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Three-dimensional free bending is a new tube forming technology with continuous variable curvature. In order to improve the
forming quality of tube, this paper studies the principle of three-dimensional free forming system and the numerical calculation of
bending moment in detail, and it uses the finite element simulation to model the mechanism in the bending process. The
simulation model is used to simulate the forming process of copper tube, and the influence of key process parameters on the
forming process is analyzed,the shape of the inner cavity of the bending die and the gap between the tube and the bending die are
studied, the distance between the bending die and the guide column is studied, the axial feed rate on the forming quality of tubular
bending parts has also been studied. The optimum process parameters were determined by finite element simulation and analysis.

1. Introduction

Tube structure is an important component for bearing and
transporting gas and liquid in the industrial field. It is widely
used in aerospace, ships, vehicles, petrochemical industry,
construction medical devices, and other fields. Because of its
light weight, high strength, high stiffness, and low con-
sumption, it is used to meet the development trend and
requirements of lightweight, high performance, and com-
plexity of industrial components [1, 2].

The traditional tube bending technology includes roll
bending, bending, and so on. Although it can realize the
bending forming of tube, it cannot realize the bending of
variable curvature arc tube [3]. Three-dimensional free
bending technology is an important technical breakthrough
in the field of plastic forming in recent years. It combines
multi-axis linkage control technology with traditional tube
bending technology, which can ensure the accurate forming
of tubes under various conditions of variable curvature
bending radius [4]. The real-time change of tube bending
radius can be realized without frequent die replacement.
These advantages make three-dimensional free bending a

flexible forming technology for efficient and accurate
manufacturing.

In order to analyze the stress-strain distribution and tube
forming quality in tube bending, the numerical method
based on nonlinear finite element analysis is usually used to
replace the high-cost and time-consuming physical exper-
iment. The finite element analysis method can well simulate
the complex forming process, the contact between multiple
objects, and the highly nonlinear material behavior in the
forming and unloading process, which provides a knowledge
basis for mechanical structure design and exploring the
optimal forming process parameters.

Finite element analysis is widely used in pipe forming.
The process of shear bending of steel pipe is introduced. In
addition, elastic-plastic three-dimensional finite element
simulation was carried out to analyze the forming process
[5]. The shear bending process of circular tube is experi-
mentally studied. In addition, elastic-plastic three-dimen-
sional finite element simulation is carried out to clarify the
forming mechanism [6]. In order to accurately predict the
wall thickness thinning during pipe bending, considering the
change of elastic modulus, a finite element model for NC
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bending of high-strength 21-6-9 stainless steel pipe (21-6-9-
hs pipe) was established. Using this model, the influence of
process parameters on the wall thinning of 21-6-9-hs tube by
NC bending is studied [7]. At present, there is no feasible
method to provide detailed information about the strain
distribution without significantly delaying the planning
process, so as to reduce the thickness of the bending zone in
the roll forming process. Therefore, a numerical modeling
method combining global model and submodel is proposed
to achieve high-resolution strain distribution in bending
zone at acceptable computational cost [8]. The bending
behavior of special-shaped pipe in wall thickness variation
and section distortion is studied by simulation and exper-
iment. Experiments were carried out to study bending
characteristics, such as wall thickness variation [9]. In the
process of bending, the pipe inside the bend is folded and
thickened, and the pipe outside the bend is flat and thinner.
The elastic-plastic bending finite element analysis was car-
ried out to observe the deformation characteristics of the
curved pipe at room temperature, such as flattening, wall
thinning, and wall thickening [10]. In ABAQUS/explicit
environment, based on the solution of key technologies such
as contact boundary conditions, material property defini-
tion, and mesh generation technology, a three-dimensional
finite element model of pipe bending process is established
[11]. Based on a new method, a flexible bending machine is
manufactured. In addition, the key parameters of flexible
bending of rectangular copper profiles are studied [12].

