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Abstract 

Hydroformed parts are widely used in industrial automotive parts because of their higher stiffness and fatigue 
strength and reduced weight relative to their corresponding cast and welded parts. This paper reports a hydraulic-
forming experimental platform for rectangular tube fittings that was constructed to conduct an experiment on the 
hydraulic forming of rectangular tube fittings. A finite element model was established on the basis of the fluid–solid 
coupling method and simulation analysis. The correctness of the simulation analysis and the feasibility of the fluid–
solid coupling method for hydraulic forming simulation analysis were verified by comparing the experimental results 
with the simulation results. On the basis of the simulation analysis of the hydraulic process of the torsion beam using 
the fluid–solid coupling method, a sliding mold suitable for the hydroforming of torsion beams was designed for its 
structural characteristics. The effects of fluid characteristics, shaping pressure, axial feed rate, and friction coefficient 
on the wall thicknesses of torsions beams during formation were investigated. Fluid movement speed was related 
to tube deformation. Shaping pressure had a significant effect on rounded corners and straight edges. The axial feed 
speed was increased, and the uneven distribution of wall thicknesses was effectively improved. Although the friction 
coefficient had a nonsignificant effect on the wall thickness of the ladder-shaped region, it had a significant influence 
on a large deformation of wall thickness in the V-shaped area. In this paper, a method of fluid-solid coupling simula-
tion analysis and sliding die is proposed to study the high pressure forming law in torsion beam.
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1  Introduction
Tube hydroforming is a hollow section metal form-
ing process wherein a straight tube or a prebent blank 
is placed in a closed cavity, and a high-pressure liquid 
is injected to deform the tube to approximate the shape 
of the cavity and therefore obtain the intended cross-
sectional shape. Researchers around the world have 
begun to analyze and study tube hydroforming given its 

advantages. Anaraki et al. examined the effect of pressure 
path on heat tube formability and wall thickness distri-
bution [1–3]. Mirzaali et al. [4] used simulated annealing 
optimization method to study and optimize the pressure 
path during tube hydroforming. Ingarao et al. studied the 
variation of fluid pressure in the formation, which effec-
tively improved the wall thickness thinning and the accu-
racy of fillet radius [5]. Yang et al. determined the effect of 
friction on the hydraulic forming accuracy of tube fittings 
under different loading paths [6]. Chen et  al. used mul-
tiple linear regression analysis to discuss the influence 
of different parameters on the required liquid pressure 
[7]. Hao et al. proposed an improved axial feed hydrau-
lic bulging process, and the results show that the strain 
of the improved bulging process is smaller than that of 
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the conventional process [8]. Wei et  al. designed and 
optimized prebulging parts based on response surface 
method. The results show that the forming performance 
is improved by the combination of the optimized pre-
bulging and the hydraulic forming [9]. Ahmetoglu et al. 
verified the preforming of tubes and effectively improved 
the hydraulic forming limit of tubes [10]. Hashemi et al. 
developed a method for rapidly predicting the feasibility 
of the hydroforming process of concept parts. And they 
determined where failures or defects are likely to occur 
using enhanced unrolled inverse finite element methods 
and extended strain forming limit maps. Based on Kuc-
zynski (M-K) theory, a fast method was developed to 
estimate the initial tube length, axial feed and fluid pres-
sure during tube hydroforming. The results show that the 
finite element method can be used as a fast estimation 
tool for hydraulic forming process parameters of tube fit-
tings [11].

In tube hydroforming, liquid is used as a force transfer 
medium to deform the tube under high pressure liquid. 
In the traditional numerical analysis of hydroforming, 
liquid supercharging is regarded as quasistatic. In the 
process of tube deformation, the liquid pressure acts 
on the inner wall of the tube as a uniform load, and the 
influence of liquid pressure change on tube deforma-
tion is ignored. Essentially, hydroforming is a complex 
fluid-solid interaction problem. Therefore, the fluid-solid 
coupling method is more accurate than the traditional 
method in numerical simulation analysis of hydroformed 
tube fittings. In fluid-solid coupling research, Li et  al. 
used the fluid-solid coupling technology to simulate the 
whole physical process of bubble pulsation under the 
influence of gravity and verified the correctness of the 
finite element model [12]. Su et  al. studied the interac-
tion between tube deformation and fluid motion dur-
ing hydraulic bulging of rectangular tubes by fluid-solid 
coupling method, and obtained the influence of flow field 
characteristics on forming performance [13]. Lee et  al. 
simulated the flutter of the flexible plate in the fluid by 
fluid-solid coupling method [14]. Remigius uses coupling 
algorithms to couple interactions between Euler domains, 
making it possible to analyze complex fluid-solid inter-
action problems [15]. Rabczuk et  al. studied the prob-
lem of high pressure and low speed body by fluid-solid 
interaction method, and simulated the fracture problem 
of cylindrical shell [16]. Ma et al. proposed a fluid-solid 
interaction algorithm to describe the dynamic behavior 
of fluid-solid interface, which accurately simulated the 
free surface flow of fluid, the deformation of elastic solid 
and the influence of fluid-solid interaction [17]. There-
fore, the numerical simulation of tube fitting hydroform-
ing based on fluid-solid coupling method can simulate 
the liquid pressure change and solid deformation under 

the actual flow field, and effectively reflect the interaction 
between liquid and tube fitting. The numerical simula-
tion results have high authenticity and reliability. During 
tube hydroforming, the tube blank is filled with liquid 
(liquid) and pressurized to deform the tube (solid). The 
left and right punch and the inner hole form a coupling 
surface with the tube, and a virtual unit is arranged in the 
punch to determine the inflow conditions of liquid. The 
fluid-solid coupling forming method is different from the 
traditional hydroforming method, which realizes the real 
process of fluid inflow and pressure change. Therefore, it 
is of great value to use fluid-solid coupling to study tube 
hydroforming.

