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ABSTRACT

Advanced high strength steels are the group of material with high strength and good formability, because high strength
lesser gauge thickness can be used without compromising the function of component. In terms of economic forming
process, hydroforming is the manufacturing option which uses a fluid medium to form a component by using high in-
ternal pressure. This process gained steep interest in the automotive and aerospace industries because of its many ad-
vantages such as part consolidation, good quality of the formed part etc. The main advantage is that the uniform pres-
sure can be transferred to whole projected part at the same time. Low pressure tube hydroforming considered an inex-
pensive option for forming these advanced high strength steel. This paper investigates the pressurization system used
during the low pressure tube hydroforming cycle. It is observed that the usage of ramp pressure cycle during forming
the part from low pressure tube hydroforming results in lesser die holding force. Also, the stress, strain and thickness
distribution of the part during low pressure tube hydroforming are critically analysed.
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1. Introduction

Stamping industries aim to minimize the costs and opti-
mize of its products concerning weight, strength charac-
teristics and rigidity. Seeking for alternative production a
process, hydroforming—the manufacture of hollow bod-
ies with complex geometries by means of fluid pres-
sure—has been shown to offer an interesting technical
and economic potential to sheet metal manufacturers.
The achievement of beneficial component characteristics
using this process is only possible where component and
process configurations are selected by considering the
overall system design [1]. Hydroforming technology can
achieve weight reduction of about 30% in comparison to
conventionally manufactured components [2]. At the
least, reducing masses improves the fuel consumption.
Hydroforming is coming as an effective manufacturing
process, because it can be applied to the manufacturing
of complex structural components into a single body with
high structural stiffness. Tube hydroforming has been
successfully developed in industry such as in the manu-
facturing of the components of automotive vehicles [3].
In fact tube hydroforming is called as a soft-punch form-
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ing technology [4]. Steel tube has excellent strength to
weight ratio and therefore its applications can effectively
reduce vehicle weight and improve vehicle stiffness.
Other potential advantages are improved dimensional
control and reduced cost, both of which are partially due
to part consolidation and a large reduction in the welding
of stampings to create closed sections [5].

Apart from many advantages, hydroforming has a
main disadvantage that it requires high capacity me-
chanical press and high pressurization system. There are
three pressurization systems which are used commonly
for hydroformed products. In low pressure hydroform-
ing, pressure specified below 83 MPa, hydroformed sec-
tion length of line stays almost the same as the circum-
ference of the blank tube. This process is mostly like tube
crushing. The range of the pressures used in high pres-
sure hydroforming is generally 83 MPa to 414 MPa.
Higher pressures allow the hydroformed section length of
line to be expanded up to the limit allowed by material’s
plastic elongation. Any surface deformation or wrinkles,
which can occur during the die closing stage, is pressed
out under the high pressures. Multipressure hydroform-
ing process with calibration pressures in the range of 69
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to 173 MPa appears to be suitable for most automotive
chassis and body structure applications. These pressures
also achieve good quality pierced holes. This process is
popularly known as pressure sequence hydroforming [6].

Several researches focused on the improvement of the
quality of product by applying different pressurization
system. Occurrence of local thinning and wrinkling was
prevented by oscillating the internal pressure in the pul-
sating hydroforming. Because of oscillations of internal
pressure, a uniform expansion in the bulging region was
obtained, and thus the formability was improved by pre-
venting the local thinning [7]. Biaxial test was used for cali-
brating and validating numerical material and friction
models. At instability no additional pressure is required
to increase the radius of tube [8]. Nikhare and Narasim-
han [9,10] numerically evaluated that the forming limit
strains during tube hydroforming is higher than the con-
ventional stamping process and as the prestrain of tube
increases, limit strain decreases, with the application of
high pressure. Asnafi and Skogsgardh [11] proposed
stroke controlled hydroforming and forming limit curve
of tube material by experiment and simulation. Jain and
Wang [12] offered dual pressure tube hydroforming
process in which the plastic instability is delayed and the
ductility of the metal is increased. Smith, Ganeshmurthy
and Alladi [13] presented tube hydroforming dou-
ble-sided high pressure (DSHP) boundary condition
which increased formability relative to that observed for
the traditional single-sided high pressure (SSHP).

