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The hydrofor ming technology is well-known since
several years and undergoes an extremely
dynamic development in automotive applications,
especially in Germany and the United States. The
hydroforming of sheet metal pairsis still at an
pre-industrial stage. This publication presentsthe
process and draws attention to some particular
results of research work. Principal working
directionsfor investigations, regarding the
transfer of the hydroforming process for sheet
metal pairsto industry are mentioned.
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= INTRODUCTION

The hydroforming mainly of tubular parts is well known
since several years as a technique that runs through an
extremely dynamic development, especially in applications
for the automotive industry, in Germany and the United
States. The high pressure caused by environmental laws
and the market lead to new concepts in the automotive
development. Reducing the fuel consumption can be done
by an optimization of the power train and the mass reduc-
tion of the chassis and the body.

Examples of new lightweight body concepts are given in
figure 1. The space frame technology is an answer for light-
weight design that uses aluminium as profile extrusions,
casted knots and blanks. Automated assembly of body
structures longs for small tolerances. Therefore, the used
straight and bent profiles are often calibrated by high inter-
nal pressure to meet the specifications. On the other side,
the ULSAB study showed that essential weight savings can
be reached by the use of new steel materials and new pro-
duction technologies like hydroforming and laser welding.
Although the intensive use of hydroformed components did
not meet the requirements because of well-known assembly
problems, the ULSAB body contains two hydroformed
rails. These two examples show that hydroforming plays an
important role in the realization of lightweight design.

Up to now hydroforming is used mainly to process tubular
products, but new variants are applied. The use of tailored
tubes for example can adapt the part in aflexible way to dif-
ferent loads along the longitudina axis. Profiles could not
only be calibrated, but also used for the production of
branches. Moreover, the use of sheet metal pairs as semi-
finished product widens the field of hydroforming to a new
range of geometries that can be realized by this technique.

The growing market of hydroforming and the appearance
of new variants induced the Verein der Deutschen
Ingenieure (VDI) to propose a summarizing guideline to
classify the process like shown in figure 2. The forming of
tubes, profiles and blanks can be found in the genera
classification that takes into consideration the possibilities
of punching, cutting and joining by internal pressure. For
example, the cams and the shaft of a camshaft can be
joined with the hydroforming process.
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Etude du procédé d’hydroformage
de flans doubles pour la
production de corps creux

M. Vahl, P. Hein (University of Erlangen-
Nuremberg),
S. Bobbert (Daimler Chrysler AG)

L’ hydroformage connait depuis quel ques années un déve- Applications potentielles
loppement extrémement dynamique dans le domaine de
" automobile, en particulier en Allemagne et aux Etats- L’ hydroformage de flans doubl es trouve des applications
Unis. Cette technologie présente un certain nombre potentielles privilégiées dans le domaine des compo-
d' avantages liés aux possibilités de réduction du nombre sants automobiles creux, spécialement dans la structure
de piéces et & I"allégement des composants. portante (longerons, traverses, montants, etc.) et le
chassis (berceau moteur, triangle de suspension, etc.). Il
Présentation de I hydroformage de flans sagit ici de pieces complexes, hautement sollicitées et
o devant satisfaire des exigences d' économie de masse
L’ hydro_formage de flans doubles_eﬂ un procédé pour_la sévéres. L utilisation de flans permet ici de réaliser des
production de corps creux. Il fait actuellement I’ objet variations importantes de |a section de la piéce le long
d’intenses travaux de recherche qui ont pour but d exa- de son axe longitudinal.
miner le potentiel de ce procédé en vue d’' une industria-
lisation. Controle du procédé
L: extension .du princi pe\de Ia.defornylauon sous |’ effet Les principaux paramétres du procédé sont la pression a
d’une pression interne a partir de I"hydroformage de I'intérieur de la piéce et la force de serre-flan qui influe
tubes vers|’ utilisation de flans résulte principalement de directement sur le frottement sous le serre-flan. Les
deux observations. Tout d'abord, I’ utilisation de tubes limites du procédé définies par la perte d étanchéité
restreint |'application de I'hydroformage a des pieces (pression de serre-flan insuffisante pour éviter la sépa-
ayant une géomelrie avec des rapports d'expansion ration des flans) et la rupture du matériau sont mon-
nécessairement limités. De plus, le spectre de matériaux trées.
et de gammes dimensionnelles nécessaires sous forme de
tubes n’est pas encore assez large pour pouvoir réaliser Les essais réalisés montrent qu’il existe un optimum du
toutes les applications potentielles. procédé défini par un compromis entre une force de
. 3 . i serre-flan suffisamment élevée pour maintenir |’ étan-
Le maintien de |’ é&tanchéité du corps creux formé par les chéité, mais suffisamment faible pour permettre un écou-

