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Abstract
The bending section of tube between the bending die and the guider is in a less constrained state during the free bending

process. The free bending dies have the important impact on the plastic deformation behavior and the forming quality of

tube. To study the evolution law of the deformation behavior of tube with the die structure parameters and optimize the free

bending die parameters, the free bending experiments and the corresponding numerical simulations were carried out. The

design principle of free bending die was illustrated. The free bending experiment was conducted to verify the reliability of

the numerical simulation method. Based on the numerical simulation results, the influence of the distance between the

center point of bending die and the front end of guider on the forming quality of bent tube is more obvious than that of the

fillet of guider. However, the fillet of bending die hardly affects the stress and strain distribution and the evolution of the

wall thickness. Finally, the free bending experiments with the newly determined free bending dies were conducted. The

ultimate bending radius of bent tube is reduced and the forming quality is improved.
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1 Introduction

Due to the advantages of lightweight, high strength and

flexibility, metal tubes with complex spatial shapes are

widely used in aerospace, automotive, rail traffic and other

industrial fields [1–3]. Considering the limitation of the

space layout, the original metal tube needs to be bent into

the complex shape with different bending radii and angles.

At present, bending forming technologies, such as the

rotary draw bending [4], the tension bending [5] and the

roll bending [6], can be used to manufacture the bent tubes.

However, the above traditional bending forming tech-

nologies are difficult to realize the integral forming of bent

tubes with variable curvature axes. The free bending

technology has been studied extensively in recent years [7].

By controlling the spatial position and posture of the free

bending die and exerting the axial feeding motion on the

original tube, the bent tubes with complex axial shapes can

be formed. This technology can realize the continuous

change of the bending radius and angle in the bent tube

without replacing the bending die, which greatly improves

the forming efficiency of the complex bent tube and

reduces the cost of die manufacturing.

Since the shape of formed bent tube is directly deter-

mined by the spatial position of bending die, many scholars

focused on the relationship between the axial shape of bent

tube and the spatial position of bending die. For example,

three-dimensional free bending technology was first pro-

posed by Murata et al. [8, 9]. Its basic principle was veri-

fied, and the relationship curve between the bending die

deflection U and the bending radius R of bent tube was

established by the free bending forming experiment

[10, 11]. Gantner et al. [12] developed the free bending
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forming equipment. By comparing the numerical simula-

tion and experimental results, it was proven that the free

bending forming process can be characterized by the finite

element method (FEM). Subsequently, Gantner et al. [13]

studied the relationship between the bending radius of tube

and the bending die deflection and proposed an analytical

equation for the bent tube with complex axis shape.

Kawasumi et al. [14] developed the free bending forming

equipment based on the parallel mechanism. The spatial

posture of bending die could be actively adjusted by

changing the length of the robotic arm. The geometric

relationship between the shape of formed bent tube and the

parallel mechanism was also explored. Chatti et al. [15]

proposed a new torque superposed spatial (TSS) bending

forming technology for profiles with different cross section

shapes. To obtain the complex workpieces with different

bending and torsional features, the torque was superposed

on the bending moment and their geometrical mapping to

bending-torsional features was studied.

Furthermore, many researchers have studied the influ-

ence of forming process parameters and material properties

on the forming quality of bent tubes during the free

bending forming process. For example, Xiong [16] inves-

tigated the effects of material parameters on the U–R rela-

tionship by carrying out the sensitivity analysis. The

bending radius of bent tube decreases and the degree of

plastic deformation increases with the increase in the

elastic modulus, strain-hardening exponent and decreasing

the yield stress of material. Li et al. [17, 18] studied the

influence of process parameters (friction, clearance and

mobile die section shape) on the springback behavior of

bent tube during the process of free bending. The analytical

model of tube bending springback was optimized by

introducing the additional neutral layer offset. To optimize

the forming process parameters for bent tubes with the

complex spatial axes, Zhang et al. [19] analyzed the

characteristics of stable elements and unstable elements of

bent tube and established a mathematical collection for

describing the geometrical characteristics of unstable ele-

ments. Guo et al. [20] used the method of inserting a

mandrel inside tube to eliminate the cross-sectional dis-

tortion and the axial instability of bent tube during the

process of free bending forming. The optimized mandrel

parameters were determined to promote the bending qual-

ity of the thin-walled tube. Chen et al. [21] explored the

impact of the wall thickness of tube on the bending

behavior of the AA6061 tube in the free bending process. It

was found that the maximum equivalent stress decreased

when the relative thickness was set as 0.067.