The concept of sequenced forming pressure is pro-
posed to reduce the thickness variation of the product and
the forming pressure [14]. The maximum internal pres-
sure and maximum crushing force needed in the crushing
processes combined with preforming and hydroforming
are only about 5% and 7%, respectively, of those in the
expansion test. Also, the thickness distributions of the
formed products obtained by the crushing processes are
much more uniform than those by the hydraulic expan-
sion test [15]. The internal pressure and crushing force
needed for the crushing processes are only about 1/40
and 1/27 than that of expansion process in regular trian-
gular die [16]. Similar study performed by Nikhare et al.
[17,18] on the simple square shape geometry during low
pressure tube hydroforming and found that only 6% of
internal pressure and almost 50% of die closing force
was enough to form the component than the high pres-
sure tube hydroforming [19]. Admittedly plastic flow
pattern and thickness distribution of the tube had been
studied; however comparison of different pressurization
system during low pressure tube hydroforming is not yet
performed. Also effect of different pressurization system
on stress, strain and thickness distribution during low
pressure tube hydroforming process is the part of rese-
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arch question.

In this paper, ramp and constant pressure are applied
during low pressure tube hydroforming. Ramp pressure
is allowed to linearly vary to the desired pressure with
respect to time until the tube is completely formed. Con-
stant pressure is constant to a desired pressure through
out the process until the tube forms completely. Com-
parison of ramp and constant pressure during low pres-
sure tube hydroforming process is done. Die closing
force required to form the tube is predicted. Stress, strain
and thickness distribution are also analysed.

2. Material and Methodology
2.1. Material

The steel investigated during simulation of low pressure
tube hydroforming was a 2 mm thick commercial TRIP
(780 grade). The true stress strain curve used for simula-
tion is shown in Figure 1 and the mechanical properties
are in Table 1.

2.2. Methodology

The methodology adopted to investigate the difference
between ramp and constant pressurization system, low
pressure tube hydroforming with square and round corner
die was modelled. The die filling conditions in both the
cases were analysed. The die closing force, stress and
thickness distribution were compared for both processes.

2.2.1. Low Pressure Tube Hydroforming

In low pressure tube hydroforming, a tube is formed into
the desired shape using low fluid pressure. For this, the
tube is placed between the upper and lower die. During
forming the lower die is fixed; while the upper die moves
down and forms the pressurized tube into the desired
shape. A schematic view of the low pressure hydroform-
ing process is shown in Figure 2.

1200

True stress (Mpa)
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True strain (%

Figure 1. Truestress-strain curve determined in tensile tests
for TRIP steel.
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Figure 2. Preform tube and start of low pressure tube hy-
droforming.

Table 1. Mechanical propertiesof TRIP steel.

Designation Mechanical Properties
Yield Tensile Elongation
Strength ~ Strength {,;/ >k (MPa) n
(MPa)  (MPa) °
TRIP (780 grade) 550 1020 26 1365 0.2263

In this process, the hydroformed section length of line
stays approximately the same as the circumference of the
undeformed tube. Thus the perimeter of outer un-de-
formed tube must be same as that of the inner perimeter
of the die (Equation (1)) [19].

Perimeter of Final Product
= Perimeter of Initial tube for @)

low pressure hydroforming (JIxD)

1) Square corner die low pressure tube hydroforming

The square corner dies were used in this part of the
study. The outer diameter of the tube was 50 mm with 2
mm gauge thickness. The inner width of the die was
taken as 50 mm to fit the tube before forming. According
to the perimeter calculation (Equation (1)) the height of
the final part was 28.5 mm. Thus the upper die has to
move 21.5 mm down to form the tube.

2) Round corner die low pressure tube hydroforming

The round corner dies were used in this part. The ge-
ometry of the tube was same as in previous case. The
corner radius of die was considered as 6 mm. Therefore
from the perimeter calculation the height of the final part
was 32.66 mm. Thus the upper die has to make a stroke
of 17.34 mm down to form the tube.
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2.2.2. Numerical Modelling

The tube was assumed to be a circular cylinder for simu-
lation. Variations of wall thickness and material property
parameters around the circumference of the tube were
neglected. The wall thickness of the tube was taken to be
the average measured value of 2 mm and cylindrical
length is considered as Imm. The stress-strain data was
used to develop a constitutive model according to the
flow equation, ¢ = Ke".

