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Abstract

To avoid wrinkling and cross-sectional distortion in thin-walled tube bending, a novel bending process called tube press
bending under gas internal pressure (abbreviated as TGPB) is proposed. In the TGPB process, internal pressure serves a
supportive function and generates an additional tensile stress, which can reduce the axial compressive stress on the inner side
of the bend, avoiding the occurrence of wrinkles and cross-sectional distortions. Compared with the previous tube bending
technologies, the support pressure inside the tube will not change suddenly with the volume change of the tube cavity due to
the compressibility of gas. It is suitable for thin-walled tube bending with large, variable axial curvatures and high strength
as the shape of the target part is determined by the die cavity. A theoretical prediction model of critical support pressure for
TGPB without wrinkling defects is established. The critical support pressure, wall thickness, and section distortion of tubes
with different curvatures bent by TGPB are analyzed through FE simulations and experiments, and tubes with different mate-
rial properties are also done through FE simulations. The results indicate that the tube can be stably bent to the desired shape
under the predicted critical support pressure, which is significantly affected by the bending radius and material characteristics,
increases with strength coefficient, and decreases with bending radius and strain hardening exponent. A high-strength steel
prebending part with complex variable axial curvatures has been successfully formed by TGPB technology under a support
pressure of 5 MPa; the minimum and maximum bending radii of which are 846 mm and 2373 mm, respectively.

Keywords Thin-walled tube - Press bending under gas pressure - Critical support pressure - Wrinkling instability - Variable
bending curvature

1 Introduction

Variable-section hollow components have been widely used
in automotive manufacturing, aerospace, and other fields in
recent years to meet the increasing demand for lightweight
and energy saving [1, 2]. Hydroforming technology has sig-
nificant advantages in the integral forming of thin-walled
members with special-shaped cross sections. It is widely
utilized in rockets, aircraft, and automobile industries. It
can effectively reduce the weight and improve the strength
of components [3-5]. Because the axis of the formed part
is usually a curve, it is difficult to perform hydroforming
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directly on the original straight tube. Therefore, the original
tube is necessary to be first bent into the same or similar
axis shape as the target part through the prebending process
before hydroforming [6]. However, the thin-walled tube is
affected by multiple factors during the bending process and
with a low axial stability. Defects such as wrinkles are prone
to occur in the traditional bending process, making it dif-
ficult to meet the bending requirements of thin-walled tubes
with variable curvatures and special-shaped cross sections
[7].

Various tube bending technologies have been proposed
to effectively avoid wrinkling defects in the tube bending
process, including mandrel numerical control (NC) bend-
ing, mandrel push bending, filler bending, and hydrobend-
ing [8—11]. Computer numerical control (CNC) bending
with mandrel is widely used, which prevents the occurrence
of wrinkling and other defects by coordinating mandrels
with other parts of the mold during the bending of tubes
[12]. However, it is still difficult to bend ultra-high strength
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thin-walled tubes such as titanium alloys with high strength
and low hardening characteristics [13]. The push-bending
with a flexible mandrel is suitable for single-elbow tubes
but not multi-elbow tubes [14-16]. Filler bending requires
adding solid media such as rosin, sand, or low melting tem-
perature alloy to the tube before bending to avoid defects
during the bending process. However, the pressure distribu-
tion is usually nonuniform, and the support pressure cannot
be accurately controlled [17]. Fluids such as water or oil are
used as filling media by some scholars for tube bending to
achieve uniform support pressure and effectively avoid the
damage to the inner wall of the tube caused by the medium
[18]. However, the support pressure will suddenly rise or
drop as the volume of the tube changes during the tube
bending process, resulting in the occurrence of cracking or
wrinkling [19], making it difficult to achieve real-time and
accurate control of the support pressure.

Therefore, how to accurately predict the occurrence of
wrinkling defects in the forming process has always been the
goal pursued by scholars. Wang et al. [20] conducted hyd-
robending experiments and FE simulations on thin-walled
aluminum alloy tubes and obtained the critical internal pres-
sure of the tubes by combining simulations and experiments.
However, this method of using FE simulations or multiple
experiments to obtain critical internal pressure is not conven-
ient or efficient in terms of cost and time. To achieve efficient
and accurate prediction of wrinkling defects, some scholars
have begun to use wrinkling critical judgment conditions
to predict the forming results. Chen et al. [21] investigated
the influence of blank holding force on the flange wrinkling
of deep-drawing process through combined experimental,
numerical, and reduced-order modeling approaches. Chen
et al. [22] proposed a theoretical prediction model based on
the critical wrinkling stress criterion, which quantitatively
predicted the wrinkling of unsupported areas of curved
thin-walled shells in sheet hydroforming. The influence of
the reverse bulging effect on the critical hydraulic pressure
and the hydraulic pressure on the critical wrinkling stress is
analyzed, and the critical loading path of hydroforming is
established. In the tube forming process, Chu et al. [23, 24]
analyzed the wrinkling of the tube side wall in hydroforg-
ing, established a wrinkling defect prediction model based
on a critical condition of support pressure, and achieved the
prediction of critical support pressure of wrinkling during
tube hydroforging. In addition, Wang and Cao [25] proposed
a theoretical prediction method for minimum bending radius
of CNC tube bending on the basis of the critical condition
of the work done by the membrane force during the bending
process. Based on the research conducted by Wang and Cao,
Yang and Li [26, 27] further considered the influence of
boundary conditions during CNC tube bending, established
a critical wrinkling prediction model with higher prediction
accuracy, and verified its accuracy through FE analysis.
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To sum up, CNC bending and hydrobending are the two
main technologies for bending thin-walled tube, and research
on the wrinkling behavior of tubes is mainly focused on
these two technologies. However, thin-walled tubes with a
variable axis curvature or high strength are difficult to be
bent through the CNC bending process, and serious wrin-
kling defects are prone to develop during bending. Regard-
ing the tube hydrobending, changes in the volume of the
tube cavity or liquid leakage can cause a sudden rise or drop
in the support pressure, causing tube rupture or wrinkling.