In this paper, the problem of torsional beam hydro-
forming based on fluid-solid coupling method was stud-
ied. Firstly, the hydraulic forming experiment platform 
of rectangular tube fitting was established, the hydrau-
lic forming experiment of rectangular tube fitting was 
carried out, and the fluid-solid coupling finite element 
model of rectangular tube fitting hydraulic forming was 
established. By comparing the experimental results with 
the simulation results, the accuracy of the fluid-solid 
interaction numerical simulation method was verified, 
and the real variation of the fluid in the tube fitting was 
analyzed. On this basis, the finite element model of tor-
sional beam hydroforming based on fluid-solid coupling 
method was established, and the preforming sliding 
mode of torsional beam was designed and the numerical 
simulation was carried out to study the flow characteris-
tics of the fluid in the tube. In addition, the influence of 
forming pressure, loading path and friction coefficient on 
the wall thickness distribution was also studied.

2 � Rectangular Tube Hydroforming Experiment
2.1 � Experimental Platform Construction and Material 

Testing
Figure 1(a) is the schematic diagram of the experimental 
platform, and Figure  1(b) is the experimental platform. 
The experimental platform consists of hydroforming, 
pulsation generation, data acquisition and forming die. It 
can generate up to 70  MPa of hydraulic pressure and a 
maximum locking force of 600 kN.

The experimental push rod only plays the role of 
sealing, and there is no axial feed at the left and right 
ends. The sealing end is shown in Figure  2. The mate-
rial is DC 03 steel and the sealing effect is enhanced by 
adding a high-pressure rubber sealing ring on the trun-
cated cone. The physical picture of the mold is shown 
in Figure 3. It consists of an upper die and a lower die. 
The dimensions of rectangular tube forming die are 
shown in Figure  4. Considering that the rectangular 
tube die is symmetric, only the dimensions of the lower 
die are given. The straight edge of the bulging region is 
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100 mm, the section length is 42 and 36 mm, and the 
fillet radius is 6 mm. The original tube was made of alu-
minum alloy tube with length of 175 mm, outer diam-
eter of 40 mm and thickness of 1.9 mm, and the tube 
expansion ratio was 15.95%. The stress-strain curves 
and mechanical parameters of the experimental mate-
rials were obtained by uniaxial tensile tests. Tensile 
specimens are selected according to GB/T 228-2002 
"Tensile Test Methods for Metallic Materials". The lon-
gitudinal bending sample of the tube fitting is shown in 
Figure 5. The size scheme of the specimen is shown in 
Figure 6. In this experiment, ETM105D microcomputer 
controlled electronic universal testing machine was 
used for tensile test, as shown in Figure 7. The drawing 
speed was 2 mm/s, the ambient temperature was stand-
ard room temperature, and the extender length was 50 
mm. The sample after tensile test is shown in Figure 8. 
The fracture position of the sample is within the range 
of the original standard distance, and the tensile test 
results are valid.

Engineering stress s and engineering strain e are cal-
culated as the average of the total length of the mate-
rial. When the material enters the plastic phase, the 
cross-sectional size and length of the sample change, 
and the engineering stress and strain cannot truly 
reflect the mechanical properties of the material. In 
the process of tube hydroforming, the forming of tube 
mainly depends on the plastic deformation of mate-
rial, and the mechanical properties of material must be 
characterized by the true stress σ and the true strain ε. 
According to the experimental stress-strain curve cal-
culated from the experimental results, the true stress-
strain curve of 6063-T6 aluminum alloy used in the 
experiment was calculated by using Eqs. (1) and (2), as 
shown in Figure 9.

(1)σ = s(1+ e),

(a) Schematic diagram of rectangular tube hydroforming 

experiment platform

(b) Experimental platform for the hydroforming of rectangular: 1.

Hand-held booster pump, 2.Pressure gauge, 3. Pulsating hydraulic 

chamber, 4. Micro-punch, 5.High-pressure hose, 6.Pressure sensor, 

7. Pressure recorder, 8. Clamping machine, 9. Forming mold, 10.

Pressure relief valve 
Figure 1  Experimental platform for the hydroforming of rectangular 
tubes

Figure 2  Sealing the end of the object

Figure 3  High-pressure forming mold in a rectangular tube
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Key parameters such as tensile strength σb, yield 
strength σs and elastic modulus E can be obtained from 
the true stress-strain curve, as shown in Table 1.

2.2 � Hydraulic Bulging Experiment
Hydroforming experiments are carried out by increasing 
the liquid pressure to P = 40, 45, 50 and 55 MPa. The four 
forming results are shown in Figure 10. As shown in the 
figure, when the internal pressure P = 40 MPa, the hori-
zontal and vertical right angles of the tube have been par-
tially fitted, but the radius of the rounded corners of the 
tube is large, which does not achieve the desired effect. 
When the internal pressure P = 45 MPa, the clamping 
pressure of the mold increases to 40 MPa, but the filling 
effect of the rounded corners is still not good. When the 
internal pressure P = 50 MPa, the right angle edges of 
the four directions are almost all attached, and there is a 
clear right angle with the surface of the tube, the radius 
of the rounded corner decreases. When the internal pres-
sure P = 55 MPa, the forming quality is the same as that 
when the internal pressure is 50 MPa. No changes are 
detected and the tube is no longer deformed at this time. 
The experimental results show that the internal pressure 

(2)ε = ln(1+ e).

