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)e hydraulic bulging technology of tubes can provide hollow parts with special-shaped cross sections. Its manufacturing process
can effectively improve material utilization and product accuracy and reduce the number and cost of molds. However, the
hydraulic bulging process of parts is very complicated. )e size of the tube blank, the design of the loading route, and the forming
process parameters will have an effect on the molding quality. Closed tubular torsion automobile beam is considered as the
research object to study hydraulic bulging die design and optimize forming process parameters. CATIA software is used to design
torsion beam product structure and hydraulic bulging die. AMESim software is employed to design hydraulic synchronous
control system for cylinders on both sides of the hydraulic bulging die. Mathematical control model is established and verified in
Simulink software. DYNAFORM software is applied to conduct numerical simulation of hydraulic expansion. )e supporting
pressure, molding pressure, friction coefficient, and feeding quantity are taken as orthogonal experiment level factors. Maximum
thinning andmaximum thickening rates are taken as hydraulic pressure expansion evaluation indexes to complete the orthogonal
experiments. Main molding process parameters are analyzed via orthogonal experiment results and optimized by employing the
Taguchi method. Optimal hydraulic bulging parameters are obtained as follows: supporting pressure of 20MPa, molding pressure
of 150MPa, feeding quantity of 25mm, and friction coefficient of 0.075. Simulation analysis results indicate that the maximum
thinning rate is equal to 9.013%, while the maximum thickening rate is equal to 16.523%. Finally, the design of hydraulic bulging
die for torsion beam was completed, and its forming process parameters were optimized.

1. Introduction

Molding plays an important role in modern machinery
manufacturing industry [1]. Traditional mold design and
manufacturing often rely on daily practical production
experience to achieve the best effect in repeated debugging.
With the development of lightweight automobiles, weight
reduction of vehicle body is continuously pursued while
maintaining vehicle performance. )us, energy saving and
emission reduction are achieved. )is also means that tra-
ditional auto parts are transformed, while solid components
with large quality and complex assembly are gradually
transformed into hollow components with lightweight and
integrated assembly. As a consequence, corresponding parts
of product development and mold manufacturing methods
are also altered. As one of new lightweight manufacturing

processes, tube hydraulic bulging technology can open tube
internal high-pressure liquid integral bulging to produce
hollow parts with complex cross sections. )is simplifies the
production process and improves the product quality.
Furthermore, it is a widely applied prospect in achieving
lightweight construction of an automobile.

Torsion beam suspension is a type of rear suspension
which is mainly used to balance the vibration of two wheels
during driving. Traditional open torsion beam is made of
sheet metal stamping. Its parts are high quality products
while the production process itself is cumbersome. However,
closed torsion beamwith hydraulic expansion can be formed
on the premise of ensuring the performance of parts, which
reduces the number of molds and manufacturing costs.

Yin et al. [2] used finite element method to study wall
thickness variation law of typical sections during tubular
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torsion forming. )e results show that transition area wall
thickness significantly changes during torsion beam hy-
draulic bulging. In addition, wall thickness variation in the
middle area is not significant. Lu et al. [3] performed forward
design of variable cross section hydraulic expansion type
torsion beam. )e authors obtained tubular torsion beam
with special-shaped cross section which meets the re-
quirements of design objectives.

Naeini et al. [4] studied and optimized pressure and
force loading paths in the process of tube hydroforming via
simulated annealing optimization method. Rao [5]
employed Taguchi algorithm to optimize process parame-
ters. Furthermore, the author determined optimal combi-
nation of process parameters according to the influence of
tube expansion height and thinning distribution. Dhina-
karan et al. [6] used CATIA to model the automotive
steering knuckle and carried out stiffness analysis in
OptiStruct; based on the analysis results, proposed design
modifications and topology optimization were performed on
the steering knuckle for lowering of the weight.

In the present study, torsion beam index parameters are
designed and studied. In addition, all parameters regarding
size and cross section of torsion beam studied in this paper are
designed, and effects of feed quantity and friction coefficient
on process parameters were further studied. Moreover, to
analyze the influence degree of various factors, four-level
experimental table was established by using the orthogonal
experiment. In this paper, computer software CATIA is
employed to design tubular torsion beam. Corresponding
materials and initial tube blanks are selected for the processed
products. Forming process of parts is determined, and cal-
culation of relevant process parameters in hydraulic bulging is
achieved. Hydraulic synchronous control system for auto-
matic deviation correction is designed for synchronous cyl-
inders on both mold sides. Synchronous displacement curves
of two cylinder piston rods under two different operating
conditions are obtained in AMESim. In addition, automatic
hydraulic control system deviation correction function is
successfully verified. Mathematical model of synchronous
control system is established, and transfer function of a
closed-loop control system is derived. Step response curve of
the system is obtained via Simulink. Taking maximum
thinning and maximum thickening rates of part’s wall
thickness as forming evaluation indexes, hydraulic bulging
process simulation analysis of torsion beam is completed in
DYNAFORM. Taguchi algorithm is employed to optimize
process parameters of hydraulic bulging torsion beam. Fi-
nally, the accuracy of optimization results is verified via
DYNAFORM.

2. Automobile Tubular Torsion Beam
Structure Design

CATIA is used to carry out three-dimensional modeling
design for the closed tubular torsion beam. Basic dimensions
are as follows: the length is 1260mm, the maximum height
difference between two part ends is 85.2mm, the surface area
is 0.356m2, and the basic wall thickness is 3mm.)is part is
symmetrical from left to right, as shown in Figure 1.

