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Abstract

Liquid impact forming (LIF), a composite forming technology of metal thin-walled tubes based on tube hydroforming (THF) and
stamping forming, is introduced to increase the forming efficiency and decrease the cost. In this paper, a finite element model was
established to study the forming characteristics of composite tubes under different mold cavities and clamping speeds. Then, the
effects of different loading parameters on the bulging height, fillet radius and wall thickness distribution of composite tubes were
analyzed systematically. Furthermore, the main factors affecting the formability of the tube were investigated based on response
surface method (RSM), with the wall thickness variance, bulging height and fillet radius of the tube designed as targets, the mold
side length, clamping speed and initial internal pressure selected as variables, the optimal loading parameters were obtained. At
last, experiments of composite tubes based on the optimized loading parameters were conducted. The results showed that the
deviation between the experimental results and the numerical simulation was within 5%, which verified the accuracy and
reliability of the parameter optimization results.

Keywords Liquid impact forming - Composite tube - Forming optimization - Response surface method - Tube hydroforming

1 Introduction

As an efficient metal forming process, THF is widely used in
manufacturing hollow tubes with complex cross-sections [1].
Compared with the traditional tube forming processes, THF
technology effectively reduces the processing cost and the
weight of the formed workpiece, improves the strength and
rigidity of the tube, and ensures the uniformity of the tube wall
thickness distribution and the reliability of the components [2].
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A considerable amount of research concerned with the
formability of the THF process has been carried out. Yang
et al. optimized the internal pressure and axial load design
during hydroforming process, tubes with better thickness uni-
formity were obtained by determining the optimization tech-
nique [3]. Xu et al. found that the wall thickness of the tube
varies at different positions, the wall thickness uniformity and
the bursting pressure were negatively related to friction coef-
ficient [4, 5]. Olabi and Alaswad found that applying ad-
vanced internal pressure loading paths can lead to formability
improvement of bi-layered tube hydroforming [6]. Cui et al.
found that when applying hydraulic pressure from the inside
and outside of the tube, the tube wall thinning is more serious
under higher external pressure, and the deformation of the
material structure in the transition zone has also increased
[7, 8]. Xie et al. found that the presence of internal pressure
can prevent wrinkling significantly in bi-layered tubes, the
tube becomes thinner and the springback decreases as the
pressure increases [9]. Cui et al. found that the outer tube
can make the inner tube more fully formed before necking
[10]. Feng et al. analyzed the effect of different loading pa-
rameters on tube formability based on RSM, the minimum
thickness, branch height, and corner radius were set as opti-
mization targets [11, 12]. Chu et al. found that with the effect
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of internal pressure and axial feed, the tube wall thickness got
increased and the thinning ratio got decreased [13]. Chu et al.
found that increasing corner radius and choosing a large strain
hardening exponent were effective ways to get better wall
thickness distribution [14].

Nevertheless, the expensive and complicated high-pressure
liquid supply system has brought great inconvenience to the
development of THF technology. To reduce the need for an
external high-pressure liquid supply system and increase pro-
ductivity, a new forming method LIF has been proposed [15].
LIF process needs less internal pressure, and the formed parts
have a more uniform wall thickness distribution [16—18]. Jia
et al. found that the increased internal pressure decreased the
corner fillet radius and increased the contact between the tube
and the mold, the increased friction coefficient increased the
wall thickness reduction of round corners [19]. Shahbazi
Karami et al. also investigated the mechanical properties and
formability of thin-walled aluminum parts produced by LIF
[20]. Zhang et al. proposed an open die LIF process, which
relieved the influence of friction on the forming process and
improved the uniform fillet radius [21]. Liu et al. proposed
investigations on forming performance and the generation
mechanism of internal pressure [22, 23] based on LIF tech-
nology of metal thin-walled tubes.

