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Abstract: In the field of cold bending, it is necessary to use ball mandrels, especially to bend thin-
walled tubes with a small radius. However, the bending process with a ball mandrel is complex and
expensive, and it is easy to jam the core ball inside the tube. To solve these issues, we designed two
kinds of hollow non-ball mandrel schemes with low stiffness that were suitable for the small radius
bending of thin-walled tubes. We evaluated the forming quality of cold bending numerically and the
influence of the hollow section length and thickness on the forming indices. Our results showed that
the thickness of the hollow section has a greater influence on forming quality than the length. As
the hollow section’s thickness increased, the wrinkling rate first declined by approximately 40% and
then increased by above 50%. When the thickness was 11 mm in scheme 1 and 13 mm in scheme 2,
the wrinkling rate reached minimum values of 1.32% and 1.50%, respectively. As the hollow section’s
thickness increased, the flattening rate decreased by more than 60% and the thinning rate increased
by about 40%. A multi-objective optimization of forming indices was carried out by ideal point
method and grey wolf optimizer. By comparing the forming results before and after optimization,
the feasibility of using the proposed hollow mandrel was proved, and the hollow mandrel scheme of
standard cylinder is therefore recommended.

Keywords: hollow mandrel; thin-walled tube; cold bending; multi-objective optimization

1. Introduction

In manufacturing fields, such as aerospace, automotive engineering, and marine and
ocean engineering, tubes bent with a relative wall thickness (t/D) of less than 5% and
relative bending radius (R/D) of less than 2 are often used to meet lightweight, high-
strength, and space-saving requirements [1]. The forming quality of thin-walled tubes is
influenced by many factors including the material used, geometric characteristics of tubes,
and process parameters of molds, among others. The design of the mandrel is of great
importance and plays a key role in improving the forming quality of the tube.

In previous research of mandrel design, experimental methods have been widely
used. Given the widespread use of numerical simulations, these methods, along with
experimental verification, are most often used to study the influence of different factors
on the small radius bending of thin-walled tubes. Through numerical and experimental
methods, Liu et al. found that the tube material, number of core balls, and extension
length of the mandrel significantly influence the bending forming quality of thin-walled
steel tubes for automotive bumpers [2]. Shen et al. discussed the influence of mandrel
parameters on forming quality based on experimental results [3]. Nakajima et al. fabricated
an aluminum alloy rectangular tube and analyzed the pear-shaped deformation peculiar
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to the ultra-thin wall tube by means of finite element method [4]. Utsumi et al. proposed a
laminated elastic mandrel consisting of nylon and PVC plates and studied the influence of
certain parameters on the forming quality using numerical and experimental methods [5].

Optimization based on experimental and numerical results is an important element of
engineering. Optimization methods have been widely studied in recent years. Using the
topology optimization based on the finite element method, Rozyto decreased the I-section
profile’s volume by 25% [6]. Tsumura proposed a hierarchically distributed optimization
algorithm which decreased the amount of data transmission [7]. Chen et al. proposed
a multiplexed optimization method with a significantly reduced computation load [8].
Farzampour et al. used the grey wolf optimizer to maximize the energy dissipation capac-
ity and reduce the plastic strain concentration [9]. Meanwhile, many new optimization
algorithms have been applied in the study of mandrel design. The stress and strain state
and forming quality of thin-walled aluminum tubes have been studied under different
relative bending radius, which led to an algorithm being proposed to improve the forming
quality of tube bending [10-12]. Zhao et al. established a genetic algorithm model with
mandrel parameters as variables to predict the forming results of different small radius
tubes [13]. Wang et al. optimized the shape parameters of the mandrel head based on the
orthogonal experimental design method [14].

