International Journal of Material Forming (2021) 14:691-701
https://doi.org/10.1007/512289-020-01563-y

ORIGINAL RESEARCH

®

Check for
updates

A novel differential lubrication method for push-bending of L-shaped
thin-walled tube with 1D bending radius

Xuefeng Xu' - Yubin Fan’ - Yiwang Wu"' - Kongwei Wu' - Jie Xiao'

Received: 9 January 2020 /Accepted: 15 April 2020 / Published online: 19 May 2020
© Springer-Verlag France SAS, part of Springer Nature 2020

Abstract

A novel differential lubrication method is proposed to improve the deformation behavior of L-shaped thin-walled with relative
bending radius of 1 in push-bending process. The optimized tube blank is divided into four zones: inner deformation zone, inner
guide zone, outer deformation zone and outer guide zone, which are lubricated with different lubricants. The differential
lubrication and uniform lubrication methods for tube push-bending are first explored by means of simulation and experiments.
The simulation results show that the differential lubrication method is more effective than the uniform lubrication method in
suppressing wrinkles and expanding the process window. The outer thickness of tube increases with the increase of friction
coefficient of the outer guide zone and the outer deformation zone, while the extension of tube end decreases with the increase of
friction coefficient in any zone. Furthermore, with the proposed differential lubrication method, L-shpaed push-bending exper-
iments of 5A02 aluminum alloy and 1Cr18Ni9 tube with relative bending radius of 1 were carried out to investigate this effect.
The experimental results showed that the differential lubrication method effectively avoided wrinkling and the experimental

results agreed well with the simulation results in wall thickness distribution and the extension of tube end.
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Introduction

Small bending radius tubes are widely used as the elbow in
aerospace, petroleum, power systems and pipeline engineer-
ing. The elbow is not only used as a conduit for gases and
liquids, but also as a metal structure [1]. Conventional
methods are prone to produce defects such as the extrados
thinning, the intrados wrinkling and the cross-section distor-
tion in the bending process of the elbow with small bend
radius. As a one-shot manufacturing way, the push-bending
can fabricate the small bending radius elbow without welding
seam and the process is simple and high efficiency [2].
Furthermore, during the push-bending process, the tension
outside of the bend is partially relieved by the thrust which
significantly reduces the extrados thinning [3], so that the
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most difficult part in the push-bending becomes the control
of the intrados wrinkling. The failure behavior of wrinkles in
the push-bending is shown in Fig. 1. In the existing research,
the research of suppressing wrinkling during the push-
bending process mainly focuses on two aspects: one is the
effect of different mandrels on wrinkling; the other is the in-
fluence of lubrication on wrinkling.

During the push-bending process, the different mandrels
were mainly adopted to avoid the intrados wrinkling. The
medium as mandrels includes the fluid, rigid body, elastomer,
low milting point alloy, ball bearing, and so on. Baudin et al.
[4] compared the effect on the prevention of wrinkling using
liquids and polyurethane rods as the mandrels in push-
bending process. Montazeri et al. [5] used hydraulic as the
mandrel in push-bending of the copper tube and found that
the wrinkle was reduced by increasing pressure. Liu et al. [6]
investigated the effect of granular filler on wrinkling in push-
bending process by numerical simulation and experiment.
Guo et al. [7] investigated the influence of monolithic poly-
urethane rubber mandrel, low melting point mandrel and ball
bearing mandrel on the forming quality of push-bending L-
shaped hollow parts. The experimental results showed that
only the monolithic polyurethane rubber mandrel result in
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Fig. 1 Wrinkling in push-bending of tube

the intrados wrinkling. Additionally, Sun et al. [8] indicated
that the wrinkling in push-bending can be prevented by reduc-
ing the clearance of the die using numerical simulation and
experiments.