Figure 4  Dimensions of the rectangular tube forming die

Figure 5  Schematic of tensile test cutting

Figure 6  Tensile specimen size

Figure 7  Stretching equipment and experiment

Figure 8  Tensile test specimen
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required for the hydroforming of rectangular tubes 
decreases with the increase of the radius of fillet and 
increases with the increase of the length of horizontal 
and vertical right angles. Through theoretical formulas 
and experiment, we know that the fillet changes dramati-
cally at 40–50 MPa, and the gap between the tube and the 
die decreases. Finally, the mold is completely rounded. 

When the pressure increases to 55 MPa, the radius of the 
fillet does not change much, and the deformed part of the 
tube does not expand with the increase of the internal 
pressure.

In order to further study the wall thickness distribu-
tion of the hydroformed rectangular tube under different 
internal pressures, the middle parts of the formed parts 
under the above four different pressures were selected 
and measured with vernier caliper. The rectangular tube 
section is symmetrical at the approximate coordinate 
axis, but it is divided into four parts because the straight 
side length and rounded corner radius of the forming 
results are different under different internal pressures, 
and 15 measuring points are evenly distributed in each 
part in the clockwise direction. A total of 60 measur-
ing points are shown in Figure  11. The thickness of the 
measured point wall is shown in Figure 12. It can be seen 
from the figure that the wall thickness distribution of the 
forming parts is the same under different pressures. The 
wall thickness value is located at the midpoint of the long 
straight edge of each part. In addition, the wall thick-
ness from the midpoint of the straight edge to the tran-
sition point gradually decreases, the wall thickness from 
the transition point to the center of the rounded corner 
increases, and the wall thickness at the rounded corner 

Figure 9  Stress-strain curve of the 6063–T6 aluminum alloy tube

Table 1  Parameters of the 6063-T6 aluminum alloy tube

Elastic 
modulus
E(GPa)

Yield 
strength
σs(MPa)

Tensile 
strength
σb(MPa)

Poisson’s 
ratio
μ

Sclerosis 
index
n

Elongation 
rate
δ(%)

57 230.5 289.8 0.28 0.14 19.56
Figure 10  Forming results under different internal pressures

Figure 11  Distribution of the circumferential section of the 
intermediate section
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point is larger than that at the transition point. The wall 
thickness of the short straight edge part is similar to that 
of the long straight edge part, but the change of the for-
mer is more drastic than the latter, and the wall thickness 
of the transition area between the rounded corner and 
the straight edge area is the smallest in the whole cir-
cle. When the internal pressure increases from 50 to 55 
MPa, the wall thickness of each part of the tube does not 
change. So at this point the tube is fully formed. After the 
rectangular tube is formed, the maximum wall thickness 
is located at the midpoint of the long straight edge. The 
maximum wall thickness is 1.81 mm. The minimum wall 
thickness is the transition area between the short straight 
edge and the rounded corner. The minimum wall thick-
ness is 1.55 mm. The right fillet radius of the forming 
tube under different pressures was taken as the research 
object, and the fillet radius of four different pressure 
forming parts were measured, as shown in Figure 13. The 
cut points of long straight edge, short straight edge and 
rounded corner are taken respectively. The two cut points 
are taken as the vertical feet and make the vertical lines of 
the long straight edge and the short straight edge respec-
tively. The intersection of these two perpendicular lines is 
the center of the circle, and the distance from the center 
to any point is the radius of the rounded corner. The 
measurement results of the fillet radius of the forming 
parts under different internal pressures are shown in Fig-
ure 14. When P = 40 MPa, the radius of the fillet is 10.10 
mm. When P = 45 MPa, the radius of the fillet is 8.90 
mm. When P = 50 MPa, the radius of the fillet is 6.00 
mm. When the internal pressure is 55 MPa, the radius of 
the fillet does not change, which indicates that the tube 
fitting has been completely attached to the inner surface 
of the mold. When the internal pressure increased from 
45 to 50  MPa, the radius of fillet increased faster than 

that when the internal pressure increased from 40 to 
45 MPa. During the filling process, the internal pressure 
increases gradually with the decrease of the radius of the 
fillet.

3 � Rectangular Tube Numerical Simulation
3.1 � Finite Element Model
Based on the above experimental conditions, the high 
pressure forming process of rectangular tubes was 
numerically simulated by fluid-solid coupling method 
using MSC.DYTRAN nonlinear finite element software. 
The finite element model is shown in Figure  15. The 
model mainly includes Euler region, coupling surface, left 
and right punch, upper and lower die. In this paper, the 
hydraulic oil in the tube is defined as the Euler region, 

Figure 12  Distribution of the circumferential wall thickness of the 
intermediate section under different internal pressures

Figure 13  Fillet measurement mode

Figure 14  Fillet radius at different internal pressures
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which is a rectangle of 260 mm in length, 80 mm in width 
and 80 mm in height. The tube and die are located in the 
center of the Euler region. The model consists of an Euler 
grid, which is discretized into 8-node hexahedral ele-
ments, with a total of 24000 elements. Molds, push-rods, 
tubes, and other components are defined as Lagrange 
grids to establish rigid elements. A 4-node rigid shell ele-
ment is used to discretize the upper and lower die, left 
and right push rods, tubes and virtual unit. The total 
number of units is 12732, as shown in Figure 16.