deux flans est également un point crucial. Des premiéres

2 . S X ; lement radial de matériau sous le serre-flan.
études effectuées en injectant un fluide sous pression

entre deux flans préalablement soudés au laser le long Axes de dével oppement
de leur contour ont montré la faisabilité du procédé.
Néanmoins, il S'est avéré que le couplage rigide entre Du point de vue technologique, le contrdle de I’ écoule-
les deux flans limite le degré d’asymétrie que I’ on peut ment de matiere sous le serre-flan est un point délicat,
réaliser entre les deux demi-coques de la piece. qui peut néanmoins étre maitrisé par exemplegraceaun
o o ) o contréle des pressions de serre-flan. Par ailleurs, I’ utili-
La gamme de fabrication étudiée a I'université sation d’un fluide & la place d’un poingon rigide peut
d’Erlangen-Nuremberg (Allemagne) utilise I"hydrofor- induire la formation de plis au début de I hydroformage.
mage de flans doubles non soudes pour permettre un Des solutions visant & éviter la formation de ces plis ou
mouvement relatif entre les flans et ainsi éviter un cou- alesrésorber gréce au dével Oppen'mt de tensions dans
plage forceé des déformations dans les deux demi-coques. la tole ont été développées. Par ailleurs, pour des appli-
Les essais ont montré qu'il est possible de maintenir le cations particuliéres et des matériaux difficilement
volume entre les flans étanche grace a une pression de déformables (aluminium, magnésium), I’ utilisation d’ un
serre-flan suffisante tout en autorisant un avalement de fluide chauffé peut s avérer judicieuse.
matériau et un glissement d’'un flan sur I'autre. Aprés
cette opération de préformage, les flans sont détourés, Les considérations économiques montrent I'intérét de
puis soudés au laser avant d’ étre calibrés par pression machines d’hydroformage nouvelles combinant les
interne. Ces différentes opérations ont tout d’ abord été avantages des presses hydrauliques et des systémes a
réalisées dans des outils séparés, puisintégréesal’inté- verrouillage mécanique. Le raccourcissement des temps
rieur d'un systeme d outillage combinant une presse de cycle impose de méme des stratégies d'injection du
d’ hydroformage a triple action et un laser Nd: YAG. fluide par points multiples. L'intégration d'opérations
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de débouchure et d assemblage des flans dans I’ outil d’ études allant jusgu’a la phase de prototypage ont été

d’ hydroformage vise également a la rationalisation dela conduites. Les particularités du procédé ont été misesen
production. lumiére et son potentiel est en train d’ é&re démontré.
Conclusions

L"hydroformage de flans doubles est un procédé qui se
trouve encore au stade préindustriel. Un certain nombre

aluminium Space-Frame Ultra Light Steel Auto Body

Fig. 1 — Lightweight design
" o by hydroforming.
lhydrOformed _com_ponents . Fig. 1 — Construction légére
x par hydroformage.

blank pairs extrusions tubes tailored tubes |

s HYDROFORMING OF SHEET In principle, two main reasons motivate the change of raw
METAL PAIRS products for the processing with high internal pressure

from tubes to the use of blanks. First, the use of tubeslimits
the possible products to longitudinaly oriented structures
with limited possibilities for expansion. The other reason
can be found in the limited material range and quality for
tubesin comparison to blanks so that not all possible appli-
cations can be realized with these materials.

The hydroforming of sheet metal pairsis a process for the
production of hollow bodies and was presented by different
authors (1 to 3). Now topical research work deals with
investigations concerning the potential of that process
regarding industrial applications.

Hydroforming

| | | | n | |
Piercing by Hydroforming of Hydroforming of Assembly by
internal pressure blank pairs tubes and profiles hydroforming
[ 1
r----------- ¥ 1
Forming by tensile Forming by
and compression strain tensile strain
Fig. 2 — Classification of hydroforming, (DIN 8584) (DIN 8585)
guideline VDI 3146 T1. 1 1
Fig. 2 — Classification des procédés
d’hydroformage, directive VDI 3146 T1. Deep drawing Stretch drawing I
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Fig. 3 — Operations for the
production of hollow bodies
based on non welded blank
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Integrated trimming and joining

Robust shortened process sequence

The comparison with the classical deep drawing process
shows that the hydroforming of double sheets can lead to
reductions in tooling costs, as the use of a punch is not
necessary anymore. In addition, the correct positioning of
the deformed blanks to each other in the tool after the for-
ming process allows to assemble the sheets directly in the
tool. This can lead to cost savings because fewer operations
are necessary for transport and trimming. On the other
hand, the cycle time of the forming process itself is longer
than that of the classical deep drawing, so that the main use
of this technology can be expected for small and middle
series production.

One main aspect in the development of the hydroforming of
sheet metal pairs is the use of the element that introduces
the fluid between the blanks. Here different technical
variants were developed and are still under investigation.