Although many scholars have studied the formability of
single-layered tubes based on THF and LIF, in some special
applications, there is a demand for composite tubular compo-
nents that can be produced by hydroforming. In this study, the
principle of LIF was introduced and the finite element model
was established firstly. Secondly, numerical simulations of
composite tubes LIF were carried out based on ANSYS

Fig. 1 LIF process of composite
tubes. (a) Preparing, (b)
Preforming, (¢) Closing dies, and
(d) Shaping
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Workbench and DYNAFORM, the effects of different mold
cavities and clamping speeds on the bulging height, fillet ra-
dius and wall thickness distribution of composite tubes were
discussed. Thirdly, the RSM was used to optimize the loading
parameters of the LIF process, which provides an optimal
parameter coupling relationship for forming better quality
composite tubes. Finally, a composite tube with better forming
qualities was formed experimentally to validate the reliability
and accuracy of the parameter optimization results.

2 Principle of LIF and finite element model

The principle of LIF of composite tubes is shown in Fig. 1: (a)
The outer and inner tubes are placed between the upper and
lower mold, with both ends sealed. (b) Pressurize the inner
tube to preform it until it fits with the outer tube, the internal
pressure of the inner tube at this time is P;. (c) The upper and
lower molds are closed gradually with the movement of press
ram, the internal pressure P, gets higher than P; due to the
continuous compression of the liquid volume within the inner
tube. (d) Composite tube forming is completed when molds
are fully closed, the internal pressure of the inner tube is P5 at
this moment [23].

To explore the forming characteristics of the composite
tube under impact hydraulic load, compare and analyze the
similarities and differences between the inner and outer tubes
under the same loading conditions, the same initial parameters
including the material properties, the initial wall thickness, the
length of the bulging zone and the transition zone of the inner
and outer tubes were selected. The model established by UG is
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Fig. 2 Finite element model of
tubes and LIF device

Inner tube

Sealing plug

Left locating ring

Liquid-filled bolt

Nut

shown in Fig. 2. The schematic diagram of composite tubes is
shown in Fig. 3. The geometric parameters and mechanical
properties of the model are shown in Table 1.

Since the internal pressure of composite tubes during the
LIF process is a non-linearly changing pressure generated
during the forming process, it is essential to obtain the tube
forming loading path through the transient dynamics module
in ANSYS Workbench.

The material properties are shown in Table 2. The upper
and lower molds, the left and right positioning rings and
sealing plugs are set as rigid bodies, and the inner and outer
metal thin-walled tubes are set as deformed bodies.

(b)

Fig. 3 Schematic diagram of composite tubes. (a) Initial tubes. (b)
Formed tubes

Outer tube

Upper mold
/ Right locating ring

Lower mold

The Mesh of the inner and outer tubes is set to Body Sizing
in ANSYS Workbench, the type of Body Sizing is Element
Size, and the Element size is set to 8mm. The mesh size of
tools and parts are set to 3mm and 2mm in DYNAFORM,
respectively. The friction coefficient between the tube and the
mold is set to 0.125, the friction coefficient between inner and
outer tubes is set to 0.3, and the Behavior in ANSYS
Workbench is set to Asymmetric. The contact regions are as
follows: outer tube-upper mold, outer tube-lower mold, outer
tube-locating rings, inner tube-sealing plugs. Outer tube-upper
mold and outer tube-lower mold are set as frictional contacts,
while outer tube-locating rings and inner tube-sealing plugs
are set as fixed contacts.

Set three molds (side length 31x31mm, 32x32mm and
33x33mm) and five clamping speeds (Smm/s, 10mm/s,
25mmy/s, 50mm/s and 80mmy/s) as simulation conditions, the
corresponding clamping time and simulated maximum inter-
nal pressure are shown in Table 3.

3 Numerical simulation analysis

To study the forming characteristics of composite tubes based
on LIF, the finite element method was used to numerically
simulate under the conditions of different mold cavities and
clamping speeds. The effects of different loading parameters
on the bulging height, fillet radius and wall thickness distribu-
tion of composite tubes were systematically analyzed.