The flexible bending process of typical asymmetric
section angle steel is studied by the finite element analysis
method [13]. Using the analysis model, simulation model,
and experimental bending results, the forming character-
istics of small bending radius elbow based on spherical
connection structure are studied [14]. A three-dimensional
finite element model of hydroforming process in square
section die is established by using dynamic and static
methods to study the effects of friction conditions on plastic
flow and residual stress [15]. The manufacturing process of
exponentially hardened thin-walled tube was studied. The
analysis is based on the feedback analysis of bending
springback test [16]. The plane strain assumption and ex-
ponential hardening law are used to study the plastic de-
formation of pipes during bending [17]. The three-
dimensional elastic-plastic finite element model of square
TA18 titanium alloy pipe is established based on ABAQUS/
explicit [18], and the distribution and stress-strain changes
of the pipe are analyzed. Wall thickness thinning is one of
the key defects that determine the forming quality and limit
in pipe bending. An analytical model is proposed to reveal
the essential relationship between pipe parameters and wall
thickness distribution [19]. Incremental tube forming is a
combination of free bending and spinning. In order to
predict the effect of radial and circumferential superimposed
stress generated by spinning roller on bending moment, an
analytical model is proposed [20].

In this paper, the free bending process of H62 brass tube
is simulated by ABAQUS software, and the stress-strain
distribution in the free bending process is analyzed. Through
the finite element simulation of the free bending forming

Mathematical Problems in Engineering

process, the rationality of the designed free bending forming
die can be effectively verified, the best forming process
parameters can be explored, the plastic deformation law of
materials in the free bending forming process can be
revealed, the process parameters such as the shape of the
inner cavity of the bending die, the gap between the tube and
the bending die, the distance between the bending die and
the guide column can be related to them. The tube feeding
speed affected the wall thickness change and stress-strain
distribution in the tube forming process, it improved the
tube forming quality and forming accuracy, and played a
strong guiding role in the die design and the optimization of
forming process parameters.

2. Methodology

2.1. Three-Dimensional Free Bending Technology. The prin-
ciple of three-dimensional free bending forming system is
shown in Figure 1, which is mainly composed of tube,
bushing, bending die, guide column, and pusher. In the free
bending forming process of the tube, after the tube is pressed
by the pressing device, the z-direction stepping motor will
drive the pushing device to push the tube into the bending
die. At the same time, the stepping motor of the X-Y
platform will drive the ball die bushing to offset a certain
distance in the X-Y direction, and the bending die will also
rotate an angle with it. At this time, the z-direction stepping
motor will drive the tube to feed to complete the bending
forming.

In the initial state of the guide column and the bending
die, the central axis is on the same horizontal line. When the
X-Y platform is offset, the offset of the bending die is U, the
distance between the center of the bending die and the front
end of the guide column is A, and the feeding speed of the
tube in Z direction is V. In the course of the row, a does not
change, and the size of the offset u is determined by the
motion of the X-Y platform. At the same time, the size of the
bending radius R is determined by U and A, where

2, 42
=LA ()
2U

2.2. Calculation of Bending Moment. In order to simplify the
analysis of tube bending deformation process, only tan-
gential deformation is considered, the displacement of
neutral layer is ignored, and the strain at any strain point in
all directions can be expressed as ¢y = In(1 + R sin ¢/p), and
the stress expression in the elastic deformation stage is

09 = Ecop<a,, (2)

where E is the modulus of elasticity and ¢ is the elastic strain.
The expression of stress in plastic deformation stage is

og=Ke'op>0,, (3)

where K is the strength coefficient, ¢ is the plastic strain, and
n is the hardening index.
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FIGURE 1: Schematic diagram of three-dimensional free bending forming. (a) Simplified model diagram of 3D free bending. (b) Simplified

diagram of bending forming method.