In this paper, a novel bending process called tube press
bending under gas internal pressure (abbreviated as TGPB)
is proposed to achieve thin-walled tube bending without
wrinkling defects. Firstly, the wrinkling defects of tube
bending under support pressure are theoretically analyzed,
and the theoretical model of critical support pressure is
established. The critical support pressure for high-strength
steel tube with different curvatures is calculated theoretically
using the proposed model, and the results of which agree
very favorably with the experiments and FE analysis. Then,
the critical support pressure, wall thickness, and section dis-
tortion of tubes with different curvatures bent by TGPB are
analyzed through analysis and experiments, and tubes with
different material properties are also done through FE analy-
sis. Finally, the TGPB technology is applied to successfully
bend a thin-walled tube of high-strength steel with complex
variable axial curvatures.

2 Tube gas press bending (TGPB)
2.1 Principle of TGPB

Combining the advantages of forming under support pres-
sure and the characteristic of gas compressibility, a tube
press bending technique under the support of gas pressure
is proposed, which is called tube gas press bending (abbrevi-
ated as TGPB), as shown in Fig. 1. The two ends of the tube
are closed, and an additional axial tensile stress will be gen-
erated under the support pressure, which can reduce the axial
compressive stress on the inner side of the tube, thereby
effectively suppressing wrinkling and cross-sectional distor-
tion defects. At the same time, due to the compressibility of
gas, the support pressure inside the tube will not change sud-
denly with the volume change of the tube cavity during the
TGPB process, which is different from the previous bending
technologies using solid and liquid media.

The specific process of TGPB is as follows: prior to
bending, the two ends of the tube are sealed first, and the
sealed tube is inflated by a high-pressure gas source. The
internal gas pressure of the tube is accurately controlled in
real time by the pressure control system so that the tube can
be successfully bent without wrinkling defects under the
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Fig.1 Schematic of TGPB

combined actions of the predetermined support pressure and
the clamping force provided by a hydraulic press.

Compared to the previous tube bending technologies, the
TGPB technology proposed in this paper has the following
unique advantages:

(1) The internal pressure serves a supportive function and
generates an additional tensile stress, which can reduce
the axial compressive stress on the inner side of the
bend and avoid wrinkles and cross-sectional distor-
tions, thereby increasing the bending limit and obtain-
ing a smaller bending radius.

(2) Tt is suitable for thin-walled tube bending with large,
variable axial curvatures and even high strength as the
shape of the target part is determined by the die cavity.

(3) The support pressure will not suddenly change due to
the volume change of the tube cavity during deforma-
tion or the gas leakage, and the pressure distribution is
uniform and easy to control during bending.

(4) The gas medium will not cause damage to the inner
wall of the tube.

2.2 Theoretical model of critical support pressure

The support pressure has a significant impact on tube bend-
ing. If the support pressure is insufficient, wrinkling defects
will not be suppressed. Conversely, if the support pressure
is too high, rupture will happen. Therefore, accurate predic-
tion of the critical support pressure is of great importance
for TGPB experiments.

In the process of plastic deformation of tubes, the defor-
mation is highly complex. Therefore, it is necessary to make
certain assumptions and approximations when conducting
theoretical analysis and numerical simulations. Firstly, it
is assumed that the material properties of the tube are iso-
tropic, meaning that the material properties are the same
in all directions. Secondly, during the bending process, it
is assumed that the loading stress state remains essentially
unchanged, allowing for the approximate adoption of the
total form of plastic strains. These assumptions and approx-
imations enable us to simplify the problem and facilitate
effective analysis and simulation.

Wrinkling defects may occur when the tube is bent to a
certain radius of curvature, as shown in Fig. 2. The support
pressure has an inhibitory effect on the wrinkling of the tube
in the TGPB process. According to the energy method [28],
when the tube does not experience wrinkling defects, the
work W, done by the support pressure needs to satisfy the
following conditions:

Wy 2 E, = Eo M

where E, is the plastic strain energy when the tube is
deformed to a predetermined bending radius under support
pressure without wrinkling defects and E is the plastic strain
energy when the tube is deformed to a predetermined bend-
ing radius with wrinkling defects under no support pressure.