)e left half of the torsion beam is selected for analysis.
Left side of section B-B is the port area, whose shape remains
unchanged. Cross section B-B to cross section E-E is defined
as the transition zone with complex and variable cross
sections. Sections E-E and F-F are V-shaped with unaltered
cross section areas, as shown in Figure 2.

Perimeter of each torsion beam characteristic section is
shown in Table 1. Minimum transversal fillet radius of 5mm
on the outer surface of the torsion beam appears in the F-F
section. Outer edge transversal perimeter value is equal to a
minimum of 330.48mm at section D-D and a maximum of
365.13mm at section B-B.

According to Figure 2, minimum torsion beam section
circumference is 330.48mm. Selected pipe diameter must be
lower than the minimum section circumference of the
torsion beam. )erefore, according to the requirements of
forming and convenient pipe fitting procurement, the initial
diameter of the transverse pipe is proposed as ∅104 mm
with the corresponding wall thickness of 3mm.

Length of pipe fittings is related to automobile torsion
beam part size and ductility of pipe fittings.)e length of the
torsion beam is 1260mm. To ensure material filling at both
ends and fully formed party without causing excessive
material waste, preliminary length of beam pipe fittings is
1290mm. )erefore, the tube blank size is defined as
∅104mm × 1290mm × 3mm.

3. Automobile TorsionBeamHydraulicBulging
Die Design

3.1. Design of Hydraulic Bulging Die for Torsion Beam.
Hydraulic bulging mold is mainly composed of an upper die
and lower die bases, punch, matrix, left and right axial
sealing plugs, positioning plates, guide columns, and guide
sleeves. In Figure 3, assembly effect drawing is shown. Since
there is currently no relevant standard for pipe fitting hy-
draulic forming die design, only standard design of tradi-
tional liquid bulging forming process die is employed in this
paper. )us, hydraulic pressure and tightness are considered
when designing the hydraulic bulging die.

Parting surface selection should respect certain re-
quirements. )e parting surface should be selected at the
largest part contour. Otherwise, the torsion beam cannot be
removed from the cavity [7]. Precision requirements are
higher for the transition zone of hydraulic expansion type
torsion beam. Dimensional accuracy of parts is affected by
the internal pressure, while selection of parting surface is
also convenient for mold processing and manufacturing.
According to these requirements, the parting line is opened
on both sides of the widest side of the torsion beam surface,
as shown in Figure 4, with a horizontal height of 62mm from
the bottom of the matrix.

Both punch and matrix of this design adopt the inlay
manufacturing process, as shown in Figure 5. According to
the role of different mold design and manufacture inserts,
while taking into account wear resistance and strength of
each part, manufacturing quality and efficiency of parts are
improved. When processing other hydraulic bulging
products, the insert can be replaced accordingly.
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When designing the inlay structure, attention should be
paid to avoid the splicing line of the punch and the matrix,
which should be staggered for a minimum of 3∼5mm. Due
to a complex cross section shape of the transition area on
both part sides, an arc inlay block needs to be separately
designed. )e remaining inlay block parts are planar.

Front end of the plug is connected with the pipe billet,
and the rear end is connected with the hydraulic cylinder
piston rod. According to the shape of both part ends, the
plug is designed as a cone type. Front end length of the plug
is 15mm, and themiddle part, which is in direct contact with
the die, is 40mm long. Junction of two parts is the sealing
part, which is in contact with the end of the plug and the tube
billet.

During hydraulic bulging, water injection holes on both
piston rod sides are filled with water.)ewater flows into the
mold from four plug outlet holes through an internal
pressurization channel. In this paper, front end of the plug is
directly in contact with the pipe fitting end. Based on axial
feed force extrusion of hydraulic cylinders on both sides,
small deformation is generated at the connection to achieve
sealing [8]. Compared with the soft seal, this type of hard seal
with direct contact between metals is suitable for high-
pressure environments. Furthermore, it demonstrates
beneficial wear resistance and mechanical properties.

Liquid internal pressure of hydraulic bulging can gen-
erally reach approximately 300∼400MPa. In order to ensure
that the axial force and cavity axis overlap during axial
pressure after mold closing and that the hydraulic cylinder
does not vibrate or bend, the upper die base is fixed in the top
worktable surface chute via eight T-bolts on both sides
[9, 10]. Four corners of the upper die base are fixed with
guide columns, and left and right sides are arranged with
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Figure 2: Section shape diagram of torsion beam.

Table 1: Typical section perimeter table.

Cross section A-A B-B C-C D-D E-E F-F
Perimeter (mm) 364.14 365.13 340.97 330.48 354.36 354.88

Figure 1: Original mathematical model diagram of the torsion beam.
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three-side guide blocks. When the die is closed, guide
columns and guide blocks are matched with the corre-
sponding guide sleeves and grooves of the lower die base to
complete the guide. )erefore, hydraulic expansion type
upper die base of automobile torsion beam is designed.

Since lower die base bears the weight of the entire die, its
strength is very important [11].)e lower die base is fixed on
the worktable by T-bolts. Guide sleeve corresponding to the
upper die guide column is arranged at four corners of the
lower die base. In addition, symmetrical guide block is also
arranged in the middle, which is convenient for positioning
during mold closing. Four limit plates are symmetrically
arranged on both sides with respect to the middle. )eir
length×width× height is 50mm× 30mm× 5mm. )e
guide block plays a limit buffer role when the mold is closed.
Hydraulic cylinders, which ensure axial feeding, are fixed on
both sides on corresponding platforms via bolts.

