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Abstract

The thin-walled tube NC bending process is a much complex physical process with multi-factors coupling interactive effects. The

mandrel is the key to improve bending limit and to achieve high quality. In this study, one analytical model of the mandrel (including

mandrel shank and balls) has been established and some reference formulas have been deduced in order to select the mandrel parameters

preliminarily, i.e. mandrel diameter d, mandrel extension e, number of balls n, thickness of balls k, space length between balls p and nose

radius r. The experiment has been carried out to verify the analytical model. Based on the above analysis, a 3D elastic–plastic FEM

model of the NC bending process is established using the dynamic explicit FEM code ABAQUS/Explicit. Thus, the influences of mandrel

on stress distribution during the bending process have been investigated, and then the role of the mandrel in the NC precision bending

process such as wrinkling prevention has been revealed. The results show the following: (1) Wrinkling in the tube NC bending process is

conditional on membrane biaxial compressive stress state; the smaller the difference between the biaxial membrane stresses is, the more

possibility of wrinkling occurs. (2) If the mandrels of larger sizes are used, it will cause the neutral axial to move outward and the

difference between the in-plane compressive stresses to become more obvious, which may increase minimum wrinkling energy and anti-

wrinkling ability. But the larger mandrel sizes make outside tube over-thinning. (3) When the mandrel extension length increases, the

neutral axial will move outward and the difference between the biaxial compressive stresses becomes larger, but the significance is less

than that of the mandrel diameter. The excessive extension will cause tube to over thin or even crack. (4) The significance of ball

number’s effect on the neutral axial position and difference between biaxial compressive stresses is between ones of mandrel diameter and

mandrel extension. Increasing the ball number will enhance the thinning degree and manufacturing cost. The results may help to better

understanding of mandrel role on the improvement of forming limit and forming quality in the process.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The NC bending process of thin-walled tube has been
attracting more and more applications in aerospace,
aviation, automobile and various other high technology
industries, due to its high forming precision advantage and
satisfying the increasing needs for high strength/weight
ratio products. The technology has become one of frontier
fields in the research and development of advanced plastic
forming technology [1].

The rotary-draw-bending method is commonly employed
in the thin-walled tube NC bending process. The key
e front matter r 2006 Elsevier Ltd. All rights reserved.
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technique to realize precision and stable bending deforma-
tion is how to select the optimal parameters and
control the stress and strain states reasonably. Thus, the
degrees of ovalization and thinning of bent tube can be
controlled to some acceptable extent under free wrinkling
conditions.
In order to reduce the wrinkling risk and cross-section

distortion degree, it is considered to fill the thin-walled
tubes with fine sand or rosin-cerate. Also, the larger tube
bending operations are often filled with sand to prevent
wrinkling. But it is known that filling the mediums such as
sands or fluid may decrease the forming precision in
practice and add fore-treatment and post-treatment pro-
cesses such as sealing, removing sealing and materials
cleaning; thus, increasing forming cost and environmental
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Fig. 1. Forming principle of Rotary draw bending method and sketch of

standard mandrel.
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pollution, etc., which seems difficult to satisfy the require-
ments of advanced NC bending process. While the
mandrels can overcome the above problems due to its
advantages of designability, much flexibility and relative
little cost. The mandrel is of importance to improving both
the forming limit and the bending quality. So the research
on the role of the mandrel is of great significance in the
thin-walled tube bending process.

Many scholars have carried out the researches on the tube
bending process using FEM. But most of them focused on
the stretch bending, the press bending, the pure bending or
the hot bending. Up to now, study on the thin-walled tube
NC bending process, especially the influence of the mandrel
on the process is still scant [2–6]. In the authors’ lab, the
wrinkling phenomena in the thin-walled tube bending process
were investigated by importing the proposed wrinkling
predictor into the self-development rigid–plastic FEM code
TBS-3D [7–10]. However, due to the complication of the
physical process with tri-linearity and multi-factors coupling
interactive effects, it is difficult to realize the simulation in the
rigid–plastic FE simulation modeling in correlation with the
true dynamic contacts conditions between tube and various
dies such as tube between mandrel and balls.