3.1 Bulging height

The bulging heights of composite tubes are shown in Fig. 4, it
can be found from the figure:

(1) Tube bulging height H; and H, have a good consistency
since the cross-section of the mold is square.

(2) Under the same mold cavity, tube bulging height has
good consistency under different clamping speeds,
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Table 1 Geometrical parameters

and mechanical properties of No. Parameters and symbols Numerical value
tubes

1 Length of upper and lower molds L,,(mm) 60

2 Length of inner tube L,(mm) 122

3 Length of outer tube L(mm) 120

4 Bulging zone length of inner and outer tube /(mm) 60

5 Initial outer diameter of inner tube D(mm) 36

6 Initial outer diameter of outer tube D,(mm) 38

7 Initial wall thickness of inner and outer tube #(mm) 0.7

8 Yield strength of inner and outer tube o(MPa) 205

9 Tensile strength of inner and outer tube o,(MPa) 515

10 Strength factor of inner and outer tube K 1708.4

11 Hardening index of inner and outer tube n 0.47

indicating that the clamping speed has no significant ef-
fect on the tube bulging height. Because under the same
mold cavity, the tube cavity volume compression caused
by mold clamping is the same, and the internal pressure
generated by mold clamping is almost the same, as
shown in Table 3, and different clamping speeds only
affect the ascent rate of pressure in the tube.

(3) The distance between the inner and outer tubes is pro-
portional to the size of the mold cavity. Under the pre-
mise of the same clamping force, the smaller the mold
cavity, the higher the pressure generated in the tube, the
more the tube expands, the gap between the inner and
outer tubes is smaller. In Fig. 3, when a =31mm, the
average value of bulging height difference between the
inner and outer tube AH is 0.871mm, AH, is 0.858mm;
when a =32mm, AH, is 1.027mm, AH, is 1.020mm;
when a =33mm, AH, is 1.189mm, AH, is 1.183mm.

3.2 Fillet radius

The schematic diagram of the fillet radius of composite tubes
is shown in Fig. 5. The simulated values of part corner radius
correspond to the inner surface for the inner tube and outer
surface for the outer tube, which is consistent with the mea-
surement method of the experimental part. The effect of dif-
ferent clamping speeds and mold cavities on tube fillet radius
is shown in Fig. 6. It can be found:

O

@

3

The values of the fillet radii R, and Rz, R, and R, of the
tubes formed under the same mold cavity and different
clamping speeds have a good consistency, which means
that the mold size significantly affects the fillet radius of
the tube, and different clamping speed has almost no
effect on the tube fillet radius since the maximum inter-
nal pressure generated at different clamping speeds is the
same. Under the same mold cavity and different
clamping speeds, there is a large deviation between the
horizontal and vertical fillet radii of tubes, the cause of
the phenomenon is that the stress of the tube differs at
different positions, and the force analysis of the LIF pro-
cess is shown in Fig. 7. The contact point B between the
tube and the upper mold is only tangentially affected by
friction force f; causing the material in the AB area to
flow to the BC area, resulting in thickening of the BC
area and thinning of the AB area. As a result, the forming
ability of the material in the thickened area is reduced,
while the forming ability in the thinned area is improved,
so the radius R and R; in the vertical direction are sig-
nificantly larger than R, and R, in the horizontal
direction.

At the same mold clamping speed, the larger the mold
cavity, the smaller the volume compression of the tube
during mold clamping, and the less deformation of the
tube, so the tube radius is larger.