The moment when the tube is bent consists of the
moment M, required for elastic deformation and the mo-
ment M, required for plastic deformation. The moment
expression is

M=M, +M,,
pa /2 (4)
M=4 Jo ogRsin, trd, + 4 Lm ogRsin, trd,,
where R is the tube bending radius, p is the curvature radius
of tube bending neutral layer, ¢ is included angle between
any point of tube and X-axis, and t is the wall thickness of
tube.
Substitute the formula into the equation:

pa R si
M = 4j E ln<1 + s;n g0>R sinq, trd(P

0

/2 R si n
+ 4J K(ln(l + ﬂ)) R sinq, trd(P.
pa P

(5)

When the tube is in the elastic deformation stage, the
deformation of the tube is very small. At this time, the
tangential strain of the tube is very small, and ¢y =In(1 +
R sin ¢/p) can be simplified to &g = R sin ¢/p. Bring it into
the formula:

3 e /2 i "
Mo ERECo=sin29) o j <1n<1 L “’)) sing d.
P

P pa
(6)
Angle between elastic deformation zone and Z-axis:
0, Rsin g,
E p
(7)

- arsin( £2)
¢, = arc51n<RE .

3. Definition of Geometric Model and Mesh

Pipe bending is the result of the joint action between parts.
Considering the actual working condition of the pipe bender
and the calculation speed and efficiency of the software, only
six parts of bending die, bushing, guide column, pusher,
pipe, and clamping mechanism are modeled. The bushing is

simplified and defined as a rigid body to improve the cal-
culation speed. In order to realize the follow-up setting of the
bending die, the bending die is set as a deformation body.
The guide column and pipe clamping mechanism are to
position and clamp the pipe in the bending process to
prevent axial instability and buckling of the pipe. It will
always be in a static state in the bending process, so it is
defined as a rigid body. The pipe will be bent in the forming
process, which is defined as a deformable body, and the
corresponding material properties are given, such as elastic
modulus, density, and tensile strengthan.. In the whole
model, the material of the pipe is set as H62 brass, the
material of the bending die is bearing steel, and the other
parts are Q235 steel.

The type and size of mesh generation affect the efficiency
and accuracy of the calculation results. Because the quad-
rilateral four-node shell element S4R can control the
hourglass and reduce the integral, S4R is used to describe the
bending forming of pipe. The pushing head, bending die,
and guide mechanism are divided by hexahedral eight-node
element c3d8r. The bushing is meshed by ten-node modified
quadratic tetrahedral element c3d10m. At the same time, if
the mesh size of the bending die and the bushing is too large,
sharp meshes will appear in the fillet. In order to avoid
collision and interference between the bending die and the
bushing during the simulation rotation after meshing, it is
necessary to divide the mesh size of the bushing and the
bending die smaller. Here, the mesh size is 1 x 1 mm. This
element has less sensitivity to mesh distortion and can be
applied to numerical analysis of thin shell structure, as
shown in Figure 2.

4. Boundary Condition

The bending of the tube is formed by driving the bending die
to rotate through the XY platform. The force on the tube is
transmitted by the bending die. When the z-axis is fed, the
tube will have sliding friction contact with the inner wall of
the bending die and the inner wall of the guide column.
Therefore, it is necessary to define the interaction between
the tube and the two. The interaction between the tube and
the inner wall of the universal ball mold and the inner wall of
the guide column is set as global universal contact, tangential
contact in contact attributes is defined as frictional contact,
and the friction coeflicient is set as 0.02 (the tube and the
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FIGURE 2: Model meshing.

inner wall of the universal ball mold and the inner wall of the
guide column are lubricated with lubricating oil).

During modeling, the bushing, guide column, push
head, and clamping mechanism are defined as rigid bodies,
and the load cannot be applied to the rigid bodies in
ABAQUS. Therefore, a reference point should be established
for each rigid body and the load should be applied to the
reference point. The universal ball mold rotates with the
movement of the bushing, so it only needs to be constrained
as a rigid body without loading on the universal ball mold.
Set the guide column and clamping mechanism to be fixed,
apply the speed in X and Y directions to the bushing ref-
erence point, and apply the speed in Z direction to the push
head reference point. The load application is shown in
Figure 3.

