on the investigation of the effects of axial
force for twist springback control occurring in MRDB.

The objective of this paper is to identify ways to control the
twist springback for lightweight automotive structures sub-
jected to mandrel-rotary draw bending. It involves experi-
ments, numerical modelling and elastic-plastic deformation
analysis to answer to the following three questions: First,
how do the important process factors affect twist springback?
Second, what are the interaction between twist springback and
other potential defects (e.g., wrinkle); Third, is there any effi-
cient control strategy to minimize twist springback of bent
complex structures? In this work, by using the improved FE
model of MRDB, the control strategies related to two key
process parameters, i.e., the mandrel nose placement and the
push assistant loading with boost, are assessed for the efficient
reduction of twist springback of an industrial HTW bent tube,
as shown in Fig. 1. The effects of wipe die rake onwrinkle and
twist springback are also analysed and discussed. These FEA-
based control strategies should be helpful to establish robust
tool design and forming condition for stable and precise
manufacturing of lightweight structures with complex cross-
sectional shape.

Modelling procedures

Constitutive model

For the preparation of AA6060-T4 HTW tube, it was pro-
vided in the as-received state. The extruded AA6060 pro-
file were cooled by water quenching, straightened by
tractioning up to approximately 2% overall strain and nat-
urally aged at room temperature to a substantially stable
condition (more than 12 h). Temper T4 exhibits cyclic
hardening, and the degree of cyclic hardening depends
on the strain amplitudes and the prior strain history [30].
This is why the non-linear kinematic hardening rule
should be adopted to model the evolution of cyclic hard-
ening or softening. Some previous works indicate that the
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studied material AA6060-T4 exhibits a significant plane
anisotropy [30–32] as well as Bauschinger effect and per-
manent softening during reverse loading [11, 12].
Therefore, the Yld2000-2d anisotropic yield criterion
[33] integrated with combined isotropic and kinematic
hardening (IHKH) model [34] was adopted in order to
represent such behaviours appropriately. While details
are referred to the two original papers, the constitutive
models are briefly summarized here.

Yld2000-2d yield criterion

In order to describe the anisotropic yield stress surface, the
non-quadratic plane stress yield function Yld2000-2d yield

criterion proposed by Barlat et al. [33] is employed and
given by
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The eight anisotropy coefficients αk can be determined
from standard uniaxial tension tests in the rolling, transverse
and diagonal directions and equi-biaxial tension tests. The
calculation of coefficients requires a numerical optimisation
solver, e.g., the Newton-Raphson method [35, 36].

Combined isotropic and kinematic hardening model (IHKH)

The whole process of MRDB includes three basic steps:
bending tube, retracting mandrel and springback. This
means that the deformation path involves the tension and
compression stress state in the extrados and intrados side
respectively, and forward-reversal loading conditions.
Therefore, the combined isotropic and kinematic hardening
model, which has proven to be able to capture the

Bauschinger effect, was employed. For the constitutive de-
scription, a yield surface of first-order homogeneous function
is expressed as [34, 37]

ϕ σ−αð Þ−σiso ¼ 0 ð3Þ

Here, the back stress α represents the translation of yield
surface from the initial position, and the effective yield stress
σiso measures the size of yield surface. The evolution ofα can
be expressed by the non-linear kinematic hardening model:

dα ¼ C
d�εp

σ
σ−αð Þ − γαd�εp ð4Þ

where σ and d�εp denote the Cauchy stress tensor and the
equivalent plastic strain, σ is the effective stress and C and γ

Twist springbackAA6060-T4 HTW bent tube

Fig. 1 Twist springback
characteristics of a hybrid thin-
walled tube after mandrel-rotary
draw bending
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are material parameters. C, σ and γ determine the plastic hard-
ening rate following an abrupt change of loading path.

During cyclic loading, there also exists the effect of isotro-
pic hardening, e.g., the Voce law:

σ ¼ σ0 þ Q 1−e−b�ε
p� � ð5Þ

where σ0 is the initial yield stress, εp is the plastic strain after
yield state, and Q, b are the material parameters evaluated
from best approximation of a uniaxial flow curve.

