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Abstract— Application of pulsating pressure is a new ance@ffe method to improve the
formability of the tube hydroforming process. Howevthe factors that cause this improvement
are still unclear. In this paper, the forming metdbm of pulsating free bulge hydroforming of
tubes is studied using both finite element simatatand experiment. The effects of oscillating
pressure on deformation behavior, thickness digioh, strain path and friction force are
examined. It is shown that for a constant prespath, the wall thickness decreases quickly up to
bursting; whereas for the pulsating pressure, thekiiess decreases gradually, and thus, local
thinning is prevented by oscillating internal (prags Formability is improved due to an increase
of the longitudinal compressive strain and betteinkling behavior. Small harmonic wrinkles
appear and are removed during the-pulsating prpo¢esge, by this mechanism bursting and
wrinkling are prevented, causing improvement ofrfability.
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1. INTRODUCTION

Tube hydroforming technology is an innovative mdtaiming process that is generally used to form
complex hollow parts from tubular specimens. Inergcyears, this process has grown due to its
capabilities in decreasing production costs andgtimizing production technology. In particularjsth
technique has attracted the attention of the autigmandustry due to the reduction in weight of
automotive parts [1].

In the hydroforming process, to manufacture a witt no defects and with the required dimensional
tolerances, proper application of the internal gues path is very important [2]. An effective pditin
improving the formability in this process is knoas pulsating pressure path [3]. For a monotonartiat
pressure, wrinkling and bursting are caused by Isaral large pressures, respectively; whereas these
defects are prevented by the oscillation of intepnassure in the pulsating hydroforming. In thisqess,
the internal pressure required to form the tulesdllated during the axial feeding.

During the last decades, finite element (FEM) satiohs of metal forming processes have become
important tools for designing and optimizing fedsiproduction processes [4, 5]. Mori et al. [6,h&\ve
simulated the axi-symmetric pulsating hydroformiofytubes by rigid-plastic finite element method.
Hama et al. [8] have exhibited the effectivenesshefoscillation of internal pressure on the foritigh
for an automotive part by the static explicit feglement method. The authors have studied thet effe
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oscillation of internal pressure on the formabiltyd geometrical accuracy of the products in tHegping
hydroforming process for T-shaped parts using aadya explicit finite element code [9]. The authors
have also proposed a new method to improve dieecerfilling in box-shaped tube hydroforming by
controlling wrinkling and under oscillation of imtel pressure [10].

Since the frequency of the ultrasonic vibratiomisch higher than the pulsating hydroforming, it is
likely that the latter may have a different meckamifor improving the formability as compared wittet
former [11]. The factors that improve the formalilin pulsating tube hydroforming are still uncleard
fundamental studies about these factors are schrdhis paper, the pulsating free bulging prodeas
been further studied by the three dimensional dyoaexplicit finite element method. Effects of
oscillating internal pressure on the deformatiohaweor, thickness distribution, strain path andtfon
force are examined. In addition, the results oitdirrlement simulation are compared with experigent
data.

2. EXPERIMENTATION

To examine the effect of pulsating pressure on rdedtion” behavior, free bulging experiments were
carried out. Figure 1 shows the tools and tube uséke experiments. A computer controlled hydmauli
machine was employed to generate the pressure glaths in Fig. 2. A water-oil emulsion was usedas
pressure media and machine oil was used as aanlbiitthe experiment.

The die-set shown in Fig. 1 was used to measurfittieon force in the hydroforming process. Since
it is not easy to measure the friction force oJkthee interfaces during the hydroforming, only thietion
force in the feeding zone of the tube was obtaifée. tooling is composed of the upper and lowes,die
the upper and lower punches, and the load-cell |ddc cell was used to measure friction force mfded
zone between the upper die and the tube. The-tupashed by the upper punch downward against the
lower punch. The punch force was also measuredgluhie experiments. The ram speed was set at 90
mm/min. The diameter, wall thickness and lengthhef mild steel tube were 38.4 mm, 1.1mm and 200
mm, respectively.