5. Numerical Results and Discussion

5.1. Response of Inner Cavity Shape of Bending Die to Tube
Forming. 'The inner cavity shape of bending die is the main
factor to describe the contact forming between tube and die
in the process of free bending. In the bending forming
process, the bending of the tube is mainly formed by sliding
contact with the inner cavity of the bending die. In the
forming process, it is mainly through line to line contact,
which directly affects the deformation conditions and ma-
terial fluidity of the tube in the forming process. If the design
of the inner space of the universal ball is unreasonable, it will
directly affect the forming limit and forming quality of the
tube.

The six cases of r=5mm, r=10mm, r=15mm,
r=20mm, r=25mm, and r=30mm will be studied. As
shown in Figure 4, when the arc radius of the inner cavity of
the bending die is less than 5 mm, the contact area between
the tube and the bending die will be too small during
bending. When the tube wall thickness is thin, the con-
centrated stress on the tube will increase, and the tube
surface will be concave or broken. It affects the forming
quality, so it is not considered.

It can be seen from Figure 5 that with the decrease of the
inner cavity radius of the bending die, the bending radius of
the tube is gradually increasing, because the arc radius of the
inner cavity is more larger, when the tube is bent and fed,
the small bendable space in the bending die can hinder
the feeding of the tube and the fluidity of the material. At the
same time, with the decrease of the inner cavity radius of the
bending die, the stress value of the tube is also gradually
decreasing. When the arc radius of the inner cavity is 30 mm,
the maximum peak stress of the tube is 559.5 Mpa. When the
arc radius of the inner cavity is 5mm, the maximum peak
stress of the tube is 538.2 Mpa. This is because with the
decrease of the arc radius of the inner cavity, the bendable

F1GURE 3: Load application.

space provided to the tube increases and the material fluidity
is smoother. When the tube is fed, the influence of material
accumulation is gradually reduced, the instantaneous stress
value is also reduced, the bending degree of the tube is
gradually increased, and the quality is also improved.

The change of inner and outer wall thickness of the tube
is shown in Figure 6. It can be seen from Figure 6 that when
the half radius of the inner cavity arc is reduced from 30 mm
to 5mm, the change rate of the inner and outer arc wall
thickness of the tube gradually decreases, but the change of
the inner and outer wall thickness of the tube tends to be
thickened. This is because with the decrease of the inner
cavity arc radius, the material fluidity is smoother. However,
there is no gap between the tube and the universal ball mold
in the ideal state. During the feeding process, the inner and
outer sides of the tube are squeezed by the inner cavity of the
bending die at the same time, resulting in the thickening
trend of the inner and outer wall thickness. Therefore, it is
necessary to further study the gap between the tube and the
die.

Therefore, in order to improve the forming quality of
tube, the inner cavity radius of bending die is 5 mm.

5.2. Response of Tube Die Gap on Tube Forming. Due to the
outer diameter tolerance of the tube during processing, there
should be a certain gap Aa between the inner cavity of the
ball mold and the outer diameter of the tube, as shown in
Figure 7, so as to ensure the smooth entry and bending of the
tube. In order to study the influence of the gap between tube
and die on the forming quality of tube, the variation range of
gap is taken as 0-0.5 mm in this paper. When the gap value is
greater than 0.5mm, the gap is obviously too large, which
will have a great impact on the accuracy of tube bending, so
it will not be considered.

It can be seen from Figure 8 that with the increase of the
gap value, the bending radius of the tube increases gradually.
This phenomenon occurs because the gap value is related to
the actual eccentricity applied by the universal ball mold to
the tube. It is assumed that the eccentricity generated by the
movement of the bending die under the driving action of the
X-Y platform is U, and the actual eccentricity applied by the
bending die to the tube blank is U. Then, U= U - Aa. With



Mathematical Problems in Engineering 5

Ny~

FIGURE 4: Inner cavity shape of bending die.
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FIGURE 5: Forming process under different inner cavity radii. (a) Tube stress at r=30 mm. (b) Tube stress at =20 mm. (c) Tube stress at
r=10mm. (d) Tube stress at r=5mm.
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FIGURE 6: Change of inner and outer wall thickness of tube. (a) Inner wall thickness change. (b) Outer wall thickness change.
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FIGURE 7: Schematic diagram of tube mold clearance.
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FIGURE 8: Bending radius under different gaps.

the gradual increase of Aa value, the real eccentricity of the
tube decreases gradually, so the bending radius of the tube
blank increases gradually.

