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Abstract

The mechanism of improvement of formability by the oscillation of internal pressure in a pulsating hydroforming process of tubes was
examined. Free bulging hydroforming experiments of mild steel tubes under oscillating and constant inner pressures were performed. For
a high constant pressure, a round bulge with local thinning was observed, whereas wrinkling occurred for a low constant pressure. The
occurrence of these defects was prevented by oscillating the internal pressure in the pulsating hydroforming. In the pulsating
hydroforming, a uniform expansion in the bulging region was obtained, and thus the formability was improved by preventing the local
thinning. It was found from an observation of deformation behaviour, using a video camera, that the tube is uniformly expanded by
repeating the appearance and disappearance of small wrinkling. The cause of the uniform expansion for the pulsating hydroforming was
also interpreted from the variation of stress components. In addition, a similar deference in deformation behaviour between the

oscillating and constant inner pressures was also obtained in finite element simulation.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

For the reduction in weight of automobiles, hollow
products are increasingly employed for automobile parts.
Since the bending stiffness of the hollow products is larger
than that of the solid products under the same weight, the
hollow products are effective in the reduction in weight.
The hydroforming of tubes is attractive in automobile
industry as a forming process of hollow products. In the
hydroforming process, the tube is bulged by the internal
pressure to be formed into a desired shape with dies. The
wall thickness of the tube is decreased by the bulging, and
thus this brings about the bursting of the tube. The
decrease in wall thickness is prevented by compressing the
tube in the axial direction simultaneously with the action of
the internal pressure. For the axial compression, the
wrinkling of the tube results from an excessively small
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pressure. The paths of internal pressure in the tube
hydroforming are a key to preventing the occurrence of
these defects. The finite element simulation has been
employed to determine the pressure paths [1-5].

For the forming of hollow products with a complex
shape, a pulsating hydroforming process of tubes has been
developed [6]. In this process, the internal pressure
necessary for the bulging of the tube is oscillated during
the hydroforming. The authors [7] have investigated the
improvement of the formability by means of the pulsating
hydroforming. Hama et al. [8] have simulated a pulsating
hydroforming process of a three-dimensional automotive
part by the finite eclement method. The deformation
behaviour of the tube in the hydroforming is greatly
influenced by the friction at the interface between the tube
and die [9]. Although the friction during forming is reduced
by ultrasonic vibration of dies [10], the friction in the
pulsating hydroforming has been hardly decreased by the
oscillation of internal pressure [11]. Since the frequency of
the ultrasonic vibration is much higher than that of the
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pulsating hydroforming, the pulsating hydroforming may
have a different mechanism for improving the formability
from the change in friction.

In the present study, a mechanism of improvement of
formability by the pulsating hydroforming was examined
from an observation of deformation behaviour. Results in
a free bulging hydroforming experiment for the oscillating
inner pressure were compared with those for constant
pressures.

2. Hydroforming procedure

Deformation behaviour of tubes during the hydroform-
ing was observed in a free bulging hydroforming experi-
ment of mild steel tubes. The free bulging hydroforming
having a bulging region in no contact with a die shown in
Fig. 1 was chosen to examine the effect of the oscillation
of internal pressure on the bulging behaviour. In this
experiment, the die set was installed in a screw driven type
universal testing machine, and the tube was compressed by
moving the upper punch downward with the universal
testing machine under the fixture of the lower punch. The
pressure was generated by a hydraulic pump and was
transmitted with a water-oil emulsion through the lower
punch. The outer diameter, wall thickness and length of the
tube were 38.1, 1.1 and 200 mm, respectively. Both sides in
contact with the upper and lower dies were lubricated with
a water-soluble press oil.

The path of internal pressure for the pulsating hydro-
forming shown in Fig. 2 is expressed by

p = Apsin2rnw(s — 1.5) + p,, (D

where Ap is the amplitude of the cycle of the pressure, w is
the number of cycles per unit punch stroke and s is the
stroke of the upper punch. The pulsating pressure was
oscillated from the base pressure py, and the oscillation
started from s = 1.5 mm. The tube was compressed under a
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Fig. 1. Tools used in free bulging hydroforming experiment of tube.
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Fig. 2. Oscillation of internal pressure in pulsating hydroforming of tube.

constant velocity of the upper punch of 1.5 mm/s, and thus
the path of axial force for the compression of the tube was
obtained as a result of the experiment. It is noted that the
tube continues to undergo plastic deformation during
the hydroforming due to the continuous compression in the
axial direction, i.e. the deformation is plastic even in the
drop of internal pressure of the oscillation.

3. Results of hydroforming experiment

The hydroformed tube for p, = 17.7MPa, Ap = 3 MPa,
® = 0.67c/mm in the pulsating pressure is compared with
those for the constant pressures in Fig. 3. The round bulge
and wrinkling occur for the high and low constant
pressures, respectively, whereas the uniform expansion
having an even top of the bulging region appears for the
pulsating pressure. The uniform expansion is hardly
observed in the conventional hydroforming processes.