In the same position, the fillet radius of the outer tube is
always smaller than the inner tube. The reason is that the

Table 2 Material properties of the

finite element model Parameter Tube Mold Locating ring Sealing plug
Material SUS304 Crl2 45# Polyurethane
Density p (kg/m®) 7930 7780 7850 1020
Young’s modulus E (Pa) 2.07E+11 2.11E+11 2.09E+11 3E+10
Poisson’s ratio p 0.28 0.3 0.269 0.39
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Table 3  Simulation scheme of LIF

No. Mold side length Clamping height Clamping speed v (mm/s) Clamping time 7 (s) Simulated maximum internal
axa (mm) h (mm) pressure Py, (MPa)
1 31x31 4.950 5 0.9900 68.8687
2 10 0.4950 68.8688
3 25 0.1980 68.8453
4 50 0.0990 68.7352
5 80 0.0619 69.0101
6 32x32 4.243 5 0.8486 49.8565
7 10 0.4243 49.8565
8 25 0.1697 49.7651
9 50 0.0849 49.8390
10 80 0.0530 49.4339
11 33x33 3.536 5 0.7072 31.2112
12 10 0.3536 31.2131
13 25 0.1414 31.1855
14 50 0.0707 31.2107
15 80 0.0442 31.2182

/) Bulging height H, of outer tube Bulging height H; of inner tube

ST ST
33.0
325
320
315
31.0 -
305
30.0
295
29.0 - /
285 2
28.0 -
27.5 1

Bulging height /7, (mm)

325 -
32.0
31.5 4
31.0 H
30.5 A
30.0
29.5 -
29.0
28.5 -
28.0
27.5 -
27.0

Bulging height /7, (mm)

31 32

Mold side length a (mm)
Fig. 4 Effects of different mold cavities and clamping speeds on tube bulging height.
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Fig. 5 Diagram of fillet radius of the composite tube

outer tube receives the mold clamping force and the re-
action force of the inner tube during the LIF process, the
inner tube is affected by the internal pressure in the tube
and the clamping force transmitted by the outer tube, and
is not in direct contact with the mold. The fillet of the
inner tube depends on the fillet forming of the outer tube.
Therefore, the fillet fill of the outer tube is more adequate
than that of the inner tube, and the radius of the fillet is
smaller.

3.3 Thickness distribution

The wall thickness distribution of the inner and outer tubes is
shown in Fig. 8. Since the bulging section of the composite
tube is bilaterally symmetrical, only the left part of the tube

Fig. 6 The effect of different
clamping speeds and mold
cavities on tube fillet radius

section is analyzed for wall thickness distribution in this pa-
per. It can be found from the figure:

(M

@

3)

Under the clamping action of the same mold and differ-
ent speed, the wall thickness distribution of each site has
a good consistency, and has good symmetry along the
horizontal section of the tube, this means that the
clamping speed has no significant effect on the tube wall
thickness forming since it only affects the ascent rate of
pressure in the tube and has no effect on the total internal
pressure, which is directly related to the tube wall thick-
ness forming situation.

The wall thickness value at site 5 is often the largest. The
reason is that during the mold clamping process, there is
certain friction between the tube and the mold that affects
the flow of materials, as is shown in Fig. 7. Taking point
B as the boundary point, under the effect of friction, the
material in the AB area is thinned by tension, and the
material in the BC area is compressed and thickened,
resulting in uneven distribution of the wall thickness of
the tube.

Under the condition of different mold cavities, the inner
tube has the smallest wall thickness at sites 3 and 7.
When a =31mm, the wall thickness at site 3 is #37_;—

3=0.642mm and site 7 is t3;_;—7=0.638mm. When
a =32mm, the wall thickness at site 3 is t35_;_3=

0.643mm and site 7 is t3o—;—7=0.639mm. When a =

33mm, the wall thickness at site 3 is #33_;_3=

0.646mm and site 7 is t33 ;7 =0.642mm. The reason
is that in the early stage of mold clamping, the inner tube
is affected by the internal pressure and the outer tube.

' Ro-}l
O Ri-3l
R0-32
R1—32
. Ro-S}
D Ri—33

50mm/s

R (mm)
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Fig. 7 Schematic diagram of
force analysis during LIF process

Upper mold

Outer tube
Inner tube

Lower mold

The straight edge parts of the inner tube come into con-
tact with the outer tube before the fillet parts. As the mold
clamps and the internal pressure increases, fillets of the
inner tube begin to fill the outer tube gradually. At this
time, under the friction between the inner tube and the
outer tube, the material in the middle of the straight edge
flows to both ends, therefore the wall thickness at sites 3
and 7 is thin.