As can be seen from Figure 9, with the increase of the gap
value, the outer wall thickness of the tube decreases grad-
ually because the outer side of the tube is subjected to tensile
stress during the forming process, which makes the material
thinner under tension. The inner wall thickness of the tube is
gradually increasing because the inner side of the tube is
under pressure stress during the forming process, which
makes the material thicker under pressure. The forming
processes of tubes with gap values of 0.1 mm and 0.5 mm are
compared, as shown in Figure 10. When the gap value is
0.5 mm, there is a large gap between the inner arc position of
the elbow and the bending die. In this case, the trend of tube
section distortion cannot be effectively suppressed, resulting
in poor forming quality. In addition, when the gap value is
large, the forming limit of the tube will be reduced ac-
cordingly. Under the same eccentricity, when the gap value
is 0.5, the maximum equivalent force on the tube is
510.5 MPa, while when the gap value is 0.1 mm, the maxi-
mum equivalent force on the tube is 543.2 MPa. The smaller
the gap value is, the greater the degree of bending of the tube
is, and the forming limit of the tube is improved accordingly.

However, in the free bending process, if the gap value is
too small, the tube section is excessively constrained by the
bending die. At this time, the material flow of the tube is
blocked, the friction resistance between the tube and the
bending die will be greatly amplified, and the surface quality
of the tube will become worse. Therefore, in order to im-
prove the forming quality of the tube, the gap between the
bending die and the tube is 0.1 mm.

5.3. Response of Bending Deformation Zone Length to Tube
Forming. According to the formula R = U? + A2/2U, the
bending radius r of the tube is determined by the offset  and
the distance a between the ball die and the front end of the
guide column. The value of a has a great impact on the
forming quality and accuracy of the tube. When the value of
a is too large, the bending radius of the tube will become
smaller and affect the forming accuracy of the tube. When a
value is too small, the bending deformation zone becomes
shorter and the bending radius of the tube increases, but the
front end of the tube and the guide column will produce
large stress concentration and affect the forming quality.
Therefore, it is necessary to study the size of a value and
determine the optimal value through finite element
simulation.
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FIGURE 9: Change of inner and outer wall thickness of tube. (a) Inner wall thickness change. (b) Outer wall thickness change.
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FIGURE 10: The tube forming process is compared. (a) Tube stress at Aa=0.1 mm. (b) Tube stress at Ag=0.5 mm.

In the NC tube bender used in this study, the maximum
outer diameter of the bending die is 30 mm. In order to avoid
collision with the guide column during rotation, the min-
imum distance between the center of the bending die and the
front end of the guide column is 30 mm.

In this paper, the value of a is set in the range of
30 mm-44 mm. When the value of a is greater than 44 mm,
the distance at this time is not enough to interfere with the
rotation of the bending die in the forming process, but too
large a value will have a great impact on the forming ac-
curacy and forming quality, so it will not be considered.

It can be seen from Figure 11 that the bending radius r of
tube increases with the increase of a value because according
to the forming principle formula R = U? + A2/2U, when the
offset is certain, the larger the a value, the larger the forming
radius R.

In order to accurately measure the influence of a value on
tube forming accuracy, the equivalent stress nephogram of
tube three-dimensional free bending simulation results
corresponding to different A values under the same feeding

length and eccentricity is obtained, and the unit is Pa, as
shown in Figure 12. From the perspective of equivalent
stress, the peak stress in the free bending process decreases
with the increase of A value. This is because under the
condition of a certain offset, the larger the A value, the
smaller the tube forming radius, and the bending moment
required for tube bending also decreases.