Mechanical tests and parameter identifications

Simple shear and Bauschinger tests

The planar simple shear (SS) test has proved to be a very
efficient technique to evaluate the mechanical properties of
flat samples [38]. Especially, Bauschinger effect can be cap-
tured through direct and reverse shear tests. Many advantages
offered by this technique were introduced by Vincze [39] as
well as the construction of the previous shear device. A rect-
angular shear sample is firmly clamped by the two grips, as
shown in Fig. 2a. One of grips is fixed while the other moves
along the x-axis. The constant width h of the deformation area
is maintained during the test. L and Δx are the current length
of the specimen and the relative displacement of the two grips
during simple shear deformation, respectively.

The main challenge of SS test is to achieve a robust
clamping. As shown in Fig. 2b, c, the entire specimen is en-
capsulated into the serrated groove with specially designed
hatching knurling texture. This design of gripping system is
able to well prevent the sample slipping. The depth of the
groove is 0.6 mm, the length of the groove 35 mm, the dis-
tance between the left and right grips 3.0 mm and the height of
texture is 0.45 mm. In order to prevent the rotational rigid
motion of the global apparatus in the SS test, the enhanced
shear apparatus with 4-guide structure was developed, as
shown in Fig. 3. The diameter of each guide pillar is 14 mm.

Note that there were only two guide pillars in the previous
shear device.

The simple shear tests were conducted with the universal
tensile testing machine SHIMADZU-AG-100kN to character-
ize the plastic behaviour of material upon reversal loading
mode. Monotonic shear test and forward-reverse shear tests
with different pre-strain were performed with a strain rate of
10−3 s−1. Four samples were performed for each mechanical
test to check the consistency and one of them was used as
representative. The dimension of the initial rectangular shear
sample is 35 mm × 15 mm × 2.0 mm, which has been opti-
mized to achieve a uniform shear strain in the centre area. The
shear strain field was obtained by using the digital image
correlation (DIC) technique, namely the ARAMIS 5 M. Due
to the buckling impact in the both sides of the sample, only the
data in the centre area were used for the strain calculation. An
appropriate area of interest (AOI: 12.0 × 2.0 mm) was select-
ed, in which the shear deformation is almost uniform (ranges
from 25.5° to 26.5°) as shown in Fig. 4.

Material parameter identifications

It is noted above that the material characterization for the
Yld2000-2d model requires three standard uniaxial tensile
tests at the angles 0°, 45° and 90° with respect to the extruding
direction and a test for the equi-biaxial stress state. Due to the
geometric limitation of the un-deformed thin-walled tube, the
equi-biaxial experiment is not available. The uniaxial stress
along the extrusion direction was arbitrarily used instead.
Note that the exponent a in the Yld2000-2d model for FCC
materials (i.e., AA6060-T4) is taken to be equal to 8.0. The
input data of stresses were not the values at yield but those
determined at a specific plastic work [40] of 15 MPa, which
achieves an adequate plastic deformation. The model param-
eters of the IHKH model with Yld2000-2d are identified by
analytic method and then calibrated by numerical testing. The
resulting parameters are listed in Table 1.

The sample tested in simple shear was cut from the extruded
tube before bending process. As shown from Fig. 5, the
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identified curves show that evident difference of the hardening
laws occurs in the forward and reverse shear tests. After the
load reverse, the IHKH model reproduces the Bauschinger
effect and transient behaviour of this material very well where-
as the IH model captures neither of them. Although some dis-
crepancies are found in reproducing the curve crossing re-
sponse [41] by the IHKH model, the whole predicted results
by the IHKHmodel are acceptable. More detailed descriptions
on the material parameter identifications and the influence of
constitutive models can be referred to the authors’ previous
work [11].

Finite element modelling and its experimental validation

An improved FE model for mandrel-rotary draw bending pro-
cess of hybrid thin-walled aluminium alloy tube was
established, as shown in Fig. 6. The dynamic-explicit time
integration scheme was used for the simulation of the forming
process, and implicit time integration for springback. The
elastic-plasticity constitutive models described in the previous
Section were implemented into ABAQUS through the user
subroutines VUMAT/UMAT. The key modelling techniques
were consistent with those in the original model in Ref. [12],
such as the surface-based coupling HINGE constraint for flex-
ible mandrel and numerical inverse method for interfacial fric-
tion coefficient identification. The core of this work will focus
on the control strategies by using the developed FE model.
However, the fine shell element (1.0 mm × 2.0 mm) has been

adopted for the main deformation area and should make a
more precise prediction to springback than the previous coarse
mesh element.