4 Optimization of load parameters based
on Response Surface Method

The design of experiments was carried out by Design Expert
software. The mold side length A, the clamping speed B and
the initial internal pressure C are selected as experimental
factors, and the wall thickness variance Y}, maximum bulging
height ¥, and minimum fillet radius Y3 of the formed

—E—S5Smm/s —e— 10mm/s —A—25mm/s —v—50mm/s —&— 80mm/s

0.752

0.736
0.720+

t (mm)
(=]
ey
(=)
£

% 0.688+
0.672
0.656-
0.640

Thickness

0.624

0.696

0.688 -
0.680
0.672
0.664

<
o
R ¢
)
!

0.640
0.632-
0.624 u

Thickness ¢ (mm)
(=]
(=N
g

0.696

2

o

&

0
1

0680—
0.672- \Qf’
0664 &= / A/ =

0.656-

=

o

N

(o]
L

0. 640—
0.632

Thickness ¢ (mm)

0.624

Sites

mm

Thickness ¢

0.680

~ 0.6751 (b)

€ ot *
e *§;\/ 7
N Wy

0.640 ed
0.635

0.680
0.6754 (d)
0.670
0.6651

0660

06551 /*%&&
0650 \'
0.645 Z

A
0.640 -~ v
6 7 8

Thickness ¢ (mm)

0.635

0.680
0.6751 ()
0.670-
0.665 - k

0.660 ?‘
0.6551 .
0.650- 7z
0.645
0.640
0.635

Thickness ¢ (mm)

Sites

Fig. 8 The effect of different mold cavities and clamping speeds on the tube wall thickness. (a) a = 3 Imm, outer tube, (b) @ = 3 lmm, inner tube, (¢) a =
32mm, outer tube, (d) a = 32mm, inner tube, (¢) a = 33mm, outer tube, (f) @ = 33mm, inner tube
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composite tube are selected as the optimization goals. The
variance of wall thickness is

\2
) )

Where 7 is the wall thickness of the tube section, 7 is the
average value of the wall thickness of the tube section, and N
is the number of sampling points of the tube section.

The flow chart of parameter optimization based on re-
sponse surface method (RSM) is shown in Fig. 9.

4.1 Analysis of variance (ANOVA)

The design of response surface factors and levels is shown in
Table 4. A, B and C are the mold side length, clamping speed
and initial internal pressure, respectively. The Box-Behnken
Design (BBD) method was performed to design the experi-
ment, and a composite tube LIF experiment plan with three
factors each at three levels was established. The outer tube was

Table 4 Design factors

and levels Factors Levels
-1 0 +1
A (mm) 31 32 33
B (mm/s) 25 50 75
C (MPa) 0 4.284 8.567

analyzed first, and 17 sets of experiment plans were obtained
and numerically simulated. Each experiment plan and its cor-
responding responses are shown in Table 5.

Considering that the influence factors of LIF are relatively
complicated, it is decided to use the second-order polynomial
model to fit the objective function relationship according to
the tube wall thickness variance, bulging height and fillet ra-
dius. The response surface models for the fitted second-order
polynomial results are shown in Equations (2), (3), and (4),
which are the outer tube wall thickness variance, maximum
bulging height, and minimum fillet radius, respectively.