Friction plays an important role in the forming process. In
fact, it can affect the flow of material, thus resulting in wrin-
kling [9, 10]. The lubrication can reduce the friction and im-
prove the flow of material so as to decrease wrinkling in the
forming process. Some researchers have investigated the ef-
fect of friction on wrinkling and attempted to obtain a suitable
lubrication method. Kim et al. [11] illuminated that good Iu-
brication helps to reduce wrinkling, premature fracture, and
localized thinning in stamping operations. Abdelkefi et al.
[12] studied the distribution of thickness under both dry and
lubricated conditions in the tube hydroforming process and
the use of Teflon as a lubricant between the die and the tube
led to significant changes in terms of thickness distribution
and thinning reduction. Zhao et al. [13] built three-
dimension finite element model of rotary draw bending to
explore the effect of friction on wrinkling. The results showed
that the height of wrinkling wave decreased obviously with
the increase of the friction coefficient between die and tube by
changing the type of lubricant. Oliveira et al. [14] assessed the
lubricant performance experimentally in the bending of steel/
aluminum tubes and found that the mandrel load, surface qual-
ity and thinning degree of bending tube were manifestly af-
fected by the lubricant type.

The above research shows that improving lubrication in the
forming process can change the flow of material, thus

= Punch

Flexible rod Locating pin  Die
Fig. 2 The principle of tube push-bending
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Fig. 3 Divided zones in the tube

effectively avoiding wrinkling. They mainly explore the uni-
form lubrication of the tube blank to find the appropriate lu-
brication coefficient to help suppress wrinkling. However, for
the push-bend forming process, uniform lubrication is difficult
to resolve the contradiction between the intrados wrinkling
and the extrados thinning. Therefore, this paper proposes a
differential lubrication method to solve this problem.

In this paper, the differential lubrication method is used to
form the L-shaped tubes with small radius 1D which can be
used to solve the problems of wrinkling, wall thickness reduc-
tion, partial collapse and insufficient forming. The optimized
tube blank is divided into four zones: inner deformation zone,
inner guide zone, outer deformation zone and outer guide
zone. Different lubricants are applied to differential zones to
explore the influence of forming quality of elbow by simula-
tion and experiments in the push bending. The effect of dif-
ferential lubrication method and the uniform lubrication meth-
od on the forming properties are also analyzed and compared.

Differential lubrication method
for push-bending of L-shaped tube

Differential lubrication principle

Since the sectional elastomers can provide better support [15],
the segmented polyurethane rubber block is used as the man-
drel in push-bending process. The tube blank and polyure-
thane rubber are bent along the mold cavity under the action

Fig. 4 External forces applied to tube during push-bending process
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Fig. 5 The initial tube blank

Fig. 6 Sectional polyurethane rubber

of'the axial thrust F; and the reverse thrust F,. The principle of
tube push-bending is shown in Fig. 2. During the push-
bending process, the friction has a great influence on material
flow which results in the material thinning, thickening or
wrinkling. For analyzing the effect of friction on the material
flow in push-bending process, the optimized tube blank is
divided into four different areas (see Fig. 3): inner deformation
zone (I;), outer deformation zone (Oy), inner guide zone (I,)
and outer guide zone (O5).

In the push-bending process of tube with small bending
radius, the outer deformation zone is apt to be thinned,
while the inner deformation zone is prone to be thickened
or wrinkle. Thus, increasing friction of the outer deforma-
tion zone to restrain the material flow can decrease material
thinning, whilst decreasing friction of the inner deforma-
tion zone to increase the material flow can reduce the ma-
terial accumulation. The mechanical analysis in push-
bending with differential lubrication is shown in Fig. 4,
where P is the internal pressure provided by the radial de-
formation of the sectional polyurethane rubber, M, is the
bent moment provided by the die, F; is the thrust, f; is the
friction force in the inner deformation zone, f; is the friction

force in the inner guide zone, f; is the friction force in the
outer guide zone, and f, is the friction force of the outer
guide zone. The equations about friction force and normal
pressure are presented as following:

f1:y“zPSl (121?2a334) (1)

Where 111, 1o, pt3 and pu4 represent the different friction coef-
ficients in inner deformation zone, inner guide zone, outer
guide zone and outer deformation zone during the process
respectively; Sy, S», Sy and S, are the area of inner deformation
zone, inner guide zone, outer guide zone and outer deforma-
tion zone, respectively.