Consequently in the study, to carry out the study on the
mandrel role in the advanced bending process, based on the
analytical description of the mandrel in the thin-walled
tube bending process, a 3D elastic–plastic FEM model
of the process is established for the process, then the
mandrel’s (including mandrel shank and balls) influence on
stress distribution have been investigated and thus the
mandrel role in the bending process has been discussed.

2. Analytical modeling of mandrel in NC bending

2.1. Experimental method

In the thin-walled tube NC bending process, as shown in
Fig. 1, both sides of the tube are subjected to various
tooling’s strictly contacting force, such as bend die, clamp
die, pressure die (with or without boost device), wiper die
and mandrel (with one or more flexible balls). The tube is
clamped against the bend die; Drawn by the bend die and
the clamp die, the tube goes past the tangent point and
rotates along the groove of the bend die to the desired
bending degree and the bending radius. Thus, the bending
deformation is finished and then the mandrel is withdrawn
and the tube is unloaded. So the process needs precise
coordination of various dies and strictly controlling of
forming parameters.

Among the above toolings, the ball-and-socket-type
flexible mandrel (including balls) is positioned inside the
hollow tube to provide the rigid support. The mandrel is
composed of mandrel shank and balls. As shown in Fig. 1,
the mandrel can be precisely described by the mandrel
diameter d, the mandrel extension length e, the number of
balls n, the thickness of balls k, the space length between
balls p and the nose radius r. Among them, the mandrel
extension e refers to the mandrel shank extension length
exceeding the point of tangency.

2.2. Analytical modeling of the mandrel

According to the plastic forming features in the tube
bending process and the geometry cooperation of mandrel/
tube, the reference formulas are deduced in order to select
the above mandrel parameters faster and preliminarily. The
assumptions and basic theory used are as follows:
(1)
 In the tube bending process, the connection between
the mandrel shank and the balls satisfies the ‘‘natural
connection’’ principle-namely ideal contact condition
meaning there is no interference between each other.
(2)
 In the bending process, the balls rotate about Z-axis and
should point to the bending center O due to the
requirements of achieving steady metal materials deform-
ing and increasing the balls service life shown in Fig. 1.
(3)
 The tube undergoes the bending deformation from the
early stable stage to stable one, and only the materials
in the local regions near the tangent line deform largely
and the possible wrinkling, over-thinning and severe
section ovalization may occur in this regions.
As shown in Fig. 1, in the right-angled triangle Rt OAB,
the value of AB can be calculated by Eq. (1):

AB ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRþD=2� tÞ2 � ðRþ d=2Þ2

q
(1)

where the nose radius r plays the function of the smooth
transition.
Then the maximum extension length emax can be

obtained by Eq. (2):

emax ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRþD=2� tÞ2 � ðRþ d=2Þ2

q
þ r (2)
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Table 1

Mandrel extension length for different dies

Specification Mandrel diameter d

(mm)

Maximum extension

length emax (mm)

+38� 1� 38 35.6 10.7

+38� 1� 42 35.6 10.9

+38� 1� 57 35.6 11.5

+50� 1� 60 47.6 11.8

+50� 1� 75 47.6 12.3

Table 2

Mandrel balls parameters

Specification Balls thickness k

(mm)

Space length between

balls, p (mm)

Number of

balls, n

+38� 1 12.00 15.00 2

+50� 1 20.00 25.00 2
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From the above formula, it is shown that the mandrel
extension length largely depends on the relative tube
diameter D/t, the bending radius R and the mandrel diameter
d. When the mandrel extension length exceeds the maximum
length emax, the tube will interfere with the mandrel shank
and over thins or then cracks. It is noted that the minimum
extension length emin should equal r. If the mandrel extension
length is less than r, the mandrel and wiper die would not
cooperate well and the wrinkling may happen.