Here, we focus on the mandrel shape as a means to improve the forming quality of
thin-walled tubes. The mandrel can be categorized as either a ball mandrel or non-ball
mandrel according to whether the core ball is used or not. When the thin-walled tube
is bent with a small radius, the ideal forming result cannot be obtained because of the
excessive stiffness of the non-ball mandrel, so the ball mandrel shown in Figure 1 is often
used for bending in engineering. In order to study the applicability of different kinds of
mandrels, Dang proposed a method to determine whether to use a core ball according to
relative bending radius, relative wall thickness, and bending angle [15]. Wu et al. compared
the effects of a cylinder mandrel, round mandrel, arc mandrel, ball mandrel, and round ball
mandrel on the forming quality and found that the ball mandrel gave the best outcome [16].
The core ball structure with low stiffness in the ball mandrel can provide support for
thin-walled tubes and avoid the wrinkling deformation, so as to obtain sufficient forming
quality. However, the core ball structure has many disadvantages that are seldom discussed.
First, the process required is more complicated and expensive because the mandrels used
in different tube bending systems have to be redesigned and processed. Furthermore, it is
necessary to consider the connection between the core ball and core rod. In addition, the
core ball can easily become jammed inside the tube while bending and cause wear on the
inner side of the tube wall. Therefore, we attempted to design a non-ball mandrel with low
stiffness to obtain a thin-walled bent tube that meets the quality requirements.

Figure 1. Ball mandrel.
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In this paper, we consider two kinds of non-ball mandrel schemes with hollow sections
and adopt a numerical method to simulate cold bending forming. Based on the numerical
results, the influence of hollow section parameters on the bending forming indices is
studied. The bending results of the two mandrel schemes are compared and the parameter
optimization of the mandrel is realized by combining the multi-objective optimization
method and grey wolf optimizer.

2. Materials and Methods
2.1. Modes of Behavior in Cold Bending

The stress state of the bent tube is shown in Figure 2. In the cold bending process, the
outer side of the tube is elongated by tangential tension, o1, and the inner side is shortened
by tangential pressure, op. The tube is therefore thinned on the outer side of the bend and
thickened on the inner side. The supporting forces N and N’ are the result of tangential
forces due to the flattening deformation of the transverse section.

Figure 2. Stress state during cold bending.

The inner side of the tube can easily become wrinkled due to the circumferential and
tangential pressure. As the pressure increases, local wrinkles may occur before the tube
buckles. As the pressure continues to increase, buckling occurs at the inner side of the tube,
and then an overall buckling wrinkle may occur. If the pressure exceeds the upper limit,
over flattening may occur.

2.2. Numerical Method and Reliability Verification

We used a numerical simulation for this research. First, the cold bending process
of steel tube with D = ¢ 114 mm and t = 8 mm was simulated, and the validity of the
analysis method was verified through a comparison with experimental results. Finite
element models of the tube, arc mandrel, and bending molds were then established, as
shown in Figure 3.
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Pressing die

Wiper die

Bending die

Clamping block

Figure 3. Finite element model.

The tube was made of No. 20 carbon steel and the mandrel was made of T235 steel.
The bilinear isotropic constitutive relationship was used to model the material properties
of tube and mandrel [17]. The stress—strain curve is shown in Figure 4. According to
CCS Rules for Materials and Welding, the material parameters were determined as shown

in Table 1.
c/MPa
B(SH_BZ 0.7, 5 500)
A(s, ,= 0, 6,=235)
O g€

Figure 4. Stress—strain curve of the material. OA and AB represent the elastic and plastic stages,
respectively, A and oB represent the stress at points A and B, respectively, 0A is the yield stress,
and ¢p A and &, p represent the plastic strain at the two points.

Table 1. Material parameters.

p 1/kg><m*3 EZ2/MPa v3 op/MPa €p,A og/MPa €p,B
7.84 x 10° 206,000 0.3 235 0 500 0.2

1 p is the density. 2 E is the elastic modulus. 3 v is the Poisson’s ratio.

Considering the calculation accuracy and efficiency, the tube and mandrel were simu-
lated by elastic-plastic properties, and all molds except the mandrel were simulated by a
rigid body element. Mesh size selection has been studied in previous studies, which found
similar results using a mesh size 1 and 0.75 times the tube wall thickness [18]. When the
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mesh size was 1.5 times the tube wall thickness, it was too large to accurately describe the
inner wrinkle, meaning the wrinkle height was not accurate [18]. When the mesh size was
reduced to 0.75 times the tube wall thickness, the analysis time was excessive, while using
a mesh size smaller than the plate thickness is not recommended [18,19]. Therefore, the
mesh size used was the same as the tube wall thickness.

Constraint conditions were determined according to the actual bending process. Dur-
ing the bending process, the mandrel and the wiper die remain motionless, restricting their
degrees of freedom in all directions. The clamping block and the bending die rotate around
the center of the bending path, so they were set to the corresponding angular velocity.
The pressing die applies pressure to the outer wall of the tube during bending, so it was
considered to move in a straight line with a certain linear speed.