As indicated in Eq. (1), the friction coefficient and the
internal pressure will affect the friction forces in the push-
bending process when the area of each zone is constant. The
traditional uniform lubrication method used the same friction
coefficient (p-pto—pt3-14) in the entire tube surface.
Therefore, the tube push-bending process with the traditional
lubrication method overly depended on the internal pressure
to avoid cracking and wrinkling. If ;1; decreases and 5, (3, fi4
is unchanged, f; will reduce and the material flow in the inner
deformation zone will improve so as to avoid wrinkle in the
inner deformation zone. And if u3 and 4 increase, f3 and f3
will raise, and the material in outer guide zone and outer de-
formation zone will slowly flow for avoiding the tube
thinning.

Therefore, the different friction coefficients can adjust the
material flow in inner deformation zone, inner guide zone,
outer guide zone and outer deformation zone during the pro-
cess. The differential lubrication method will be a promising
way to improve the formability of tube push-bending besides
the internal pressure control. For this reason, a differential
lubrication in the different zone of push-bending tube blank
was proposed in this paper.

Parameters of the divided zones

In push-bending of tube with small bending radius, the control
of internal wrinkling has become one of the most difficult
problems that need to be solved urgently. The optimization
of the initial tube blank is one of the effective measures to
reduce wrinkles. The tube blank is designed based on the
previous process analysis as shown in Fig. 5, the cut angles
o and 3 at both ends of the tube blank are both 45° in order to

Table 1 Mechanical properties of

tube at room temperature Mechanical Elastic modulus Poisson’s Yield strength Tensile strength Elongation
properties (E/Gap) ratio(LL) (04/MPa) (o,/MPa) (8/%)
5A02 70 033 84 201 24.6
1Cr18Ni9 206 0.28 205 550 40
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Table 2 Material
parameters of Cro Cor 14 Dy
polyurethane rubber

23 8 0.499 6452 % 107°

reduce material accumulation in inner deformation zone [3].
As shown in Fig. 5, L is the total length of the tube blank, L;
denotes the inner arc length of bending zone, L4 represents the
length of outer deformation region, L, and L5 are the length of
inner and outer guiding regions, respectively. The relationship
between the above variables can be expressed by the follow-
ing equations:

m D D
— (= Z <R<
L 2(R 2)’ (z—R—D> @)
D
L, = L*Llfgcotﬁchota (3)
D
Ly=1L, + Ecotﬁ (4)
Ly =L-Ls (5)

Where, R is the bending radius of tube and D is the diameter of

Fig. 7 Finite element model of
tube push-bending

tube (see Fig. 1).

Material parameters of tube blank,
polyurethane rubber and lubricants

The material parameters of SA02 aluminum alloy, 1Cr18Ni9
and the sectional polyurethane rubber (see Fig. 6) are obtained
by uni-axial tensile test, as shown in Tables 1 and 2. The
lubricants used in the experiment is polytetrafluoroethylene
(PTFE) film with a friction coefficient of 0.03. The relative
bending radius of push-bending is 1D.

Polyurethane rubber adopts Mooney-Rivlin model, as pre-
sented in formula (6)

E = Cio(I1=3) + Co1(12-3) (6)

Where C; and Cy; are Rivelin coefficients, F are strain ener-
gy coefficients, and /; and /, are the first and second Green
strain invariants, respectively.

In Table 2, the value of C;o and Cy; can be obtained from
the uniaxial tension test results, V represents Poisson’s ratio,
D, is the material parameter and can be calculated using Eq.

(7).