The FE code ABAQUS/Explicit 6.5-1 version was
used for the simulation of low pressure tube hydroform-
ing. The dies were considered as a rigid body while tube
was a deformable body (Figure 3). CPE4R 4-node bilin-
ear plane strain quadrilateral elements were used. The
approximate element size for the tube was 1mm with a
curvature control of 0.1 and there were two layers of
elements in the thickness direction. The interaction be-
tween die and tube was surface to surface tangential
contact with coefficient of friction of 0.1. Radial expan-
sion and compression was allowed.

Internal pressure and upper die travel were applied
simultaneously. Four types of internal pressure curves
were used for low pressure tube hydroforming as shown
in Figures 4 and 5. The calculated results, for all end
conditions considered, are symmetrical to the mid-sec-
tion of the tube.
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Figure 3. Low pressure tube hydroforming model.
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Figure 4. Ramp and Ramp-Constant pressure curves for
low pressur e tube hydr ofor ming.
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3. Results and Discussion

Figure 6 shows the simulation results of low pressure
tube hydroforming for square corner die with ramp pres-
sure curve. With unpressurized condition the tubes
buckle which couldn’t be recovered. However, with the
pressure of 5 and 10 MPa tube buckling was in recover-
able state. The tube takes the complete shape of die with
the application of 15 MPa of internal pressure. Further
increase in pressure, reduces the corner radius of the tube;
but the reduction was not significant with respect to in-
ternal pressure and die closing force. Figure 7 explains
the direction of prediction of stress, strain and thickness
distribution for the symmetric halve tube.

As the pressure increases, stress, strain and bending
moment at the upper part, lower part, side wall and two
corners of tube are continuously increases which are
clear from Figures 8 and 9. Stress, strain and bending
moment (Figure 10) in the upper corner is more than in
the lower corner for internal pressure of 15 MPa. The
upper die moves down to form the tube and bending is
generated first in the upper corner. Thus the bending in
the upper corner is the combine effect of punch force,
material feeding and the internal pressure. But the bend-
ing in the lower corner is only because of slight material
feed plus the internal pressure.

The two corners are thickening than the other sections
of the tube as shown in Figure 11. The upper corner is
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Figure 5. Constant and Constant-Ramp pressur e curves for
low pressure tube hydroforming.
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Figure 6. Formed tubes from 0 to 100 MPa with Ramp
pressure curve.
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Figure 7. Formed halve tube giving the direction for predic-
tion of stress, strain and thickness.
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Figure 8. Halve tube stress distribution for 15, 50 and 100
M Pa with Ramp pressure curve.
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Figure 9. Halve tube strain distribution for 15, 50 and 100
M Pa with Ramp pressure curve.

Strain

thickening more than the lower corner due to more mate-
rials feed in the upper corner than the lower corner. The
side wall is also thickening with increase in pressure. As
the pressure increases the upper and lower wall is thins
and feeds the material towards the corners and side wall.
For 50 and 100 MPa the upper and lower part is thinning,
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but for 15 MPa, the whole tube almost thickening. All
graphs concluding the same remarks that 15 MPa is the
best internal pressure for the given geometry, and further
increase in the internal pressure seems unnecessary.
Figure 12 shows the holding force required at different
pressure. The die closing force is quadratically propor-
tional with respect to the internal pressure as the pro-
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Figure 10. Halve tube bending moment distribution for 15,
50 and 100 M Pa with Ramp pressure curve.
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Figure 11. Halve tube thickness distribution for 15, 50 and
100 M Pa with Ramp pressure curve.
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Figure 12. Force vs. pressure during low pressure tube hy-
droforming with Ramp pressurecurve.
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jected area during deformation increased continuously
and that increases the force suddenly at initial stage.

Figure 13 shows the simulation results of low pressure
tube hydroforming for square corner die with ramp and
constant pressure curve. The corner and wall filling con-
ditions are almost same for the ramp and constant pres-
sure curve, but the stress, strain and bending moment
distribution for the ramp pressure curve is lower than that
of constant pressure curve, shown in Figures 14-16. Fig-
ure 17 shows that the tube upper part, lower part and
side wall are thickening uniformly, while the two corners
are thickening more; but this is not the case with constant
pressure curve, the tube upper and lower part is thinning
while the side wall is thickening slightly and two corners
are thickening more. In constant pressure curve, pressure
first developed suddenly and later it is constant through-
out the process. So, the work done is instant in constant
pressure curve while it is linear in ramp. For 15 MPa of
internal ramp pressure curve the die closing force re-
quired more than the constant pressure curve, shown in
Figure18.