Considering that the bending section of the bent tube

between the bending die and the guider is in a less con-

strained state during the process of free bending, the plastic

deformation behavior of bent tube is directly affected by

the die structure parameters. However, there are few

studies on the influence of free bending die structure on the

forming quality of bent tubes in the process of free bend-

ing. Chen et al. [22] studied the influence of the bending

die structure on the forming force and the forming quality

in the free bending process. It was found that the unifor-

mity of the wall thickness distribution of bent tube along

the circumferential direction can be improved by using

roller and ball in the bending die. Meng [23] analyzed the

impact of the swing die structure and parameters on the

bending quality. The structural design and optimization of

the swing die for the joint swing free bending process were

carried out by the finite element simulation and orthogonal

analysis. To realize the free bending of bent tube with

smaller bending radius, Guo et al. [24] designed a new set

of spherical connection between the bending die and the

guider and analyzed the formation mechanism of the

curved arc of bent tube. In addition, many scholars have

directly explained the specific bending die parameters in

their researches on free bending process. For example, Wu

and Zhang [25] studied the springback compensation

strategy in flexible bending process and the distance

between the mobile die and the rotation center was set as

55 mm for the 6061 aluminum alloy tube with the diameter

of 10 mm. Maier et al. [26] analyzed the influence of

process parameters on residual stresses for six-axis free-

form bending with movable die. The distance along Z-

direction between the center of the moving bending die and

the end of the guider is 56 mm for the welded steel tubes

with the outer diameter of 42.4 mm. Hashemi and Niknam

[27] investigated the effect of key parameters on the

bending radius in the free bending process of rectangular

copper profiles. The fixed die fillet was considered to be

4 mm, and the distance between the center of the fixed die

and the moving die was about 32 mm.

However, the previous studies on the free bending only

analyzed the deformation behavior of bent tube under the

specific die structure parameters and did not consider the

influence of changes in die structure parameters on the

forming quality and ultimate bending radius. This paper

mainly focused on the impact of die structure parameters

on the deformation behavior of bent tube in the free

bending process. The forming principle of free bending and

the formation mechanism of curved arc were analyzed.

Based on the free bending forming experiment and

numerical simulation, the evolution laws of the bending

radius, the stress–strain state and the wall thickness dis-

tribution with the die structure parameters were discussed.

Finally, the determination principle of die structure

parameters has been put forward.
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2 Forming principle of three-dimensional
free bending

2.1 Brief description of free bending process

The principle diagram of the free bending forming of tube

is shown in Fig. 1. The free bending forming system

consists of five parts: spherical bearing, bending die,

guider, feeding device and pressing tool. During the pro-

cess of free bending, the original tube moves first along the

Z-axis under the action of the feeding device. Then, the

straight tube is bent into the corresponding bending arc

when it passes through the guider and the bending die. The

length between the center point of bending die and the front

end of guider in X–Y projection plane is called as the

deflection U, which could be changed by adjusting the

spatial position of bending die. According to the pre-de-

termined motion trajectory of bending die, the complicated

shaped bent tube with different bending angles and radii

can be deformed. The distance A between the center point

of bending die and the front end of guider along Z-axis is

fixed, which is determined by the mechanical structure of

free bending die, such as the bending die and the guider.

As shown in Fig. 1, PU is the bending forming force of

the movable bending die on the tube during the free

bending process, which is perpendicular to the center line

of the bent tube. PL is the propulsive force exerted by the

feeding device to tube. Both PU and PL are closely related

to U and A. Under the combined action of the above-

mentioned forces, the tube is bent and deformed, and the

moment M can be expressed as:

M ¼ PL � U þ PU � A ð1Þ

The part of bent tube located inside the bending direc-

tion is subjected to the compressive stress along three

principal stress directions (rq; ru; rh), which easily causes

wrinkling, instability and thickening of the wall thickness

on the intrados of bent tube. The part of bent tube located

outside the bending direction is under the tangential tensile

stress state, and these defects such as the excessive thinning

of wall thickness and the cross-sectional distortion easily

occur. Furthermore, considering the additional propulsive

force exerted by the feeding device, the tangential com-

pressive stress on the inner side of bent tube increases, and

the tangential tensile stress on the outer side of bent tube

decreases. Therefore, the intrados of bent tube is prone to

wrinkling, and the thinning of wall thickness on the

extrados of bent tube is alleviated during the process of free

bending.