10

Table 3  Differential lubrication scheme in numerical simulation
Lubrication scheme () (1) (13) (1g)
#1 0.03 0.03 0.03 0.03
#2 0.03 0.03 0.1 0.1
#3 0.03 0.1 0.1 0.1
#4 0.03 0.06 0.1 0.1
#5 0.1 0.06 0.1 0.1
#6 0.03 0.1 0.06 0.1
#7 0.03 0.1 0.1 0.06
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Finite element model

ABAQUS software is used to establish finite element model
of push-bending with differentiated lubrication for SA02
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Fig. 8 Simulation of tube push-
bending process

aluminum alloy tube with $32.00 mm x 1.00 mm, as shown
in Fig. 7. Due to symmetry, only half of the model is needed
for simulation. The simplified model includes punch, die, tube
blank and sectional polyurethane rubbers. The coulcmb fric-
tion coefficient between polyurethane rubbers and the inner
wall of the tube blank was set as 0.03. The die and punch were
predefined as discrete rigid and their mesh type was R3D4.
The push displacement of punch was 110 mm. The tube blank
and polyurethane rubbers were predefined as variable body
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Fig. 9 Simulation contour of thickness in different schemes a #1, b #2, ¢ #3

and their mesh type was C3D8R. The Mooney-Rivlin strain
energy was chosen as the constitutive relation of polyurethane
rubbers. The hardness of the rubber is A80 and its diameter is
29 mm.

The tube blank was divided into four zones in accordance
with Fig. 3, and the contact properties between the various
zones of the tube blank and the mold were established respec-
tively. Considering the compressive deformation of the poly-
urethane rubber, the total length of the filler (W) was calcu-

STH

(Avg: 75%)
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lated with Eq. (8) according to the literature [15]. In this sim-
ulation, the filler consists of a piece of polyurethane rubber
with a thickness of 20 mm in contact with the punch and
another 13 pieces of polyurethane rubber with a thickness of
10 mm.

W=L, + L, + 10 (8)

In addition, the support pressure P, during the simulation
process is obtained by the conversion of the reverse thrust F>,
as shown below:

F

P, = 9
! 7TRt2 ( )

Where, R, denotes the radius of polyurethane rubber.
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Fig. 11 Extension of tube end (#1,#2,#3)

Scheme design of differential lubrication

In order to investigate the effects of differential lubrication
method on the wrinkles, thickness distribution and extension
of tube end during tube push-bending process, three friction
coefficients (including 0.1, 0.06 and 0.03) were applied in four
zones of the blank to simulate the push-bending process. The
scheme of differential lubrication was designed, as shown in
Table 3. The reverse thrust (F,) of flexible rod was set to
30Mpa in all lubrication schemes so as to benefit to analyze
the forming effects of different lubrication schemes.

Fig. 12 Simulation contour of
thickness in different schemes a
#4, b #5
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Fig. 13 Simulation contour of -
thickness in different schemes a (Avg: 75%)
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As shown in Fig. 8, the sectional polyurethane rubber was
used as the medium for providing the bulging internal pressure
in the simulation for push-bending of the small bending radius
tube. After forming, the cut angle contacted with the punch
was gradually flattened and the tube blank was bent as a
90°angle elbow. The original wall thickness of the tube in
these simulations is 1.00 mm.