The basic forming and geometric parameters are listed in
Table 2. Fig. 7 shows the experimental apparatus involved
plastic wipe die and multi-bending axis, which has been also
used for mass production of the AA6060-T4HTWautomotive
structure. The validity of the FE model has been assessed by
comparing the predicted twist springback and side wall thin-
ning with the experimental ones in the previous works [12].
The twist springback of studied HTW tube can be
decomposed into two main codes of deformation behaviours.
In the longitudinal direction, the amount of springback can be
expressed as the bending angular change of rectangular close
section after the release of residual stress. In the circumferen-
tial direction, the amount of twist can be defined as the
warping angle of open section. More detailed information on
the description of twist springback and the corresponding de-
formation analysis can be referred to the authors’ previous
works [11, 12].

Control strategies

In this Section, a special attention is paid to the control strat-
egy of twist springback in mandrel-rotary tube bending, a
topic that has not been emphasised often so far. In the authors’
prior works [11, 12], from the view of elastic-plastic

Grip with groove and texture

Guide pillar-bush 
(4 pairs)

Initial         Painted       Deformed

DIC camera

Fig. 3 The enhanced simple
shear device

x

yAOI: 12.0 x 2.0

Deformation area

Shear
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Fig. 4 DIC images of shear
deformation
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deformation mechanism, since the tube undergoes in-plane
tensile at the extrados and compressive deformation at the
intrados during the bending process, shear deformation may
arise in the wall regions. The negative torsion moment can be
roughly explained in conjunction with the in-plane shear
stress. During the springback process, the flange region at
the extrados of the tube that undergoes stretching deformation
requires in-plane compression, whereas the intrados of the
tube that undergoes shrinking deformation requires in-plane
tension. These in-plane deformations have the opposite effect
to the first factor during the bending process. Thus, release of
the longitudinal tangent stress during springback process will
cause positive twist, which will decrease the whole twist de-
formation in the flange. The previous efforts provide a trigger
on the control strategy of twist springback in terms of axial
force or longitudinal tangent stress field during the bending
process. Therefore, two key process parameters related to ax-
ial force, i.e., the mandrel nose placement and the push assis-
tant loading with boost, are assessed for the efficient reduction
of twist springback in the present work.

Mandrel nose placement (MNP)

In MRDB, the tube wall will thicken along the inside radius
(intrados) and will thin along the outside radius (extrados) as

the clamps draw the tube around the bend die. The purpose of
the mandrel nose, as shown in Fig. 8, is to cover this region of
flowing material and ensure a consistently round cross section
by mitigating the simultaneous compression and stretching of
the tube wall.

As one scheme, the mandrel in a too far forward posi-
tion stretches the material on the outside of the bend more
than necessary. This increases the length of material on
the outside beyond what is required to make a bend.
Fig. 9a is an exaggerated example. Bumps appear on the
extrados of the bend and are most evident at the end of
bend. A step may begin to appear on the intrados at the
start of the bend. On the other hand, the mandrel in a too
far back position does not adequately stretch the material
on the outside of the bend and generate enough pressure
on the inside of the bend to compress the material. This
may lead to form a wrinkle or wave on the intrados of the
tube, as shown in Fig. 9b. Therefore, the mandrel nose
placement (MNP) relative to the point of bend or the line
of tangency should affect the stress and deformation state
of the bent tube.

In order to identify an analytic value of MNP, some funda-
mental assumptions are given as follows: 1) the cross-
sectional distortion and wall thickness reduction are ignored;
2) the centrelines of mandrel shank and thin-walled tube are
collinear; 3) the whole flexible mandrel including mandrel
shank and flexible cores is rigid or non-deformable; 4) the
edge of mandrel nose is tangent to the inside wall of tube.
As illustrated in Fig. 10, the ideal value of MNP can be cal-
culated by using ΔOAB:

e ¼ ABj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
OAj j2 − OBj j2

q

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RCLR þ W0

2
− t


 �2

− RCLR þ W1

2
− r⋅sin2α


 �2
s

ð6Þ

in which

μ ¼ W0 − W1

2
−t ð7Þ

and for large diameter thin-walled tube

r⋅sin2α ≈ 0 ð8Þ

Table 1 Material parameters of
AA6060-T4 for the constitutive
models used

Anisotropy σ0/σ0 σ0/σ45 σ0/σ90 σb/σ0 r0 r45 r90 rb
1 0.843 0.929 1 0.492 0.367 1.277 0.353