The change of wall thickness of inner arc and outer arc of
tube is shown in Figure 13. It can be seen that when a value
increases from 30 mm to 44 mm, the change rate of wall
thickness of inner arc and outer arc of tube decreases
gradually. This is because the bending radius of the tube
gradually increases with the increase of a value, and the
bending deformation degree of the tube gradually decreases.

To sum up, the value of A is 34 mm.

5.4. Response of Feed Speed on Tube Forming. In the process
of free bending, the forming size of tube bending is mainly
determined by the offset U of bending die and the feed
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+4.578e+02
+4.126e+02
+3.673e+02
+3.221e+02
+2.769e+02
+2.316e+02
+1.864e+02
+1.411e+02
+9.591e+01
+5.067e+01
+5.433e+00

S, Mises
SNEG: (fraction=-1.0)
(AVG:75%)

+5.408e+02
+5.056e+02
+4.603e+02
+4.150e+02
+3.697e+02
+3.245e+02
+2.792e+02
+2.339e+02
+1.886e+02 \
+1.434e+02
+9.809e+01
+5.281e+01
+7.537e+00

(d)

()

FiGgure 12: Continued.
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S, Mises

SNEG: (fraction=-1.0)

(AVG:75%)
+5.343e+02
+4.904e+02
+4.465e+02
+4.027e+02
+3.588e+02
+3.149e+02
+2.711e+02
+2.272e+02
+1.833e+02
+1.395e+02
+9.561e+01
+5.175e+01
+7.884e+00

(g)

S, Mises

SNEG: (fraction=-1.0)

(AVG:75%)
+5.339e+02
+4.899e+02
+4.459e+02
+4.018e+02
+3.578e+02
+3.138e+02
+2.697e+02
+2.257e+02
+1.817e+02
+1.376e+02
+9.361e+01
+4.958e+01
+5.550e+00

()

FIGURE 12: Nephogram of equivalent force under different a values. (a) Tube stress at A =30 mm. (b) Tube stress at A =32 mm. (c) Tube
stress at A =34 mm. (d) Tube stress at A =36 mm. (e) Tube stress at A =38 mm. (f) Tube stress at A =40 mm. (g) Tube stress at A =42 mm.

(h) Tube stress at A =44 mm.
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FiGure 13: Change of wall thickness of inner arc and outer arc of tube. (a) Inner wall thickness change. (b) Outer wall thickness change.

length of tube, and the feed speed of tube can be adjusted in
a large range. The faster the feed speed, the higher the
efficiency of tube forming. With the increase of feed speed,
the strain rate of tube will also increase. In this case, the
resistance of the material will also increase, and the phe-
nomenon of material accumulation and local stress con-
centration may occur on the tube surface. During the
feeding process, tube bending, buckling, and instability
may even occur, resulting in the failure of smooth forming
of the tube.

The feed speed of tube is set as 10 mm/s, 20 mm/s,
30 mm/s, 40 mm/s, and 50 mm/s, the influence of feed speed
on forming results is studied, and the offset is consistent with
the feed length. The results are shown in Figure 14.

As can be seen from Figure 13, when comparing the four
cases of V=10mm/s, V=20mm/s, V=30mm/s,
V=40 mm/s, and V=50 mm/s, it can be seen that with the

continuous increase of feed speed, the bending radius of tube
is increasing, and the forming quality is also deteriorating.
Compared with V=10mm/s and V=20 mm/s, the forming
quality of tube is better, and the shape of forming arc is close
to that of standard arc. From the perspective of equivalent
stress, when V=10mm/s, the stress value in the bending
deformation zone is small in the bending section of the tube,
and the forming quality is good. When V=20mm/s, the
stress concentration in the bending deformation zone is
distributed on the inner side of the bending section, and the
axial propulsion speed has little effect on the peak stress in
the bending deformation zone.