The shape of the wrinkling area often presents an
approximate periodic fluctuation, which is commonly
described in the form of a cosine function [26, 29]. By
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Fig.2 Geometric model of
TGPB. a Wrinkling diagram of
tube bending. b Initial state of

the inner side. ¢ Ideal compres-
sion state of the inner side. d

Wrinkled state of the inner side

analyzing the micro-element on the tube wall, the shape of

[
f
. . | L,
Die moving | )
i L
u
o | ? 1 ? ;\
BB, | P() E,
v Y
Lower die Iﬁ;&
(a) > @ g
26L,
W, =p= @

the tube wrinkling can be approximated as follows:
6
y= 5(1 — COS 1mx) 2)

where y is the wrinkling wave function, x is the axial dis-
placement of the tube, § is the maximum wave height of the
wrinkling area, and m is the corresponding frequency of the
waveform.

Using 27 as a period, the waveform frequency m can
be expressed as

_ 2

- 3)

where L is the wavelength of the wrinkling area.

The initial length of the small element is assumed as L,
and when the axial compression uis applied, the compres-
sion strain can be expressed as

] L, —u
q——n( 7 ) @

s

Assuming that the arc length at the neutral layer posi-
tion of the tube remains constant in the compressed and
wrinkled state on the inner side of the bend, according to
the curve arc length formula, the initial length L, of the
micro-element before bending is

L L 1
L = / 1 4 y2dx = / 14+ =y?dx 5)
0 0 2

According to Egs. (2), (3), (4), and (5), the maximum
wave height 6 in the wrinkling area can be derived as
follows:

4LL — 2L° Vet — 6_251' (6)

o = =
2 T

The work [29] W), produced by the supporting internal
pressure p is
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According to Eq. (1) and Eq. (7), to prevent the tube
from wrinkling defects, the support pressure should meet
the following:

3(E, — E,
pZM (8)

S

The critical support pressure P, without wrinkling for
TGPB technology is

3 (Ep - EO)
26L

s

Per = ®

Assuming that there is no cross-sectional distortion dur-
ing the tube bending process, the circumferential deforma-
tion can be neglected, and the tube diameter also remains
unchanged. The radial strain component ¢,, the circumfer-
ential strain component ¢,, and the axial strain component
€, are as follows:

g =0
£ = —& (10)
£, = —¢,

Assuming the material satisfies the Mises yield crite-
rion and the hardening law of which can be described in
power exponential form, the corresponding equivalent
strain € and equivalent stress ¢ can be described as

{ E= 2/, ) + (e~ @) +le-e) gy
o

=Ke

where K is the strength coefficient and # is the strain-hard-
ening exponent.
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The volume of unit width micro-element is assumed as
constant before and after bending, and the volume can be
expressed as

V=Lt 1 (12)

where t, is the initial thickness of the tube.

The plastic strain energy of the tube deformed to a pre-
determined bending radius without wrinkling defects under
a support pressure can be calculated as

B KLYIO - n+l
E, = ///adEde O Ze, (13)
n+1 \/5

The plastic strain energy of the tube deformed to a pre-
determined bending radius with wrinkling defects under no
support pressure [30] is

n+l1
ZK[O tO 2 t() —n moé
e (Y (2 )
0 n+1<\/§> m2s 2 a3 a4

To reduce the correlation of independent variables and
the complexity of the relation expression, A= L/t is defined.
A is a positive real number. Therefore, the critical support
pressure without wrinkling defects can be described as

B 3Kﬂ:(€5c _ 8255)—1/2 5 n+1 ) | n+1
Per = T+ 1) Nl I\ 3 o — o

Howeyver, it should be noted that the cross section of the
tube during bending will show the characteristics of thin-
ning of the outer wall thickness and thickening of the inner
wall thickness. Additionally, the strain-neutral layer will
shift towards the center of the bend [31], as shown in Fig. 3.
Therefore, it is necessary to consider the strain-neutral
layer shift [32], and the corresponding €. of which can be
expressed as

R—rcosd
ec=n(—ch/°§>
2
R =r <E> -1
r

where R is the tube bending radius, r is the initial tube
radius, R’ is the bending radius after neutral layer shift, and
0 is the angle corresponding to any position on the cross
section A-A of tube.