3.2. Design of Hydraulic Control System for Synchronous
Cylinders on Both Sides of Hydraulic Bulging Die.
Automotive torsion beam is a type of symmetrical hollow
pipe fitting. During hydraulic bulging die design, syn-
chronization of hydraulic cylinders on both sides is par-
ticularly important. If poor synchronization is achieved,
uneven material flow in the forming process may occur.
Wrinkling, cracking, buckling, and other defects may be
caused, thus affecting the forming quality of the final part. In
order to solve these problems, synchronization of hydraulic
control system for automobile torsion beam hydraulic
bulging die is investigated in this paper. Combined with the
actual operating conditions, a new axial feed control hy-
draulic system is designed. )is system provides the feed
required in the forming process, while simultaneously en-
suring the synchronization accuracy of two cylinders via
automatic deviation correction.

62
m

m

XY

Z

Figure 4: Location diagram of die parting line.
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Figure 5: Structure drawing of punch and matrix insert: (a) structure of an inlaying matrix; (b) structure of an inlaying punch.
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Figure 3: General assembly diagram of hydraulic expansion die for torsion beam: (1) upper die base; (2) cylinder; (3) pull-out rod of upper
die; (4) displacement sensor; (5) hydraulic cylinder; (6) ejection cylinder; (7) matrix; (8) lower die base; (9) sealing plug; (10) punch.
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In this paper, control volume for bidirectional shunt
servo valve core displacement, which is represented by Xv,
is designed. Controlled quantity is the transmission de-
viation, which is represented by ΔXp. When hydraulic
cylinders no. 1 and no. 2 are not simultaneously active, the
gear in the middle rotates to produce deviation displace-
ment. Valve core displacement is used to change the oil
outlets denoted as no. 1 and no. 2, so as to change the flow
into the two hydraulic cylinders and finally make the
displacement of the two hydraulic cylinders the same. )e
designed hydraulic control system is shown in Figure 6.

)e oil supply branch supplies the hydraulic oil in the oil
source to the hand-directional valve through the motor
driving the hydraulic pump, presses the handle of the hand-
directional valve, and connects the left end of the hand-
directional valve to the loop; the hydraulic oil enters into the
bidirectional shunt follow-up valve through the hand-di-
rectional valve. At this time, the valve core of the bidirec-
tional shunt follow-up valve is in the middle of the chamber;
that is, the section areas of oil outlet no. 1 and oil outlet no. 2
valve are equal, and the flows through outlets no. 1 and no. 2
into hydraulic cylinders no. 1 and no. 2 are equal. Because
the two cylinders are of the same size, the two cylinders
move at the same speed and in the opposite direction, and
the speed of rack no. 1 and that of rack no. 2 connected with
the two hydraulic cylinders are equal and opposite, which
drives the gear to move. Since the speed values of the two
racks are equal and opposite, the axis of the gear does not
shift.

When the speed of hydraulic cylinder no. 1 is faster than
that of hydraulic cylinder no. 2, rack no. 1 drives the axle
center of the gear to shift to the left, and through the action
of the connecting rod, the follow-up valve core moves to the
right, thus reducing the cross section area of the valve port of
oil outlet no. 1. )e section area of the valve port of oil outlet
no. 2 is increased, so that the flow into hydraulic cylinder no.
1 decreases, the speed of hydraulic cylinder no. 1 decreases,
the flow into hydraulic cylinder no. 2 increases, and the
speed of hydraulic cylinder no. 2 increases, until the two
cylinders are of equal speed.

Similarly, when the speed of hydraulic cylinder no. 1 is
less than that of hydraulic cylinder no. 2, rack no. 2 drives the
shaft center of the gear to shift to the right, and through the
action of the connecting rod, the follow-up valve core moves
to the left, increasing the cross section area of the valve port
of oil outlet no. 1, the section area of the valve port of oil
outlet no. 2 is reduced, so that the flow into hydraulic
cylinder no. 1 increases, the speed of hydraulic cylinder no. 1
increases, the flow into hydraulic cylinder no. 2 decreases,
and the speed of hydraulic cylinder no. 2 decreases, until the
two cylinders are of equal speed.

After the selection of hydraulic system components
and calculation of system pressure loss, AMESim sim-
ulation software is used to simulate designed hydraulic
system and explore whether the designed synchronous
hydraulic system with automatic deviation correction
can be established. )e model is set to two different
operating conditions, simulation time is set to 10 s, and

piston rod displacement is set to 80 mm.)e results show
that piston rod displacement of two cylinders can be
obtained. Displacement curve of two-way shunt servo
valve middle spool is acquired. )e system designed in
this paper can achieve synchronous displacement of two
cylinder piston rods. )ese rods have high synchroni-
zation, which meets the requirement of hydraulic ex-
pansion axial feed hydraulic system. When the same load
pressure is applied to both cylinders, displacement
curves of corresponding piston rods completely coin-
cide, and the displacement error is equal to 0 mm. When
different load pressures are applied to two cylinders, the
servo valve can adjust the flow via diversion port
according to valve core displacement. )erefore, the
displacement of two piston rods is consistent, and the
automatic deviation correction function is realized.
Hence, the system is successfully verified. )e system
model is shown in Figure 7.