At the same time, by comparing the forming quality
of the tube at the two feed speeds of V=30mm/s and
V=40 mm/s, it can be found that when the feed speed is
greater than V=30mm/s, the curved arc shape of the
tube has been significantly deformed. This is because the
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S, Mises
SNEG: (fraction=-1.0)
(AVG:75%)

+5.152e+02
+4.726e+02
+4.301e+02
+3.875e+02
+3.450e+02
+3.024e+02
+2.598e+02
+2.173e+02
+1.747e+02
+1.322e+02
+8.960e+01
+4.704e+01
+4.476e+00

S, Mises
SNEG: (fraction=-1.0)
(AVG:75%)

+5.217e+02
+4.790e+02
+4.362e+02
+3.934e+02
+3.506e+02
+3.078e+02
+2.650e+02
+2.222e+02
+1.795e+02
+1.367e+02
+9.389e+01
+5.110e+01
+8.318e+00

S, Mises
SNEG: (fraction=-1.0)
(AVG:75%)

(a)

S, Mises

SNEG: (fraction=-1.0)

(AVG:75%)
+1.475e-01
+1.352e-01
+1.229e-01
+1.106e-01
+9.836e-02
+8.606e-02
+7.377e-02
+6.147e-02
+4.918e-02
+3.688e-02
+2.459e-02
+1.229¢-02
+0.000e+00

S, Mises

SNEG: (fraction=-1.0)

(AVG:75%)
+1.616e-01
+1.481e-01
+1.347e-01
+1.212e-01
+1.077e-01
+9.427e-02
+8.080e-02
+6.733e-02
+5.387¢-02
+4.040e-02
+2.693e-02
+1.347e-02
+0.000e+00

S, Mises

SNEG: (fraction=-1.0)

(AVG:75%)
+1.536e-01

+5.495e+02
+5.041e+02
+4.587e+02
+4.133e+02
+3.679e+02
+3.225e+02
+2.771e+02
+2.317e+02
+1.863e+02
+1.409e+02
+9.548e+01
+5.008e+01
+4.670e+00

S, Mises
SNEG: (fraction=-1.0)
(AVG:75%)

+1.408e-01
+1.280e-01
+1.152e-01
+1.024e-01
+8.963e-02
+7.682¢-02
+6.402e-02
+5.122e-02
+3.841e-02
+2.561e-02
+1.280e-02
+0.000e+00

S, Mises

SNEG: (fraction=-1.0)

(AVG:75%)
+1.126e+02
+1.032e+02

+5.500e+02

+5.049e+02

+4.598e+02 pr
+4.147e+02 e
+3.697e+02

+3.246e+02

+2.795e+02

+2.344e+02

+1.893e+02

+1.442e+02

+9.914e+01

+5.405e+01

+8.967e+00

()

+9.383e+01
+8.445e+01
+7.507e+01
+6.568e+01
+5.630e+01
+4.692e+01
+3.753e+01
+2.815e+01
+1.877e+01
+9.383e+00
+0.000e+00

FiGURE 14: Continued.
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S, Mises

SNEG: (fraction=-1.0)

(AVG:75%)
+5.500e+02
+5.049e+02
+4.598e+02
+4.147e+02
+3.697e+02
+3.246e+02
+2.795e+02
+2.344e+02
+1.893e+02
+1.442e+02
+9.916e+01
+5.407e+01
+8.988e+00

@
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S, Mises

SNEG: (fraction=-1.0)

(AVG:75%)
+2.874e+01
+2.634e+01
+2.395e+01
+2.155e+01
+1.916e+01
+1.676e+01
+1.437e+01
+1.197e+01
+9.579e+00
+7.184e+00
+4.790e+00
+2.395e+00
+0.000e+00

)

FIGURE 14: Stress-strain diagram of tube under different feed speeds. (a) Stress diagram at V=10 mm/s. (b) Strain diagram at V=10 mm/s.
(c) Stress diagram at V=20 mm/s. (d) Strain diagram at V=20 mm/s. (e) Stress diagram at V =30 mm/s. (f) Strain diagram at V=30 mm/s.
(g) Stress diagram at V=40 mm/s. (h) Strain diagram at V=40 mm/s. (i) Stress diagram at V=50 mm/s. (j) Strain diagram at V=50 mm/s.