Comparison between differential lubrication and
uniform lubrication

According to the scheme in Table 3, the simulation of push-
bending was carried out and the simulation results were ob-
tained. The simulation results of scheme #1, #2 and #3 were
shown in Fig. 9. (1) For scheme #1, that is, when the friction
coefticients of the four regions of the tube blank were all 0.03,
the intrados of the tube was obviously wrinkled, the tube end
was not completely adhered to the cavity, and the incline of
tube end near the punch was not flattened. (2) For scheme #2,
both ; (friction coefficient of outer guide zone) and 4 (fric-
tion coefficient of outer deformation zone) were increased
from 0.03 to 0.1. The results were as follows: the intrados of
tube didn’t obviously wrinkle, the intrados of tube and the
tube end didn’t fully adhere to the cavity and the incline of
tube end near the punch was nearly flattened. (3) For shceme
#3, 13, Wy and W, (friction coefficient of inner guide zone)
were increased from 0.03 to 0.1. It was seen from the
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simulation results: the intrados of tube didn’t wrinkle, the
intrados of tube and the tube end were completely adhered
to the cavity, and the incline of tube end near the punch was
fully flattened. It can be seen from the above comparison that
the results of scheme #2 and shceme #3 are better than those of
scheme #1, which means that the differential lubrication
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Fig. 15 Extension of tube end (#3.#6,#7)

method is easier to suppress wrinkles than uniform lubrication
method.

In addition, the advantages of differential lubrication meth-
od are further explained from the two indicators of tube end
extension and the extrados thickness. It can be seen from
Fig. 10 that the extrados thickness of elbow in scheme # 1 is
significantly smaller than those of schemes # 2 and # 3. This
also shows that the increase of 15 (friction coefficient of outer
guide zone) and  (friction coefficient of outer deformation
zone) is beneficial to suppress the extrados thinning of elbow,
while the variation of W, (friction coefficient of inner defor-
mation zone)and ., (friction coefficient of inner guide zone)
have little effect on the extrados thinning of elbow. Let d
represent the extension of tube end, which is the vertical dis-
tance from tube end near the flexible rod to the boundary line
OP between circular section and straight section, and their
values were measured as shown Fig. 11. The result indicated
that the extension of tube end obviously decreased with the
increase of L, and the change of 13 and 4 had little effect on
the value of d.

Influence of differential lubrication on forming
quality

In order to investigate the effect of friction coefficients on
forming quality in differential lubrication method, the com-
parison from the scheme #2 to #7 was perform in this section.
In schemes # 2, #4 (Fig. 12a) and #3, the values of |, are 0.03,
0.06, and 0.1, while the friction coefficients in other regions
are the same. The result showed that the extension of tube end
and the maximum intrados thickness of elbow decreased with
the increase of 1, owing to the suppression of material flow in
the inner guide zone. Therefore, the increase of 1, decreased
the risk of wrinkle in the inner deformation zone.

In scheme #4 and #5, the values of p; are 0.03 and 0.1,
whilst the friction coefficients of the other zones are coinci-
dent. The result of scheme #5 showed that the intrados of tube
evidently wrinkled, the tube end didn’t fully adhere to the
cavity and the incline of tube end near the punch was not
flattened, as shown in Fig. 12b. The formability of elbow
was good in scheme #4. It showed that small friction
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173 (Avg: 75%) :
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Fig. 16 Simulation contour of thickness with different reverse thrust in scheme #3
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Fig. 17 Simulation contour of thickness with different reverse thrust in scheme #1

coefficient used in the inner deformation zone could effective-
ly avoid wrinkle.

In order to explore the influence of 3 and 4 on the form-
ability of elbow in differential lubrication method, scheme #6
and scheme #7 were simulated, as shown in Fig. 13. By com-
paring the results of scheme # 6 and scheme # 7 with scheme #
3, it was seen that the maximum wall thickness of the intrados
of'tube was nearly equal in these three schemes, the intrados of

1.10
1.08 F
1.06 |
1.04 F
12 |

2100 F

goss 5

0.94 F -
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Fig. 18 Extrados thickness distribution in different reverse thrust
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Fig. 19 Self-developed
equipment for tube push-bending
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tube didn’t wrinkle, and the intrados of tube and the tube end
were completely adhered to the cavity. The extrados thickness
decreased first and then increased from 0° to 90° of the bend-
ing section in these three schemes, as shown in Fig. 14. The
minimum extrados thickness occurred in scheme #7, and the
uniformity of extrados thickness distribution in scheme #3
was better than that in scheme #6 and scheme #7. The results
indicated that the decrease of u; or py was adverse to the
uniformity of extrados thickness distribution.