Yld2000-2d α1 α2 α3 α4 α5 α6 α7 α8 α

0.766 1.266 0.751 0.975 1.052 1.070 0.871 1.592 8

IHKH σ0 (MPa) Q (MPa) b C (MPa) γ

86.4 137.5 6.74 3221.2 59.6

 Bauschinger shear
 Monotonic shear 
 Tension test
 IH
 IHKH
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Fig. 5 Comparison of measured and predicted Bauschinger shear stress-
strain curves
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Hence the ideal value ofMNP can be simplified and given by

e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 RCLR þ W0

2
−t


 �
⋅μ−μ2

s
ð9Þ

where e, RCLR, t and μ denote the mandrel nose place-
ment, the radius of geometric centre curve, wall thickness
and clearance between mandrel and tube, respectively. α,
r and W1 are defined as the sine angle between mandrel
nose placement and the extrados radius of interior thin-
walled tube, mandrel nose radius and the width of man-
drel shank, respectively. W0 represents the width of extra-
dos thin-walled rectangular tube or outward diameter of
circular thin-walled tube. From Eq. (9), it also can be
observed that mandrel nose placement is irrelevant to
the bending angle. This means that MNP can be a con-
stant for multiple bent tubes.

Push assistant loading (PAL)

In order to improve the thin-walled tube bendability and
mitigate the residual stress in the longitudinal direction,

generally, the pushing tools including the movable pres-
sure die or booster could be used to provide the push
assistant loading (PAL) for MRDB. How to determine
the appropriable PAL plays an important role for the con-
trol of twist springback and other deformation behaviours.

As shown in Fig. 11, the pressure die exerts the axial
friction force to the outside of tube. This axial compressive
force counteracts the drag force done by the inside
mandrel/wiper die and helps push the materials past the
tangent point and into the bending regions. It decreases
the tensile stress and makes the strain neutral line (NL)
shift outwards, as illustrated in Fig. 12. In a normal pro-
cess, the pressure die displaces the same distance as the arc
length that is swept by the centre-line radius (CLR). This is
referred to as the Bmedium boost^ case where the ratio of
the displacements is 100%. By changing the displacement
of the pressure die relative to the arc length swept by the
CLR of the bend die, the calculation for pressure die boost
is given by

PL ¼ LP
LCLR

� 100% ¼ 1þ 360W0

πRCLRθ


 �
� 100% ð10Þ

Longitudinal 
angular springback

2U

(a)

Circumferential
cross section:
Twist

(b)

(c)

Fig. 6 (a) Finite element model of mandrel rotary draw bending (b) longitudinal springback angle (c) twist

Table 2 Forming parameters of
MRDB and friction coefficients
on various tube-die interfaces

Forming conditions Friction conditions

Process parameters Values Interfaces Lubricants Inverse values

Bending velocity, ω/(rad∙s) 0.523 Tube-bend die Dry 0.1

Bend angle, θ/(°) 45 Tube- pressure die Dry 0.38

Centreline radius, RCLR/(mm) 130 Tube- mandrel Mineral oil 0.08

Speed of pressure die, Vp(mm/s) 60 Tube- wiper die Dry 0.15

Clearances between tube and tools (mm) 0.1 Tube-clamp die Tough dry rough

Speed of mandrel retracted, Vm (mm/s) 100 Note1: Lubricate oil is IRMCO GEL 980–000.

Mandrel flexible cores 5 Note2: Coulomb friction law.

Length of pressure die, Lp (mm) 210
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in which

LP ¼ LCLR þ 2W0; LCLR ¼ πRCLRθ
180

ð11Þ

where LP and LCLR are the length of pressure die and the
theoretical centreline arc length respectively. θ represents
the bending angle. According to Li et al. [3], 2W0 (2 times
of the tube diameter or width W0) is the needed length for
resisting the warping relative to the rigidity of the tube
material. Here, this empirical value is considered as the
Bpositive boost^ from pressure die. Additionally, the other
possible scheme is to change the push assist speed of pres-
sure die for the improvement of axial force. However, it is
limited since it should be compatible to the bending speed
of bend die.