3.2 � Comparison of Experimental and Numerical 
Simulation Results

Firstly, the friction coefficient between the actual die 
surface and the tube fitting is determined. The coeffi-
cient of friction is the only variable. In general, the fric-
tion coefficient of aluminum alloy material is 0.1–0.18. 
In order to ensure the accuracy of numerical calcula-
tion, the influence of friction coefficient on formation 
is studied. By comparing with the experimental results, 
the friction coefficients used in the numerical simulation 

are determined. Friction coefficient μ = 0.12, 0.14, 0.16, 
0.18. Under the condition that the final molding pressure 
is 55 MPa, the simulation analysis is carried out without 
axial feed. The wall thickness value is shown in Figure 17. 
The numerical simulation results are compared with the 
experimental results at P = 55 MPa. It can be seen from 
the figure that the wall thickness distribution is consist-
ent when the friction coefficient μ = 0.16 and the fric-
tion coefficient in the subsequent numerical simulation is 
0.16.

In order to verify the accuracy of the fluid-solid cou-
pling method and finite element model, the inlet pressure 
under four working conditions of 40, 45, 50, 55 MPa was 
simulated and analyzed according to the pressure linear 
loading mode. The wall thickness of the middle section 
of the forming tube under four different pressures is 
measured in Figure  18 and compared with the experi-
mental results. As shown in the figure, the four groups 
of numerical results are consistent with the experimental 
results in terms of wall thickness distribution. When P = 
40 MPa (Figure 18(a)), the maximum wall thickness error 
is 3.21%. When P = 45 MPa (Figure 18(b)), the maximum 
wall thickness error is 4.12%. When P = 50 MPa (Fig-
ure 18(c)), the maximum error of wall thickness is 3.78%, 
and when P = 55 MPa (Figure 18(d)), the maximum error 
of wall thickness is 2.84%. The results of the four groups 
were compared. The experimental results show that the 
errors are within the controllable range, which not only 
verifies the correctness of the fluid-solid interaction 
method but also verifies the correctness and effectiveness 
of the finite element model.

Figure 15  Geometric model based on the fluid–solid coupling 
method

Figure 16  Finite element model based on the fluid–solid coupling 
method

Figure 17  Comparison between the simulation results and 
experimental results for wall thickness
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3.3 � Analysis of Fluid Characteristics in the Tube
Considering that the volume of the tube fitting is not 
constant in the process of hydroforming, the flow veloc-
ity of the liquid injected into the tube fitting is different 
under the interaction between the pressure and volume 
of the tube fitting. As described in this section, the vari-
ation of liquid flow rate during tube fitting forming was 
studied at a final forming pressure of 55 MPa. As can be 
seen from the fluid velocity cloud of axial section in Fig-
ure 19, the fluid motion in the tube changes continuously, 
and the fluid velocity distribution in the tube is extremely 
uneven. The fluid inlet velocity on the left side is higher 
than that on the right side, and the fluid velocity shows a 
downward trend in the flow direction. Figure 20 provides 
a graph of the maximum fluid velocity variation during 

the forming process. As can be seen from the figure, the 
fluid velocity in the tube rises alternately, and the fluid 
velocity increases by two times. The first surge in fluid 
velocity occurs during the clamping phase when fluid is 
injected into the lumen and the increase in fluid veloc-
ity accelerates. After liquid filling is completed, the speed 
reduces and stabilizes at a reduced speed to continue liq-
uid injection for pressurization. When the second injec-
tion velocity surge occurred at 0.17 s, the injected fluid 
velocity suddenly increased, and after the completion of 
injection, the fluid velocity decreased again and remained 
in a low range.

Figure 21 shows the maximum pressure change curve 
of the liquid in the rectangular tube. As can be seen from 
the figure, during the hydraulic process, the increase of 

Figure 18  Comparison of simulation and experimental results obtained under different internal pressures



Page 9 of 18Huang et al. Chinese Journal of Mechanical Engineering            (2023) 36:3 	

the liquid pressure in the tube does not strictly follow the 
input target curve. However, when the pressure increases 
to a certain value, the internal volume changes suddenly. 
The wall thickness value drops sharply and the water 
pressure changes like irregular pulsation loading. When 
the internal pressure is 45 MPa, it drops to 25 MPa, and 
then with the rapid injection of liquid, the fluid velocity V 
surges, and the internal pressure rises rapidly and loads 
to the maximum target pressure. The recording curve 
of the minimum wall thickness of tube fitting forming 
is shown in Figure 22. The wall thickness decreases at a 

steady rate until the liquid pressure increases to 45 MPa. 
When the liquid pressure reaches 45 MPa, the tube wall 
thickness decreases sharply, from 1.60 to 1.54 mm. Sub-
sequently, when the liquid pressure is pressurized to 50 
MPa, the decrease rate of tube wall thickness slows down 
and tends to be stable. It can be seen from the figure that 
the sudden drop in liquid pressure when loaded to 45 
MPa is caused by the sudden increase in volume change 
after the tube reaches a certain pressure. According to 
the relationship between pressure and volume in Cra-
bone’s equation, increasing the volume of the instantane-
ous lumen inevitably leads to a decrease in pressure. The 
velocity of the fluid in the tube rose sharply. When the 
pressure increased to 50 MPa, the wall thickness almost 
did not change, indicating that the tube was completely 
attached to the inner surface of the mold and the tube 
was formed.