2.2 Forming mechanism of bent tube axis

During the free bending forming process, the formation of

bending arc of bent tube is accompanied by the movement

of bending die. The single bending arc can be divided into

five sections, which correspond to different motion modes

of bending die, as shown in Fig. 2. Section 1 is the straight

tube. The bending die remains stationary at the origin and

the tube does not undergo the plastic deformation. Sec-

tion 2 is the first transition element. The bending die moves

from the initial position to the maximal deflection in the X–

Y projection plane. Section 3 is the stable circular arc

segment. The bending die remains stationary at the maxi-

mal deflection. The tube is fed along the Z-axis, and the

stable arc segment is continuously formed. The corre-

sponding bending radius of the stable arc segment is

unchanged. Section 4 is the second transition element. The

bending die returns to the origin from the maximal

deflection. Section 5 is the following line segment.

The formation process of first transition element is

shown in Fig. 3a. The bending die is assumed to be per-

pendicular to the bending axis of bent tube. The arc length

S2 of the first transition element can be calculated as:

h1 ¼ arcsinA=R

S2 ¼
pRh1
180�

8
<

:
ð2Þ

Fig. 1 Schematic illustration of free bending and stress state
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It could be concluded that the length of first transition

element increases with the increase in A. The formation

process of second transition element is shown in Fig. 3b.

The length S4 of the second transition element is defined as:

S4 ¼ A ð3Þ

As shown in Fig. 2, the length S of the entire arc is

written as:

S ¼ pRh
180�

ð4Þ

According to the study of Gantner et al. [13], the first

and second transition elements are contained in the entire

Fig. 2 Description of different sections in single bending arc and corresponding motion process of bending die

Fig. 3 Schematic diagram of transition element formation. a First transition element; b second transition element
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arc segment. If the length of transition element increases,

its proportion in the entire arc segment is larger. Since the

curvature of the transition element changes continuously, it

has a very significant effect on the shape of bent tube.

Referring to Fig. 3a, it could be found that both U and A

have the impact on the bending radius of the tube, and the

theoretical relationship is expressed as:

A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2RU � U2

p
ð5Þ

It can be preliminarily concluded that the bending radius

increases and the bending deformation degree of tube

decreases with the increase in A under the condition of the

same U. In summary, the bent tubes with complex axis

shapes are composed of the bending arcs with different

bending radii and angles.

3 Free bending experiment and simulation

3.1 Design of die structure parameters

The die structure diagram of free bending forming is shown

in Fig. 4. The tube is bent and deformed under the com-

bined action of the free bending dies. Considering that the

bending die and the guider are in direct contact with the

tube, the structure parameters of the bending die and the

guider would affect the bending deformation behavior of

bent tube in the free bending process. The assembly rela-

tionship between the bending die and the guider is shown

in Fig. 4. As we can find, the following spatial position

relationship between the bending die and the guider needs

to be satisfied. The tail of the bending die a1 and a2 cannot

be disengaged from the front end of the guider b1 and b2

during the free bending process. The collision between the

bent tube and the front end of the bending die c1 and c2

needs to be avoided. In addition, the front end of the

bending die cannot go over the back side of the spherical

bearing. To avoid the bending stress concentration of tube

caused by the free bending dies, the parts of the forming

dies that are in direct contact with the tube are usually

designed with the filleted corner, as shown in Fig. 4.

On the premise of meeting the above design require-

ments, the radius of filleted corner R1 of bending die, the

radius of filleted corner R2 of guider and the distance

between the center point of bending die and the front end of

guider are the key die structure parameters that affect the

forming quality of bent tube. The R1 and R2 are in direct

contact with the bent tube. If the filleted corner radius is too

small, the strong stress concentration on the intrados of

bent tube would introduce a variety of forming defects.

When the bending die deflection is the same, the bending

radius decreases with decreasing A, and the ultimate

bending radius of the bent tube may be reduced. However,

if A is too small, the axial instability of the bent tube may

occur. Therefore, to ensure the forming quality of bent tube

and improve the forming limit of free bending, it is

essential to optimize the die structure parameters of free

bending forming, including radius of R1, radius of R2 and

A. It should be emphasized again that U can be dynami-

cally adjusted by changing the spatial position of the

bending die. This paper focused on the influence of die

structure parameters, as shown in Table 1, on the defor-

mation behavior of bent tubes in the free bending process.