Tube bending mainly depends on the contact between the tube and the mold. In
order to ensure that the tube nodes cannot penetrate the surface of the mold, the dynamic
constraint method was used to define the contact between the tube and the clamping block,
bending die, pressing die, wiper die, and mandrel. The friction generated by contact was
simulated by means of Coulomb friction. The friction coefficient of the contact surface is
shown in Table 2.

Table 2. Coefficient of friction.

Contact Tube.- Tub.e A Tub.e - Tube-Wiper Tube-
Surface Clamping Bending Pressing Di Mandrel
Block Die Die €
Friction No relative 0.15 0.15 0.10 0.05
coefficient slip

To verify the numerical simulation method, a steel tube with D = ¢ 114 mm and
t = 8 mm was tested. The mandrel parameters used in the experiment are listed in Table 3.
A 90° bending experiment was carried out on the target steel tube. The experimental and
numerical results of the bending are shown in Table 4. The distribution of wall thickness
and wrinkle height of the bent tube are shown in Figure 5. The wrinkle height in the
numerical simulation was 2.106 mm, while the wrinkle in the experiment was difficult
to measure. The error of wrinkle is within the acceptable range and the minimum wall
thickness was similar, indicating that the simulation method was reliable.

Table 3. Test parameter settings.

Clearance between Radius of Curvature Curve Segment Mandrel
Mandrel and at the Mandrel Length of Extension/mm
Tube/mm Head/mm Mandrel/mm
1 220 50 12
Table 4. Experimental and numerical results of bending.
Experimental Result Numerical Result Error
Minimum wall 6.3 6.351 0.81%

thickness/mm

No obvious wrinkle The maximum
Wrinkle wrinkle height was <2% of tube diameter
was measured
2.106 mm
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Wall thickness/mm

Wrinkle height/mm

Min:+6.351

(a) (b)

Figure 5. The distribution of wall thickness and wrinkle height of the bent tube: (a) the distribution of wall thickness and
(b) the distribution of wrinkle height.

2.3. Hollow Mandrel Shape Design for Thin-Walled Tube Bending

Taking the tube with D = ¢ 95 mm and ¢ = 4.5 mm as an example, the cold bending
numerical simulation was performed using the ordinary non-ball arc mandrel. To evaluate
the quality of tube bending, three indices of wrinkling rate, I,,, flattening rate, Iy, and
thinning rate, I;, are defined by Equations (1)—(3). According to the GB/T 34000-2016 China
Shipbuilding Quality Standard, I, If,and I} of cold bending tube should not exceed 2%,
10%, and 25%, respectively.

Iw = HW/DO (1)
I=(Dy — D")/Dy 2
Iy = (to — £) /o ©)

where H,, is the maximum wrinkle height of the tube, Dy is the initial diameter of the tube,
D’ is the minimum diameter of the tube section after bending, ¢ is the initial wall thickness
of the tube, and #’ is the wall thickness at the thinnest part of the tube after bending.

Table 5 shows the calculated values of forming indices of the tube with D = ¢ 95 mm
and t = 4.5 mm; it can be seen that the wrinkling rate did not meet the quality requirement
due to the excessive stiffness of the mandrel head.

Table 5. Forming results of the thin-walled tube using an ordinary non-ball mandrel.

Twl/% Il% 1/%
244 8.94 19.92

To reduce the stiffness of the mandrel and improve the forming quality, the hollow
mandrel schemes shown in Figure 6b,c were designed for thin-walled tubes on the basis of
the ordinary non-ball mandrel (Figure 6a). The mandrel shown in Figure 6b was defined
as hollow mandrel scheme 1 and the mandrel shown in Figure 6c was defined as hollow
mandrel scheme 2.
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scheme 2.

(a)

Figure 6. Different types of mandrel: (a) ordinary non-ball mandrel, (b) hollow mandrel scheme 1, and (c) hollow mandrel

(b) ()

The two hollow mandrel schemes we proposed and the shape of hollow section can
be defined by the length, L, and thickness, t, as shown in Figure 7. In scheme 1 (shown in
Figure 7a), a section of cylinder-like body was cut off, and the surface of the inner wall and
outer wall were parallel; therefore, the thickness of the hollow section remained unchanged.
In scheme 2 (shown in Figure 7b), a regular cylinder was cut off and the inner wall was a
regular cylinder, so the thickness of the hollow section varied.