Y, = (49.796-9.505A + 1.379B + 2.845C—3.916AB—1.244AC + 0.306BC + 4.977A% + 0.830B>-1.023C?) x 10°  (2)

Yy =+31.35+0.97A + 1.187E-03B + 0.021C (3)
Y3 = +2.37 + 0.714-0.0518-0.17C + 0.027AB — 0.095AC- 0.015BC+

0.17A%-5.625E-04B% + 0.026C

(4)

( Start )

A

Analysis of variance

i

YES

Analysis of response surface model

A 4

Multi-objectives optimization

A 4

Optimal loading parameters

A 4

End

Fig. 9 Flow chart of parameter optimization based on RSM

@ Springer

The ANOVA was adopted to verify the significance and
validity of the response surface model. The least squares meth-
od was used to fit the data to obtain the variance analysis of the

Table 5 Experimental design with factors and simulation results
No. Factors Responses
A(mm) B(mms) C(MPa) Y;(mm?) ¥, (mm) Y;(mm)

1 32 75 8.567 1.259E-04 31.368  2.189
2 31 50 0 1.826E-04 30.350  1.938
3 33 50 0 2377E-05 32297  3.548
4 31 25 4.284 1.918E-04 30.372 1904
5 33 25 4284 7361E-05 32.323  3.279
6 32 50 4284 9.796E-05 31.346  2.367
7 31 50 8.567 2.761E-04 30.396  1.758
8 33 75 4284 4.192E-05 32.318 3.214
9 32 50 4284 9.796E-05 31.346 2367
10 32 50 4.284 9.796E-05 31.346 2367
11 32 25 0 7.222E-05 31.326  2.565
12 32 50 4.284 9.796E-05 31.346 2367
13 33 50 8.567 6.751E-05 32.348 2989
14 32 25 8.567 1.113E-04 31.359 2303
15 31 75 4.284 3.167E-04 30.371 1.730
16 32 75 0 7463E-05 31332  2.511
17 32 50 4284 9.796E-05 31.346 2367
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outer tube wall thickness variance, maximum bulging height

and minimum fillet radius. The values R°, RZ;, R2,, of the

response surface models for the three response targets are very
close to 1, indicating that the established response surface mod-
el has very high credibility. The adequate precisions of the three
models are all greater than 4, indicating that the model has a
good resolution. The confidence level was determined to be
95%. In conclusion, the model is quite appropriate for experi-
mental relationships between the variables and responses.

4.2 Analysis of the response surface model

To better analyze the influence of load parameters on each
response target during the LIF process of composite tubes,
the relationship between the optimization target and the vari-
ables was designed. Figure 10 shows a response surface anal-
ysis of the interaction effect of mold clamping speed and mold
side length on the uniformity of tube wall thickness. From the
response surface plot (Fig. 10 (a)), it is not difficult to find that
the smaller the mold side length, the worse the uniformity of
tube wall thickness distribution. It can be observed from the
contour plot (Fig. 10 (b)) that the outer tube wall thickness
uniformity is the best when the mold side length and the clos-
ing speed are the maxima.

Figure 11 is a response surface analysis of the interaction
effect of mold clamping speed and mold side length on the
maximum bulging height. It can be found that the maximum
bulging height is proportional to the mold side length, and the
effect of different mold clamping speeds on the bulging height
is not significant. It also proves that the side length of the mold
is the main parameter affecting the bulging height of the tube.

Figure 12 is the response surface analysis of the interaction
effect of mold clamping speed and mold side length on the

(@)
0.0004

0.0003

0.0002

tVAR (mm”2)

0.0001

50

v (mmy/s) 75733 a (mm)

minimum fillet radius. As the mold side length decreases, the
volume compression of the tube blank cavity increases, which
results in an increase in the liquid pressure in the cavity and a
decrease in the radius of the tube fillet. The clamping speed
has a certain effect on the minimum fillet radius. The higher
the clamping speed, the smaller the minimum fillet radius.
When the mold side length is the smallest (¢ =31mm) and
the mold clamping speed is the largest (v="75mm/s), the tube
radius reaches the minimum value. It is not difficult to find
that the mold size is the main parameter that affects the min-
imum fillet radius of the tube, compared to clamping speed.