3.2 Free bending experiment

The three-dimensional free bending experiments were

conducted on the three-axial free bending forming equip-

ment developed by Nanjing University of Aeronautics and

Astronautics, as shown in Fig. 5. The forming equipment

mainly includes the bending die, the spherical bearing, the

guider and the pressing tool. The stainless steel SS304

tubes with the diameter of 22 mm and the thickness of

0.90 mm were used for the free bending experiment. The

uniaxial tensile tests were carried out on the universal

testing machine. The geometry and dimensions of speci-

mens are shown in Fig. 6a. To reduce the accidental error

in the experimental process, the tensile tests were repeated

three times with reference to the Chinese standard GB/

T228-2002. The average flow stress–strain curve of the

stainless steel SS304 tube is shown in Fig. 6b. The Hol-

lomon equation shown in Eq. (6) was employed to fit the

Fig. 4 Die structure diagram of free bending

Table 1 Design of die structure parameters (mm)

Die structure Parameter setting

R1 1.5, 3.0, 4.5

R2 22, 42, 62

A 30, 34, 38
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stress–strain curve. It was found that the fitting theoretical

curve is very close to the experimental data, and the model

parameters are also given in Fig. 6b.

r ¼ ken ð6Þ

where r is the true stress; e is the true strain; k is the

strength coefficient; and n is the strain hardening exponent.

The original stainless steel SS304 tube was placed in the

pressing tool and passed through the guider and the

bending die in turn under the action of the feeding device.

Subsequently, the straight tube was bent into the pre-de-

signed shape with different bending radii and angles when

the position of bending die was continuously adjusted in

the X–Y plane. Furthermore, the lubricating oil was used

between the bent tube and the free bending dies. The

corresponding parameter settings of free bending experi-

ment are summarized in Table 2. R1, R2 and A were set as

3.0, 42 and 38 mm, respectively. The experimental free

bending dies are shown in Fig. 7.

3.3 Finite element simulation

To analyze the plastic deformation behavior of the bent

tube more conveniently, the finite element simulation of

Fig. 5 Three-axial free bending forming equipment

Fig. 6 Uniaxial tensile specimen (a) and flow stress–strain curve (b) of stainless steel SS304 tube

Fig. 7 Experimental free bending dies

Table 2 Parameter setting for free bending experiment and simulation

Parameter Experiment Simulation

Axial propulsion velocity/(mm s-1) 10 10

Tube diameter/mm 22 22

Wall thickness/mm 0.9 0.9

Clearance between tube and die/mm 0.1 0.1

Friction coefficient Lubricating oil 0.02

U/mm 12 12
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the free bending forming process was conducted. As shown

in Fig. 8, the finite element model of free bending with

different die structure parameters was built in the explicit

platform, which includes the bending die, the tube, the

spherical bearing and the guider. The tube was defined as

the deformable sheet with four-node shell elements (S4R).

Since the free bending dies do not undergo the plastic

deformation, they can be set as the discrete rigid bodies

with the R3D4 elements. The structure of free bending dies

can be easily modified in the finite element model. Con-

sidering that the lubricating oil was used between different

modules, the friction coefficient between the die and the

tube was set to be 0.02 in the finite element simulation [28].

Other simulation process parameters are listed in Table 2.

The die structure parameters were set according to the free

bending experiment in Sect. 3.2. In addition, the stress–

strain relationship of stainless steel SS304 tube in Fig. 6

was assigned to the modeled tube.

The free bending experiments were performed three

times, and the median of experimental result was adopted.

The bent tubes from the free bending experiment and

numerical simulation are compared in Fig. 9. It was found

that the shape of the simulated bent tube is approximate to

the experimental result, and the bending radius of the

simulated bent tube is slightly lower than that of the

experimental bent tube. To further verify the dependability

of the numerical simulation method, the wall thickness

distribution and the cross-sectional distortion are shown in

Figs. 10 and 11. The experimental and simulated cross-

sectional distortion rates are both less than 8.0%. The

experimental cross-sectional distortion rate first increases

and then decreases with increasing the bending angle of

bent tube, which can be accurately characterized by the

numerical simulation method. The maximum distortion

rate from the free bending experiment is slightly lower than

that from the simulation result. The average wall thick-

nesses of the inner and outer sides of the experimental bent

tube are 0.96 and 0.89 mm, respectively. The increase in

wall thickness in the intrados of bent tube is significantly

greater than the decrease in wall thickness in the extrados

of bent tube. This could be because the additional

propulsion from the feeding device suppresses the thinning

of the bent tube wall thickness. The evolution law of wall

thickness from the simulated bent tube with bending angle

is similar to that from the experimental bent tube. The

difference in thickness between the inner sidewall and the

outer sidewall of the simulated bent tube is larger than that

from the experimental bent tube. From the comparison

results of the simulated and experimental bent tubes, it was

inferred that the numerical simulation of free bending may

be employed to describe the forming process of free

bending of tube.