Figure 19  Cloud maps of fluid velocity in the axial section: (a) Cloud 
map of fluid velocity at 0.01 s, (b) Cloud map of fluid velocity at 0.02 
s, (c) Cloud map of fluid velocity at 0.06 s, (d) Cloud map of fluid 
velocity at 0.12 s, (e) Cloud map of fluid velocity at 0.17 s, (f) 0.2 s fluid 
velocity cloud map, (g) Contour fluid velocity cloud map

Figure 20  Maximum fluid velocity time history curve

Figure 21  Time history curve of liquid pressure

Figure 22  Time history curve of minimum wall thickness time 
history curve
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4 � Numerical Simulation of Torsion Beam 
Hydroforming Based on the Fluid–Solid 
Coupling Method

4.1 � Torsion Beam Forming
In this section, the fluid-solid coupling method is used to 
analyze the torsional beam numerically. The mathemati-
cal model of the torsion beam is shown in Figure 23. The 
length of the forming zone of the torsion beam is 1240 
mm, and there are feed zones of 30 mm on both sides, 
with a total length of 1300 mm. The expansion area of the 
torsion beam is mainly divided into three parts: the mid-
dle part of the "V" shaped area, the "concave" transition 
area and the "ladder" shaped end area. The remaining 
areas are transition zones and fill zones. The mold design 
and movement are shown in Figure 24. According to the 
characteristics of complex structure and large section 
deformation of torsional beam, two preforming processes 
were set up before hydraulic bulging. In Figure  24(a), 
the initial shape is first changed by the extrusion motion 
of the upper die, and then the width of the "V" shaped 
region decreases with the extrusion of the side die (Fig-
ure 24(b)), and finally the hydraulic bulging is performed 
(Figure  24(c)). The minimum section circumference of 
the torsion beam is taken as the standard. The tube fitting 

with external diameter of 46 mm, wall thickness of 3.5 
mm and length of 1300 mm was selected as the initial 
tube fitting for high pressure forming of torsion beam. 
The material of the initial tube is SAPH440 high strength 
steel. The true stress-strain curve is shown in Figure 25. 
Material parameters are shown in Table 2.

4.2 � Finite Element Model of Torsion Beam Hydroforming
Based on fluid-solid coupling method, the finite element 
model of torsional beam hydroforming was established. 
The solid composition is shown in Figure  26. The cou-
pling surface is composed of tube blank, pusher 1, pusher 
2 and liquid inlet, and the Euler domain is defined as the 
whole coupling surface. Euler and Lagrange grids use 
different types of discrete elements in numerical simula-
tions. In Figure 27, the upper and lower die, left and right 
pusher head, tube blank, chuck 1 and 2, left and right 
sliding mode and virtual unit are discretized by 4-node 
shell element, and the number of units is 26232. Euler 
region is discretized by an 8-node hexahedral element 
with a number of 90000 elements. In this work, the upper 
and lower molds, left and right molds, fixtures 1 and 2 
and left and right thrust heads are defined as rigid bod-
ies. The blank is defined as a Lagrange unit. The contact 

Figure 23  Mathematical model of the target torsion beam
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between blank and die is defined as primary contact and 
secondary contact.

4.3 � Numerical Simulation of Torsion Beam Hydroforming
In the process of hydraulic forming of torsion beam, the 
fluid in the tube interacts with the fluid in the forming 
tube, and the fluid movement in the tube is complex and 
irregular, which leads to the uneven distribution of tube 
wall thickness in the forming process. Torsion beam 
hydroforming can be divided into three stages: upper 
die closing stage, sliding die closing stage and hydraulic 
forming stage. Therefore, the effects of torsion beam on 
clamping, sliding clamping and hydraulic expansion are 
analyzed respectively. Figure  28 shows the wall thick-
ness cloud diagram at each stage of the torsion beam, and 
Figure 29 shows the end thickness cloud diagram at each 
stage of the A-A, D-D and F-F sections. After the clamp-
ing stage of the upper die (Figure 28 (a)), the tube has the 
appearance of a torsional beam. It can be seen from Fig-
ure  29(a) that the "step" transition zone and the transi-
tion zone have sunk, leading to an increase in thickness. 
The maximum thickness δmax is 4.36 mm. The V-shaped 
zone, inner and outer circle zone, and transition zone 
showed the most severe thinning. The minimum wall 
thickness δmin is 3.29 mm, and the increase of wall thick-
ness is more significant than the decrease of wall thick-
ness at this stage. The maximum thickness thinning rate 
η is 6%. The slip-mode squeezes the sides of the tube. In 
Figure 28(b), the trapezoidal region is still wrinkled. The 
maximum wall thickness δmax is increased to 4.58 mm, 
the minimum wall thickness δmin is 3.30 mm, and the 
reduction ratio η is 5.71%. The inhomogeneity of wall 
thickness distribution is further increased. The hydro-
formed tube fitting is shown in Figure  28(c). Under the 
action of hydraulic pressure, the formed torsion beam 
has no fold, flattening completely and no cracking. The 
torsion beam shown in Figure  29(c) is under hydraulic 
pressure. The rounded corners have been pasted, and 
the minimum wall thickness has been transferred to the 
transition area on the straight side and the small rounded 
corners of the FF section. The minimum wall thickness 
δmin was 2.76 mm, and the maximum thinning rate η was 
21.24%.

(a) The mold design 

(i)                (ii)                (iii)

(b) Schematic of sliding mold movement: i) Upper die clamping, 

ii) Side extrusion of the left and right sliding die, iii) 

Hydraulic bulging
Figure 24  The mold design and movement

Figure 25  SAPH440 true stress-strain curve

Table 2  Parameters of the SAPH440 steel tube

Mass density 
ρ(kg/m3)

Elastic modulus
E(GPa)

Yield strength
σs(MPa)

Tensile strength 
σb(MPa)

Poisson’s ratio
μ

Coefficient 
of hardening 
K(MPa)

Sclerosis index 
n

Elongation rate
δ(%)

7830 198 390 606 0.28 776 0.19 32.8
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5 � Research the Forming Characteristics 
of the Torsion Beam Based on the Fluid–Solid 
Coupling Technology

In the process of hydraulic expansion of torsion beam, 
the change of flow field in the tube leads to the uneven 
change of pressure in the tube. Under the condition of 
initial liquid level of 30 mm and final forming pressure of 
180 MPa, the axial plain profile of the fluid was dissected 
and analyzed. The plane is taken as the analysis object, 
and point A at the fluid inlet, point B at the midpoint, and 
point C furthest from the inlet are taken as the research 
object. Figure 30 analyzes the change of velocity V in the 
forming process and its internal influence rule.

