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Abstract: Researches and studies on hydroforming process, which is a method that is getting more and more popular
every day thanks to its many advantages in application, are ongoing. It is possible to pierce- the holes on a tube or
sheet hydroformed part using hydropiercing method after the forming operation. In this study, hydropiercing process
of a 304 stainless steel is simulated via the LS-Dyna in 2D axial symmetry model. In the simulations two types of
punch movement was investigated to determine the contribution to the burr formation. In the simulations, JonsonCook hardening and damage model were used to determine the initiation of the crack on the samples. As a result, the
burr formation can be eliminated by the two step movement of the punch through the piercing operation.

1 Introduction
Hydroforming is a material forming process that uses
pressurized fluid instead of traditional male and female
mold systems. The hydroforming process has begun to
be used extensively in recent years in geometries that are
particularly difficult to form [1, 2]. Although
hydroforming systems first applied in the 1890s, they
could not be used for many years due to the difficulty of
control. Especially in recent years, the method has
become widely used with the development of
computerized control systems, [3, 4]. Hydroforming
process has advantages such as higher drawing ratio,
better dimensional and surfaces quality, less springback
etc., also in this system, process steps can be reduced
considerably and the number of parts in multi-part
systems can be reduced [5].
In the hydroforming process, piercing can be
performed using pressurized fluid and punch instead of
conventional die and punch. This method is called as
hydropiercing.
Hydropiercing method has many
advantages such as low cost, dimensional accuracy and
low burr formations [6-8]. Wu et al. [9] reported that,
hydropiercing process is the best choice for piercing
holes when it comes to mass production of hydroformed
parts and curve axial parts.
In literature, some studies have been conducted to
hydropiercing process. Wu et al. [9] modeled the tube
hydropiercing process for different pressure values in six
different (Constant equivalent plastic strain criterion
(Strain Criterion), Cockcroft ve Latham [10], Brozzo [11,
12], Ayada [13], Generalized Plastic Work Per Unit
Volume (Freudenthal) [11, 12] ve Rice ve Tracey [14])

ductile fracture criteria using Abaqus Finite Element
Analysis (FEA). When they compared the experimental
results with FEA results, they observed that the best
similarity was obtained with the Rice and Tracey
criterion analysis at 60 MPa pressure. Hassannejadasl et
al. [15] investigate tube hydropiercing process and the
burrs formed after the piercing process on the part
surface numerically and experimentally. Numerical
studies were carried out to determine the burrs and
component surface quality by using different damage
criteria and the model performances were compared. In
that study, the Johnson Cook (JC) damage criterion [16],
constant equivalent plastic strain criterion, constant
equivalent plastic strain criterion with cut-off stress
triaxiality and the Gurson Tvergaard Needleman (GTN)
criterion [17] were used. They observed that the results
of JC, shear and constant equivalent plastic strain
criterion with cut-off stress triaxiality are very close to
the experimental study results. Liu et al. [18] 60 mm
diameter, 2 mm thick tube-shaped AISI 1020 steel
material pierced three different flange geometry punches
with hydropiercing-flanging method. They have
determined the effect of the geometry of the flange area
on the punch to the hole quality. They supported their
work with the numerical results they obtained. Numerical
studies used Abaqus finite element code, as ductile
fracture criterion, Race and Tracey criterion were used.
Shiomi et al. [8] studied sheet hydropiercing process
with different pressure values and hole diameters
experimentally and numerically. In the study, three
different types of piercing with different amounts of
movement of the punch were evaluated for the neck area
and the burrs formation. They determined that the punch
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push-recede method is the best method in terms of the
minimum burr formation. However, there is a limited
number of studies [8] on sheet hydropiercing.

In the current study, finite element simulation of the
hydropiercing process was carried for the 2D
axi-symmetric condition as depicted in Figure 1. as can
be seen from the figure three die system component was
used in the simulations. One of the component in the
design is the blank holder force, which is numbered as 1,
is used to hold the materials through punch movement
and 600 kN blank holder force was applied on the
material. Two kinds of punch movement was applied
through the simulations. In first case, the punch were
moved to down during the pressurizing of the system and
in the second case, the punch were moved to upward
about the sheet thickness and then was moved too
downward about three times of the sheet thickness. In the
simulations, 100 MPa pressure was applied to the
selected region of the sheets as depicted in Figure 1. The
sheet was meshed with different element density to
visualize the burr formation and reduce the computation
time. As can be seen from the figure, the piercing region
is meshed very fine and the 0.01 mm for the radial
direction and 0.007 mm for the normal direction were
chosen for this region. The other regions were meshed
with the triangular element form to reduce the total
amount of the elements. The element formulation
(ELFORM) was selected as 15 which is used for the
axi-symmetric modelling of the system. The contact
definition is one of the important parameter to avoid the
penetration between the tools and the sheet blank, and
AUTOMATIC SURFACE TO SURFACE was selected
in the simulations.