In the free bending process, the tube is in direct contact

with the free bending dies. The bending deformation

behavior mainly occurs in the part of bent tube between the

bending die and the guider. To better understand the

influence of die structure parameters on the deformation

behavior of bent tube, the evolution of tangential strain in

Fig. 8 Finite element model of free bending

Fig. 9 Comparison of simulated (a) and experimental (b) bent tubes for free bending
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the intrados and extrados of bent tube with the tube

bending line was extracted from Fig. 9. As shown in

Fig. 12, the tangential compressive strain on the inside of

bent tube increases with the degree of bending deforma-

tion. The tangential compressive strain of tube near the

filleted corner of guider increases sharply. Subsequently,

the tangential compressive strain of tube between the

bending die and the guider fluctuates around the maximum

value. Similarly, the strain in the outside of bent tube

rapidly changes from the initial compressive strain to the

tensile strain near the filleted corner of guider. Then, the

tangential tensile strain of tube between the bending die

and the guider changes slowly. By analyzing the evolution

law of tangential strain of tube during the free bending

process, it could be concluded that the bending deformation

behavior of tube mainly occurs near the guider. Therefore,

it is necessary to investigate the influence of die structure

parameters on the deformation behavior of bent tube in the

free bending process.

4 Results and discussion

4.1 Influence of A on deformation behavior

To study the influence of A on the deformation behavior of

bent tube, the finite element method was employed to

simulate the free bending forming process. The A was

defined as 30, 34 and 38 mm, respectively, which can be

easily adjusted in the finite element model shown in Fig. 8.

The simulated stress distribution is shown in Fig. 13. It was

found that the maximum equivalent stress is located on the

inner side of the bent tube, and it increases gradually as the

A decreases. The region with higher stress distribution also

increases. The above phenomenon may be explained by the

bending deformation behavior of bent tube during the free

bending process. The degree of plastic deformation of bent

tube increases as the A decreases. Furthermore, the bending

radius increases as the A increases under the same U of

12 mm, which is consistent with the inference of Eq. (5)

that the theoretical bending radius of bent tube decreases

with the decrease in A. Smaller bending radius results in

more severe local plastic deformation. The central angle of

bent tube decreases with the increase in A. According to

Eqs. (2)–(4), the lengths of first transition section and

section transition section increase with the increase in A,

and their proportions in the entire arc segment are also

improved. Since the bending radius of transition section is

significantly larger than that of the stable arc section, the

Fig. 10 Comparison of cross-sectional distortion rates of experimen-

tal and simulated bent tubes

Fig. 11 Comparison of wall thickness distribution of experimental

and simulated bent tubes

Fig. 12 Evolution of tangential strain in intrados and extrados of bent

tube with tube bending line
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average central angle of entire bending arc decreases when

the length of entire arc segment is constant. The equivalent

strain distributions of the simulated bent tubes with dif-

ferent A are shown in Fig. 14. Similar to the stress distri-

bution result, the maximum equivalent strain decreases

with an increase in the distance A.

The wall thickness distributions of bent tubes with dif-

ferent A are shown in Fig. 15. With the decrease in A, the

degree of thickening of the wall thickness in the intrados of

the bent tube gradually increases. This is because the

reduction in the deformation area of bent tube leads to an

increase in the force exerted by the feeding device on the

tube. The axial propulsion and tangential stress are given in

Fig. 16. The tangential compressive stress inside bent tube

is larger, which ultimately results in the thickening of the

wall thickness in the intrados of bent tube. The axial

propulsion increases with the decrease in A, and the degree

of thinning of wall thickness in the extrados of bent tube

gradually decreases. According to Fig. 17, it could be

calculated that the maximum thickening rate of the wall

thickness reaches 21.1% when the A is equal to 30 mm,

and the wall thickening phenomenon is very significant.

The thinning of wall thickness in the extrados of bent tube

can even be eliminated when the A is less than 34 mm.

Finally, the uniformity of thickness distribution on the

inner sidewall and outer sidewall of bent tubes might be

enhanced with the smaller A during the free bending pro-

cess. On the premise that there are no these forming

defects, like wrinkling and instability, the improvement in

the free bending limit and the reduction in the wall thick-

ness thinning rate can be achieved by reducing A.