In order to properly analyze automatic deviation cor-
rection hydraulic system designed in this paper, mathe-
matical modeling for hydraulic control system is carried out
in this section. )e block diagram of the hydraulic control
system is shown in Figure 8.

According to the above-establishedmathematical model,
the flow equation of the following slide valve is obtained:

qL � q1 + q2( , (1)

where qL is the load flow, L/min; q1 is the flow rate into
hydraulic cylinder no. 1, L/min; and q2 is the flow rate into
hydraulic cylinder no. 2, L/min.

According to fluid mechanics, valve orifice flow should
satisfy Bernoulli equation:

q1 � CdA1

���������
2 ps − p1( 

ρ



, (2)

where Cd is the throttle flow coefficient; ps is the oil supply
pressure, MPa; ρ is the oil density, kg/m3; A1 is the flow area
of the throttle port of hydraulic cylinder no. 1, m2; and p1 is
the right chamber pressure of hydraulic cylinder no. 1,
MPa.

q2 � CdA2

���������
2 ps − p2( 

ρ



, (3)

where A2 is the flow area of hydraulic cylinder throttle port
no. 2, m2, and p2 is the left chamber pressure of hydraulic
cylinder no. 2, MPa.

qL � CdA1

���������
2 ps − p1( 

ρ



+ CdA2

���������
2 ps − p2( 

ρ



. (4)

Equation (4) is linearized to obtain pressure-flow
characteristics near zero:

qL � kqxv − kcpL , (5)

where kq is the flow gain factor and kc is the flow pressure
coefficient.
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�
CdWxv
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2 pL − p1( 
+

CdWxv

��������������

(1/ρ) ps − p2( pL



2 pL − p2( 
,

(6)

wherepL is the load pressure, kN, and xv is the valve core
displacement, m.

Flow continuity equation of hydraulic cylinder is
established. It is assumed that the connecting pipe is rela-
tively short and thick, while pipe friction and pressure losses
in the pipe as well as its dynamic state are assumed to be
negligible. )e pressure values in all working cavities of the
hydraulic cylinder are equal, and the oil temperature and
volume elastic modulus are assumed to be constant. Both
internal and external hydraulic cylinder leakages are lami-
nar; i.e., the load flow is equal to

q1 � Ap

dxp1

dt
+ CippL +

V1

βe

dpL

dt
,

q2 � −Ap

dxp2

dt
+ CippL +

V2

βe

dpL

dt
,

qL � q1 + q2( ,

(7)

whereAp is the effective area of hydraulic cylinder piston
rod-free cavity, m2; xp1 is the displacement of hydraulic
cylinder piston rod no. 1, m; xp2 is the displacement of
hydraulic cylinder piston rod no. 2, m; Cip is the leakage
coefficient in hydraulic cylinder; V1 is the volume of hy-
draulic cylinder inlet chamber no. 1, m3; V2 is the volume of
hydraulic cylinder inlet chamber no. 2, m3; and βe is the
effective volume modulus of elasticity (including the me-
chanical flexibility of oil, connecting pipes, and cylinders).

Δxp � xp1 − xp2 , (8)

where Δxp is the transmission deviation, m.

Vt � V1 + V2, (9)

qL � Ap

dxp

dt
+ 2CippL +

Vt

βe

dpL

dt
, (10)

where Vt is the total compression volume, m3.
Based on the aforementioned relations, force balance

equation and load of hydraulic cylinder are established.
According to Newton’s second law, the balance equation of
the output force and the load force of hydraulic cylinder can
be obtained as follows:

AppL � mt

d2xp

dt
2 + Bp

dxp

dt
+ Kxp + FL, (11)

where mt is the total mass of the piston and the load
converted to the piston, kg; Bp is the viscous damping
coefficient of piston and load; K is the load spring stiffness;
and FL is any accidental load acting on the piston, kN.

Equations 5, (10), and (11) represent three basic equa-
tions of valve controlled hydraulic cylinder, which fully
describe dynamic characteristics of valve controlled hy-
draulic cylinder. Laplace transform of three equations can be
written as

QL � KqXv − KcPL,

QL � ApsXp + 2CipPL +
Vt

βe

sPL,

ApPL � mts
2ΔXp + BpsΔXp + KΔXp + FL.

(12)

If only instruction signal Xv is present, intermediate
variables QL and PL can be eliminated:

ΔXp �
Kq/Ap Xv − 1/A2

p  2Cip + Vt/βe( s + Kc FL

mtVtt/βeA
2
p  + 2mtCip/A

2
p  + 2mtKc/A

2
p  + BpVt/βeA

2
p  S

2
+ 2BpCip/A

2
p  + BpKc/A

2
p  + KVt/βe( A

2
p S + 2Cip + KC/A

2
p K

.

(13)

Most servo system loads consider inertia load as the main
objective, while elastic load can be assumed to be negligible due
to its minor effect. Since velocities ((2mtCip/A2

p)S,

(2BpCip/A2
p)S, (BpKc/A2

p)) generated by the leakage

coefficient (Cip) and viscous damping coefficient (Bp) in the
hydraulic cylinder are much smaller than the moving speed of
the piston, the above equation can be disregarded.WhenK� 0,
the transfer function can be simplified as

Advances in Materials Science and Engineering 7



ΔXp �
Kq/Ap Xv − 1/A2

p  2Cip + Vt/βe( s + Kc FL

S
2/ω2

0  + 2ξ/ω0( S + 1 S
.