The distributions of wall thickness strain in the bulging
region for the three pressure paths are shown in Fig. 4. The
wall thickness was measured without cutting the hydro-
formed tube by means of an ultrasonic instrument
corrected by a micrometre. For the high constant pressure,
the wall thickness in the centre of the bulging region
becomes small due to the tension, i.e. the local thinning,
and the wall thickness for the low constant pressure waves.
On the other hand, the wall thickness around the centre of
the bulging region uniformly decreases for the pulsating
pressure, and thus the formability is improved by the
uniform expansion without the local thinning.

The effect of the base pressure on the shape of the
bulging region for Ap =3MPa and o =0.67¢/mm in
the pulsating pressure is given in Fig. 5. The shape of the
bulging region was measured by means of a laser sensor.
The uniform expansion is obtained for p, = 17.7MPa,
whereas the round bulging and wrinkling occur for the high
and low base pressures, respectively. The pulsating hydro-
forming has an optimum base pressure for the uniform
expansion.
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Fig. 3. Hydroformed tubes obtained from experiment for three pressure
paths.
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Fig. 4. Distributions of wall thickness strain in bulging region for three
pressure paths (pulsating: p, = 17.7MPa, Ap = 3MPa, v = 0.67c/mm,
High constant: p, = 20.5 MPa, Low constant: p, = 17.7 MPa).
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Fig. 5. Effect of base pressure on shape of bulging region for Ap = 3 MPa
and w = 0.67c/mm in pulsating pressure.

The effect of the number of cycles on the shape of
bulging region for p, = 17.7MPa and Ap = 3MPa in the
pulsating pressure is shown in Fig. 6. Although the effect of
the number of cycles is smaller than that of the base
pressure, the decrease in the number tends to cause the
wrinkling.

The relationships between the curvature in the centre of
the bulging region and the base pressure for different
amplitudes of cycle of pressure are illustrated in Fig. 7. As
the curvature approaches 0, the centre of the bulging region
becomes even, i.e. the curvature within +0.01/mm is
equivalent to the even surface. The constant pressure
represented by Ap = 0MPa has no date of curvature
within +0.01/mm, and the curvatures within the limit are
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Fig. 6. Effect of number of cycles on shape of bulging region for p, =
17.7MPa and Ap = 3 MPa in pulsating pressure.
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Fig. 7. Relationships between curvature in centre of bulging region and
base pressure for different amplitudes of cycle.
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obtained for the pulsating pressure of Ap = 3 MPa.
Although it is difficult to observe the uniform expansion
in the conventional hydroforming due to the narrow range
of the pressure, the uniform expansion appears for the
pulsating hydroforming because of the wide range of the
base pressure.

4. Mechanism for improvement of formability
4.1. Deforming shape

In the pulsating hydroforming, the local thinning
is prevented by the uniform expansion, and thus the
formability is improved. Deformation behaviour of the
tube during the hydroforming was observed by means of a
video camera to examine a mechanism for exhibiting the
uniform expansion.

The deforming shape of the bulging region for
po = 177MPa, Ap =3MPa and o =0.67c/mm in the
pulsating pressure was shown in Fig. 8. The uniform
expansion having an even top of the bulging region grows.

The deforming shape of the bulging region for the high
constant pressure is given in Fig. 9. The round bulge grows
unlike the pulsating hydroforming shown in Fig. 8.

The relationship between the deforming shape of the
bulging region and the internal pressure for p, = 17.7 MPa,
Ap = 3MPa and w = 0.67c/mm in the pulsating pressure
is illustrated in Fig. 10. Although small wrinkling appears
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Fig. 8. Deforming shape of bulging region for p, = 17.7MPa, Ap =
3MPa and w = 0.67¢/mm in pulsating pressure.
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Fig. 9. Deforming shape of bulging region for high constant pressure.
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Fig. 10. Relationship between deforming shape of bulging region and
internal pressure for p, = 17.7MPa, Ap = 3MPa and w = 0.67c/mm in
pulsating hydroforming.

due to the decrease in pressure in Fig. 10(a), the wrinkling
disappears due the increase in pressure in Fig. 10(b). In the
pulsating hydroforming, the appearance and disappear-
ance of the small wrinkling are repeated under the
synchronisation with the change in pressure. The tube is
uniformly expanded by repeating the appearance and
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disappearance of the small wrinkling, and thus the local
thinning is prevented.

4.2. Variation of stress

The stress components in the bulging region of the tube
are influenced by the oscillation of internal pressure. Since
the radial stress in the bulging region is p and 0 at the inner
and outer surfaces, respectively, the average radial stress o,
is approximated by

o=-L. )

By assuming a thin tube, the hoop stress gy is expressed
by
r
o =" &)

where r and ¢ are approximated to be the average of the
initial inner and outer radii and the initial wall thickness,
respectively. The average axial stress o, is calculated by
F,
2nrt’

(4)

where F, is the axial force for the compression of the tube.
The axial force was obtained from the measured punch
force F, minus the force F; for the action of the inner
pressure inside the tube as shown in Fig. 11.