To explore the effect of A on the forming limit of tube

during the free bending process, the numerical simulation

of free bending forming with A of 26 mm was carried out.

The simulated bent tube is shown in Fig. 18. It was found

that the tube could not be bent without defects. This may be

due to the fact that the bending deformation area of bent

tube between the bending die and the guider is shortened as

A further decreases, and the tube is not easy to pass

smoothly the bending die, resulting in the instability of

tube between the bending die and the guider. It might be

summarized that the forming limit of free bending can be

improved and the ultimate bending radius of the bent tube

is reduced by appropriately reducing A.

4.2 Influence of R1 on deformation behavior

The simulated equivalent stress of bent tube with different

R1 radii is shown in Fig. 19. With the increase in R1, both

the compressive stress on the inner sidewall of bent tube

and the tensile stress on the outer sidewall of bent tube are

slightly reduced. This is because the force exerted by the

Fig. 13 Equivalent stress distribution cloud maps of bent tubes with different A. a A = 30 mm; b A = 34 mm; c A = 38 mm

Fig. 14 Equivalent strain distribution cloud maps of bent tubes with different A. a A = 30 mm; b A = 34 mm; c A = 38 mm
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bending die on the bent tube is hardly affected by R1, and

A hardly changes with R1. In addition, the equivalent stress

in the transition element of bent tube is greater than that in

the stable arc element of bent tube. According to the

schematic diagram of transition element formation, as

shown in Fig. 3, the bent tube in the transition section is

subjected to the bending forming force from the bending

die, and the dynamic contact between the bent tube and the

bending die results in the greater stress concentration on

the outer side of bent tube.

Fig. 15 Wall thickness distribution cloud maps of bent tubes with different A. a A = 30 mm; b A = 34 mm; c A = 38 mm

Fig. 16 Axial propulsion (a) and tangential stress (b) of bent tubes with different A

Fig. 17 Evolution of wall thickness of bent tubes with different A. a Intrados; b extrados
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The simulated equivalent strain of bent tube with dif-

ferent R1 radii is shown in Fig. 20. During the free bending

process, the equivalent strain of bent tube decreases

slightly with increasing R1, which means that the degree of

plastic deformation of the bent tube decreases slightly and

the bending radius of bent tube is almost constant with

increasing R1. When other process parameters are the

same, the free bending forming limit of the bent tube is

hardly affected by R1. However, when R1 is too small, it is

easy to cause the stress concentration in the bending arc,

resulting in these defects like the deformation accumula-

tion or the indentation on the surface of bent tube near the

filleted corner of bending die.

The simulated wall thickness distributions of bent tubes

with different R1 radii are displayed in Fig. 21. It was

found that the wall thickness distribution on the inside and

outside of bent tube hardly changes with R1. In the process

of free bending, the bent tube located between the bending

die and the guider is subjected to the propulsion from the

feeding device and the bending forming force exerted by

the bending die. With the increase in R1, the stress state of

the bent tube between the bending die and the guider

remains constant, and the influence of R1 on the wall

thickness might be ignored. The measurement results of

wall thickness with different R1 are shown in Fig. 22. It

could be concluded that the process of thickening and

thinning of the wall thickness of bent tube mainly occurs in

the motion stage of the bending die, including the first

transition element and the second transition element, as

shown in Fig. 3. In the stable arc element of bent tube,

there is little variation in the wall thickness distribution.

The thickness distribution of the stable arc element on the

extrados and intrados of bent tube is hardly affected by R1.

The influence of R1 on the deformation behavior of bent

tube is not obvious. In addition, the stress concentration on

the inside of bent tube can be reduced by adopting larger

bending die filleted corner. Therefore, the smaller R1

should be avoided as much as possible, which can effec-

tively reduce the indentation on the inside of bent tube.