The thickness of balls k should be reasonable. The
excessive thin k can not ensure the mechanical connection
strength. Whereas when the k is too thick, the clearance
between tube and point C on balls is too big to exert the
rigid support services. Here, is one coordination formula of
the k based on the geometry cooperation:

D=2� t�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðd=2Þ2 � ðk=2Þ2

q
ocmax (3)

where cmax is the maximum value of clearance,ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðd=2Þ2 � ðk=2Þ2

q
is the value of AF in the right-angled

triangle Rt CEF.
When the cross-section degree with maximum ovaliza-

tion is a, the effective arc ae is as below:

ae ¼ a� arctg
e

R�D=2þ t
(4)

where arctgðe=ðR�D=2þ tÞÞ is the radian corresponding
to the mandrel extension length.

Then the number of flexible balls can be calculated by

n ¼
R�D=2þ t

k
ae (5)

The space length between balls p is obtained according to
the geometry relationship as shown in Fig. 1 when n and k

are given:

p ¼ R� a=n (6)

2.3. Modeling validation

In order to verify the above proposed analytical
modeling of mandrel, the experiment has been carried out.

The experimental parameters are the follows: tube outside
diameter D is 38mm, wall thickness t 1mm. The bending
radius R 57mm, R/D 1.5. The mandrel diameter 35.60mm,
the nose radius r 6mm. Additionally, according to the
experimental results and tube bending characteristics, the
cross-section degree a with maximum cross-section ovaliza-
tion equals about p/4 rad for the bending angle p/2 rad.

According to the above formulas, the mandrel para-
meters can be calculated under the above mentioned
experimental bending conditions. The maximum extension
length emax is 11.5mm, the number of balls n 2, balls
thickness kmax 12mm, the space length p between mandrel
shank and balls 15mm.

The results show that if the mandrel parameters are
selected within the above calculated ranges, the preliminary
tolling setup is carried out well. With no more than three
times trials, the bending operations are accomplished with
free-winkling and both section ovalization and thinning
degrees are welled controlled.
Thus the rationality of the above formulas is validated.

Additionally, the mandrel extension length and the
reference values for mandrel parameters for the other 4
kinds tube bends are also obtained as Tables 1 and 2. The
formulas may amend the previous empirical formulation
and help to better understanding and fast selection of the
mandrel parameters in the FE simulation modeling and
practical situation.

3. FEM modeling and key problems resolved

Compared with the static implicit algorithm, dynamic
explicit FE algorithm is the main method for simulation of
the metal forming process with unique advantages such as
little solution costs, few difficulties in simulating complex
contact and large deformation process, also ability of
predicting wrinkling and cross-section distortion phenom-
ena directly, without iteration or convergence tolerance. So
based on the prior research [8–10] and according to the
practical tube bending process, a 3D elastic–plastic FE
model of the NC bending process is established using the
FE code ABAQUS/Explicit (shown in Fig. 2).
To model the quasi-static metal forming process using

explicit algorithm exactly, some control parameters such as
mass scaling factor and speed scaling factor need to be
considered carefully, also the key problems such as element
type, friction condition, materials properties and contact
condition are selected reasonably [11].

3.1. Geometry modeling and assembling

The NC bending process requires the precise coordina-
tion of the five parts such as bend die, clamp die, pressure
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Fig. 2. Illustration of FEM model for NC bending process.

Fig. 3. Geometry model of mandrel with three balls.

Table 3

Mechanical properties of tube

Materials 1Cr18Ni9Ti LF2M

Ultimate tension strength sb (MPa) 680 190

Extensibility d (%) 53 22

Poisson’s ratio, g 0.28 0.34

Initial yield stress, ss (MPa) 357 90

Hardening exponent, n 0.373 0.262

Strength coefficient K 1422 398

Young’s modulus E (GPa) 169 56

Density r (kg/m3) 7800 2700
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die (assistant push), wiper die, and mandrel with one or
more flexible balls. Balls rotate depending on the tube
bending operations. Fig. 3 shows the geometry model of
mandrel shank and flexible balls with the same contact
mechanism as practice by defining the identical dynamic
attributes to the real contact conditions.