L

ez

— T

(a) (b)

Figure 7. The shape of the hollow mandrel section in (a) hollow mandrel scheme 1 and (b) hollow mandrel scheme 2.

3. Results and Discussion
3.1. Simulation Results and Analysis of Hollow Mandrel

To obtain a suitable hollow mandrel for the tube with D = ¢ 95 mm and f = 4.5 mm,
various hollow mandrel parameter cases were designed (Tables 6 and 7) and cold bending
using the mandrels with different section sizes was simulated. The forming simulation
was performed with a bending angle of 90° and a bending radius of 137 mm. According to
experience from trial calculations, for scheme 1 five hollow section lengths were selected
(60, 80, 100, 120 and 140 mm) and nine hollow section thicknesses were selected (6, 7, 8,
9,10, 11, 12, 15 and 20 mm). For scheme 2, the selection of hollow section lengths was
the same and nine hollow section thicknesses were selected (8, 9, 10, 11, 12, 13, 14, 15 and
20 mm). Ninety bending simulations were performed for the two hollow mandrel schemes.
The calculated forming results are listed in Tables 6 and 7, and the stress distribution of the
33rd simulation result of section schemes 1 and 2 is shown in Figures 8 and 9.
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Table 6. Hollow mandrel scheme 1 forming results.

No. L/mm t/mm I,/% If/% It/% No. L/mm t/mm Iy/% If/% It/ %
1 60 6 247 1786 13.69 24 100 11 136 815 19.25
2 60 7 225 1148 15.09 25 100 12 160 753 19.29
3 60 8 198 1002 1737 26 100 15 244 878 19.76
4 60 9 213 986 1859 27 100 20 251 888 1954
5 60 10 192 839 19.01 28 120 6 252 2344 13.01
6 60 11 154 828 19.62 29 120 7 223 1590 14.84
7 60 12 242 994 1956 30 120 8 188 13.01 16.46
8 60 15 249 888 1998 31 120 9 197 1066 17.76
9 60 20 251 895 19.64 32 120 10 176 887 18.55
10 80 6 255 2281 1329 33 120 11 132 811 19.24
11 80 7 241 1515 15.03 34 120 12 1.56 763 19.12
12 80 8 1.84 1185 16.61 35 120 15 249 987 19.19
13 80 9 2.00 1067 1792 36 120 20 251  9.07 1949
14 80 10 1.85 824 1861 37 140 6 244 2433 13.00
15 80 11 138 790 1945 38 140 7 217 1614 14.67
16 80 12 160 778 1934 39 140 8 187 1288 16.50
17 80 15 2.52 925 1980 40 140 9 198 10.86 17.64
18 80 20 255 9.00 1955 41 140 10 183 9.04 1843
19 100 6 299 2374 1313 42 140 11 141 823 19.30

20 100 7 208 1528 1496 43 140 12 1.61 789 19.15

21 100 8 190 1263 1650 44 140 15 252 9.18 19.50

22 100 9 195 1059 17.64 45 140 20 243 10.05 19.29

23 100 10 1.87 936 1845

Table 7. Hollow mandrel scheme 2 forming results.

No. Lmm t/mm Iw/% Id% It/% No. Lmm tmm Iw/% Id% I/%
1 60 8 178 21.08 1357 24 100 13 162 886 19.14
2 60 9 211  19.02 1557 25 100 14 242 966 19.22
3 60 10 203 11.26 17.77 26 100 15 246 939 19.04
4 60 11 191 1023 19.03 27 100 20 252 868 19.89
5 60 12 165 9.02 1873 28 120 8 251 2722 1271
6 60 13 228 963 1919 29 120 9 218 2358 1455
7 60 14 244 923 1910 30 120 10 196 15.03 16.42
8 60 15 260 943 1912 31 120 11 1.80 1052 17.83
9 60 20 241 924 1984 32 120 12 147 972 1840
10 80 8 269 27.02 1267 33 120 13 150 826 19.13
11 80 9 215 2250 1459 34 120 14 246 981 19.27
12 80 10 2.04 1333 1629 35 120 15 254 930 19.00
13 80 11 1.84 1068 1798 36 120 20 230 835 1979
14 80 12 151 875 1854 37 140 8 255 2726 1276
15 80 13 159 847 1885 38 140 9 217 2430 1450
16 80 14 235 981 1918 39 140 10 190 14.03 16.56
17 80 15 255 941 19.05 40 140 11 184 10.62 18.08
18 80 20 244 891 1974 41 140 12 153 943 18.64
19 100 8 252 2723 1277 42 140 13 151 841 18.98