Fig. 18 Simulated bent tube with A of 26 mm

Fig. 19 Equivalent stress distribution cloud maps of bent tubes with different R1 radii. a R1 = 1.5 mm; b R1 = 3.0 mm; c R1 = 4.5 mm

Fig. 20 Equivalent strain distribution cloud maps of bent tubes with different R1 radii. a R1 = 1.5 mm; b R1 = 3.0 mm; c R1 = 4.5 mm

Effect of die structure parameters on deformation behavior of bent tube in free bending process 497

123



4.3 Influence of R2 on deformation behavior

The simulated equivalent stress and strain of bent tube with

different R2 radii are shown in Figs. 23 and 24. Similar to

the evolution law of the equivalent stress and strain on the

inside and outside of bent tubes with A, both the maximum

stress and strain increase with decreasing R2. This may be

because the distance A increases as R2 increases, and the

restraint effect of guider on bent tube decreases with the

increase in R2. In addition, the bending radius of bent tube

increases with increasing R2 during the free bending pro-

cess, and the corresponding degree of plastic deformation

is weakened. It could be concluded that the free bending

forming limit of bent tube is slightly improved by reducing

R2.

The simulated wall thickness of bent tubes with different

R2 radii is shown in Fig. 25. The thickening of thickness on

the inner sidewall of bent tubes was promoted, and the

thinning of thickness on the outer sidewall of bent tubes

was suppressed with the decrease in R2. This is because the

Fig. 21 Wall thickness distribution cloud maps of bent tubes with different R1 radii. a R1 = 1.5 mm; b R1 = 3.0 mm; c R1 = 4.5 mm

Fig. 22 Evolution of wall thickness of bent tubes with different R1 radii. a Intrados; b extrados

Fig. 23 Equivalent stress distribution cloud maps of bent tubes with different R2 radii. a R2 = 22 mm; b R2 = 42 mm; c R2 = 62 mm
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distance A decreases as R2 decreases, resulting in an

increase in the degree of plastic deformation of bent tube.

The bent tube is subjected to the axial propulsion from the

feeding device, which increases with the decrease in R2.

The tensile stress on the outside of bent tube with smaller

R2 decreases, and the thinning of thickness on the outer

sidewall of bent tubes is reduced.

The measurement results of wall thickness on the out-

side and inside of bent tubes with different R2 radii are

shown in Fig. 26. It could be observed that the thickening

of wall thickness on the intrados of bent tube is more

obvious as R2 decreases, which may be attributed to the

additional tangential compressive stress on the intrados of

bent tube. As shown in Fig. 27b, the tangential

Fig. 24 Equivalent strain distribution cloud maps of bent tubes with different R2 radii. a R2 = 22 mm; b R2 = 42 mm; c R2 = 62 mm

Fig. 25 Wall thickness distribution cloud maps of bent tubes with different R2 radii. a R2 = 22 mm; b R2 = 42 mm; c R2 = 62 mm

Fig. 26 Evolution of wall thickness of bent tubes with different R2 radii. a Intrados; b extrados
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compressive stress increases with decreasing R2, resulting

in more obvious thickening on the intrados of bent tube.

The evolution law of axial propulsion exerted by the

feeding device on the bent tube with R2 is shown in

Fig. 27a. When R2 is smaller, the axial propulsion is rel-

atively large, which further leads to the increase in the

compressive stress on the intrados of bent tube and the

thickening of wall thickness. It was also concluded from

Fig. 26 that the maximum thickening rate of the wall

thickness of bent tube with R2 of 22 mm is 16.9%.

According to the simulation results, the thinning trend of

wall thickness on the outside of bent tubes decreases as R2

decreases. In general, the plastic deformation of bent tube

becomes gentler, and the strain distribution on the inside

and outside of bent tube is more uniform with the increase

in R2. However, the corresponding deformation degree of

bent tubes decreases, and the bending radius increases. The

influence of R2 on the deformation behavior of bent tube is

weaker than that of A. Therefore, the free bending forming

limit of bent tube can be improved by appropriately

reducing R2 without the occurrence of these defects, such

as wrinkling and cracking.

In general, the effect of R2 on the free bending forming

limit and forming quality of bent tube is similar to that of

the distance A. This may be attributed to the fact that the

decrease in R2 would lead to the decrease in A, resulting in

more severe local plastic deformation. However, the

bending radius of bent tube hardly decreases any more with

the further decrease in R2. Figure 28 shows the simulated

defect-free bent tube with R2 of 18 mm. It was found that

the ultimate bending radius of bent tube with R2 of 18 mm

is close to that with R2 of 22 mm, which is smaller than

that with R2 of 42 mm. As R2 is further reduced, the stress

concentration phenomenon is more obvious during the free

bending process and the wear is more likely to occur.

Therefore, R2 is set as 22 mm to reduce the ultimate

bending radius of bent tube and improve the forming

quality of free bending.