Figure 19 shows the simulation results of low pressure
tube hydroforming for round corner die with ramp, con-

Ramp Ramp Ramp
P =5MPa P = 10MPa P = 15MPa
@ i
Constant Constant Constant
P = 5MPa P = 10MPa P = 15MPa

Figure 13. Ramp and Constant pressure curve low pressure
tube hydroforming comparison for 5, 10 and 15 MPa with
square corner die.
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Figure 14. Halve tube stress distribution for 15 MPa with
Ramp and Constant pressur e curve with square corner die.
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Figure 15. Halve tube strain distribution for 15 MPa with
Ramp and Constant pressure curve with square corner die.
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Figure 16. Halve tube bending moment distribution for 15
MPa with Ramp and Constant pressure curve with square
corner die.
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Figure 17. Halve tube thickness distribution for 15 MPa
with Ramp and Constant pressure curve with square cor-
ner die.

stant, ramp-constant and constant-ramp pressure curve.
With 5 and 10 MPa the corners and walls are not filling
completely (region in eclipse) while with 15 MPa the
tube takes the complete shape in all the pressure curve
cases.

From Figures 20-22, it is clear that the end pressure
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Figure 18. Force vs. pressure for Ramp and Constant pres-
sure curve with square corner die.
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Figure 19. Ramp, Constant, Ramp-Constant and Constant-
Ramp pressure curve low pressure tube hydroforming
comparison for 5, 10 and 15 M Pa with round corner die.

curve is dominating. With pressure curves of ramp and
constant-ramp the stress, strain and bending moment
distribution is almost same and with pressure curves of
constant and ramp-constant the stress strain distribution
is similar. With the round corner dies the stress, strain
and bending moment, in the upper corner is less than in
lower corner, which is opposite case with the square
corner die as observed earlier. From the thickness distri-
bution, shown in Figure 23, it is observed that the tube is
thinning more in case of constant and ramp-constant
pressure curves.

The die closing force required with ramp and con-
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Figure 20. Halve tube stress distribution for 15 MPa with
Ramp, Constant, Ramp-Constant and Constant-Ramp
pressure curve with round corner die.
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Figure 21. Halve tube strain distribution for 15 MPa with
Ramp, Constant, Ramp-Constant and Constant-Ramp
pressure curve with round corner die.
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Figure 22. Halve tube bending moment distribution for 15
MPa with Ramp, Constant, Ramp-Constant and Constant-
Ramp pressure curvewith round corner die.

stant-ramp is much lower than the constant and ramp-
constant pressure curves (Figure 24). So the ramp or
constant-ramp curve must be the best option. Whereas, it
has been aforementioned that the end pressure curve was
the dominating factor, thus ramp pressure curve would be
the better option to form the part with less thinning and
die closing force.
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Figure 23. Halve tube thickness distribution for 15 MPa
with Ramp, Constant, Ramp-Constant and Constant-Ramp
pressure curvewith round corner die.
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Figure 24. Force vs. pressure for Ramp, Constant, Ramp-
Constant and Constant-Ramp pressure curve with round
corner die.

4. Conclusion

Low pressure tube hydroforming for the square and
round die corner is studied. Different simulations with
pressure curves such as ramp, constant, ramp-constant
and constant-ramp during low pressure tube hydroform-
ing are performed. With round die corner the buckling is
avoided completely. Comparisons of internal pressure,
die closing force, stress, strain and thickness of tube for
different pressure curves are analysed. The stress and
strain in the upper corner of the tube are more than in the
lower corner with the square corner dies, which are the
opposite case with round corner dies. The tube is thick-
ening more in the upper corner than in the lower corner.
With the ramp pressure curve the die closing force re-
quired much less and forming is smoothly done with
completely filling the side walls and corners. So the ramp
pressure would be the better option to form the tube dur-
ing low pressure tube hydroforming.
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