Meanwhile, in terms of the extension of tube end (see
Fig. 15), the extension of tube end in scheme #7 was the
largest of these three schemes, and the extension of tube end
in scheme #6 was larger than that in scheme #3. It was indi-
cated that the decrease of py was more favorable to the in-
crease of the extension of tube than the decrease of ;.

Influence of reverse thrust on lubrication method

To further compare between differential lubrication method
and uniform lubrication method, the reverse thrust F, was
set to different values in scheme #1 and #3. Figures 16 and
17 showed that the simulation contour with different reverse
thrust in scheme #3 and scheme #1, respectively. The incline
of tube end near the punch was fully flattened, the intrados of
tube and the tube end fully adhere to the cavity and the intra-
dos of tube didn’t wrinkle in Fig. 16. However, the extension
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Table 4 Experimental process

parameters Tube blank size/mm Material Tube length L/mm . B/ Push displacement of punch /mm
©32.00 x 1.00 5A02 230 45 110
©60.00 x 1.00 1Cr18Ni9 190 45 145

of tube end decreases with the increase of the reverse thrust  clamping force between the upper and lower female molds.

because of the increase of friction force in four zones accord-  The experimental equipment adopts the programmable logic
ing to Eq. (2). Unlike Fig. 16, the incline of tube end near the ~ controller (PLC) and touch screen control mode, which can
punch was not flattened in Fig. 17. Under P,=30Mpaand P,=  adjust the parameters according to different sizes of elbows
40Mpa, the tube end near flexible rod didn’t fully adhere to  and display the pressure, displacement and other parameters in
the cavity and the intrados of tube was wrinkled in scheme #1.  real time.

When P; = 45Mpa, the maximum intrados thickness of tube
was 1.86 mm, which has the risk of wrinkle. In Fig. 18, the
extrados thickness of tube increased with the increase of the
reverse thrust in scheme #3 and scheme #1.The result showed
that the differential lubrication method improved the material
flow in the intrados of tube and expanded the process window.

Experimental design

The push-bending experiments were carried out with SA02
aluminum alloy tube(932.00 mm x 1.00 mm) and
1Cr18Ni9 tube(@60.00 mm X 1.00 mm) for verifying the
differential lubrication method. The process parameters of
the experiment are shown in Table 4. The tube blank using

Experimental verification differential lubrication and sectional polyurethane rubbers
used as mandrel are shown in Fig. 20.
Experimental equipment According to the simulation results of push-bending, the

experimental scheme shown in Table 5 was designed. PTFE
A special push-bending equipment was developed for this film was selected as lubricant in inner deformation zone, while
experiment (see Fig. 19). The device comprises two horizontal  the other zones of tube was lubricated without other lubri-
cylinders, which provide the forming thrust (F;) and reverse  cants. But the cavity of push bending die was sprayed with
thrust (F»), respectively. The diameter of horizontal cylinders ~ MoS2 liquid lubricant and then it was immediately wiped
piston in the equipment is 240 mm. The mounting platformis  away before each experiment, so that the surface of the die
a 315 t three-column hydraulic press, which provides a  cavity would be kept wet in order to avoid scratching the
surface of aluminum alloy tube. Thus, the friction coefficient
between smooth tube blank and slick die cavity was regarded
as about 0.1 in this wet condition [16], which was label with
the slash. And the differential lubrication condition have been
created in these experiments.