To ensure the above Bpositive boost^ was achieved without
the tube slipping relative to the pressure die, a boost collet can
be used to couple the end of the tube to the pressure die.
Moreover, the booster, one of the movable pushing tools, can
be also used to apply the axial boosting force to control the flow

state of tube materials. Fig. 11 also shows that there are five
possible methods to apply the axial boosting force via booster:

(a) To provide the push assistant force directly at the trailing
end of tube;

(b) To provide the push assistant force by the friction be-
tween booster and outer surface of tube;

(c) To combine the above two boosting methods to exert the
boosting force;

WT=wall thickness
CLR=centerline radius

MNP (e)
+ Forward
- Back Line of tangency

Mandrel nose insert

CLR

Mandrel shank
Wipe tip insert

Radial clearance 

Wipe holder

Rake of wipe die

Nose radius

WT

Tube

Fig. 8 Illustration of mandrel nose placement and wipe die rake in
MRDB

Wipe die 
(plastic) Bend die Tube

Clamp die
Bending
axis

Tools for negative bend

Fig. 7 Experimental tools with a plastic wipe die and a multi-bending
axis
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(d) To provide the push assistant force by the friction be-
tween booster and inner surface of tube;

(e) To combine the first method and the fourth one to boost
the tube. To evaluate the efficiency of the boostingmethod
on springback control of thin-walled tube, the last boosting
method with respect to different boosting force conditions
was adopted based on the developed FE model.

The previous researches [3] have tended to use a nominal
index of the booster assistant level associated with the speed
ratio of the booster and centreline bender. It can be expressed as

f b ¼
Vb

VCLR
� 100%;with VCLR ¼ ω⋅RCLR ð12Þ

where Vb and VCLR are the speeds of booster and the instant
tangential linear speed measured at the centreline bending radi-
us of bend die, respectively. ω represents the angular velocity of
the bending die.

This push assistant level related to forming speed may be a
good matching mode for PAL. However, in this work, the
authors prefer to directly apply the booster force or axial pres-
sure at the trailing end of tube. It can be implemented by
adding a simple device in the CNC machine with a particular
spring, which can provide the designate value of axial force on
the tube during the forming process. It is worth to note that
both PAL methods might induce the local wrinkling due to
simultaneously induced excessive compressive stress at the

intrados of tube. Thus it is necessary to study the interactive
effects of PAL conditions on different defects such as wrin-
kling, wall thinning and cross-section deformation.

Results and discussions

The effect of MNP on twist springback

In order to study the effect of MNP on twist springback, sev-
eral levels of forwardMNPwere introduced into the FEmodel
and tested the feasibility for the control of twist springback.
According to Eq. (9) and the geometry of the HTW tube, the
theoretic value of MNP, i.e., 5.69 mm, can be obtained.
Hence, the range of the tested MNP change can be from 0 to
10 mm, and there are almost no other undesirable defects
mentioned above. Fig. 13 shows the comparison of the pre-
dicted twist springback by using different MNP in the case of
45° bending thin-walled tube. It can be observed that the an-
gular springback slightly increases at first and then decreases
after 6.0 mm. This might be because the first increase of MNP
aggravates the large deformations on the extrados side includ-
ing the rate of elastic deformation, which leads to the larger
angular springback. The further increase of MNP may miti-
gate the intrados compression deformation and then cause the
decrease of angular springback. The MNP should also make
an important effect on the ovalisation or distortion of the close
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Booster

(c)(d)
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Bend die
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LPFig. 11 Sketch of boosting
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loading in MRDB
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Fig. 12 Stress distribution and
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section, but it is not significant in this particular case. For the
twist deformation in the flange, no remarkable difference has
been observed between the situations. This might be because,
for the particular HTW structure, there is no directly interfacial
contact between flexible mandrel and the open section part,
which is the place of twist occurrence.

The effect of PAL on twist springback

Nowadays, many newer CNC tube-bending machine have
both Bassist^ pressure and Bboost^ pressure. The term Bboost^
generally means a type of axial pressure applied during the
bend to the entire circumference of the tube by means of
clamps behind the pressure die. By using this type of pressure
force, deformable material passes through the line of tangency
to feed both the intrados and the extrados. Assist, on the other
hand, feeds material only into the extrados which is useful in
decreasing flattening and wall-thinning. In this work, to test
the effect of PAL on twist springback, several virtual levels of
axial pressure or Bboost^ were applied on the trailing end of

the thin-walled tube during the MRDB. The range of high
boost is from 0.3 MPa to 0.9 MPa with an interval of
0.2 MPa. Fig. 14 compares the maximum twisting and
springback angles calculated by using different PAL condi-
tions. It can be observed that 23.5% degradation of twisting
deformation can be achieved by 0.9 MPa PAL condition com-
pared to no PAL condition. However, the compensation of
springback of bending angle is not attained and even a slight
increase is observed. This is because the PAL mainly be help-
ful to reduce the longitudinal tensile stress field on the extra-
dos side, rather than the bending moment of the whole section.