4.3 Multi-objectives optimization

The optimized loading parameters of the outer tube under the
LIF environment are obtained by Design Expert, as is listed in
entry 1 of Table 6, its desirability is 0.703. Similarly, the inner
tube is analyzed, and the optimized loading parameters are
listed as entry 2, and the desirability is 0.711. Considering that
the forming quality of the inner tube can better reflect the over-
all forming quality of the composite tube, to unify the global
loading parameters, the loading parameters of the external tube
were revised, and the optimized results were shown as entry 3
in Table 6, and the response target was in line with expecta-
tions. Finally, the optimal loading parameters for the LIF of the
composite tube are listed as entry 2 and entry 3, that is, the mold
side length is 32.259 mm, the mold clamping speed is 25 mm/s,
and the initial internal pressure is 8.567 MPa. Through the co-
simulation of ANSYS Workbench and DYNAFORM, the nu-
merical simulation results of the outer tube and the inner tube
are listed as entry 4 and entry 5 in the following table. Among
them, the errors of the numerical simulation results of the outer
tubes’ Y7, Y,, Y3 and the response surface optimization results

a (mm)

Fig. 10 Response surface analysis of uniformity of wall thickness under the interaction of mold clamping speed and mold side length (P, = 8.567MPa).

(a) 3D plot, (b) 2D plot.
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@ (b)

- Hmax (mm)

Hmax (mm)

25

31 32 33
25 31 a (mm)

Fig. 11 Response surface analysis of maximum bulging height under the interaction of mold clamping speed and mold side length (P = 8.567MPa). (a)
3D plot, (b) 2D plot.

(2)

Rmin (mm)

25 31 a (mm)

Fig. 12 Response surface analysis of minimum fillet radius under the interaction of mold clamping speed and mold side length (P, = 8.567MPa). (a) 3D
plot, (b) 2D plot.

were 1.18%, 0.65% and 1.83%, respectively, and the errors of ~ and the response surface optimization results were 1.21 %,
the numerical simulation results of the inner tubes’ Y7, Y5, Y3 0.56% and 1.35%, respectively.

Table 6 RSM and simulation results of composite tubes

Entry Factor Goal Desirability Remark

A (mm) B (mm/s) C (MPa) Y, (mm?) Y, (mm) Y3 (mm)

1 32.631 75 8.567 6.86E-05 31.983 2.634 0.703 RSM result of outer tube
2 32.259 25 8.567 2.48E-05 30.529 3.120 0.711 RSM result of inner tube
3 32.259 25 8.567 9.33E-05 31.618 2457 0.662 Adjusted RSM result of outer tube
4 32.259 25 8.567 9.44E-05 31.824 2.502 — Simulation result of the outer tube
5 32.259 25 8.567 2.51E-05 30.358 3.162 — Simulation result of the inner tube
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Stamping press

Fig. 13 LIF experimental setup

LIF apparatus

Pressure transmitter

Table 7 Geometric parameters of

tubes for the experiment Tube Material ~ Length/ Outer diameter/ Wall thickness/ Bulging zone length/
mm mm mm mm
Outertube 304 120 38 0.7 60
Inner tube 122 36

5 Experimental verification
5.1 Experimental setup

To verify the forming characteristics of composite tubes under
LIF, the YL32-200TA four-column hydraulic machine was
used as the stamping equipment, the self-designed LIF appa-
ratus was also used to perform the composite tube LIF exper-
iment, as is shown in Fig. 13.

According to the loading parameters optimized by RSM,
the LIF experiment of the composite tube is verified, the ex-
periment schedule was set as follows: Mold side length

LU

Fig. 14 Formed tubes in experiments

a=32.259mm, clamping speed v=25mm/s. The inner and out-
er tubes for the LIF experiment were made of SUS304 stain-
less steel. The geometric parameters of the tubes are shown in
Table 7, the initial internal pressure Py=8.567MPa, the main
mechanical properties are as follows: tensile strength o>
520MPa, yield strength o,>205MPa, elongation at break
d>30%.