20 100 9 215 2404 1452 43 140 14 245 952  19.03

21 100 10 194 1466 1650 44 140 15 244 939 1886

22 100 11 190 1096 18.00 45 140 20 245 877  19.90

23 100 12 147  9.63 1849
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Stress, Mises Stress, Mises ‘ Stress, Mises

(MPa) (MPa) (MPa)
500.00 500.00 500.00
458.33 458.33 458.33
416.67 416.67 416.67
375.00 375.00 375.00
333.33 333.33 333.33
291.67 291.67 291.67
250.00 250.00 250.00
208.33 208.33 208.33
166.67 166.67 166.67
125.00 125.00 125.00
£83.33 83.33 83.33
41.67 41.67 41.67

0.00 0.00 0.00
(a) (b) (0)

Figure 8. Stress distribution of hollow mandrel scheme 1: (a) bending step; (b) end of bending step; (c) unloading step.

Stress, Mises Stress, Mises Stress, Mises
|

(MPa) (MPa) (MPa)
500.00 500.00 500.00
458.33 458.33 458.33
416.67 416.67 416.67
375.00 375.00 375.00
333.33 333.33 333.33
291.67 291.67 291.67
250.00 250.00 250.00
208.33 208.33 208.33
166.67 166.67 166.67
125.00 125.00 125.00
83.33 83.33 83.33
41.67 41.67 41.67
0.00 0.00 0.00

(a) (b) (c)

Figure 9. Stress distribution of hollow mandrel scheme 2: (a) bending step; (b) end of bending step; (c) unloading step.

Figure 10a,b shows the influence curves of hollow section parameters on the wrinkling
rate, I,,. It can be seen that hollow section thickness, ¢, has a greater influence on I,, than
the hollow section length, L. In scheme 1, as t increases from 6 to 11 mm, the mandrel
stiffness gradually suits the bending of the thin-walled tube and Iy decreases significantly
by 45.58%. When t is 11 mm, I, reaches its minimum value. When f rises from 11 to
15 mm, the stiffness of the mandrel increases and it cannot provide sufficient support for
the compression side of the tube, resulting in a 78.21% increase in I,. The trend of influence
on I, in scheme 2 is basically the same as that in scheme 1. As t increases from 8 to 13 mm,
I, significantly reduces by 39.41% because the mandrel stiffness decreases to adapt to the
tube wall thickness. I, is lowest when t reaches 13 mm. When ¢ rises from 13 to 15 mm,
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I, (%)

Iy increases by 51.44% because the stiffness of the mandrel becomes unsuitable for the
thin-walled tube.

e
£ 22r .
R
—=— = 60 mm F20r —=— =60 mm | ]
—&— [ =80 mm 1.8 —— [ =80 mm

—4+— [= 100 mm

—7— L=120 mm

—— I =100 mm

—— L= 120 mm

[=140 mm L=140 mm
1.4
10 12 14 16 18 20 8 10 12 14 16 18 20
f (mm) f (mm})
(a) (b)

Figure 10. Influence of hollow section parameters on Iy, : (a) hollow mandrel scheme 1; (b) hollow mandrel scheme 2.

I (%)

Figure 11a,b shows the influence curves of hollow section parameters on the flattening
rate, Iy. It can be seen that the trend of influence on I; in the two schemes is essentially the
same. I decreases with increasing t and decreasing L. In scheme 1, when t increases from 6
to 10 mm, the stiffness of the mandrel increases, providing more support for the inner side
of the tube wall, so I decreases significantly by 60.49%. In scheme 2, Iy decreases by 63.83%
when t increases from 8 to 12 mm. When the stiffness of the mandrel is increased to a certain
extent, the influence of L and t on Irbegins to decrease, and Iy begins to fluctuate slightly.
This is because, as the volume of the hollow section decreases, the supporting effect of
the mandrel on the inner wall of the tube increases, which makes the tube’s resistance to
cross-section distortion stronger and leads to lower Ir.