The axial compressive strain at §=0° position on the tube
cross section is maximum during the tube bending process.
If there is no wrinkling defect at the 0° position, it can be
considered that the wrinkling defect will not develop on the
inner side of the tube. Therefore, the axial strain at the 0°
position can be used as the axial compressive strain on the
inside of the tube to predict the critical support pressure

(16)

A + %) arctan (2 e~& — 1) (15)

considering the shift of the strain neutral layer in the bend-
ing. The relative bending radius of the tube is defined as
a=R/r. According to Eq. (16), the axial compressive strain
on the inner side of the tube during bending can be described

as
a—1 17
a+1 a7

Q=m<

Fig.3 Bending geometry and
cross section of the tube

Therefore, the critical support pressure of the TGPB con-
sidering the strain-neutral layer shift during bending can be
expressed as

~1/2
a=1 a=1
3K”(\/m - m) .
- ;(
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~
+

Per =

4An+ 1)
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From Eq. (18), the critical wrinkling support pressure for
TGPB is a function of K, n, a, and A, while « is determined
by the tube bending radius R and the initial tube radius r.
A is determined by the initial length of the micro-element
L, and the initial tube thickness #,. Once the material and
initial dimensions of the tube are determined, the critical
support pressure is only related to the bending radius R and
the initial length of the micro-element L. L, is related to the
wrinkling of the tube bending, which can be approximately
considered as the length of the wrinkling area without sup-
port pressure. However, the wrinkling parameters of the
tube bending without a support pressure cannot be foreseen
in advance. So, the critical support pressure p,,. cannot be
determined directly by Eq. (18). Considering that the length
L, in bending is much smaller than the length L, of defor-
mation area, that is, 0 <A <L/t0, the solution of the critical
support pressure p,, can be transformed into the solution of
the following optimization problem:

max  p.(4)
st. A€ (0 Ly/1) (19)
a=R/r

When the parameters consisting of performance and ini-
tial dimensions of tube and bending radius are given, the
maximum value of p,,. at A € (0 L;/1, ) can be used as the
final critical support pressure for TGPB. Once the internal
pressure exceeds the critical pressure, regardless of the value
of /, the tube will not experience wrinkling defects. Theoret-
ically, p,.. takes the extreme values at dp,,/0A=0; in practice,
the maximum value of p,, at 4 € (0 L;/1, ) can be solved by
common numerical algorithms such as the nonlinear least
squares method.

3 Materials and methods
3.1 Experimental materials

High-strength steel BR1500HS thin-walled tube is used as
the experimental tube with a nominal wall thickness of 1.2
mm and an outer diameter of 64 mm. The initial tube length
for experiment is 700 mm, with the bending region length
of 580 mm. All tubes are from the same batch.

The UT experiments are performed on ASTM ES8 stand-
ard specimens which are cut from the tube along the axial
direction. The test is performed thrice, and the true stress-
strain curves fitted by power-exponent hardening model
(o = K€") are shown in Fig. 4. The K and n values are
adjusted by the least square method to make the square error
minimum.

The elastic modulus E, Poisson’s ratio v, yield strength
o,, tensile strength o, strength coefficient K, and strain
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Fig.4 True stress-strain curve of the BR1500HS tube

Table 1 Mechanical property parameters of BR15S00HS

E (GPa) Poisson’s Yield Tensile Strength  Strain
ratio v strength  strength  coefficient hardening
o,(MPa) o,(MPa) K (MPa) exponentn
106 0.33 344.36 578.19 780.65 0.193

hardening exponent n of BR1500HS tube are shown in
Table 1.

3.2 Experimental device and procedure

The experimental device of the TGPB is shown in Fig. 5. It
consists of an upper die and a lower die, which are mounted
on a 315-ton hydraulic press. The displacement control accu-
racy is 0.1 mm, and the gas pressure control accuracy is 0.1
MPa.

Before conducting the TGPB experiments, the two ends
of the tube are sealed by welding through end cover. One end
of the tube is fully sealed, while the other end is connected
to the high-pressure gas source through the stainless-steel
high-pressure gas tube. The support pressure inside the tube
is accurately controlled by the internal pressure control sys-
tem. The experimental process of TGPB is shown in Fig. 6.

During the experiments, the tube specimen is first placed
in the cavity of the lower die, and then, the press slider is
controlled to move down until the upper die contacts the
tube. Subsequently, the test specimen is inflated to reach the
predetermined support pressure by the pressure control sys-
tem. After that, the press slider is controlled to move down
until the press bending process is completed. Finally, the
press slider is controlled to move upward to facilitate taking
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Preforming

Fig.5 Experimental device and experimental equipment

Upper die
N ——Fiye

s Lower die

/

Forming End

Fig.6 The experimental process of TGPB

out the bent tube, after the gas in the tube is discharged
through a pressure relief valve.

3.3 Finite element model

Based on the principles of TGPB and material parameters of
the tube, Abaqus is adopted to simulate the process of tube
press bending. The finite element model mainly consists of
three parts: tube with two end covers, upper die, and lower

pressure
control system|

End cover

Fig.7 The FE model of TGPB

die, as shown in Fig. 7. Five integration points are defined in
the tube thickness direction, and the tube is discretized with
S4R elements. The upper and lower dies are set as three-
dimensional discrete rigid bodies, with R3D4 quadrilateral
elements. The tube is set to move freely without constraints.
The lower die is completely fixed and constrained. The
upper die is fixed in other directions and can only move up
and down in the Z direction. The uniform pressure load is
applied to the inside and both ends of the tube. The contacts
between the upper die, the lower die, and the tube are all set
as face-to-face, with a friction coefficient of 0.15.