3.2. Element-type selection and materials properties

The four-node doubly curved thin shell S4R is adapted
to describe three-dimensional deformable tube with the
following features: reduced integration and hourglass
control. Five integration points are selected across the
thickness to describe the tube bending deformation better.
The tube is divided into two parts axially: a clamped
portion and a to be bent portion. The clamped portion of
the tube is held between the bend die and the clamp die
during the bending process. The to be bent portion will
actually undergo the bending deformation. The total
number of meshing elements is 5889. The external and
internal rigid tools are modeled as rigid bodies using 4-
node 3-D bilinear quadrilateral rigid element R3D4 to
describe smooth contact geometry curved faces.

Correct material properties determine the credibility of
the FE simulation. The uniaxial tension test is used to
obtain the mechanical properties of stainless steel
(1Cr18Ni9Ti) and aluminum alloy (LF2 M) as shown in
Table 3. And the material model is the commonly used
Swift’s power-law plastic model as in Eq. (7):

s̄ ¼ K �̄n (7)

3.3. Friction formulation

In the tube bending process, five contact interfaces
between tube and dies are as following: tube/mandrel
(ball), tube/wiper die, tube/bend die, tube/clamp die and
tube/pressure die. Because the plastic deformation zone
only concentrates on local small areas, and most of tube
parts still belong to non-deformation zone, namely rigid
zone, the classical Coulomb model has been chosen to
represent the interfaces’ friction conditions:

sf ¼ mjsnj (8)

where sf is the frictional stress, m the friction coefficient
(0omo0.5), sn the stress on the contact surface.
The tube’s bending deformation depends on the contact

and friction between various tube portions and different
dies. According to the different contact conditions, the
friction coefficient can be classified into 4 kinds: 0.05, 0.1,
0.25 and ‘‘Rough’’, in which ‘‘Rough’’ type refers to no
relative slipping when nodes contact each other and
suitable for the tube/clamp die friction conditions. And
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the different friction coefficients have been assigned to the
different contact interfaces as shown in Table 4.
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3.4. Dynamic boundary conditions

The contact interfaces between the tube and the dies are
defined with the ‘‘Surface-to-surface contact’’ option,
which allows sliding between these surfaces. And the
‘‘Kinematic constraints’’ is used to describe the mechanical
constraints combined with ‘‘Penalty method’’ to improve
the computation efficiency and accuracy. Moreover,
according to the real conditions, the sliding formulation
for every contact interfaces is the ‘‘Finite sliding’’ except
the one for tube/clamp die contact pair with the ‘‘Small
sliding’’, namely not being allowed for sliding between the
contact surface.

The ‘‘Displacement/rotates’’ and ‘‘Velocity/angular’’ are
used to apply the same boundary constraints and loadings
as the true bending process. For the bending process with
the bending radius 57mm, the bending time needed is 1.96 s
at the bending speed 0.8 rad/s.

Both bend die and clamp die are constrained to rotate
about the global Z-axis, while the pressure die is
constrained to translate only along the global X-axis with
the same linear speed as the centerline bending speed of the
bend die. The wiper die is constrained along all the degrees
of freedom. And the trapezoidal profile is used to define the
smooth angular velocity of the bend die, the clamp die and
the pressure die.

The mandrel’s speed along X-axis is 0 in the bending
process. After the bending operation is finished, the
mandrel will be withdrawn. The relative movement
between mandrel shank and flexible balls is complex. The
‘‘Connector element’’ is employed to define the contact
conditions between mandrel shank and floating balls. The
translating and rotation degrees of freedom are all 0 except
that the rotation degree of freedom about Z-axis is free.
3.5. Model validation by experiments

The established elastic–plastic FE model is verified by
using PLC controlled bender W27YPC-63NC with the
same forming principle and dies structure as the NC
bending machine.
Table 4

