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Abstract

Hydroforming is a manufacturing process that uses a fluid medium to form a part by using high internal pressure. In tube hydroforming
(THF), a tubular blank is placed between two dies, sealed and filled by injecting pressurized water up to 1200 MPa into it, deforming its
walls and calibrating them to shape the die cavities. The advantages of the hydroforming over the traditional process are: (a) light weigh
constructions; (b) design flexibility increase, enable new shapes; (c) stiffness increase by using no welded tubular blanks; (d) welded assemb
elimination; (e) dimensional accuracy. The weight reduction obtaining by THF can be aided by further reduction trough lighter materials
selection. This paper aims to establish a basic understanding of the THF processing of aluminum and copper tubes. The THF is briefly reviewe
by carrying out an FEA of 2 THF processes. The first simulation case is the THF of a free aluminum tube without thrust feed force. The
second one is a study of THF calibration into a closed die. Finally, some preliminary results on the design and development of THF facility
as well as its control are presented with some experimental results, looking for a THF process window.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction In the first part of this work, it is analyzed a free expansion
tube hydroforming that does not regard any aspect of the

The tube hydroforming processes (THF) consist of a com- pressure applying pressure, once it did not regard the die

bined loading of compression forces (thrust and radial) as reactions forces. However, the attained pressure level could

well as an internal pressure (applied by a fluid media) in order be regarded as a HPH process. More details are discussed

to obtain tubular components with different cross-sections. in [4]. This paper aims under base of former works on sheet

THF is manufacturing process used mainly to produce low metal bulging[6,7], to begin a study both THF with radial

cost and lightweight components, maintaining their struc- loading on a free expansion without calibrating dies, as well

tural integrity, compared with traditional forming processes THF using calibrating die tool sets. In this sense, as a first

[1-11] Nowadays, two THF techniques outstand: the THF approach, itisintended to calibrate the software LS-DYNA as

with sequenced pressurization (PSH) and the high pressurewell as the numerical model and analysis, using own results

hydroforming (HPH). Both approaches were developed to and former results from the literatuf®,8].

make easier the THF of more complex parts, avoiding prob-

lems such as wrinkling, buckling and rupture. However the

name, emphasizing the pressure behavior difference, the tru€2. Free bulging THF

difference between the two techniques is not the way to apply

the pressure, but the way the tubular blank is positioned into  After [3], the theoretical pressure necessary to start the

the dies. The final pressure results of the mounted tool set. THF bulging process can be determined by the following

It should take care to do not make mess between the pres-expression:

sure level and the forming potential of the hydroformed part

oyt
aiming to obtain a perfect part. po = % (1)
* Corresponding author. whereoy is the yield stress of the tube matertdhe thickness
E-mail addressgilmar.batalha@poli.usp.br (G.F. Batalha). ofthe tube wall andthe average radius of the tube. The exper-
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Table 1 WIILELE S LHLICHE OIMAL AL
Tube blank model for the tube blank

Material AA6082-T4
Thicknesst (mm) 3.175
Average radius; (mm) 17.4625
Length,L (mm) 240
Density,p (g/cn?) 2.7

Young modulusg (GPa) 71

Poisson coefficieny 0,31
Strength factork (MPa) 550

Strain hardening exponert, 0.25

Yield stressg (MPa) 160

imental material use on this simulation is an aluminum alloy
AAB082-T4, already related 4¢]. Its mechanical properties
are resumed iffable 1 After the data irTable 1 it is deter-
mined for THF free bulging to be simulated in this work, a Fig. 1. FEM model.
pressureppg =29.1 MPa.

2.1. FEM model for the free bulge THF

For the free bulging THF simulation it was used the soft-
ware LS-DYNA for non-linear FEA12]. The die was mod-
eled with solid elements. The material model for the tubes was
the model 36 (MAT3-PARAMETER_BARLAT) with Lank-
ford parameter stated as 1, regarding an isotropic material
and exponential strain hardening law (Holomot} Ko".

The final model contains 258 nodes and 205 elements. It was
assumed a lubricated condition between the die and tube, by
using a Coulomb model, with friction coefficiept=0.05.
Table 1resumes the model data akdy. 2 represents the
model generated.

Fig. 2. FEM boundary conditions.