It is complicated to evaluate the fluid velocity in the 
upper die closing, sliding die closing and hydroforming 
stages. Therefore, the fluid velocities at three different 
stages of torsional beam forming are selected for analy-
sis. In Figure 31, the fitting deforms after the upper die is 
closed. Under the interaction between the tube fitting and 

Figure 26  Flow–solid coupling model of high pressure

Figure 27  Finite element model mesh of discrete forming in torsion 
beam

Figure 28  Cloud maps of thickness distribution at different stages: 
(a) Closing of upper mold clamping, (b) Closing of sliding mold 
clamping, (c) Closing of hydraulic bulging

Figure 29  Cloud maps of the wall thickness of sections during 
torsion beam forming: (a) Cloud maps of the wall thickness of 
sections A–A, D–D, and F–F during the closing of the upper mold 
clamping, (b) Cloud maps of the wall thickness of sections A–A, D–D, 
and F–F during sliding mold clamping closing, (c) Cloud maps of the 
wall thickness of sections A–A, D–D, and F–F during the closing of the 
hydraulic bulging

Figure 30  Distribution map of measurement points
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the internal liquid, a small amount of fluid velocity is gen-
erated and transferred to both ends, and there is no fluid 
movement at both ends. In Figure  32, after the sliding 
mode compresses the side of the torsional beam, the fluid 
velocity increases sharply. At this point, the fluid veloc-
ity rises sharply to 1880.57 mm/s. The maximum velocity 
region is located at the bottom of both sides of the tor-
sional beam, relative to the midpoint region. According 
to the fluid velocity cloud diagram in Figure 33, the fluid 
velocity in the tube does not increase uniformly. At 0.25 

s, the inlet velocity of the left fluid gradually increased, 
the maximum peak velocity was 25341.60 mm/s, and 
the direction of the fluid velocity was parallel to the axial 
plane. The flow on the right side intersects with the fluid 
generated after the end of the sliding mode over time, and 
the fluid flow velocity in the torsional beam decreases 
between 0.25 and 0.28 s. As shown in Figure  33(c), the 
torsional beam is directly affected by the fluid motion on 
the trapezoidal section and the transition of the V-shaped 
section profile. Fluid motion is impeded from the side. 
The direction of the fluid velocity is switched to the right, 
generating a fluid vortex motion. At 0.29–0.32 s, the fluid 
velocity surges to 18016.98 mm/s. The fluid movement at 
the left inlet and outlet is more intense than in the middle 
region, and the fluid movement at the right side is slower 
than in the middle region. The liquid state tended to be 
stable between 0.33 and 0.40 s.

The velocity V and the minimum wall thickness at 
points A, B and C are shown in Figure 34. As can be seen 
from the figure, the degree of fluid motion at point A is 
serious, and the degree of fluid motion at point B fluc-
tuates and follows the motion at point A. The motion of 
point C is flat with no obvious fluctuations. The velocity 
V at point A has two peaks during expansion. The first 
peak velocities at points A, B and C are 0.24, 0.25 and 
0.25 s, respectively. The second peak velocity at point 
A occurs at 0.32 s, and the next peak velocity at point B 
occurs at 0.33 s. When the peak value is reached, B and 
C are slower than A, and the velocity changes of A, B and 
C show a trend of fluctuation, indicating that the fluid in 
the tube flows from the left inlet to the other side, and 
finally shows fluctuation attenuation. When increasing 
to the second peak at point A, the minimum wall thick-
ness of the tube decreases rapidly. After reaching the 
peak value, the steel tube deforms and the wall thickness 
decreases linearly. This behavior is accompanied by large 

Figure 31  Cloud map of fluid velocity during upper die closing

Figure 32  Cloud map of fluid velocity during sliding mold clamping 
closing

Figure 33  Cloud maps of fluid velocity during hydraulic bulging 
closing: (a) Cloud map of fluid velocity at 0.25 s, (b) Cloud map of 
fluid velocity at 0.28 s, (c) Cloud map of fluid velocity at 0.32 s, (d) 
Cloud map of fluid velocity at 0.40 s

Figure 34  A, B, C three-point velocity and minimum wall thickness 
curve
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fluctuations in the velocity waveforms of A and B, and the 
drastic change in fluid velocity V indicates that the fluid 
velocity changes when the tube deforms during hydraulic 
bulging.

In the process of hydraulic expansion, the fluid velocity 
at the left inlet gradually increases, and the velocity direc-
tion is parallel to the axis. The fluid motion is hindered by 
the transition side of trapezoidal section and V-shaped 
section of torsional beam, and the velocity direction 
changes. When the fluid changes direction at high speed, 
it will increase the flushing force on the tube wall, so that 
the thickness of the tube wall will gradually decrease. 
Therefore, as shown in Figure 35, the left transition sur-
face D and right transition surface E are taken as the 
research objects to analyze the changes of velocity V and 
wall thickness S in the bulging process. Figure 36 shows 
the variation curves of fluid velocity and wall thickness 
during the formation of D and E. As can be seen from 
the figure, the velocity at D sharply increases by 2 times 
during the hydraulic bulging process. The velocity and 
motion intensity of the fluid are significantly different 
from those at point E, where the fluid motion is gen-
tle. From 0.28 to 0.40 s, the velocity of point D changes 
dramatically, and the thickness of point D and point E 
increases. Due to the strong fluid movement on the left 
side, the tube fittings bear a large load, which leads to 
an increase in the thinning degree of the wall thickness 
at point D compared with point E. The minimum wall 
thick-ness at point D is 2.99 mm, and the minimum wall 
thickness at point E is 3.12 mm.