(14)

When feedback gain Kf � 1/2 is added, the transfer
function for input instruction Xv can be written as

G(s) �
ΔXp

Xv

�
KqKf/Ap

S
2/ω2

0  + 2ξ/ω0( S + 1 S
.

(15)

Once known parameters are inserted into the equation,
the following expression is obtained:

G(s) �
ΔXp

Xv

�
39.48

S
2/2212  +(0.4/221)S + 1 S

.

(16)

Equation (16) is loaded into Simulink environment to
obtain the simulation model shown in Figure 9. Step re-
sponse curve of the system is finally obtained (Figure 10.)

When the step signal is acting as the input signal, the
system reaches a stable state at approximately 0.2 s without
overshoot. It can be concluded that the output signal is
consistent with the input signal; i.e., the performance is
satisfactory.

4. Automobile TorsionBeamHydraulicBulging
Simulation Based on DYNAFORM

4.1. Simulation of Hydraulic Bulging Torsion Beam.
Typical process of torsion beam manufacturing is stamping.
In this paper, in order to improve the end forming condition
of parts and quality of the final product, traditional stamping
is improved. Furthermore, the end shaping is simultaneously
carried out during the stamping process. Movement mode of
the preform die is as follows: during the downward process
of the upper die, the plug at both ends is fed 415mm axially
for shaping purposes until the die is fully closed. )e pre-
form model is designed according to the requirements and
shown in Figure 11.

First, CATIA software is employed to establish the se-
lected pipe blank model, whose size is
∅104mm × 1290mm × 3mm. )en, the model is imported
into DYNAFORM for meshing with prebuilt IGS files of
punch, matrix, and plug surface. DP780 high-strength steel
is selected as the material. Since die and plug can be regarded
as rigid bodies, linear loading path is adopted. )e overall
simulation time is 0.02 s, and software default trapezoidal
loading path is adopted for the mold closing speed.)emold
closing is completed at 0∼0.02 s descending from the upper
die, and the axial displacement of the plug is equal to 415mm
during 0∼0.01 s timespan.

As shown in Figures 12 and 13, no wrinkling and
cracking occurred during the preforming process.

Maximum thinning rate of parts is equal to 7.889%, while
maximum thickening rate is equal to 16.188%, both of which
are within a reasonable range. Maximum thinning rate is
located at the junction of the middle V-shaped zone and the
transition zone, which occurs because this is the place where
the tube body first gets in contact with the punch, thus
altering the shape most significantly. )is is in accordance
with the actual situation. )e maximum thickening position
is at the junction of the transition area and the port area.)is
is due to the cross section shape of this area being relatively
complex, which makes it easy for material to accumulate.
Torsion beam can be flattened by later applying internal
pressure via liquid, which is in accordance with the actual
processing situation. )erefore, it can be concluded that
torsion beam performance is adequate.

4.2. Simulation of Torsion Beam Hydraulic Bulging.
According to the mold design, mold cavity of hydraulic
bulging is consistent with the final part. First, IGS files of
each die surface modeled by CATIA are imported into
DYNAFORM and meshed. Simultaneously, the dynain file
(the forming results with stress and strain) of preformed
tube blank is imported. After establishing the finite element
model, simulation parameters are added. According to the
results of the torsion beam structure design, high-strength
steel material denoted as DP780 is employed. Initial yield
pressure and integral pressure are calculated as reference
values. Since the integral pressure is approximately equal to
1/10∼1/4 of the material yield strength [12], the support
pressure is obtained as 31MPa for the comprehensive
preforming of the torsion beam. Integral pressure is equal to
180MPa. Friction coefficient is 0.125, and the loading time is
defined as 0.02 s.

)e entire molding process is also divided into two
stages. )e first stage, feeding pressure stage, lasts for 0.01 s.
)en, the bulging stage occurs and lasts for 0.01∼0.02 s. )e
results indicate that the feeding amount behaves as linear
loading, with the ideal feeding amount being a minimum of
30mm. )e internal pressure is equal to 0∼0.01 s, while a
certain amount of bulging is carried out along the linear
loading path. )e internal pressure is 180MPa in
0.01∼0.015 s range, followed by the pressure maintaining
molding which is carried out in 0.015∼0.02 s range. )is, in
turn, improves the molding effect. )e molding effect is
shown in Figure 14.

In Figure 15, distribution of torsion beam wall thickness
reduction rate after forming according to the above loading
path is shown. For the convenience of discussion, four
characteristic areas, A, B, C, and D, are marked in the figure
[13]. Overall, the simulation results of torsion beam hy-
draulic bulging are good and meet the actual processing
needs.

Areas A and D at the side edge of the end represent main
thickness reduction areas. Area A is located in the contact
area between both ends of the plug and the tube billet, where
the material has relatively large fluidity. Moreover, high-
pressure liquid at the end accelerates wall thickness thinning.
Maximum thickness reduction appears in D region. )is is

8 Advances in Materials Science and Engineering



because the area is the contact area between the first punch
and preforming parts. At the border of V-shaped area and
transition area, mold clamping shape changes significantly.
Axial and circular tensile stresses cause wall thickness re-
duction. More specifically, the minimum value of wall
thickness is equal to 2.713mm with the corresponding
maximum thinning rate of 9.577%.