FIGURE 15: Axial buckling and bending when the advancing speed of tube is too high. (a) Excessive tail end stress. (b) Bend.

FiGure 16: CNC tube bender.

tube feed speed is too fast, resulting in local instability
and deformation before forming. At the same time, when
passing through the bending die, the instantaneous stress
of the tube increases, which also leads to the deformation
of the bending shape of the tube.

When the axial advancing speed is too high, the resistance
of the tube in the bending deformation zone is too large, the
normal stress of the cross section of the tube reaches the yield
limit of the material, and the tube shows the strength failure of

extrusion. As shown in the figure, when the axial length of the
tube is large, the axial external load of the tube is greater than
the critical load value, and the linear equilibrium state of the
tube propulsion section suddenly changes to an unstable state,
showing the buckling phenomenon of axial instability. In this
paper, when V=50 mm/s as shown in Figure 15, the defect at
the end of the tube is strength failure.

In order to improve the tube bending efficiency and
forming quality, the axial feed rate should be 20 mm/s.
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FI1GURE 17: Experimental results of bending forming.

Ficure 18: Cutting part.

FiGgure 19: Continued.
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FiGgure 19: Wall thickness change and section distortion. (a) Inner wall thickness. (b) Outer wall thickness. (¢) Minimum tube diameter. (d)

Maximum tube diameter.
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FiGgure 20: Wall thickness change and section distortion rate of formed tube under different offsets. (a) Wall thickness change. (b) Section

distortion rate.

6. Experiment Verification

In order to verify the accuracy of the orthogonal test results,
the free bending equipment is used to bend the tube, and its
forming quality is analyzed. The tube bending equipment
used in this paper is a CNC tube bender manufactured
according to the three-dimensional free bending technology.
Its object is shown in Figure 16.

The best forming process parameters are selected by the
orthogonal test. Within the bending forming limit of the
tube bender, the offset of X-Y axis is set to 16 mm, 18 mm,
20mm, 22mm, and 24 mm, respectively. Five groups of
bending forming experiments are carried out on the wall
thickness change and section distortion of tube bending

under different offsets. The forming experimental results are
shown in Figure 17.

Wire cut the middle part of the formed elbow, as shown
in Figure 18. Measure the wall thickness change and section
distortion of the cutting part. The measurement process is
shown in Figure 19.

As can be seen from Figure 20, under the optimal
forming process parameters, with the increase of offset,
within the bending forming limit, the maximum wall
thickness thinning rate of the tube is 8%, and the maximum
section distortion rate is only 3.8%, which meets the ap-
plication requirements in the industrial field, and the
forming quality is good, indicating the accuracy of the
optimal forming process parameters.
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7. Conclusion

The three-dimensional free bending technology is used to
analyze the stress in the pipe forming process and optimize
the forming process parameters of copper pipe, and the
conclusions are drawn as follows:

(1) The process of bending tubular parts is analyzed by
the mathematical model. The principle of three-di-
mensional motion is described graphically, which
provides an important guidance for the design of the
free bending process.

(2) By optimizing the key bending process parameters,
such as the inner cavity parameters of the bending
die, the gap between the tube and the bending die,
the distance between the bending die and the guide
column, and the axial pushing speed, the forming
quality and accuracy of the tube have been greatly
improved.

(3) The gap value has a great impact on the pipe forming
quality. In order to form the pipe smoothly, there
must be a certain gap. With the increase of the gap
value, the pipe forming quality is improved, but the
forming accuracy is reduced. When the gap value is
0.1 mm, it is more suitable for forming.

(4) When the feed rate is lower than 20 mm/s, the pipe
forming quality is better, but the efficiency is lower.
When the feed speed is greater than 20 mm/s, the
forming of pipe is prone to instability and distortion,
and the pipe has been bent externally with the
continuous increase of speed.
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