2.2. Boundary conditions and FEA of the free bulging

THF the identification of the necking begin. In order to do this, it

was used a limit strain based failure criterion. It was assumed
that failure occurs when the plastic strain reaches 10%, basing
this value on the FLD curve presented$}. Regarding the
increase in radius or bulge heigkig. 4 presents the maxi-

Due to the symmetry conditions of the model, it was mod-
eled only 1/8 of the tube blank, regarding three symmetry
planes, following the application of the necessary bound-
ary conditions on the nodes of the tube model. The ends
of the tube blank are free and slide along its a¥&y. 1
shows the model anHig. 2 shows its respective boundary

conditions. - ]
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2.3. FEM procedure and free bulge THF results
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At afirst glance there are two methods for the pressure ap-
plication: a linear method and the bilinear one. Both methods
involve high pressure loading rates, regarding its physical ef-
fects. In this work, the pressure loading rate was accelerated
to a maximum in order to reduce the computing time, how-
ever using internal and kinetic energy control, in order to do
not disturb the physical meaning of the a real THF process.
The loading cycle is showed iRig. 3. The adopted mate-
rial model did not include failure criteria after uniform strain
step, represented by the Holomon equationKe" aiming Fig. 3. Curve internal pressure vs. time.

Internal Pressure [MPa]
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Fig. 4. Tube radius or height increase vs. time.

mal displacement (bulge height) versus the time until the tube
rupture. From this figure, itis concluded that the bulge height
for atimet=110 ms reaches 2.05 mm, which is in agreement
with [5].

Based on the assumed failure criterion, it was obtained
the burst pressuré-{g. 5 for simulation stated as 50.3 MPa,
which represents an error of 3.5% from value obtainefbhy
Fig. 6 presents the thickness distribution on the hydroformed
part. The critical moment of the tube bursting presents a max-
imal reduction of 5.25% in the tube wall thickne3sble 2
resumes the results of FEA compared results.

HIDROCON FOR MACAO _V1 Fringe Levels

Time = 1,1#nodes=394, #elem=326
Contounrs of Effective Plastic Strain 1.089e-001
max ipt. value 1.035e-001

min=0.0548461, at elem # 91

max=0.108878, at elem# 361 9.807e-002
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Fig. 5. Effective strains on the 6082-T4 tubtes110ms £=0.109),
p=50.3 MPa.
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min=2.97148, at alem# 32
max=3.08857, at alem# 861

Fringe Levels
3.089e+000

3.0779+OOOI
13.065e+000
3.053e+000 _
3.042e+000 _
3.042e+000 _
3.018e+000 _
3.007e+000 _
2.995e+000

2.983e+000

2.971e+000

Fig. 6. Thickness distribution for the 6082-T4 tube.
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Table 2
Compared results of the FEA for the THF model
This work Ref.[5] Error

Burst pressure (MPa) 588 477-49.8 035%
Bulge height (mm) D5 152-2.29 ~0
Min. thickness (mm) a7 - -

UPPER DIE 3

4 - 1 TUBE BLANK
PUNCH 4 ~ 2 LOWER DIE

222

2

Fig. 7. THF calibration process into closed dies.
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3. THF calibration process with closed dies

The study of THF calibration process in this work, took as
reference the earlier approach[8f. Fig. 7 presents a brief
description of the modeled process.

At the begin, the tube blank 1 is positioned into the lower
die cavity, with further step of closing the die set, aiming to
avoid the movement of the tube blank. In the following step,
the tube is filled with a liquid medium through a feed hole in
the punchanditis applied aninitial pressure. In the next steps,
the punches 4 and 5 are moved in order apply a thrust force
at the ends of the tube. Depending on the combined effect of
the thrust force feeding and the internal pressure loading syn-
chronization, this operation results in tube buckling, as well
as also wrinkling. After the punch reaches the programmed
stroke displacement the internal pressure on the fluid into
the tube is increased expanding the tube, in such a way that
it took the forms of the die cavity. This operation is the so
called calibration. In general terms, there is process window
where is to be combined the thrust feeding force with inter-
nal pressure, in order to obtain hydroformed parts without
wrinkles or tearing. The wrinkles generated during the buck-
ling in the THF process could be bad or good ones. Recent
works[8—11] outstand the wrinkles produced in the buckling
stage could be distinguished as good or bad ones, and they
are related to determined combination of punch stroke and
initial internal pressure sets. The wrinkle would be a benefic
one if it can be completely removed in the calibration step,
otherwise the bad one will still be after the calibration step.
The determination of the most suitable combination of thrust
feed force and initial internal pressure is to be analyzed by
an FEA approach described in the following section.