Transition section B represents main thickening area,
which is caused by excessive hoop expansion during mold
closing, thus resulting in hoop compression. Maximum B
area wall thickness is 3.527mm, which corresponds to a
maximum thickening rate of 17.574% and a maximum wall
thickness difference of 0.814mm. Compared with pre-
forming results, it is found that the change is very small. )is

can be attributed to irregularity of area shape. When
compared with other areas, cross-sectional shape change is
relatively small. )is area has been adequately formed in the
early stage, and the later hydraulic bulging only improves the
film precision of the fillet part.

5. OptimizationofProcessParametersBasedon
Orthogonal Experimental Design and
Taguchi Algorithm

5.1. Orthogonal Experiment and Evaluation Index of Torsion
Beam Hydraulic Bulging. In the process of automobile
torsion beam hydraulic bulging, many factors affect the
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Figure 9: Simulation diagram of hydraulic synchronous system transfer function.
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Figure 10: Step response curve of hydraulic synchronous system.

Figure 11: Preforming process scheme diagram.
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forming quality of the final product, such as the selection of
the initial pipe diameter, the loading path of internal
pressure, and the feeding quantity. Based on the cost ef-
fectiveness, experimental research on these factors and levels
cannot be carried out individually. In this paper, the or-
thogonal experiment method is applied to hydraulic bulging
of torsion beam. According to the orthogonal table, rep-
resentative simulated verification process parameter com-
bination is selected.

Based on previous discussion and results, wall thickness
change is considered as one of the main factors affecting the
product surface quality and assembly accuracy. If the
thickness of each product part changes beyond the allowable
range, wrinkling, warping, and rupture defects can occur.

)is, in turn, affects the forming quality of the parts.
)erefore, maximum thinning and maximum thickening
rates are selected as evaluation indexes in this paper.

5.2. Orthogonal Experimental Table and Analysis of Results.
In this paper, four process parameters are selected as ex-
perimental level factors: supporting pressure, molding
pressure, friction coefficient, and feeding quality. In order to
ensure the experimental effect, the range of process pa-
rameters should be as large as possible [14]. By assuming
negligible interaction between process parameters, four
levels are evenly selected, and design level factors are shown
in Table 2.

PART: CP
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Figure 12: FLD of torsion beam preform.
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Figure 13: Nephogram of torsion beam wall thinning rate.
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Level factors are input into the orthogonal table to
generate 16 groups of process parameter combinations.
)ese data groups are, respectively, simulated and analyzed,
and corresponding maximum thinning rate and maximum
thickening rate are obtained, as shown in Table 3.

In the orthogonal table, if one wishes to obtain the index
value at the j − th level of column i, average number Rij of
the sum of the experimental indexes in this column can be

used, where i � 1, 2, 3, 4,..., p and j � 1, 2, 3, 4, . . ., m. )e
index range Ri is as follows:

Ri � Rijmax − Rijmin , (17)

where Rijmaxis the maximum mean value of indicators at
different levels and Rijmin is the minimum mean value of
indicators at different levels.
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Figure 14: FLD of torsion beam hydraulic expansion.
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Figure 15: Nephogram of torsion beam hydraulic bulging wall thinning rate.

Table 2: Level factor setting table.

Level
Factor

A B C D
Supporting pressure (MPa) Molding pressure (MPa) Feeding quality (mm) Friction coefficient

1 20 150 25 0.075
2 40 180 30 0.1
3 60 210 35 0.125
4 80 240 40 0.15
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By employing 17, range of maximum thinning rate
under different factor levels can be obtained, as shown in
Table 4.

Range presented in Table 4 reflects the influence rela-
tionship of maximum thinning rate at the factor level.
According to Table 4, friction coefficient has the greatest
influence on maximum thinning rate of automotive torsion
beam hydraulic bulging. )e influence degree of each factor
on the index is as follows: friction coefficient>molding
pressure> supporting pressure> feeding quality. Material
thickness reduction is a process of mutual restriction by
many factors. According to the above obtained range
analysis, the combination should be selected as A1B1C2D4.
)emolding effect is shown in Figure 16. In other words, the
supporting pressure is 20MPa, the molding pressure is
150MPa, the feeding rate is 30mm, and the friction coef-
ficient is 0.15. DYNAFORM simulation analysis results are
shown in Figure 17. Maximum thinning rate of parts is
8.591%, maximum thickening rate is 16.579%, and maxi-
mum thinning rate reaches the minimum. )e results are in
accordance with the range analysis.

Next, maximum thickening rate is analyzed. It is
observed that maximum thickening rate has a greater
impact on parts. If the maximum product thickening
amount is large enough, it may lead to wrinkling defects
of the torsion beam and consequently inability to as-
semble the product. )e range of maximum thickening
rate under different factor levels can be obtained as shown
in Table 5.

)e analysis shows that the molding pressure has a
significant influence on maximum thickening rate of the
product. Influence degree of four factors can be classified as
follows: molding pressure> friction coefficient> supporting
pressure> feeding quality. )e optimal parameter combi-
nation obtained by range analysis is A2B1C2D1, molding
effect is shown in Figure 18, supporting pressure is 40MPa,
molding pressure is 150MPa, feeding quality is 30mm, and
friction coefficient simulated by DYNAFORM is 0.075. As
shown in Figure 19, maximum thinning rate is 9.848%,
maximum thickening rate is 16.504%, and maximum
thickening rate reaches the minimum. )e results are in line
with the conducted range analysis.