4.4 Verification on newly determined die
structure parameters

According to the above analysis results, A and radius of R2

may be appropriately reduced, while radius of R1 can be

appropriately increased to improve the free bending

forming limit and forming quality of bent tube. In this

research, the newly determined die structure parameters

including A, R1 radii and R2 radii were set as 30, 4.5 and

22 mm, respectively. The corresponding free bending dies

were designed and manufactured, as shown in Fig. 29. To

reduce the scuffing defects on the surface of bent tube and

improve the forming quality in the free bending process,

the ceramic bushing was adopted in the new free bending

dies. The influence of friction on the free bending defor-

mation behavior of bent tube is ignored in this study. The

impact of die structure parameters on the free bending

forming limit was explored by the experiments. The

Fig. 27 Axial propulsion (a) and tangential stress (b) of bent tubes with different R2 radii

Fig. 28 Simulated defect-free bent tube with R2 of 18 mm
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experimental bent tubes with U of 13 mm are shown in

Fig. 30. It was found that the bending radius of bent tube

using the newly determined die structure parameters is

smaller than that with the original die structure parameters

when U is the same. And there is the wrinkling defect on

the inside of bent tube with the original die structure

parameters. The ultimate bending radius of bent tube for

the free bending experiment is reduced, and the free

bending forming limit is improved by using the newly

determined die structure parameters.

In addition, the experimental cross-sectional distortion

rate and the wall thickness of bent tube are concluded in

Figs. 31 and 32. Due to the wrinkling on the inside of bent

tube, the cross-sectional distortion rate and the wall

thickness distribution of the bent tube with the original die

structure parameters were not measured and compared. As

we can find, the cross-sectional distortion rate is slightly

improved by adopting the newly determined die structure

parameters, but the maximum cross-sectional distortion

rate is still less than 8%. In addition, the thickening of wall

thickness on the inner side of bent tube is enhanced, and

the thickness of the outer sidewall of bent tube is also

slightly increased. The above experimental results also

demonstrate the fact that the thinning of wall thickness on

the extrados of bent tube is eliminated when A is less than

34 mm. In general, the forming limit of bent tube in the

free bending process can be significantly improved, and the

corresponding wall thickness variation and the cross-sec-

tional distortion can also be optimized or slightly increased

by using the newly determined free die structure

parameters.

The free bending deformation behavior of stainless steel

tube with the diameter of 22 mm was studied, and the

determination principle of die structure parameters was

also explored. The free bending forming limit of bent tube

can be improved when A is set to 30 mm for the tube with

the diameter of 22 mm. The ratio of A to tube diameter is

1.36, which could be used in the process of designing free

bending die for these tubes with other diameters. For R2, it

might also be determined by the ratio of R2 radii to tube

Fig. 29 Free bending dies with newly determined die structure

parameters

Fig. 30 Experimental bent tubes. a Newly determined die structure parameters; b original die structure parameters

Fig. 31 Cross-sectional distortion rate of experimental bent tube with

newly determined die structure parameters
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diameter. Since R1 has little effect on the bending defor-

mation behavior of tube, R1 radii of 4.5 mm may be used

as a reference for these tubes with other diameters. For

other tubes with the different material properties, the die

structure parameters determined above might be employed,

but the specific optimization results needs to be further

considered and analyzed due to their different springback

behaviors.

5 Conclusions

1. The axis of bent tube can be divided into five parts,

including the linear segment, the first transition ele-

ment, the stable arc element, the second transition

element and the following linear segment, which cor-

respond to the different movement modes of bending

die.

2. The distance between the center point of bending die

and the front end of guider along Z-axis has an obvious

effect on the deformation behavior of bent tubes. The

degree of plastic deformation of bent tube is increased,

and the uniformity of thickness distribution is

improved with the decrease in the distance. The free

bending forming limit of bent tube can be improved

when the distance is set to 30 mm.

3. The influence of the filleted corner of bending die on

the free bending deformation behavior of bent tube is

almost insignificant. The stress and strain distribution

of bent tube with the different filleted corners of

bending die is relatively close, and the evolution of

thickness of bent tubes is hardly affected by the filleted

corner of bending die. To reduce the stress

concentration on the inside of bent tube, the filleted

corner of bending die is set to 4.5 mm.

4. The influence of the filleted corner of guider on the

deformation behavior of bent tube is between the

distance between the center point of bending die and

the front end of guider along Z-axis and the filleted

corner of bending die. The maximum equivalent stress

and strain of bent tubes increase with the decrease in

the filleted corner of guider, which is set as 22 mm to

reduce the ultimate bending radius of bent tube.
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