Friction conditions in various contact interfaces

Contact interface Friction coefficients

1 Tube/wiper die 0.05

2 Tube/pressure die 0.25

3 Tube/clamp die Rough

4 Tube/bend die 0.1

5 Tube/mandrel 0.1

6 Tube/balls 0.1
The experimental conditions: the material is aluminum
alloy (LF2 M). The tube outside diameter D 38mm, the
thickness t 1mm, the bending radius R 57mm, the bending
angle is 901. The bending speed is 0.15 rad/s, the pressure
die’s assistant pushing speed is 8.55mm/s. The mandrel
length is 153mm, the pressure die length is 250mm, the
clamp die length is 115mm, and the wiper die length is
120mm. The lubricant is stainless steel oil extrusion S980B.
The mandrel diameter is 35.60mm, the extension length e is
6mm, the balls thickness k is 12mm, the number of balls n

is 1, the space length between balls p is 15mm and the nose
radius r is 6mm.
It is experimentally found that the cross-section distor-

tion degree of the mid-cross-section is almost maximum
among the distortion degrees of tube cross-sections and the
cross-section distortion is one of the deformation phenom-
ena of the bent tube. So the cross-section distortion degree
at 451 is used to verify the FE modeling with the bending
angle 901 in the study.
Fig. 4 shows the comparison of FE cross-section

distortion degrees with experimental ones. It is found
obviously that the maximum distortion degree increases
linearly when the bending angle rises and the calculation
error between the simulation and the experimental results is
less than 5%. So the tube can be bent stably on the above
conditions. Thus the model is validated.

4. Results and discussion

Using the established explicit FE model, the influ-
ence mechanism of the mandrel on the complex stress
distribution has been revealed, and then the role
of the mandrel in the NC bending process has been
revealed.
The simulation condition: the mandrel diameter is 34.2,

35.0 and 35.6mm, respectively. According to Eq. (1), the
corresponding maximum mandrel extension length emax is
16.9, 14.6 and 11.47mm. Thus, the mandrel extension
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length is selected as 6, 8, 10 and 11mm, and the number of
balls is 0, 1, 2 and 3. Other parameters are the same as the
ones in the above experiment.

4.1. Effects of mandrel diameter size

The FE calculation of the bending processes with the
mandrels of different sizes 34.2, 35.0 and 35.6mm have
been carried out, respectively. The mandrel extension
length e is 6mm and the ball number is 2. When the
mandrel diameters are 34.2 and 35.0mm, the wrinkling
occurs for both aluminum alloy and stainless steel tubes;
while there are free wrinkles when the mandrel diameter is
35.6mm. The maximum tangent stress distributions for the
mandrels of different sizes have been investigated. Fig. 5
shows the history curves of maximum tangent stresses with
various mandrels of different sizes.

It is found that the tube’s maximum tangent compressive
stress is greater than maximum tension stress all over the
stable bending process with the maximum difference from
10% to 12% when the size of the mandrel diameter is
Fig. 5. History curve of maximum tangent stress with different mandrel diamet

35mm; and (c) mandrel diameter 35.6mm.
small; however, when the mandrel diameter is 35.6mm, the
maximum tangent compressive stress is nearly the same as
the maximum tension stress, even smaller than the tension
stress in some moments. So the larger mandrel size can
enable both the tangent compressive and tension stresses to
become close mostly. And according to the ‘‘Moment
Balance’’ principle, the maximum tangent compressive
stress approaching tension stress represents that the neutral
axis extends toward outside tube from inside, which
increases the minimum wrinkling energy and thus anti-
wrinkling ability.
Fig. 6 shows that though the wrinkling occurs with the

mandrel size 34.2 and 35.0mm, the corresponding max-
imum tangent compressive stresses are less than the one
with the mandrel size 35.6mm. Thus, it is unreasonable to
predict the wrinkling only according to the value of the
tangent compressive stress. Unfortunately, the compressive
stress has been used as the wrinkling prediction criterion in
most previous literatures. It is found that wrinkling in the
tube NC bending process is conditional on membrane
biaxial compressive stress state in the process. So the
ers (e ¼ 6mm, n ¼ 2): (a) mandrel diameter 34.2mm; (b) mandrel diameter
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comparison between the tangent compressive stress
and the circumferential stress in the stable period is carried
out.