5.3. Torsion BeamHydraulic Bulging Parameter Optimization
Based on Taguchi Algorithm. Many evaluation indexes are
employed for hydraulic bulging quality of an automobile
torsion beam. In this paper, maximum thinning rate and
maximum thickening rate are selected as forming evaluation
indexes. However, by assuming negligible simultaneous
influence of two evaluation indexes on parts range analysis,
orthogonal experiment is employed to investigate two
evaluation indexes. )erefore, Taguchi algorithm is utilized
to combine them by weight coefficient into an evaluation
index Y for comprehensive analysis [15]. Proportions of
maximum thinning rate and maximum thickening rate of
wall thickness before and after molding are set to 50% [16].
As shown in Table 6, supporting pressure, molding pressure,

Table 3: Experimental design and results.

Test number
Factor Indicator

A B C D Maximum thinning rate Maximum thickening rate
1 20 150 25 0.075 9.01 16.52
2 20 180 30 0.1 9.53 17.52
3 20 210 35 0.125 8.79 19
4 20 240 40 0.15 9.01 20.89
5 40 210 40 0.075 9.53 18.79
6 40 240 35 0.1 10.7 20.42
7 40 150 30 0.125 8.77 16.58
8 40 180 25 0.15 8.62 17.56
9 60 240 30 0.075 9.45 20.18
10 60 210 25 0.1 10.07 18.91
11 60 180 40 0.125 9.61 17.66
12 60 150 35 0.15 8.76 16.64
13 80 180 35 0.075 9.58 17.6
14 80 150 40 0.1 9.59 16.54
15 80 240 25 0.125 9.91 20.8
16 80 210 30 0.15 8.72 19.26

Table 4: Range analysis table of maximum thinning rate.

Level A B C D
Mean 1 9.085 9.033 9.403 9.393
Mean 2 9.405 9.335 9.118 9.973
Mean 3 9.473 9.278 9.458 9.270
Mean 4 9.450 9.768 9.435 8.778
Range 0.365 0.735 0.340 1.195
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Figure 17: Nephogram of thinning rate of A1B1C2D4 combination.
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Figure 16: FLD of A1B1C2D4 combination.

Table 5: Range analysis table of maximum thickening rate.

Level A B C D
Mean 1 18.483 16.570 18.448 18.273
Mean 2 18.338 17.585 18.385 18.348
Mean 3 18.348 18.990 18.415 18.510
Mean 4 18.550 20.573 18.470 18.588
Range 0.213 4.003 0.085 0.315
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Figure 19: Nephogram of thinning rate of A2B1C2D1 combination.

Table 6: Level factor setting table.

Level
Factor

A supporting pressure (MPa) B molding pressure (MPa) C feeding quality (mm) D friction coefficient
1 20 150 25 0.075
2 40 180 30 0.1
3 60 210 35 0.125
4 80 240 40 0.15

1.00

0.80

0.60

0.40

0.20

0.00
–0.50 –0.30 –0.10

PART: BLANK009

0.500.300.10

Figure 18: FLD of A2B1C2D1 combination.
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feeding quality, and friction coefficient are selected as
controllable factors of the level table, and four levels are
selected for each factor.

Level factors are input into the orthogonal Table 7, and
16 groups of process parameter combinations are generated.

Signal-to-noise ratio is the ratio between signal and
noise. Types of signal-to-noise ratios are different according
to various experimental optimization objectives. For hy-
draulic bulging process considered in this paper, numerical
evaluation index is expected to be as small as possible within
a reasonable range. )us, signal-to-noise ratio η is chosen as

η � −10 log10
1
n



n

j�1
S
2
j

⎛⎝ ⎞⎠. (18)

)e expected minimum value of maximum thinning
ratio is set as Y1, and SNR is set as η1. )e expected min-
imum value of maximum thickening ratio is set as Y2, and
SNR is set as η2. Hence, the comprehensive SNR is

η � 0.5η1 + 0.5η2( . (19)

Equation (19) is used to calculate signal-to-noise ratio,
and the results are shown in Table 8.

According to direct observation, the first group has the
largest comprehensive signal-to-noise ratio and the best
molding condition. Combination of process parameters can
be obtained as A1B1C1D1.

Finally, SNR calculation results are analyzed: In the first
step, sum of SNR is found, which is expressed as T [17]. In
the second step, sum and average value of SNR of each factor
and each level is found. In the third step, range of each
column is obtained, which is expressed as R. In the fourth
step, sum of total fluctuation squares of SNR is acquired,
which is expressed as ST. Finally, in step five, sum of SNR
square fluctuations of each factor is found, which is, re-
spectively, expressed as S1, S2, S3, S4. )e results are pre-
sented in Table 9.

In the sixth step, variance is analyzed. )e results are
presented in Table 10.

Table 7: Orthogonal inner table.

Test number
Factor Indicator

A B C D Maximum thinning rate Maximum thickening rate
1 20 150 25 0.075 9.01 16.52
2 20 180 30 0.1 9.53 17.52
3 20 210 35 0.125 8.79 19
4 20 240 40 0.15 9.01 20.89
5 40 210 40 0.075 9.53 18.79
6 40 240 35 0.1 10.7 20.42
7 40 150 30 0.125 8.77 16.58
8 40 180 25 0.15 8.62 17.56
9 60 240 30 0.075 9.45 20.18
10 60 210 25 0.1 10.07 18.91
11 60 180 40 0.125 9.61 17.66
12 60 150 35 0.15 8.76 16.64
13 80 180 35 0.075 9.58 17.6
14 80 150 40 0.1 9.59 16.54
15 80 240 25 0.125 9.91 20.8
16 80 210 30 0.15 8.72 19.26

Table 8: SNR calculation results table.