The sealing of the hollow bodies formed by two sheets is
till critical. First studies that dealt with the injection of
fluid pressure between two blanks were made with blank
pairs that were welded aong their rim. This method
showed the feasibility of the process for the first time (4).
Nevertheless, the rigid connection of the two blanks limits
the geometric potential that can be realized by the two
blank shells. If the blank fills completely the lower cavity
of the tool, the movement of material from the flange area
stops. This means for the deeper tool cavity that there is a
lack of material from outside and the strain rises up to the
rupture of the material.

The process chain that is under investigation at the
University of Erlangen redlizes the hydroforming of un-
welded blank pairs to permit a movement of the blanks
relative to each other. This avoids the direct coupling of the
shells and their deformations (fig. 3).

The experiments showed that it is possible to keep the
volume between the blanks sealed by a sufficient blank-
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holder force, whereas the movement of each blank relative
to the other is not hindered by this action (5).

After the free preforming operation, the flange areais trim-
med and welded, before the calibration with high pressure
starts to fill the whole cavity. These different operations are
now realized separately, but will be integrated in futurein a
complete production system consisting of a triple action
press and a Nd:YAG laser.

s POTENTIAL APPLICATIONS

The hydroforming of doubled blanks will find its potential
applications in the production of hollow bodies for auto-
motive components (fig. 4), especialy for structures (e.g.
frames, beams, pillars) or the chassis (e.g. engine craddle,
suspension triangle). Highly complex parts that bear high
loads and fulfil the economic requirements can be expec-
ted. The use of blanks allows a widespread range of diffe-
rent cross section geometries along the longitudinal axis of
the part. Operations for the assembly of the formed parts
will be comparable to the classic assembly line for deep
drawn structures, because flange areas can be found as
well.

Another chance of application appearsin the growing trend
for metal fuel tanks. Environmental laws regarding the
emission of hydrocarbon gas and the demands of crash
safety will be tightened up more and more, so that steel
materials become more important compared to plastics.

= PROCESS CONTROL

For a success of the process, it is necessary to control the
draw-in behaviour from the flange in the cavity and this
describes as a consequence the physical limitations of that
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Fig. 4 — Potential applications.

Fig. 4 — Applications potentielles.

process. The draw-in rate during the increase of internal
pressure influences directly the strain distribution in the
part. Therefore, the blankholder force is the main control
parameter for the process control of bodies presenting rota-
tional symmetry (fig. 5).

Working range

Figure 5 shows the process limits defined by the leaking
(blankholder pressure is insufficient to seal between the
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two blanks) and rupture of the materidl. Itis
to mention that the geometry of the tool is
rectangular between the bottom of the die
and the border. This geometry was chosen
to be able to determine a relation between
the control parameters and the minimal
radius reachable, without rupture at the
bottom of the die cavity. The higher the
bursting limit is, the smaller radii and better
accuracy of shape can be reached. The
blankholder force is kept constant during
the raising of the pressure level of the fluid.

The application of small blankholder forces
leads to a limitation of the process by
leakage, because the pressure between the
blanks is then insufficient to realize the
sealing against the fluid. After reaching this
limit in the preforming process, it is pos-
sible to apply avery high blankholder force
to sea the leaks, which stops in the same
manner the draw-in of material. The
forming can be continued up to the rupture
of the part.

Elevated blankholder forces at the prefor-

ming stage lead to rupture before leakage
occurs. In thisregion of the diagram, the forming isrealized
by pure stretching of the material without draw-in. If a suf-
ficient fluid pressureis reached, the draw-in starts. This has
an remarkable influence on the bursting pressure and as
well on the accuracy of shape. The more draw-in can be
realized, that is to say the lower the chosen blankholder
forceis, the higher bursting limits can be reached.

The curvesin figure 5 show that there exists an optimum for
the process control. This optimum can be defined by acom-
promise between an elevated blankholder force to keep the

E@Nﬂ W
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©)
— Fig. 5 — Process window for
D,= 250 mm hydroforming of unwelded
sheet metal pairs.
FNA Fig. 5 — Latitude de réglage
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Fig. 6 — Failure modes in hydroforming
of sheet metal pairs.

Fig. 6 — Simulation par élements finis
des instabilités en hydroformage.

sealing function and a lower level to allow a draw-in of
material from the flange.

The process layout for more complex structures can be
found by using the finite element method. This tool is very
suitable for finding the correct process parameters and the
needed blank contour (6).

Insert the lance
applying pressure

Closure of the tool and
pre-bending

Bursting Wrinkling when Wrinkling at

Tearing at

pre-forming corner radius corner radius

Process adjustments

Figure 6 shows an example of the problems that occur
during the hydroforming of more complex parts. The rup-
tureis caused by a strain exceeding the FLC (forming limit
curve) because of an insufficient draw-in of material. This
failure mode can be avoided by a better process control and
therefore a better strain
distribution in the struc-
ture. Wrinkling is ano-
ther failure mode that
should be avoided. It is

Rising internal pressure
and calibration of the part

non-reversible wrinkle

characteristic for the pro-
cesses working with a
fluid pressure.