Fig. 7 reveals that the difference between the maximum
tangent and circumferential compressive stress becomes
Fig. 7. History curve of maximum tangent and circumferential compressive

diameter 34.2mm; (b) mandrel diameter 35mm; (c) mandrel diameter 35.6mm

Fig. 6. Maximum tangent stress with different mandrel diameters

(e ¼ 6mm, n ¼ 2).
more obvious with the larger mandrel size. Just as founded
that when the mandrels of the larger sizes are used, the
wrinkling tendency may become littler. Namely, the larger
the difference between the in-plane biaxial compressive
stresses is, the less possibility of wrinkling occurs.
But it is noted that, with too large mandrel size, the

extrados thinning degree may become larger and larger, or
even crack. Sometimes, there’ll exist a risk that the relative
slipping between tube and clamp die will happen due to the
large drag force exerted by the friction between tube and
mandrel, which may cause the wrinkles.
So the maximum mandrel diameter dmax should be

optimized based on the minimum mandrel diameter dmin

for free winkling. The minimum mandrel diameter dmin can
be calculated by Eq. (9):

dmin ¼ D� 2t� 2cmax (9)

In the study, the maximum clearance cmax for free
wrinkling between the tube and the mandrel is 0.2mm for
the bent tube with 38mm outer diameter and 1mm
thickness. Thus the mandrel diameter is 35.6mm by
Eq. (9).
stress with different mandrel diameters (e ¼ 6mm, n ¼ 2): (a) mandrel

.
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4.2. Effects of mandrel extension length

The bending processes with the mandrel extension length
6, 8, 10 and 11mm have been simulated, respectively. The
mandrel diameter is 35.6mm and the ball number is 2. In
the simulation, it is found that the wrinkling instability
does not occur in all cases.

The maximum tangent stress distribution for the
different mandrel extension lengths has been investigated.
Fig. 8 shows the history curves of the maximum tangent
stress with various mandrel extension lengths.

It is found that the difference between the maximum
tangent compressive stress and the tension stress turns
small with the mandrel extension length rises. Even the
difference becomes negative and is far less than the ones
with the mandrel diameters 34.2 and 35.0mm, when the
extension length is 11mm. As a result, although the
mandrel extension length enables the neutral axis move
towards outside to some extent, the significance for
restraining the wrinkling is much less than mandrel
diameters.
Fig. 8. History curve of maximum tangent stress with different mandrel ext

(b) mandrel extension length 8mm; (c) mandrel extension length 10mm; and
Fig. 9 reveals that the difference between the maximum
tangent and the circumferential compressive stresses
remains stable and thus wrinkling possibility is unchanged
with the different mandrel extension lengths. That is
because when the extension length is less than nose radius
r, it means that the mandrel and wiper die does not
cooperate well and the wrinkling is prone to occur. But as
discussed in Section 2, when the extension length is larger
than r, its function of restraining wrinkling is accomplished
totally and the anti-wrinkling ability is limited when the
mandrel extension is put forward further.
It is noted that outside tube will over thin and even crack

when mandrel extension length exceeds emax.
4.3. Effects of ball numbers

The bending processes without balls or with 1, 2 and 3
balls have been simulated, respectively. The mandrel
diameter is 35.6mm and the mandrel extension length is
6mm.
ension length (d ¼ 35:6mm, n ¼ 2): (a) mandrel extension length 6mm;

(d) mandrel extension length 11mm.
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Fig. 9. History curve of maximum tangent and circumferential compressive stress with different mandrel extension length (d ¼ 35:6mm, n ¼ 2):

(a) mandrel extension length 6mm; (b) mandrel extension length 8mm; (c) mandrel extension length 10mm; and (d) mandrel extension length 11mm.
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Fig. 10 shows the equivalent plastic strain contour
with various ball numbers. It can be seen that wrinkling
occurs at the front end of bent tube when the ball number
is 0 or 1, while the bending processes are stable with 2 and 3
balls.