Test number η1 η2 η

1 −19.0945 −24.3602 −21.7273
2 −19.3450 −24.6229 −21.9840
3 −19.1954 −24.9640 −22.0797
4 −19.1704 −25.3695 −22.2700
5 −19.2559 −25.3916 −22.3237
6 −19.5082 −25.5374 −22.5228
7 −19.4213 −25.3911 −22.4062
8 −19.3385 −25.3316 −22.3350
9 −19.3577 −25.4238 −22.3908
10 −19.4334 −25.4349 −22.4341
11 −19.4539 −25.3922 −22.4231
12 −19.4067 −25.3192 −22.3629
13 −19.4241 −25.2891 −22.3566
14 −19.4396 −25.2295 −22.3346
15 −19.4734 −25.3149 −22.3942
16 −19.4348 −25.3395 −22.3872

Table 9: Variance data table.

A B C D
T1 −88.0610 −88.8310 −88.8907 −88.7984 T� −365.7321
T2 −89.5877 −89.0986 −89.1681 −89.2755 ST � 0.6058
T3 −89.6109 −89.2247 −89.3220 −89.3031
T4 −89.4724 −89.5777 −89.3513 −89.3551
t1 −22.0153 −22.2078 −22.2227 −22.1996
t2 −22.3969 −22.2747 −22.2920 −22.3189
t3 −22.4027 −22.3062 −22.3305 −22.3258
t4 −22.3681 −22.3944 −22.3378 −22.3388
Range
(R) 0.3875 0.1867 0.1151 0.1392

Wave
(S) 0.4224 0.0721 0.0333 0.0501
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Based on SNR variance analysis ratio, factor A has a
significant impact on quality fluctuation characteristics.
Factor A is considered a stable factor, while factors B, C, and
D are adjustable factors. For stable factors, the level is A1.
SNR values of maximum thickening ratio fraction of factors
B, C, and D are listed in Table 11.

As factors B, C, and D have minor influence on quality
fluctuation characteristics, maximum thinning rate can be
neglected, and parameters B, C, and D can be simply

adjusted to minimize the maximum thickening rate.
According to Table 11, optimal process parameter is
B1C1D1 when only maximum thickening rate is
considered.

As shown in Figures 20 and 21, final optimized com-
bination is A1B1C1D1, maximum thinning rate is 9.013%,
and maximum thickening rate is 16.523%. )ese results are
basically consistent with the optimized combination
A1B1C1D1 obtained via intuitive method.

Table 11: SNR response table.

Level
Factor

Molding pressure (MPa) Feeding quantity (mm) Friction coefficient
1 −100.3000 −100.4416 −100.4646
2 −100.6358 −100.7773 −100.8248
3 −101.1300 −101.1097 −101.0622
4 −102.6957 −101.3828 −101.3598
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Figure 20: FLD of A1B1C1D1 combination.

Table 10: Variance analysis table.

Source S f V F value R square
A 0.4224 3 0.1408 12.6737 0.1502
B 0.0721 3 0.0240 2.1641 0.0349
C 0.0333 3 0.0132
D 0.0501 3 0.0167 1.5042 0.0194
(e) (0.0333) (3) 0.0111
T 0.583 3
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6. Conclusions

(1) CATIA is used to design three-dimensional mod-
eling of tubular torsion beam, and corresponding
materials and initial tube blank are selected for the
processed products. )e forming process of parts is
determined, and calculation of relevant process
parameters in hydraulic bulging is completed.

(2) CATIA is used to design hydraulic bulging torsion
beam die. In addition, hydraulic synchronous
control system, which can automatically correct
deviation, is designed for synchronous cylinders on
both sides of the die. Synchronous displacement
curves of two cylinder piston rods under two dif-
ferent working conditions are obtained in AMESim.
When the same load pressure is applied to both
hydraulic cylinders, displacement curves of cylinder
piston rods are completely coincident, and the
corresponding displacement error is 0mm. )e
moving valve core is in the middle position. When
different load pressures are applied to cylinders, the
servo valve can adjust the flow at the diversion port
based on valve core displacement. )erefore, dis-
placement of two piston rods is kept consistent.
Hence, automatic deviation correction function of
hydraulic control system is successfully verified.
Mathematical model of hydraulic control system is
established, and system synchronization is verified
via Simulink.

(3) Maximum thinning rate and maximum thickening
rate are taken as forming evaluation indexes.
Simulation analysis of torque beam hydraulic
bulging process was completed via DYNAFORM.
Maximum thinning rate and maximum thickening

rate of preformed parts were 7.889% and 16.188%,
respectively. No wrinkle or flash defects were
observed. After hydraulic bulging, maximum
thinning rate and maximum thickening rate of
parts were 9.577% and 17.574%, respectively,
which were in the qualified range. )e forming
parts were divided into four regions, A, B, C, and
D. Wall thickness variation of each region was
analyzed.

(4) Process parameters of hydraulic bulging torsion
beam were optimized by employing Taguchi algo-
rithm, and accuracy of optimization results was
verified via DYNAFORM. Optimal molding pa-
rameters are as follows: supporting pressure is
20MPa, molding pressure is 150MPa, feeding
quantity is 25mm, friction coefficient is 0.075,
maximum thinning rate is 9.013%, and maximum
thickening rate is 16.523% [18–26].
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Figure 21: Nephogram of thinning rate of A1B1C1D1 combination.
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