The pulsating and peak pressure paths shown in2FRigere set to examine the effect of oscillating
pressure during the hydroforming process. The fintpgpressure was oscillated from the mean pressure
(17.5 MPa) with an amplitude of 3 MPa and with egfrency of 0.67 cycles/mm. The peak pressure path
is a constant pressure equal to the maximum vdlpelsating pressure.
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Fig. 1. Tools and tube used for experiments Fig. 2. Two pressure paths used fpeament
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3. FE SIMULATION

To simulate the hydroforming process, ABAQUS expliode was used. As shown in Fig. 3, only half of
the tube was modelled due to symmetry and rigidsteeere assumed in the simulations. The penalty
contact approach was employed for the contact lestwilee tube and die. The position of the weld line
was considered to be on the symmetric plane, stsoian in the figure.

The tube and tools were meshed with 1200 3D shethents. The tube material data used in the
finite element simulation are given in Table 1. Thmv stress and r-value of the mild steel tubeever
measured by the tensile test. The flow stresseimbld line of the tube was also measured by thslée
test and used in the simulation as shown in Tabl&€h2 coefficient of frictiony, was approximately
0.015, and was calculated based on the experiraadtasing the Coulomb equatiqsF / Fy=F /(PXA).

In this equation P is the contact pressure (theageeinternal pressure), /A'is.the contact area(af¢he
feed zone between the tube and upper die), aadd-ky are the measured friction force and the normal
contact force between the tube and upper die atahee stroke, respectively.

The Hill's anisotropic yield criterion was emplay@ the finite element'simulation. The velocity of
the upper punch and the pressure paths were ddfimsetl on the experimental data. In this simulation
the mass-scaling approach was used in the expljgiamic finite element simulation to reduce the
computation time. The effect of mass-scale valughenkinetic energy was checked to ensure that the
kinetic energy is less than 5% of total strain gper

Table 1. Material properties of tube used Table 2. Material properties of tube weld line used
in the finite element simulation the finite element simulation
Young's modulus 210 GPe Yield stress 321 MPa
Poisson’s ratio 0.3 Flow stress 0=52%"MPa
Yield stres 28C MPe¢
Flow stress 0=51&"*MPa
Coefficient of friction 0.05
R-Value 1.6
Feeding

Weld lin

punch : Lower die

Fig. 3. Finite element model used for simulation

4. RESULTS AND DISCUSSION

a) Geometry

The geometries of the formed parts are shown in&idror the peak pressure (constant pressure)drou
bulging occurred during the process, while a fletge bulging appeared for the pulsating pressure.
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The deformation behavior of the tube at variousks&ts during the free bulge hydroforming is shown
in Fig. 5. It can be observed that while the tubéed, in each oscillation a few wrinkles appeaewthe
pressure is low; and when the pressure increasaskles disappear. This phenomenon is repeated for
each cycle during the pulsating hydroforming cagisinflat shape bulging. In other words, this small
growth of wrinkles for the pulsating hydroformingnot necessarily a defect, since these wrinklashea
removed by increasing the inner pressure in eacle ©f oscillation. It will be shown in the nextcsen
that this deformation behavior increases the foilityaby prevention of bursting.

The simulated cross-sectional shapes of the defbitoige for the peak and pulsating pressures are
compared with the experimental results in Figt & seen that the results are in close agreement.

(a) Pulsating (lDalR
Fig. 4. Deformed workpices

(@)

(b)

p=14.5 MPa p=17.5 MPa p=20.5 MPa

Fig. 5. Deformation behaviour of the tube at diéferstrokes during the pulsating
hydroforming process, (a) Experimental, (b) Simolat
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Fig. 6. Cross sections of the deformed tube fol5gexh, obtained from experiment and simulation
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b) Thickness distribution

Wall thickness distributions for pulsating tube hyfdrming obtained from FEM simulation and
experiment are shown in Fig. 7. It is seen thardselts are in good agreement.