The oscillation of the axial force and internal pressure
during the pulsating hydroforming for p, = 17.7 MPa,
Ap = 3MPa and o = 0.67c/mm is illustrated in Fig. 11.
The axial force is synchronised with the internal pressure,
i.e. the axial force exhibits peaks at the minimum inner
pressures and the tendency for the maximum pressures is
opposite.

The oscillation of the stress components in the bulging
region calculated from Eqs. (2)-(4) during the pulsating
hydroforming for p, =17.7MPa, Ap =3MPa and o =
0.67c/mm is given in Fig. 12, where the positive and
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Fig. 11. Oscillation of axial force and internal pressure during pulsating
hydroforming for p, = 17.7MPa, Ap = 3MPa and ® = 0.67c/mm.
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Fig. 12. Oscillation of stress components calculated from Egs. (2)-(4)
during pulsating hydroforming for p, =17.7MPa, Ap =3MPa and
® = 0.67c/mm.
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Fig. 13. Cause of uniform expansion in pulsating hydroforming by change
in stress components.

negative signs denote tension and compression, respec-
tively. The absolute value of o, is negligibly small in
comparison with gy and o,. Since ¢y and o, are calculated
from the inner pressure in Eq. (3) and the axial force in
Eq. (4), respectively, op and o, are synchronised like
Fig. 11. This synchronisation of the stress components is
interpreted from plastic deformation of the tube. For a
plastically deforming tube, the stress components obey the
yield criterion. By substituting ¢, = 0 into the von Mises’
yield criterion, we have

G= \/%{(00—%)24-054‘0%} ®)

Although the equivalent stress & increases by the work
hardening with deformation during the hydroforming, the
increase in ¢ is comparatively small, and thus the left-hand
side of Eq. (5) approximately becomes constant. Eq. (5) is
rewritten by

const. = (o9 — 0,)* + 65 + Gf. (6)
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From the above equation, the difference between oy and
g, becomes almost constant during the oscillation. Since gy
is calculated from the internal pressure in Eq. (3), oy and o,
are oscillated synchronously with the internal pressure.

The cause of the uniform expansion in the pulsating
hydroforming is explained from the change in stress
components in Fig. 13. When the compressive o, and the
tensile gy are large and small, respectively, the small
wrinkling appears, and then the wrinkling disappears due
to the bulging for the small ¢, and the large oy. By
repeating this behaviour shown in Fig. 10, the uniform
expansion is obtained, and thus the formability is improved
by preventing the local thinning.
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Fig. 14. Deforming shapes of bulging region obtained from finite element
simulation for three pressure paths.

4.3. Finite element simulation

The effect of the oscillation of internal pressure was also
examined from the finite element simulation. In the
simulation, the rigid-plastic finite element method [12]
was employed, and axi-symmetric deformation was
assumed. The flow stress of the mild steel tube was
measured from the tensile test as o = 510¢”'> MPa. The
coefficient of friction for the die was 0.05.

The deforming shapes of the bulging region obtained
from the finite element simulation for the three pressure
paths are shown in Fig. 14. The uniform expansion is
obtained for the pulsating pressure, whereas the round
bulge and wrinkling occur for the high and low constant
pressures, respectively, as well as the experimental results
shown in Fig. 3.

4.4. Large bulging length

In the above-mentioned results, the ratio of the bulging
length to the diameter of the tube is 1.6. For a large bulging
length, the effect of the pulsating pressure was examined
from the experiment.

The formed tubes having a large bulging length obtained
from the experiment for the three pressure paths are
illustrated in Fig. 15, where the ratio of the bulging
length to the diameter of the tube is 4.0. Even for the
large bulging length, the uniform expansion was obtained
in the pulsating pressure, whereas the round bulge and
wrinkling occur for the high and low constant pressures,
respectively.

Uniform expansion Round bulgc Wrinkling

11

(a) Pulsating, (b) High constant, (c) Low constant,
po=18.6MPa, Ap=3MPa, Po=21.7MPa Po=18.6MPa
w=0.67¢/mm

Fig. 15. Formed tubes having large bulging length obtained from
experiment for three pressure paths (ratio of bulging length to diameter
of tube: 4.0).
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5. Conclusions

The pulsating hydroforming is attractive for the im-
provement of the formability of tubes. The uniform
expansion appearing in the pulsating hydroforming process
is very different from the round bulge in the conventional
hydroforming processes. The formability is largely im-
proved by the uniform expansion without local thinning.
Although the bulging region is not in contact with a die in
the free bulging dealt with in the present study, the
formability and shape accuracy of the products may
be influenced by the deformation undergone before
the contact with the die even in the die hydroforming
processes.
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