By using different PAL conditions, the selected intrados
and extrados sidewall thickness distributions were calculated
and compared in Fig. 15. The thickness of intrados sidewall
increases with the increase of push assistant pressure, while
that of extrados sidewall decreases. This means that the extra-
dos sidewall has less deformation, but the tendency of the
wrinkle in the intrados sidewall rises.

Although the proposed PAL method with boost has proved
to be efficient for the reduction of twist deformation of the
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presented case, the authors think this alternative approach still
needs to be tested in more other possible industrial applica-
tions. It should be of particular significance for the forming
processes with obvious axial force.

The effect of wipe die rake on twist springback
and wrinkle

In order to balance the twist control and wrinkle occur-
rence, a wiper tip properly raked from the line of tangency,
as shown in Fig. 8, is proposed to prevent the wrinkle or
series of small wrinkles that can form at the terminal end of
the intrados bent tube. Theoretically, the wiper die includ-
ing wiper tip insert and wiper die holder fills the gap be-
hind the line of tangency the inside line of the tube and the
curve of the bend die cavity. As the tube is drawn through
the line of tangency, the forming material will bulge out-
ward to fill this gap if it is not sufficiently rigid. And this
bulge can flatten out between the bend die cavity and the
mandrel nose with enough direct pressure-die pressure.
However, if the bulge extends far enough to exceed the
elasticity of the forming material at the terminus of the

bend, it will not be drawn through or flattened and then
form a wrinkle. Therefore, the wiper tip needs to obstruct
only that marginal bulging which exceeds the material’s
elasticity and would set the entire bulge into a permanent
wrinkle. This is why a wiper can be raked away from the
line of tangency. In addition, it should be noted that the
feathered edge of wipe die can approach, but not go past
the line of tangency.

In this work, three different levels of the wipe die rake, i.e.,
δ = 0° , 1° , 2°, with maximum MNP and Bhigh boost^, were
tested to evaluate its effect on wrinkle and twist deformation
of the analysed HTW tube. Fig. 16a indicates that there is a
significant reduction of intrados wall thickness or the wrinkle
tendency by means of wipe die rake. But there is no remark-
able difference observed with the increase of wipe die rake
from 1°to 2°. Additionally, Fig. 16b compares the predicted
twist springback under different wipe die rake. It is almost no
remarkable change. This means that the wipe die rake makes
little effect on twist springback. The experimental validation
of the wipe die rake onwrinkle firstly was to use a plastic wipe
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die. It is an engineering resin (also known as Bmetal-like^)
with mechanical properties that make it useful for the
prototyping and manufacture of laboratory apparatus, namely
Polyoxymethylene (POM) [42]. The experimental observa-
tion is in good qualitative agreement with the simulation-
based analyses mentioned above. In a word, integrated opti-
misation of process parameters associated with BForward
MNP ,̂ BHigh boost^ and an appropriate wipe die rake should
be an efficient control strategy to minimize the twist
springback of HTW tube subjected to MRDB.

Conclusions

In this work, the control strategy of twist springback phenom-
enon for an industrial hybrid thin-walled tube under mandrel-
rotary draw bending was investigated by means of numerical
method and deformation analysis. By using the developed FE
model, the optimization of mandrel nose placement and the
application of push assistant loading with boost were to assess
the efficiency for the control of twist springback as well as the
wipe die rake for the reduction of wrinkle. The principal con-
clusions are as follows:

1) The mandrel nose placement mainly affects the
springback but not twist deformation in the case of pre-
sented hybrid thin-walled tube.

2) The push assistant loading with boost is able to reduce
twist deformation, but the tendency of springback of
bending angle and wrinkle in the intrados sidewall also
rises.

3) The wipe die rake provides an efficient control strategy
for the wrinkle in the intrados side but not for the twist
springback in the extrados side.

4) Interactive effects between twist springback and other de-
formation defects should be taken into account in the
future work and real industrial application.

5) The presented FEA-based control strategies should be
helpful to establish robust tool design and forming condi-
tion for stable and precise manufacturing of lightweight
automotive structures.
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