T T T T T 3{). (} T T T T T T T
—=— =60 mm 21.5 = [ 60 mm
—+— - 80 mm 25.0 —— L=80mm
—4— [=100 mm 995 —+— [= 100 mm
—v— [ =120 mm B —v— [= 120 mm
L= 140 mm . 20.0 1-140 mm
(=]
. C 17.5¢ .
"
. 15.0 F .
. 12.5 F .
. 10.0 F : .
%7 r—\r——-(,;_E:v —_—————n
- 7. 5 - -
1 1 1 1 1 5I 0 1 1 1 1 1 1 1
12 14 16 18 20 8 10 12 14 16 18 20
f (mm) f(mm)
(a) (b)

Figure 11. Influence of hollow section parameters on I;: (a) hollow mandrel scheme 1; (b) hollow mandrel scheme 2.

Figure 12a,b shows the influence curves of hollow section parameters on the thinning
rate I; It can be seen that the trend of influence on I; in the two schemes is basically the
same. I; rises with increasing t and decreasing L. In scheme 1, when ¢ increases from 6 to
9 mm, the stiffness of the hollow mandrel increases, which provides more support for the
inner wall, and I; increases significantly by 35.44%. In scheme 2, I; increases by 41.02%
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I, (%)

when t increases from 8 to 11 mm. When the stiffness of the mandrel is increased to a
certain extent, the influence of L and t begins to decrease and I; fluctuates and increases
slightly. In general, I; increases with increasing ¢ and decreasing L. This is as the volume
of the hollow section decreases, the friction of the mandrel on the inner wall of the tube
increases, which strengthens the tube’s thinning and leads to an increased I;.

T T T T T T T T T T T
- 19.5F — .
] 18.0 E
;\3 16.5F b
—=— L= 60 mm ] ~ —=— [=60 mm
—*—[=80mm | T 15.0r d —o— [=80mm | T
—4— =100 mm| ] e
L=120 mm 13.5F % —v— =120 mm| _
=140 mm| A g/ L=140 mm
L 1 1 1 1 12. 0 1 1 1 1 1 1 1
12 14 16 18 20 8 10 12 14 16 18 20
f(mm) t (mm)
(a) (b)

Figure 12. Influence of hollow section parameters on I;: (a) hollow mandrel scheme 1; (b) hollow mandrel scheme 2.

3.2. Multi-Objective Optimization of Hollow Mandrel Parameters

The forming quality of the bent tube is determined by I, I; and I;. However, the
relative influence of these indices differs. To evaluate the forming quality, the ideal point
method of multi-objective programming was used to establish the optimization function,
taking the three forming indices as variables. It was necessary to normalize I, Iy, and I; to
balance the effect of each index on the forming quality. The smaller the forming indices are,
the better the forming quality is; therefore, the ideal point was defined as the point where
the three forming indices are zero. The distance between the normalized forming result
and the ideal point was defined as the optimization function. The optimization function
and boundary conditions are shown in Equations (4) and (5):

Nl—

minl = [(Ly/Iwo)* + (It/Ir0)* + (It/ 1)) 4)
0< Ly < IWO

s.t. 0< If < IfO (5)
0<I; <Iy

where [ is the target value of forming quality, and the smaller I is, the better the forming
quality is. Lo, Ip, and Iy are the maximum allowable values of corresponding forming
indices, which are 2%, 10% and 25%, respectively.

The hollow section parameters were optimized based on the grey wolf optimizer,
which was first proposed by Mirjalili [20]. This algorithm is an optimization method
inspired by the prey hunting activities of grey wolves. Thanks to the characteristics of
strong convergence, fewer parameters, and easy programming, it has been widely used in
various fields in recent years.

Figure 13 shows the procedure of the optimization algorithm. First, the grey wolf
population was initialized and a set of random numbers was taken as the first set of
parameters of the hollow mandrel. As the numerical results in Tables 6 and 7 are discrete,
forming results were obtained by bilinear interpolation method. The hollow mandrel
parameters were then updated by comparing the value of the fitness function, and a new
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set of hollow mandrel parameters was generated. This process was repeated until the
maximum number of iterations was reached.

Identify the mitial value(J=0)

™ Calculate the optimization function value by bilinear interpolation

¥

Update the parameters by grey wolf optimizer

!

=I+1

Figure 13. Flowchart of the optimization progress.

The maximum number of iterations was 1000. To display the convergence of the
algorithm, the curve of the optimization function value with the top 50 iterations is shown
in Figure 14.