4 Results and discussion

The theoretical prediction, simulation analysis, and experi-
ments of TGPB on BR1500HS high-strength steel tubes
with bending radii of 400 mm, 600 mm, and 800 mm are
conducted. The causes of wrinkling are analyzed based on
the results of experiments and FEM analysis, and the influ-
ence of material properties on the critical support pressure
is discussed.
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4.1 Theoretical calculation of critical support
pressure

High-strength steel BR1500HS tube is taken as an exam-
ple to illustrate the relationship between the critical sup-
port pressure p,,. and the relative bending radius « and 4, as
shown in Fig. 8. The initial wall thickness and radius of the
tube are not limited to specific values here. It can be seen
that when the relative bending radius «a is constant, the criti-
cal support pressure increases and then decreases with 4 in
a range of possible A values, and there exists a maximum
value. The maximum critical support pressure decreases as
the relative bending radius a increases, which means that
the required support pressure increases as the bending radius
decreases once the initial radius of the tube is determined.
When the bending radius is 400 mm, 600 mm, and 800
mm, respectively, the relationship between the internal sup-
porting pressure and 4 is shown in Fig. 9. The corresponding
relative bending radii a are 12.50, 18.75, and 25.00, respec-
tively. The relationships of the support pressure with A for
different relative bending radii are consistent with Fig. 8.
The maximum supported internal pressure decreases as the
bending radius increases, and the critical support pressure p.,
of the high-strength steel BR1500HS tube corresponding to
bending radii 400 mm, 600 mm, and 800 mm is 12.0 MPa,
7.1 MPa, and 4.9 MPa, respectively, as shown in Fig. 10.

4.2 Feasibility verification of TGPB

The feasibility of the proposed TGPB process is verified
through FE simulations and experiments at different bending

—_—
W

—
[\

\O

AN
T

Support internal pressure pcr (MPa)

Fig.8 The relationship between support internal pressure and relative
bending radius « and 4
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Fig. 9 Relationship between support pressure and A (4 varies from 1
to 30)

radii, and the effect of the support pressure on the wrinkling
defects is analyzed. The FE simulations of TGPB with bend-
ing radii of 400 mm, 500 mm, 600 mm, 700 mm, and 800
mm had been conducted. For brevity, the results with a bend-
ing radius of 400 mm are presented herein as a representa-
tive case for specific analysis, while other simulation results
are shown later in the paper.

The FE simulation results of tube press bending with
different support pressures at 400 mm bending radius are
shown in Fig. 11. The forming result is poor with no support
pressure, and severe defects such as cross-sectional distor-
tion, collapse, and wrinkles develop on the inner side of the
tube after bending. When the support pressure is 4 MPa, the

Prediction Curve

@ Prediction Point 1
@ Prediction Point 2
@ Prediction Point 3

—_
[\
T
1

O
T

W
T

Critical support pressure p. (MPa)
o

400 500 600 700 800
Bending radius of curvature R (mm)

(=]

Fig. 10 Prediction curve of the theoretical model of critical support
pressure in wrinkling
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cross-sectional distortions disappear, but the tube still has
severe wrinkling defects. When the support pressure reaches
8 MPa, there are only slight wrinkling defects on the inner
side of the tube after bending. When the support pressure is
10 MPa, all wrinkling defects disappear from the inner side
of the tube. When the support pressure is increased to 15
MPa, plastic deformation develops along the hoop direction,
resulting in the extrusion of the tube from the die during the
clamping process.

In fact, FE simulation results show that a small wave-
length wrinkling develops on the inner side of the tube dur-
ing the bending process with a support pressure of 10 MPa,
but this wrinkling defect disappears when the die is com-
pletely closed. No wrinkling defect occurs during the bend-
ing process with a support pressure of 11 MPa. Therefore, 11
MPa is more suitable as the critical support pressure when
the bending radius of tube is 400 mm in FE simulations,
which is a little smaller than the theoretically predicted value
of 12 MPa. Therefore, wrinkling defects will not arise under
the theoretically predicted critical support pressure.

As the support pressure increases, the inhibitory effect
on wrinkling defects becomes more pronounced, and the

wavelength and wave height of the wrinkled area gradually
decrease, until it reaches the critical support pressure, wrin-
kling disappears, and the tube is successfully bent without
any defects. If the support pressure is too high, although
there is no wrinkling defect, other defects such as flashing
or even cracking may occur.