3.1. FEA data and boundary conditions THF calibration
The THF calibration process into closed dies was carried

out based on the geometry studied earlief@yFor this spe-
cific tube geometry the THF process became more suitable
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Table 3 Modelo 2
Geometry data and properties of the THF blank (material: aluminum alloy
LF2M)
Tube diameter (mm) 65
Tube length (mm) 250 Upper die
Thickness (mm) b
Yield stress (GPa) .08
Strength coefficient (GPa) 06
Density, o (g/cn?) 27
Young modulusE (GPa) 71
Poisson coefficieny 0.31 ‘
Strain hardening coefficient, 0.25
Friction coefficientu 0.125 hif
&x
due to its initial and final diameter ratio. The tube starts from Fig. 9. FEM model 2 for the THF calibration.

an initial diameter of 65 mm that reaches a diameter for a fi-

nal hydroformed part of 88 mm, resulting in an elongation of 8], the simulation results agree with his results and com-

33.4%. Keeping a ratio between the length of the expansion proves the quality of the developed model and analysis.
zone at axial direction (100 +2 (31.6) = 163.2 mm) and the

tube diameter, equal to 2.5. Such ratio turns impossible to

form this by a traditional process of hot drawing of tubes. 4. Development of a THF system and its control for T
Table 3resumes the necessary data for the FEA of the THF part

process.

The parameter setting for the thrust feeding force as well Under basis of some earlier experienfEa-17]a hydro-
as tge mterr:jgl prissure behavior du.rmg the THF process Wa%orming unit and its control were developed during this work.
made regarding the parameters setting suggest].thhey Its development and control aim to avoid the main defects pre-

|rr1]d|catt)e tt?lat ak’_“'”"ga' mtetr)na_l pressure_shhould _bilapphed ©sented in a hydroformed paifig. 11). The control is based
the tube blank in order to obtain a part without winkles are to on the FEA simulation and demands of a better control for

be 5.5MPa. It was taken as reference steps the pressures 0fHF process window; accounting the thrust feed force and
0, 3 and 5 MPa, and punch strokes above 15 mm, remember-,[he internal pressuréig. 12

ing that for a_II thes_e cond_itions the egrlier simulation results A hydroforming unit for THF was specially designed for

predicted wrinkles m_thg final calibration stage. These exam- T branch parts. It includes the spliced die set, one counter
!oles were regarQed aiming the dgvelopment ofan FEM modelpressure punch and one closing punch, two independent hy-
implemented with the commercial FEM software LS-DYNA 5 jic units, one to feed the punch cylinders and the second

(the modelling approaches are presgnteﬁlgs. 8 and 3 one to feed the pressurized fluid into the hydroformed part.
Those models are to be calibrated with the reported results-l-he systems control includes also common and proportional
for thE?‘ three "_“ema' pressures magnitudes, discussed in thivecfional valves, servovalves and sensors. The diagrams il-
following sections. lustrated inFigs. 13 and 14epresent the hydraulic system
configuration.
In the diagram showed ifig. 13it can be noted two
different hydraulic units, where the symbol AX stays for axial
' cylinders, CP for counter pressure, F for closing, AP for the

3.2. FEA results for the THF calibration

Fig. 10 shows the results for the internal pressures 0.0

3.0 a”‘?' 5.5MPa, all gf them for a punch gtroke of 15mm. pressure amplifier, UH1 for the main hydraulic unit, UH2 for
Analysing the results in terms of process window postulated hydraulic unit of the pressure booster system. The two units
are detailed irFigs. 14 and 15

Fig. 14 illustrates the basic hydraulic unit, the closing
cylinder, responsible for the die closing, which is controlled
by a directional flow valve, manually operated by a button
Punch 2 key. Also in this figure, it can be observed that axial cylin-
ders those actuate the two thrust feed forces, are controlled
each one by a proportional flow valve. The counter pressure
valve equipped with a load cell is controlled by a common
directional valve, aided by manual flow controls.