6 � Influence of Key Parameters on Forming Quality
6.1 � Plastic Pressure
The effect of forming pressure on forming quality was 
studied, and the hydraulic pressure was linearly loaded to 
140, 160, 180, and 200 MPa for analysis. The loading time 
was 0.18 s, and the friction coefficient between the tube 
fitting and the mold was 0.12. Figure 37 shows the distri-
bution cloud of torsional beam wall thickness under dif-
ferent forming pressures. As can be seen from the figure, 
when the internal pressure reaches 140 MPa, the straight 
edge of the trapezoidal region of the torsion beam fits on 
the surface of the mold and is basically formed. However, 
the filling effect of the rounded corner area on the upper 
edge is not ideal. When the internal pressure is 160 MPa, 
the filling amount of transition zone and the rounded 
corner region of the torsional beam increases, and the 

thinning region gradually concentrates on the transi-
tion region between the rounded corner and the straight 
edge. When the internal pressure exceeds 180 MPa, the 
wall thickness of the torsion beam is not affected by the 
forming pressure, indicating that the mold has stayed in 
its original position under the action of pressure.

The wall thickness distribution of each measuring point 
under different forming pressure and the variation of wall 
thickness between different forming pressure were ana-
lyzed. The wall thickness of each section was measured 
at 64 points in the F-F section. The F-F section with the 
largest wall thickness difference is taken as the research 
object, and the distribution of points is shown in Fig-
ure  38. The wall thickness distribution of F-F segment 
is shown in Figure  39. Under different forming pres-
sure, the thickness distribution of the straight side wall 
is unchanged, but the thickness of the rounded corner is 
different from that of the straight side transition zone. In 
the range of 140–180 MPa, the thickness of the transi-
tion zone near the rounded corner and the straight side 
increases. When the internal pressure is 180 and 200 
MPa, the wall thickness is 2.76 and 2.74 mm, respectively. 
The wall thickness distribution of the two is basically the 

Figure 35  Distribution of fluid velocity measurement points at 0.28 s

Figure 36  Curves of fluid velocity and wall thickness at points D and 
E 

Figure 37  Cloud maps of thickness distributions under different 
plastic pressures
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same, indicating that when the forming pressure of the 
torsional beam exceeds 180 MPa, the F-F section has 
been coated.

6.2 � Loading Path
The minimum wall thickness of the torsion beam after 
hydroforming is located in the trapezoidal region, which 
is 2.76 mm, and the thinning rate is 21.14%. The area is 
in danger of breaking up. The effects of the feed rates of 
50, 100, 150 and 200 mm/s on the quality of the form-
ing parts were studied with the left and right axial feed 
rates as the research object. The loading path is shown in 
Figure 40. Figure 41 shows the wall thickness distribution 
of torsional beam at different feed speeds. When the feed 
speed increases from 50 to 150 mm/s, the minimum and 
maximum wall thicknesses of the torsional beam increase 
simultaneously. When the feed rates are 50 and 100 
mm/s, the wall thinning is concentrated in the transition 
region between the small rounded corner and the straight 

edge of the trapezoidal zone. When the feed speed is 150 
mm/s, the minimum wall thickness is located near the 
inside of the V-shaped zone and the transition zone, and 
the minimum wall thickness increases. When the feed 
speed is 200 mm/s, the end is wrinkled and cannot be 
flattened in the late pressure process. The results show 
that the forming quality is better when the feed speed is 
150 mm/s and the minimum wall thickness δmin is 3.12 
mm.

Figure  42 shows the curves of minimum wall thick-
ness, maximum wall thickness, maximum thinning rate 
and maximum thickening rate under different coaxial 
feed speeds. It can be seen from the figure that with the 
increase of axial feed speed, the minimum wall thick-
ness, maximum wall thickness and maximum thickness 
increase ratio of torsional beam all show an upward 
trend. The maximum thinning rate decreases with the 
increase of feed speed. Without axial feed, the minimum 

Figure 38  Schematic of the distribution of measurement points

Figure 39  Wall thickness distribution of the F–F cross section

Figure 40  Load path with axial feed

Figure 41  Cloud maps of the distribution distribution of the wall 
thicknesses of torsion beam
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wall thickness δmin increases from 2.76 to 3.12 mm, and 
the maximum thinning rate η decreases from 21.14% 
to 7.71%. Figure 42 is the curve of minimum wall thick-
ness, maximum wall thickness, maximum thinning rate 
and maximum thickening rate under different coaxial 
feed speeds. It can be seen from the figure that with the 
increase of axial feed speed, the minimum wall thick-
ness, maximum wall thickness and maximum thickness 
increase ratio of torsional beam all show an upward 
trend. The maximum thinning rate decreases with the 
increase of feed speed. Without axial feed, the minimum 
wall thickness δmin increases from 2.76 mm to 3.12 mm, 
and the maximum thinning rate η decreases from 21.14% 
to 7.71%.