The TGPB experiments with different support pressures are
performed on tubes with bending radii of 400 mm, 600 mm,
and 800 mm, as shown in Fig. 12. For the experiments with
a bending radius of 400 mm, severe wrinkling and collapse
defects occur on the inner side of the tube without support
pressure, while severe collapse defects occur on the outer side.
When the support pressure is 2 MPa, the collapse on the outer
side of the bend disappears, but there are still severe wrinkling
and collapse defects on the inner side. When the support pres-
sure is increased from 4 MPa to 8 MPa, only wrinkling defects
remain on the inner side of the tube, and the wave height in
the wrinkling area gradually decreases with the increase of the
support pressure. When the support pressure reaches 10 MPa,
the tube is perfectly bent with no defects. It can be seen from
the experimental results that the minimum support pressure
without wrinkling defects at bending radii of 400 mm, 600

600
550
500
450

o
=)
S

Mises Stress (MPa)

100
50

Fig. 11 Simulation results of tube press bending under different support pressure at R =400 mm

@ Springer



2466 The International Journal of Advanced Manufacturing Technology (2023) 129:2457-2474

(a) bending radii 400 mm and support pressure 0 MPa

(d) bending radii 400 mm and support pressure 6 MPa (e) bending radii 400 mm and support pressure 8 MPa

Fig. 12 Results of tube bending experiments with different bending radii and different support pressures

mm, and 800 mm is 10 MPa, 7 MPa, and 4 MPa, respectively,
all of which are less than the theoretically predicted critical
support pressures of 12 MPa, 7.1 MPa, and 4.9 MPa. This
not only shows that the process of TGPB can achieve the tube
bending without wrinkles but also shows that the established
theoretical model of critical support pressure can be used for
predicting the critical support pressure for TGPB.

Figure 13 compares the theoretical prediction of criti-
cal support pressure with the results of FE simulations and
experiments for different bending radii. The theoretically
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predicted critical support pressure for different bending
radii is slightly higher than the minimum support pressure
without wrinkling defects obtained from the FE simula-
tions and experiments, and the required critical support
pressure increases with the decreases of bending radius.
The maximum axial compressive strain in the cross section
of the tube (§=0° position in Fig. 2) is used in the theoreti-
cal model of critical support pressure in Section 2.2 as the
axial compressive strain ¢, on the inner side of the tube
and ignores the friction between the tube and the die. In
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(h) bending radii 600 mm and support pressure 6 MPa (i) bending radii 600 mm and support pressure 7 MPa

(j) bending radii 800 mm and support pressure 3 MPa

Fig. 12 (continued)

the solving process, the maximum value of p_,. under a spe-
cific bending radius is used as the predicted critical support
pressure for the tube bending. Therefore, the theoretical
prediction of critical support pressure is a little higher than
the true critical support pressure. Such theoretical predic-
tion process is necessary because the goal is to achieve
tube bending without wrinkling defects. If the theoretically
predicted critical support pressure is smaller than the true
value, the wrinkling defects will develop during the TGPB
process using the theoretically predicted value.

4.3 Mechanism analysis of support pressure
inhibiting wrinkling

The influence of support pressure on wrinkles and the causes
of it during the bending process are analyzed through FE

(k) bending radii 800 mm and support pressure 4 MPa

simulations. Figure 14 shows the distribution of axial stress
developed during the TGPB process under different support
pressures when the bending radius is 800 mm. It can be
seen that axial compressive stress is generated on the inner
side of the tube during the bending process, leading to axial
compression deformation. When there is no support pressure
or insufficient support pressure, the axial compressive stress
is high, which exceeds the ultimate compressive stress that
the material can undertake without losing stability, resulting
in obvious wrinkling defects. When the support pressure is
high enough, it can generate a considerable additional tensile
stress along the axial direction of tube, which can reduce the
axial compressive stress on the inner side of the tube, caus-
ing it to be lower than the ultimate compressive stress that
the material can undertake. Therefore, no wrinkling defects
will develop during the TGPB process. It can be further
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Fig. 13 Comparison of theoretical prediction p.. with the results of
FE simulations and experiments

concluded that as the bending radius decreases, the axial
compressive stress on the inner side of the tube will increase,
so a higher support pressure is required to completely sup-
press the wrinkling defects.

4.4 Effect of support pressure on the cross-sectional
distortion

The effect of the support pressure on the cross-sectional dis-
tortion of the tube press bending is analyzed by FE simula-
tions. Figure 15 shows the tube press bending cross section
at different support pressures when the bending radius is 400
mm. When there is no pressure support, both the inner and
outer sections of the tube are severely flattened and dented
during bending, with flashing defects occurring at the clamp-
ing position. With the increase of the support pressure, the
cross-sectional distortion of the outer side of the tube disap-
pears, and the cross-sectional distortion of the inner side of
the tube decreases. With the increase of the support pressure,
the cross-sectional distortion of the outer side of the tube
disappears, and the cross-sectional distortion of the inner side
of the tube decreases. When the support pressure reaches
the critical support pressure, the cross-sectional distortion
on the inner side of the tube disappears, which is basically
consistent with the initial cross-sectional shape of the tube.
However, excessive support pressure can cause the tube to be
extruded out of the die during clamping, resulting in flashing
and cross-sectional distortion defects at the die-closing area.

To quantitatively characterize the degree of cross-sec-
tional distortion of the tube, the cross-sectional out-of-
roundness is defined as

@ Springer

2 Dmin
=——— x100% (20)

where D, .. is the maximum outer diameter of the section
after bending, D, is the minimum outer diameter of the
section after bending, and D, is the initial outer diameter
of the tube.