Fig. 15shows the amplifier pressure booster composed
X by a servo actuator and a servo valve, with capacity to sup-

ply internal pressure up to 210 bar. Finalig. 16 schema-
Fig. 8. FEM model 1 for the THF calibration. tizes the feed back control option choused for the control and

Modelo 1

Upper die

Punch 1

Lower die
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Fig. 10. FEA evolution for the THF calibration stages (time in ms).

data acquisition systems implemented in the THF facility. defects: the bulge is not centralizédd. 20); trend to form a
Figs. 17 and 1&how the use of PCI circuits to control the bulge with different lateral slopes, bigger slope at side with
s of  greater velocity ig. 21). It could be viewed irFFig. 20that

the bulge at its beginning is not centralized. The side marked

The control systems as well the stroke and valves move- has displaced with more velocity that the other skig. 21

different components. FinallfFig. 19 shows the image
the main components of the THF unit constructed.

ment is discussed elsewhdd—23] If the cylinders stroke

shows a part with wrinkling (the wrinkles are emphasized

were not so close, the hydroformed T branch presents twowith the black darts), that denotes an excessive axial feed

Buckling

Wringling

-
Bursting

Fig. 11. Main defects on THF proceds].

Axial force

Internal pressure

Fig. 12. Example of THF process winddd9,20]
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Fig. 14. The basic hydraulic unit diagram.
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Fig. 15. Pressure amplifier unit hydraulic diagram.
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Fig. 16. Feed back control mode.
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Fig. 17. Reading and writing routes for sensors and actuators: (a) axial cylin-
ders; (b) counter punch.

compression compared with the increasing of the internal
pressure into the tube. It is also observed the trend of a bulge
slope at the side deformed with more velocityHig. 22it
could be observed that in this specimen suffered a fracture
due to an excessive internal pressure, followed by a buckling
collapse after the depressurization.

5. Conclusions and future perspectives

This work used the FEA program LS-DYNA for a suc-
cessful FEM model for both free bulge and calibration against
closed dies THF processes. It obtains results that agree with
earlier analysis of the literature, presenting no significant er-
rors.

The success of this first calibration step for the LS-DYNA
based model, allows for the beginning of the next steps, which
preview the study of the hydroforming process for more com-
plex geometry of parts, typical for industrial cases.

For the THF calibration process against closed dies, the
formation of benefic winkles, resulting in folding and unfold-
ing of tube regions, causes a differenced spring back effect
along the longitudinal axle of the tube, that results in distor-
tion in hydroformed part after its withdraw from the die.
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Load cell Pressure
transducer

PCI1713

E

[

Display

(@)

Pressure transducer Hvtronicsl

Pressure transducer ADSIGNl

Load cell |

Servovalve

PCI 1713

AN

Proportional CP valve | Fig. 20. THF part not centralized.

'_! Proportional Axial valve
Future efforts will aim more deeply the study of spring

back phenomena in hydroforming, specially the possibility
of eliminate it, by the application and simultaneous control of
the internal pressure and punch stroke, looking to avoid the

Servovalve I

Proportional CP valve J

PCI 1723

Proportional Axial valve I

(b)

Fig. 18. System control using PCI 1713 and PCI 1723 for data acquisition
and commands, reading and writing routes for sensors and actuators: (a) load
celland pressure transducers linking, (b) control diagram for the sensors and
actuators.

The THF facility designed and constructed allowed for an
accurate control into the necessary time demanded by a typ-
ical hydroforming work cycle. From the equivalence curves
it was possible to program the parameters in order to obtain
balanced axial displacements for the punch strokes.

Fig. 21. THF part with wrinkling.

Fig. 19. THF facility (a) view of the complete THF press; (b) axial and
counter pressure cylinders and theirs positions transducers; (c) die set cavi-
ties; (d) Pressure amplifier cylinders. Fig. 22. THF part failure by buckling and fracture.
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wrinkle formation and elimination of spring back generate [9] M. Brunet, S. Boumaiza, G. Nefussi, Unified failure analysis for
trough them. In the end of the first step of this project, it tubular hydroforming, J. Mater. Process. Technol. 149 (1-3) (2004)
could be concluded that the model generated using the LS-__ 217-225.

. [10] z.C. Xia, Failure analysis of tubular hydroforming, Trans. ASME-J.
DY NA software as well as the FEA based on it, is mature and Eng. Mater. Technol. 123 (2001) 423-429,
ready for the next tasks.

[11] G. Nefussi, A. Combescure, Coupled buckling and plastic instability
for tube Hydroforming, Int. J. Mech. Sci. 44 (2002) 899-914.
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