1.9 T T T T

scheme 1
scheme 2

1.7} 1

18+

lof R

optimization function value

12 1 1 1 1
0 10 20 30 40 50

the number of iterations
Figure 14. Convergence curve.

The optimal hollow section parameters and corresponding forming results of the
two schemes are shown in Table 8. Among the three forming indices, I, was the most
optimized. Compared with the ordinary non-ball mandrel, Iy was decreased by 45.90%,
Iy was decreased by 9.28%, and I; was decreased by 3.41% in scheme 1. In scheme 2, I,
I 't and I; were reduced by 38.52%, 7.61%, and 3.97% compared with the solid mandrel,
respectively. The forming indices meet the quality requirements and the forming quality
was improved when using hollow mandrels. Considering the convenience of processing
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and the small difference in forming quality, the hollow mandrel with a regular cylindrical
hollow section (scheme 2) is recommended, even though the forming quality of scheme 1
was slightly better.

Table 8. Optimal parameters of the hollow section and corresponding forming results.

Mandrel Shape L/mm t/mm Iw/% If/% It/ % I
Solid mandrel - - 2.44 8.94 19.92 1.7095
Hollow mandrel scheme 1 120 11 1.32 8.11 19.24 1.2983
Hollow mandrel scheme 2 120 13 1.50 8.26 19.13 1.3529

4. Conclusions

To explore the feasibility of a non-ball mandrel in thin-walled tube cold bending, we

proposed two hollow mandrel schemes. Based on numerical calculations, we reached the
following conclusions:

1.

Small radius cold bending of thin-walled tubes using an ordinary non-ball mandrel
does not meet the forming requirements. Therefore, two kinds of hollow non-ball
mandrel schemes were proposed to obtain satisfactory forming results;

Comparing the two hollow mandrel schemes, the influence of tested parameters on the
forming indices were similar. The hollow section thickness had the greatest influence
of the parameters measured. In scheme 1, as the hollow section thickness increased
from 6 to 11 mm, the wrinkling rate declined by 45.58%. When the thickness increased
from 11 to 15 mm, the wrinkling rate increased by 78.21%. In scheme 2, the wrinkling
rate first decreased by 39.41% and then increased by 51.44% as the thickness increased.
The wrinkling rate was lowest when the hollow section thickness was 11 mm in
scheme 1 and 13 mm in scheme 2. As the hollow section thickness increased, the
flattening rate decreased by 60.49% and 63.83% in scheme 1 and scheme 2, respectively.
As the hollow section thickness increased, the thinning rate increased by 35.44% and
41.02% in scheme 1 and scheme 2, respectively.

Improved hollow section parameters were obtained based on the ideal point method
and grey wolf optimizer. It was shown that it is feasible to use a hollow non-ball man-
drel instead of a ball mandrel for cold bending of thin-walled tube with a small radius;
Both the hollow mandrel scheme with a cylinder-like hollow section and a regular
cylindrical hollow section met the forming requirements for a tube. Considering that
the mandrel with a regular cylinder hollow section has the advantages of simple
processing and its forming quality is similar to that of the cylinder-like hollow section,
we recommend this design for use.

Author Contributions: Conceptualization, L.B. and J.L.; methodology, L.B. and ]J.L.; software, Z.W.;
validation, Z.W. and S.Z.; formal analysis, L.B.; investigation, L.B. and J.L.; resources, ].L.; data cura-
tion, L.B.; writing—original draft preparation, L.B.; writing—review and editing, J.L.; visualization,
L.B.; supervision, J.L.; project administration, J.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are included in the paper.

Conflicts of Interest: The authors declare no conflict of interest.



Metals 2021, 11, 1221 14 of 14

References

1. Yang, H.; Sun, Z.C; Lin, Y. Advanced plastic processing technology and research progress on tube forming. J. Plast. Eng. 2001,
8, 83-85.

2. Liu, ZW.; Dong, EF; Li, L.X.; Yao, Z.Q. Process Parameters Optimization of Rotary Draw Bending for Large Diameter Thin-walled
Steel Tube for Automotive Bumper. Aufomot. Eng. 2015, 37, 853-860.

3. Shen, S.J.; Yang, H.; Li, H.; Zhan, M. Experimental study on role of mandrel in thin walled tube NC bending process with small
bending radius. J. Plast. Eng. 2007, 14, 29-34.