Figure 16 shows the out-of-roundness of the cross section
of the tube after bending under different support pressures.
When there is no support pressure, the out-of-roundness
of the cross section is 64.05% after tube bending with the
most severe cross-sectional distortion. As the support pres-
sure increases, the out-of-roundness of the cross section
decreases gradually. When the support pressure increases
to 10 MPa, the wrinkling defect disappears completely. At
this time, the noncircularity of the cross section is reduced
to 0.48%, and the shape of the cross section basically coin-
cides with the initial cross section of the tube. The out-of-
roundness decreases to 0.26% when the support pressure
further increases to 12 MPa.

4.5 Effect of support pressure on wall thickness
variation

During the tube bending process, the outer material is
stretched along the axial direction, while the inner material
is compressed in the axial direction. Under the influence
of the axial tensile stress on the outer side during bending,
the wall thickness of the tube becomes thinner. Conversely,
under the influence of the axial compressive stress on the
inner side during bending, the wall thickness of the tube
increases. To reveal the influence of support pressure on the
wall thickness of the inner and outer sides of the tube after
bending, the wall thickness analysis of the innermost and
outermost tube in FE simulations has been carried out at an
analysis point every 2 mm along the axial direction.

Figure 17 shows the distribution of wall thickness on the
inner side of the tube with a bending radius of 800 mm after
bending under different support pressures. When the support
pressure is 2 MPa, wrinkling defects occur on the inner side
of the tube. Meanwhile, the wall thickness on the inner side
thickens with a maximum thinning rate of —2.32%. As the
support pressure increases to 4 MPa, the wrinkling defect
on the inner side disappears with a maximum thickness thin-
ning rate of —1.90%. The wall thickness thickening on the
inner side of the tube will decrease as the support pressure
increases. When the support pressure increases to 12 MPa,
the wall thickness of the inner side changes from thickening
to thinning, and the maximum thinning rate of the thickness
is 1.25%. Compared with the case without support pressure,
the support pressure can reduce the amount of wall thickness
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Fig. 14 Axial stress of tube bending under different support pressures. a Axial stress distribution contours. b Axial stress on the inner side of the
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increase on the inner side of the tube, resulting in better
forming performance.

Figure 18 shows the distribution of wall thickness on
the outer side of a tube with a bending radius of 800 mm
after bending under different support pressures. Regard-
less of whether there is support pressure, the wall thick-
ness of the outer side of the tube is always in a state of
thinning, and the amount of thinning increases as the
support pressure increases. The maximum thickness
thinning rates for support pressures of 2 MPa, 4 MPa,
6 MPa, 10 MPa, and 12 MPa are 2.52%, 2.99%, 3.61%,

5.15%, and 6.22%, respectively. When the support pres-
sure is 4 MPa, no wrinkling defects are observed on the
tube. Under this support pressure, the maximum thick-
ness thinning rate on the outer side of the tube is 2.99%,
with an actual thinning amount of 0.035 mm. Support
pressure can effectively suppress wrinkling defects while
reducing the amount of thinning on the outer side of the
tube.

To characterize the uniformity of the variation of the tube
wall thickness, the nonuniformity of the cross-sectional wall
thickness is defined as
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where 7., is the maximum wall thickness of the cross section
after bending, #,;, is the minimum wall thickness of the cross sec-
tion after bending, and #, is the initial wall thickness of the tube.

Regardless of whether it is on the inner or outer side of
the tube, the most significant variation in wall thickness
is observed near the center of the tube. The wall thickness
nonuniformity for support pressures of 2 MPa, 4 MPa, 6
MPa, 10 MPa, and 12 MPa is 4.84%, 4.89%, 5.10%, 5.39%,
and 5.60%, respectively. Therefore, the increase of support
pressure has little effect on the wall thickness nonuniform-
ity of the tube cross section.
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In addition, the characteristics of the thickness thicken-
ing of the inner side and the wall thickness thinning of the
outer side of the tube shown by the FE simulation results
verify that it is necessary to consider the axial compres-
sive strain of the inner side of the tube in the strain-neutral
layer shift in the theoretical prediction model of the criti-
cal support pressure in Section 2.2, which is also consist-
ent with actual situations and can improve the accuracy of
critical support pressure theoretical predictions.

4.6 Effect of material hardening properties on TGPB

The mechanical properties of the tube have a direct impact
on its bending formability, and the critical support pressure
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required for bending to the same radius of curvature var-
ies with different materials. The critical support pressures
of tubes with different strength coefficients K and strain
hardening exponents n are predicted, as shown in Fig. 19.
It can be observed that when bending to the same radius of
curvature, the critical support pressure required increases
with the strength coefficient increases, while decreases
with the strain hardening exponent increases. Therefore,
the critical support pressure is positively correlated with
the material’s strength coefficient and negatively corre-
lated with the material’s strain hardening exponent.
Figure 20 shows the axial stress distribution of the tube
with different strength coefficients under the same bending
radius and support pressure obtained through FE simula-
tions. It can be observed from the figure that as the strength
coefficient increases, the axial compressive stress on the
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inner side of the tube increases, which means that a higher
support pressure is required to suppress the wrinkling
defects, which is consistent with the results in Fig. 19.
Figure 21 shows the axial stress distribution of the tube
with different strain hardening exponents under the same
bending radius and support pressure obtained through FE sim-
ulations. It is evident that an increase in the strain hardening
exponent leads to a decrease in the axial compressive stress
on the inner side of the tube. Consequently, a lower support
pressure is required to suppress the occurrence of wrinkling
defects, which is also consistent with the results in Fig. 19.