Fig. 15 Schematic diagram of the geometric dimensions of composite
tubes
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Fig. 16 Comparison of bulging

B Experiment Y Simulation
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2 32.0 1
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5285
= 28.0
m 27.5
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5.2 Results and discussions

Figure 14 shows tubes formed according to the experiment
schedule, the obtained geometric parameters of the tube in-
clude the bulging height H; and H>, the fillet radius R;, R, R;
and R4, the wall thickness distribution #, and the dimensional
schematic diagram is shown in Fig. 15.

5.2.1 Bulging height

Figure 16 shows the comparison of the bulging height of
composite tubes formed by experiment and simulation.
Since the bulging height in this paper refers to the distance
between the inner walls of the tube, when composite tubes
were hydroformed, there is no space to measure the bulging
height of the inner wall of the outer tube, therefore, only the
inner tube is involved and discussed here. It can be found from

Fig. 177 Comparison of fillet
radius obtained by experiment

. . . 38- Cutting
and numerical simulation .
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the figure that the bulging height A, and H, have a good
consistency. The measured tube bulging height is in good
agreement with the numerical simulation results, and the max-
imum deviation is 4.3%.

5.2.2 Fillet radius

The fillet radius at different positions of the tube are measured
and shown in Fig. 17, where R;_ ., refers to the average fillet
radius of the inner tube, and R, , refers to the average fillet
radius of the outer tube, R;_ g, refers to the fillet radius of the
inner tube obtained through simulation, and R, g, refers to the
fillet radius of the outer tube obtained through simulation. It can
be found from the figure that the fillet radius R, and R3, R, and R,
have good consistency, and R, and R; are significantly larger
than R, and R,. The maximum deviation of the inner tube fillet
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Fig. 18 Comparison of wall thickness obtained by experiment and
numerical simulation

radius is 4.13%, and the maximum deviation of the outer tube
fillet radius is 4.11%, which is in line with expectations.

5.2.3 Thickness distribution

The two layers of the tube have been formed into a whole after
LIF. The micrometer is used to measure the wall thickness of
the cross section of the formed composite tube. The obtained
wall thickness distribution is shown in Fig. 18. It is found that
the distribution of the tube wall thickness obtained by the
experiment has a good consistency with the numerical simu-
lation results. The deviation is mainly caused by the measure-
ment error and the gap between the actual experimental con-
ditions and the ideal conditions set by the numerical simula-
tion. The thickest location is at site 5, and the maximum de-
viation occurs at site 6, which is 0.76%.

6 Conclusions

In this paper, numerical simulation research of the forming
characteristics of composite tubes under impact hydraulic load
is mainly carried out. The effect of different loading parame-
ters on the forming law of the tube is analyzed. The RSM is
used to optimize the loading parameters of the tube LIF pro-
cess. The optimization results were verified by LIF experi-
ments. The conclusions can be summarized as follows:

(1) Tube bulging heights A, and H, formed in the same
mold cavity and different clamping speeds have good
consistency, fillet radii R; and R3, R, and R4 have a good
consistency. There is a clear difference between the fillet
radius of the tube cross-section in the horizontal direction
and vertical direction, and the wall thickness distribution
has a good consistency. Tube bulging height, fillet radi-
us, inner and outer tube spacing and wall thickness uni-
formity are proportional to the mold cavity.

(2) The tube wall thickness variance, bulging height and
fillet radius are selected as optimization targets, and the
mold side length, clamping speed and initial internal
pressure are selected as optimization variables to estab-
lish a response surface model with RSM. By optimizing

the objective function, the optimal loading parameters
are obtained. The determined optimal loading parame-
ters are: the mold side length is 32.259mm, the mold
clamping speed is 25mm/s, and the initial internal pres-
sure is 8.567MPa.

(3) Set an experiment schedule based on the loading param-
eters optimized by RSM. Use the LIF device to perform
the experiment on composite tubes with a four-column
hydraulic machine. The formed tube is of good quality,
and its bulging height, fillet radius and wall thickness
were in good agreement with the numerical simulation
results and in line with expectations.
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