4. Nakajima, K.; Utsumi, N.; Saito, Y.; Yoshida, M. Deformation property and suppression of ultra-thin-walled rectangular tube in
rotary draw bending. Metals 2020, 10, 1074. [CrossRef]

5. Utsumi, N.; Sakaki, S. Countermeasures against undesirable phenomena in the draw-bending process for extruded square tubes.
J. Mater. Process. Technol. 2002, 123, 264-269. [CrossRef]

6. Rozyto, P. Optimization of I-section profile design by the finite element method. Adv. Sci. Technol. Res. ]. 2016, 10, 52-56.
[CrossRef]

7. Tsumura, K. Hierarchically aggregated optimization algorithm for heterogeneously dispersed utility functions. IFAC Pap. Online
2017, 50, 14442-14446. [CrossRef]

8. Chen, ].Y; Sun, Y.J. A new multiplexed optimization with enhanced performance for complex air conditioning systems. Energy
Build. 2017, 156, 85-95. [CrossRef]

9.  Farzampour, A.; Khatibinia, M.; Mansouri, I. Shape optimization of butterfly-shaped shear links using grey wolf algorithm. Ing.
Sismica 2019, 36, 27-41.

10. Li, H.; Yang, H.; Zhan, M.; Sun, Z.C.; Gu, R.J. Role of mandrel in NC precision bending process of thin-walled tube. Int. ]. Mach.
Tools Manuf. 2007, 47, 1164-1175.

11. Li, H.; Yang, H.; Zhang, 2.Y,; Li, G.J.; Liu, N.; Welo, T. Multiple instability-constrained tube bending limits. J. Mater. Process.
Technol. 2014, 214, 445-455. [CrossRef]

12. Li, H,; Yang, H.; Zhang, Z.; Wang, Z. ‘Size effect’ related bending formability of thin-walled aluminum alloy tube. Chin. ].
Aeronaut. 2013, 26, 230-241.

13.  Zhao, Y,; Liu, J.; Tang, W.Y.; Zou, S.G. Rapid prediction of small radius bending forming results based on MPSO-BP model. .
Plast. Eng. 2018, 25, 122-128.

14. Wang, Z.A; Liu, ]. Shape parameter optimization of mandrel for tube bending based on orthogonal experimental design. ]. Plast.
Eng. 2020, 27, 59-65.

15. Dang, C.K. Selection of mandrel for steel tube cold bending forming. In Proceedings of the Annual Meeting of the Society of
Mechanical Engineering, Henan, China, 1 September 2002; pp. 116-119.

16. Wu, C,; Yan, Y,; Hu, Z.L. Effect of mandrel on the forming quality of thin walled tube. Hydro Mechatron. Eng. 2015, 43, 52-59.

17. Zheng, C.Y,; Liu, D.X,; Liu, Y;; Li, Y.M.; Tian, X. Analysis on the effects of material models on wall thickness variation of tube
bending based on numerical simulation. J. Plast. Eng. 2010, 17, 23-26.

18.  Wen, X. Study of Small Radius Tube Bending with Numerical Experiment Based on Response Surface Methodology. Master’s
Thesis, Shanghai Jiao Tong University, Shanghai, China, 2015.

19. Zhuang, Z.; You, X.C. Finite Element Analysis and Application based on ABAQUS, 1st ed.; Tsinghua University Press: Beijing, China,
2009; p. 111.

20. Mirjalili, S.; Mirjalili, S.M.; Lewis, A. Grey wolf optimizer. Adv. Eng. Softw. 2014, 69, 46-61. [CrossRef]


http://doi.org/10.3390/met10081074
http://doi.org/10.1016/S0924-0136(01)01230-4
http://doi.org/10.12913/22998624/61931
http://doi.org/10.1016/j.ifacol.2017.08.2287
http://doi.org/10.1016/j.enbuild.2017.09.065
http://doi.org/10.1016/j.jmatprotec.2013.09.027
http://doi.org/10.1016/j.advengsoft.2013.12.007

	Introduction 
	Materials and Methods 
	Modes of Behavior in Cold Bending 
	Numerical Method and Reliability Verification 
	Hollow Mandrel Shape Design for Thin-Walled Tube Bending 

	Results and Discussion 
	Simulation Results and Analysis of Hollow Mandrel 
	Multi-Objective Optimization of Hollow Mandrel Parameters 

	Conclusions 
	References