6.3 � Friction Coefficient
In the process of hydraulic forming of torsional beam, the 
tube fitting is in direct contact with the mold, the rela-
tive motion between the tube fitting and the mold is in 
dry friction state, and the friction coefficient is signifi-
cant. If lead, lubricating oil and graphite are coated on 
the contact surface between the tube and the mold, the 
friction will be transformed into a mixed friction state of 
fluid friction, boundary friction and dry friction, which 
effectively reduces the friction coefficient and enhances 
the metal fluidity. The contact surface between the mold 
and the tube fitting is coated with soft metal lead for solid 
lubrication, and the friction coefficient is 0.08–0.2. The 
contact surface is lubricated with synthetic oil and the 
friction coefficient is 0.04–0.1. Therefore, the five fric-
tion coefficients μ of this section are 0.04, 0.08, 0.12, 0.16 
and 0.2, respectively. The effect of non-friction coefficient 
on forming quality was studied under the conditions of 
axial feed speed of 150 mm/s and forming pressure of 
180 MPa. The forming results of torsion beam under dif-
ferent friction coefficients are shown in Figure 43. With 

the increase of friction coefficient, the maximum wall 
thickness of torsion beam increases gradually, while the 
minimum wall thick-ness decreases gradually. When 
the friction coefficient is μ = 0.2, the wall thickness of 
the transition zone between the straight side and the 
rounded corner of the V-shaped zone decreases sharply 
until the tube breaks.

Figure 44 shows the wall thickness distribution of F-F 
section under different friction coefficients. When the 
friction coefficients μ are 0.04 and 0.06, the wall thick-
ness is low and uniform. When the friction coefficient 
continues to increase to 0.2, the wall thickness reaches 
the highest. The area affected by the friction coefficient is 
the transition area between round corner 1 and straight 
side 2, straight side 4 and round corner 4, because in the 
clamping stage, the round corner of the mold directly 
acts on the right side 2 and the right angle side. If fric-
tion increases, the flow of matter would be hindered. 
Therefore, the wall thickness is affected by the biaxial 
tensile stress and is severely thinned. Therefore, reduc-
ing the friction coefficient is beneficial to improve the 

Figure 42  Minimum wall thickness, maximum wall thickness 
maximum thinning rate, and maximum thickening rate

Figure 43  Cloud diagrams of the distribution of the wall thicknesses 
of torsion beams: (a) μ = 0.04, (b) μ = 0.08, (c) μ= 0.12, (d) μ = 0.16, 
(e) μ = 0.2

Figure 44  Wall thickness distribution the section F–F
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friction between the tube and the die, so as to reduce the 
inhibition effect of the die on the tube material flow and 
increase the amount of material flowing into the rounded 
corner area.

7 � Conclusions
In hydroforming, tube fitting deformation is a unidi-
rectional fluid-solid coupling phenomenon of the inter-
action between fluid and tube fitting. On the basis of 
fluid-solid coupling method, the hydroforming of tor-
sion beam is studied in this paper. Firstly, the rectangular 
tube hydro-forming platform is used to verify the cor-
rectness of the experimental and fluid-solid interaction 
simulation results. The hydroforming process of torsion 
beam was simulated by fluid-solid interaction method. 
The formation method of torsional beam and the flow in 
the tube are analyzed. The characteristics of the field and 
the influence of different key forming parameters on the 
forming effect were studied, which provided reference for 
the engineering application of tube fitting hydroforming. 
The specific conclusions are as follows.

(1)	 Comparing the wall thickness delta in the cross-
section midpoint after the pressure of the hydrau-
lic bulging experiment and the one after fluid-solid 
interaction through the numerical simulation for 
the rectangular tube under the forming pressures of 
40, 45, 50 and 55 MPa reveals that the error of the 
simulation results is within 5%. The results verify 
the correctness of numerical simulation and finite 
element model. The characteristics of the flow field 
in the rectangular tube are analyzed. The results 
show that the liquid pressure in the tube varies 
unevenly, and the velocity difference in the tube 
is very significant, which is similar to the irregu-
lar pulse load. There are two sharp increases in the 
fluid velocity V in the tube. The sharp rise of the 
fluid is accompanied by a sudden drop of the tube 
pressure P and an acceleration of the wall thinning 
rate. These effects indicate that the internal hydrau-
lic pressure P and fluid velocity V also change when 
the tube is suddenly replaced.

(2)	 The fluid-solid interaction of internal high pressure 
forming torsional beam is numerically simulated. 
At the end of clamping stage, the minimum wall 
thickness δmin is 3.29 mm, and the maximum thin-
ning rate η is 6%. After the test, the minimum wall 
thickness δmin is 3.30 mm, and the maximum thin-
ning rate η is 5.7%. The minimum wall thickness 
δmin is 2.76 mm, and the maximum thinning rate η 
is 21.24%. The analysis of the flow field inside the 
tube fitting during the forming process shows that 

when the liquid flows into one end of the tube fit-
ting, the fluid velocity V at the inlet of the tube fit-
ting and the middle of the tube fitting first increases 
and then decreases in a wavy shape. The further 
away from the inlet, the smaller the change in fluid 
velocity V, and the end with high velocity V is thin-
ner than the end with low velocity V.

(3)	 The effect of fitting parameters on the forming qual-
ity of torsional beam was studied by fluid-solid cou-
pling method. The severe thinning area is mainly 
concentrated in the transition point between the 
rounded corner and the straight edge. Increasing 
the axial feed velocity V is beneficial to improve the 
wall thickness uniformity and forming quality.

(4)	 With the increase of the friction coefficient, the 
maxi-mum thinning rate and the maximum thick-
ening rate of the parts show an upward trend. 
When the friction coefficient μ = 0.2, the minimum 
wall thickness of V-shaped region is 2.18 mm, and 
the thinning rate is 37.71%. Therefore, it can effec-
tively reduce the friction coefficient, reduce the 
mold to tube flow obstruction, improve the quality 
of forming.
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