4.7 Application of TGPB

The proposed TGPB technology is applied to the prebend-
ing component of A-pillar of a certain car model, which has
a complex variable curvature in the axial direction, with a
minimum bending radius of 846 mm and a maximum bend-
ing radius of 2373 mm. The tube used to form the compo-
nent is identical in batch and specification to the experimen-
tal tubes described in Section 3.3. Figure 22 shows the 3D
model of the prebending A-pillar component. Because the
tube diameter to thickness ratio is large, which exceeds 53,
the tube is highly prone to wrinkle in the bending process
and difficult to be formed by CNC tube bending machine.
To successfully bend the component, it is first necessary
to determine the critical support pressure without wrinkling
defects. When the support pressure is insufficient, wrinkling
defects cannot be completely suppressed. When the support
pressure is too high, the tube will bulge and be extruded
from the die during the clamping process. Therefore, the
support pressure needs to be selected between the critical
support pressure and the yielding pressure. According to
the proposed theoretical model of critical support pres-
sure, the smaller the bending radius, the larger the critical

600 800
Tube bending radius (mm)

400

1000

Fig. 19 Effect of material properties on critical wrinkling support pressure. a Different strength coefficients K. b Different hardening exponents n
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Fig.21 Axial stress distribution on the inner bending side with differ-
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support pressure required for tubes with the same material
and size. Hence, the minimum bending radius of 846 mm
is used to predict the required critical support pressure. As
long as there is no wrinkling defect at the minimum bending
radius, wrinkling defects will not occur at other locations.
When the bending radius is 846 mm, the critical support
pressure calculated is 4.58 MPa. Therefore, the required

Fig.22 3D model of a car
A-pillar prebending component

@ Springer
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support pressure should not be less than 4.58 MPa when
the prebending component is formed by TGPB technology.

FE simulations are conducted at the support pressure 4.0
MPa, 4.5 MPa, and 5.0 MPa, as shown in Fig. 23. It can be
seen that slight wrinkling defects occur on the inner side of
the tube when the support pressure is 4.0 MPa. However, the
wrinkling defects completely disappear when the support
pressure increases to 4.5 MPa. Therefore, using the theoreti-
cally calculated pressure of 4.58 MPa for tube press bending
will successfully avoid the wrinkling defects.

The predicted critical support pressure is only the mini-
mum required support pressure. Considering theoretical pre-
diction errors, potential material inconsistency differences,
and die effects, it is recommended to use a slightly higher
support pressure than the theoretical prediction of the critical
support pressure to ensure forming performance. Therefore,
a support pressure of 5 MPa is used to form the prebending
component shown in Fig. 22. As shown in Fig. 24, the bent
tube has been successfully formed without wrinkling defects
and meets the subsequent process requirements.

5 Conclusions

This paper proposes a novel bending process called TFPB,
which is different from traditional solid medium-filling
bending and hydrobending. Due to the compressibility of
gas, the change in tube cavity volume during bending will
not cause a sudden change in the support pressure, and the
pressure distribution is uniform and easy to control. The
most prominent feature is that it is suitable for bending thin-
walled tubes with large, variable axial curvatures and high
strength, as the shape of the target part is determined by the
die cavity. The main conclusions are as follows:

(1) There is a critical support pressure; when the support
pressure is higher than this value, the wrinkling and
cross-sectional distortion defects can be suppressed
completely, thereby stable bending deformation can
develop. Therefore, the tube can be bent into the desired
shape under the support of internal gas pressure.

(2) A theoretical prediction model of the critical support pres-
sure is established. The results of theoretical calculation
and FEM show that the critical support pressure is greatly
affected by the bending radius and material properties,
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Fig. 23 FE results of prebend-
ing part with variable curvature
under different support pres-
sures

Fig.24 A-pillar prebending
component formed by the
TGPB experiment

which increases with strength coefficient and decreases
with bending radius and strain hardening exponent.

(3) Tubes with different curvatures or material properties
are all successfully bent to the desired shape under the
predicted critical support pressure. There are no wrin-
kles or cross-sectional distortions and little change in
wall thickness. The predicted critical support pressure
can be used to guide TGPB.

(4) A high-strength steel prebending component with com-
plex variable axial curvatures has been successfully
formed by TGPB technology under a support pressure
of 5 MPa. The minimum and maximum bending radii
of which are 846 mm and 2373 mm, respectively.

TGPB is a promising technology for tube bending. This paper
only investigates the feasibility and main influencing factors of
TGPB. In future studies, the effects of tube bending length, ini-
tial tube wall thickness, and die will be further investigated to
gain a more systematic and in-depth understanding of TGPB.

L
Internal pressure 5.0MPa
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