Calculated wall thicknesses at the center of tharpsion versus stroke are compared with the
experimental ones in Fig. 8 for the peak and pugapressures. For the peak pressure, the thickness
decreases quickly up to bursting; whereas the wWadkness decreases gradually for the pulsating
pressure.
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Fig. 7. Wall thickness distribution of the tube the pulsating pressure
obtained from experiment and FE simulation
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Fig. 8. Variations in wall thickness at the cergéprotrusion
during hydroforming obtained from FE siatidn

c) Friction force and.contact pressure

Figure 9 illustrates the variations of friction ¢erin the feed zone for the two pressure pathdredgia
from experiments and FE simulations. In generatait be observed that, for the pulsating presshee,
friction force is not much smaller than that foe ttonstant pressure. On the other hand, the fiétices
obtained from simulations are smaller than the erpntal ones. This is mainly due to two reasons.
Firstly, in the evaluation of the coefficient ofdtion, a uniform contact pressure was consideoedHe
whole area of the feed zone. Figure 10 shows tlierded tube in the pulsating hydroforming. The
galling occurs near the top corner of the uppeladi¢ at the end of the feed zone, while there igafking
in the middle region of the feed zone. This medwas the contact between the tube and upper distis n
uniform. Thus it is likely that a small coefficienf friction has been obtained because a largetacbn
area has been assumed. Secondly, and more imibarthe contact pressure was approximated by the
internal pressure, leading to larger pressuresaasthaller friction coefficient as compared withuadt
ones.
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Fig. 9. Measured friction force by experiment fotgating and.constant pressure
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Fig. 10. Deformed tube and the selections of tnbeontact
with top and bottom ends of upper die

d) Strain distribution along the axial direction athe tube

In sheet metal forming, failures are related to mnaerial formability and these phenomena are
difficult to quantify since they depend on the mialeused and the stress and strain states impmséide
workpiece. Therefore, stress or strain states shde considered as key parameters to study the
deformation behavior of the tube. The simplest labé& method for the evaluation of sheet metal
formability is using the forming limit curves (FLCThese curves are commonly used to check whether
the strains exceed the material’s forming capagitynot. FLCs are mostly constructed from the data
obtained by several experiments with differentdinstrain paths. Since formability is strongly degent
on the deformation history, experimental deternmiimabf the FLCs is difficult. Therefore in practjce
FLCs are often determined from analytical expressiar from FE simulations.

In this study, FLCs are used to examine the effégiulsating pressure in the free bulge hydrofognin
process. Figure 11 shows the majg) @nd minor §,) strains of the bulged tubes obtained from the FE
simulation. The forming limit diagram obtained bgfR[12] for an STKM-11A tube, is also shown in the
diagram. It is found that the major strains ocaygmear the center of the tube for the pulsatirgsurre
are smaller than those for the peak pressure.

e) Strain path

To see the effect of the pulsating pressure ordéfiermation process, strain path at the centehef t
deformed tube is studied by the finite element wethThe results are compared for the pulsating and
constant peak pressures in Fig. 12.

It can be observed that for the pulsating pressiarggitudinal compressive strain is more than
constant pressure. This means that better endnigetdin be performed, and as a result, the thinning
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decreased as shown in Fig. 8. In other words, Iprorement of axial feeding, longitudinal compressiv
strain increases, which can increase the tubethiakness.
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Fig. 11. Strain distribution along the axial diieatof tube obtained
from finite element simulation
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Fig. 12. Strain paths on the center of deformed tub

5. CONCLUSION

In this paper, the effect of pulsating pressurefrae bulging tube hydroforming was studied, both
numerically and experimentally. The value of cagéfint of friction was measured experimentally and
modified by the finite element simulation. Basedtba modified value of friction coefficient, variahs

of friction force, thickness distribution and gedmgeof the formed part were calculated and companed
the experimental results. It is shown that theltesue in good agreement.

It is also shown that the wall thickness of theetd®creases gradually for the pulsating pressure;
whereas for the same non-pulsating peak presstine tha wall thickness decreases more quickly up to
bursting, due to different bulging deformation aigrithe hydroforming process. In addition, the effafc
pulsating pressure on the strain path of the tdmec was studied by the finite element methodvds
found that the bursting can be postponed by pulgatressure, due to the increase of the longitlidina

compressive strain. The increase of longitudinahpe@ssive strain was achieved by the improvement of
the material end feeding.
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