Experimental results and discussion

PTFE Tubular blank Rubber

According to the experimental scheme (Table 5), the push-
bending experiments of two kinds of material were carried
Fig. 20 Tube blank using differential lubrication out. The right-angle elbow of SA02 aluminum alloy tube and

Table 5 Experimental scheme

Lubrication
il [15) 13 4
scheme
*] PTFE PTFE PTFE PTFE
*) PTFE PTFE
*3 PTFE
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Fig. 21 The tubes bent with differential lubrication method

1Cr18Ni9 tube formed through the experiments of scheme *3
fully adhered to the die and didn’t wrinkle, as shown in Fig. 21.
The inner deformation zone had no any scratch because of the
protection of film, whilst the obvious signs were left in the other
zones of the workpieces. The suitable reverse thrust (, = 2.26
x 10N, namely, P, = 32Mpa) for the push-bending of 5A02
aluminum alloy tube was obtained by the experiment, which

Fig. 22 The tubes bent with
scheme a *1; b *2

was very near to effect of simulation value (30Mpa) according
to relation between the diameter of horizontal cylinders piston
(240 mm) and the inner diameter of tube (30 mm).
Furthermore, the suitable reverse thrust (F, = 3.62 x 10*N)
for the push-bending of 1Crl18Ni9 tube was obtained by the
experiment. The experimental results were in good agreement
with the simulated results.

In Fig. 22a, the intrados of the tube evidently wrinkled and
the incline of tube end near the punch was not flattened in
schemes *1 when the whole zones of tube was fully lubricated
with PTFE film. It showed that the differential lubrication
method more easily restrained the wrinkle than the uniform
lubrication. In Fig. 22b, the incline of tube end near the punch
was nearly flattened and the intrados of tube had a little of
wrinkle when the lubricant of the inner guide zone in
scheme*2 changed to PTFE film. It showed the decrease of
friction coefficient of the inner guide zone increased the risk of
wrinkle in the inner deformation zone.

The experimentally well-formed tube in Fig. 21 was cut
along the symmetry plane and the 90-degree bending section
was divided equally into nine parts. The thickness comparison
of 5A02 aluminum alloy tube between simulation and experi-
ment result was shown in Fig. 23a. The thickness distribution
trend of simulation and experiment was coincident. The

(a)*1 (b) *2
Fig. 23 Thickness distribution in 1.06 L
the bending section of a 5A02 Lo4t —— Simulated thickness | 100 [—=— Experimental thickness 1
aluminum alloy tube, b 1Cr18Ni9 —— Experimental thickness
tube 102} . ]
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extrados thickness of tube first decreased and then increased.
The maximum difference of extrados thickness between the
simulation and the experimental results was 4.0%. The maxi-
mum thinning rate in the tube extrados was about 6.5% in the
experiment. Moreover, due to the lack of simulation on push
bending of 1Cr18Ni9 tube in this paper, only the results of
1Cr18Ni9 tube in the experiment was shown in Fig. 23b. The
extrados thickness of tube first decreased and then increased and
the maximum thinning rate in the tube extrados was about 8.2%
in the experiment.

In addition, in the experiment, we found that the effect of
differential lubrication method on SA02 aluminum alloy was
more obvious than its effect on 1Cr18Ni9 tube because of the
low yield strength. In the future work, we plan to clarify the
quantitative difference for different materials, taking into ac-
count the inner pressure and diameter-thickness ratio of tube.

Conclusion

A novel differential lubrication method for push-bending of tube
with small bend radius was proposed to improve forming qual-
ity. The differential and uniform lubrication methods for tube
push-bending were explored by means of simulations. The
push-bending experiments using differential and uniform lubri-
cation method were also carried out to bend 5A02 aluminum
alloy and 1Cr18Ni9 tube with relative bending radius of 1. The
experimental results were consistent with the simulation results.

(1) The differential lubrication method more easily restrained
the wrinkle than the uniform lubrication method and ex-
panded the process window in push-bending process.

(2) The extrados thickness of tube was raised by increasing the
friction coefficient of the outer guide zone and the outer
deformation zone. And the extension of tube end decreased
with the increase of friction coefficient in any zone.

(3) The increase of friction coefficient of the inner guide
zone decreased the risk of wrinkle in the inner deforma-
tion zone and small friction coefficient used in the inner
deformation zone could effectively avoid wrinkle.
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