The history curves of the maximum tangent stress
with various ball numbers are studied. It is found
that the maximum tangent compressive stress is
larger than tension stress during the stable bending
process when the numbers of ball are 0 or 1, and the
maximum difference is 2.1%, which is far less than the
ones with the 2 and 3 balls. When the ball number is
2 and 3, there’s little difference between the two condi-
tions. As a result, balls can make the neutral axis
move towards outside and improve the anti-wrinkling
ability.

Fig. 11 reveals that the difference between the maxi-
mum tangent and the circumferential compressive stresses
with 0 or 1 ball is less than that with 2 or 3 balls, which
may result into the wrinkling instability. Namely, more
balls may increase tube’s anti-wrinkling ability to some
extent.
From Fig. 12, it is found that mandrel balls improve
the cross-section distortion degrees efficiently, while the
role of the ball numbers for controlling the cross-section
distortion is limited when the ball number exceeds 2.
That’s because for the scheduled 901 of bent tube, the
cross-section with the maximum distortion degree is
located at about 451, and 2 balls may ensure balls exten-
sion end support the critical dangerous sections. By
ensuring the same other forming conditions, the experi-
ment has been carried out to verify the conclusion with 1, 2
and 3 balls, respectively. It is found that the difference
between the maximum distortion degrees with 1 and 2
balls reaches 7%, while the difference with 2 and 3 balls
is within 0.5%.
Furthermore, with the increasing ball numbers,

the extrados thinning degree will occur and the increased
backward dragging force may cause the relative slipp-
ing between the tube and the clamp die, which may
cause wrinkling. Also, the more ball numbers may en-
large the connection difficulty between the balls and
increases the manufacturing costs immensely. Conse-
quently, for the bending operation with certain bending
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Fig. 10. The equivalent plastic strain contour with various ball numbers: (a) 0 ball; (b) 1 balls; (c) 2 balls; and (d) 3 balls.
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angle, the dangerous sections may be calculated
and thus ball number can be obtained by Eq. (5).
5. Conclusions

In the study, some formulas have been deduced in order
to select the mandrel diameter d, the mandrel extension e,
the ball numbers n, the balls thickness k, the space length
between balls p and the nose radius r. And a 3D
elastic–plastic FE model of the NC bending process has
been established using the dynamic explicit FE code
ABAQUS/Explicit. Both the analytical and FE models
are validated by the experiments. Further, the role of the
mandrel in the NC precision bending process such as the
wrinkling prevention has been revealed. The results show
the following:
(1)
 The wrinkling in the tube NC bending process is
conditional on biaxial compressive stress state; the
smaller the difference between the biaxial stresses is, the
more possibility of wrinkling occurs. And the anti-
wrinkling abilities of both LF2M and 1Cr18Ni9Ti tube
are the same.
(2)
 If the mandrel of larger sizes are used, the neutral axial
will be moved outward and the difference between the
in-plane compressive stresses becomes more obvious,
which may increase the minimum wrinkling energy and
anti-wrinkling ability, but make outside tube over-
thinning.
(3)
 When the mandrel extension length increases, the
neutral axial will be moved outward and the difference
between the in-plane biaxial compressive stresses
becomes larger to some extent, but the significance
for restraining the wrinkles is much less than the one of
the mandrel size. The excessive extension will cause the
tube over-thin or even crack.
(4)
 The significance of ball numbers’ effect on the
neutral axial position and the difference between the
biaxial compressive stresses is between the ones of
the mandrel size and mandrel extension length.
Though increasing the ball numbers improves the
cross-section distortion degrees efficiently, the role for
controlling the distortion is limited when the ball
number exceeds the number calculated by the proposed
formulas. Beside, increasing the ball numbers will
enhance the over-thinning and increase manufacturing
cost.
The results may help to the better understand of
the mandrel’s role on the improvement of forming limit
and forming quality from point of plastic forming
mechanism.
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Fig. 11. History curve of maximum tangent and circumferential compressive stress with different ball numbers (d ¼ 35:6mm, n ¼ 2).

Fig. 12. Cross-section distortion degree of different sections with various ball numbers.
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