2 Modelling of hydropiercing process
2.1 Johnson-cook hardening model
One of the most commonly used material hardening
model in finite element simulations of the stamping
processes or cutting operation is the Johnson-Cook
hardening model which depends on the both temperature
and strain rate. The definition of the stress with respect to
the plastic strain, temperature and strain rate is given in
Equation (1). In the given equation A, B, C and m are the
material parameters, which are determined by fitting the
equation to the experimental stress strain data that are
obtained under different temperature and strain rates. In
addition, T* is the homolog temperature that is given in
Equation (2).
 =  + (̅ ) [1 + ln(̅̇ /̅̇ )](1 −  ∗ )
 ∗ = ( −  )/( −  )

(1)
(2)

2.2 Johnson-cook damage criteria
In this study, it is necessary to use a damage criteria in
finite element simulation modelling of the hyrdropiercing
method to determine the initiation of the crack and burr
formation. In the literature, the Johnson-Cook (JC)
damage criterion is frequently used for modelling of the
cutting and/or crack problems in machining and high
velocity crash simulations. This criterion is given in
Equation (3).
̅ = [ +  exp(− )][1 +  ln (̅̇ /̅̇ )](1 +   ∗ ) (3)

Figure 1.Finite Element Modeling of Hydropiercing Process

In Equation (1),  , ̅̇ and T* indicate triaxiality,
deformation rate and homologous temperature values
respectively, and D1 - D5 values shows material constants.
̅ indicates the amount of elongation at break of the
samples tensile test. The triaxiality can be calculated by
the ratio of the mean stresses to equivalent stress value.
In the study, the variation of the triaxiality with the given
deformation can be calculated by Equation (4).
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In Figure 2 (a, b), the special tensile test samples for
determining the Johnson-Cook hardening and damage
model parameters, are illustrated. The simple tensile test
samples were prepared according to the ASTM E8
standard and the other notched samples were chosen
according to reference [19] to obtain the different
amount of triaxiality on the samples and to determine the
effects on the stress-strain diagram. The samples were
prepared by water jet cutting system. The all tests were
carried out at Shimadzu Autograph 100kN tensile test
devise with a non-contact deformation measurement
system.

(4)

In Equation (4), ! represents the tensile component
measured in the pull direction and  represent efective
streess. Furthermore, R and y values indicate the notch
radius and the depth of notch depth varying with
deformation. Although the triaxiality vary with the given
deformation for the specimens, in the study initial
triaxiality (η) values of the samples are given in Table 1.
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Figure 2. (a) Schematic tensile test specimens, (b) Tensile test
specimens, (c) Tensile test setup

5 Results and discussion
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In Figure 3 (a-d), the tensile test results of the 304
stainless steel sheets have different amount of notch
radius were depicted in the engineering form. The strain
values were calculated for a constant 12.5 mm gauge
length. The tests were carried out at different strain rates
varied from 0.0016-0.33 s-1. As can be seen from the
figures, the rate sensitivity of the material can be
obviously seen from the differences of the stress values
at different strain rates. Besides the strain rate, the stress
values of the samples increase with decreasing the notch
radius. The variation of the yield strength with initial
triaxiality values were depicted in Figure 4 (a). Although
it has fluctuation at different triaxiality values, the
general trend has the increased form. In addition, the
variation of the yield strength with respect to the strain
rate is also depicted in the same figure. Similar to
triaxiality effect, the yield strength increase with the

500
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300

Figure 3. Average engineering stress-strain response of
uniaxial and notched tensile specimens (a) Uniaxial, (b) 20a, (c)
4a, (d) 1a
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Table 1. The calculated triaxiality values

R
62,5
12,5
3,125
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In the first step of the study, the initial triaxiality values
of the samples were tabulated in Table 1. As can be seen
from the table, the triaxiality which affect the formability
of the samples decrease with increasing the notch radius.
The simple tensile test samples have a triaxiality value of
0.33, the narrowest (a), 0.74 triaxiality value.
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strain rate. In the study, the failure strains were also
determined via the Equation 3. In the equation, the initial
and final cross sectional areas are used. The final cross
sections of the specimens were measured via the caliper
and the results were given in Figure 4 (b). s can be seen
from the figure the strain values at fracture point for both
triaxiality and strain rate decrease.
0

- = ln . 2 4
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Figure 5. Johnson-Cook hardening and damage model curves
fitted to experimental data
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As aforementioned before, the finite element
simulation of the hydropiercing method was analyzed for
a 304 stainless steel has 0.7 mm thick in 2D axial
symmetric condition. In the simulations, two different
piercing method which was related with punch
movement, was carried out to determine the performance
on eliminating of the burr formation. In the first case, the
punch is pulled directly down (Punch recede method),
while in the second case the punch is moved up and then
pulled down to obtain additional hardening on the
material (Punch push-recede method). The simulation
results were given in Figure 6 for both cases step by step
to compare the piercing stages. As can be seen from the
figure, a small indention was occurred on the sheet when
the punch move upwards. This can be assumed as the
initiation of the crack on the sheet cutting line. However,
this situation is not valid for the first case of the
simulation.
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Figure 4. Variation of yield stress for different triaxiality and
strain rates

The experimental results are then used to determine
the JC hardening and damage model parameters. First of
all the JC hardening model was fitted to experimental
stress strain data obtained for different strain rates. The
fitting performance of the model was plotted in Figure 5
(a) with experimental one. As can be seen from the
figure, although there are some over estimated points, the
general performance is acceptable for a finite element
simulation. Besides the hardening model, the JC damage
model’s performance was also evaluated. The fitting
results were depicted in Figure 5 (b) and model
parameters were tabulated in Table 2.
Table 2. JC hardening and damage model parameters

A (Mpa) B (Mpa)
n
205.578 1637.984 0.811
D1
D2
D3
0.53
0.5
-6.8

C
0.014
D4
-0.014

Punch

m
1
D5
0

Die

This method do not inlude
this stage.

4

Die

Punch
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This method do not inlude
this stage.

(b)
Figure 7. Burrr formation (a) Punch recede method (b)Punch
(b)P
ethod
push-recede method

6. Conclusion
In this study, the performance of hydro-piercing method
is evaluated in the view of the surface quality of the final
products. One of the important problem in such a
stamping processes, the burr formation is the key issue
since it limits a healthy installation. When we compared
the applied two methods in the view of the surface
quality of the sheets, it is clearly seen that the punch
push-recede method is the best choice for the burr
formation free is eliminated.
(a)

(b)
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