ﬂ The mechanism of

L‘ wrinkling was investiga-

ted in detail to find ade-
quate means for the pre-

350 bar
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vention of these wrinkles.
Figure 7 shows the cross
section of three forming

steps for the part men-
tioned before. Each step
represents a different
level of internal pressure
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between the blanks.
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Since parts for frames
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Fig. 7 — Wrinkling mechanism.

Fig. 7 — Formation de plis.
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process leads to wrinkles during the following hydro-
forming operation.

The applied internal pressure load causes compressive
stresses in the blanks plane so that the material forms the
wrinkles. At this stage of the hydroforming process, it is
difficult to determine if the wrinkles are reversible or not.
After the calibration, it is clear that enough tensile stresses
areinduced in the lower blank to remove the wrinkle. In the
upper blank, the wrinkles cannot be traced back by rising
the pressure and the wrinkles get more compressed.

To avoid the wrinkling, different strategies were devel oped
and verified by running different FE-simulations (fig. 8).

As mentioned before, tensile stresses at an adequate level
can lead to the reduction or even removal of wrinkles. The
following strategy was tested and led to satisfying results.
As shown on the left side of figure 8, the blankholder force
control putsameans at our disposal to apply tensile stresses
at the level needed. At the beginning of the process, the
elevated blankholder force causes the necessary stresses for
the reduction of wrinkles. Afterwards, the force is lowered
to redlize a draw-in of blank material into the cavity to
realize a satisfying accuracy of shape.

On the other hand, the use of a counter punch can lead to
nearly similar results and is shown on the right side of
figure 8. Here the positive effect is caused by alimitation of
the blank geometry at different process stages. Several dif-
ferent simulations showed that only a large punch geome-
try at the position of the wrinkling danger is suitable. In
addition to that, the control of the additional tool (punch) is
acomplex and delicate task as well.

These strategies are under experimental investigation.
Besides an improved process control, avoiding wrinklesis
more or less a task that
has to find answers pri-
marily in the field of
adapted part design pro-

blankholder control

Filler metal feedi‘ng- .
with rotation axis B

elescope |

I Live ring N

= Turntaple

Sensor carrier

Fig. 9 — Welding robot integrated in the hydroforming tool.

Fig. 9 — Robot de soudure intégré a I'outil d’hydroformage.

s DIRECTIONS OF DEVELOPMENT

One main aspect for the economic production by hydro-
forming is the integration of several processes into one tool
system, like mentioned before. The processes can contain
operational steps that would be done as pre- and post-
treatment of the produced parts in a conventional process
chain. Operations like trimming, piercing and welding can
be integrated. A system that integrates the trimming and
welding in one tool system is shown in figure 9.

use of a counter punch

Y
o
o
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duceable by sheet meta
hydroforming, adapted
design of 3D-flange sur-
faces (especially regar-
ding the curvature) and if
necessary, definitions of
adequate intermediate
geometries during the
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Fig. 8 — Strategies to
avoid wrinkling.
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Fig. 8 — Stratégies pour
éviter la formation de plis.
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Fig. 10 — Benefits of an elevated process temperature for the lightweight alloys AIMg3 and MgAI3Zn.

Fig. 10 — Influence de la température sur la formabilité d’alliages d’aluminium (AIMg3) et de magnesium (MgAI3Zn).

It consists of a hydroforming tool and a welding robot that
was especialy developed to face the requirements of the
narrow space in the hydraulic press. It is possible to weld
the pre-formed and till positioned parts with a Nd:YAG
laser just before the calibration step. The trimming of the
flange before the welding operation is realized by a move-
ment of an integrated cutting plate for the upper and lower
blank.

cost drivers

filling rate
scrap

tribology
holes

high closing force » unconventional press designs
+» efficient high pressure facility
-+ sealin_g plungers for open ends
+ |ubricating hydraulic fluid

- integrated piercing

intricate 3D-seam + integrated joining

Thework donein the research on the hydroforming process
showed the potential of that process and examined the
developing axes of that technology. From the technological
point of view, the control of the material flow under the
blankholder is a delicate point that can be influenced in
most cases by the control of the blankholder forces. The use
of multi-point drawing cushions, including a powerful
control device is therefore necessary, especially when non

developments

>

Fig. 11 — Expected axes of development.

Fig. 11 — Axes de développement possibles.
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rotationally-symmetrical structures should be realized. The
use of a fluid for forming instead of a rigid punch can
induce wrinkles, especially in structures that have a three-
dimensional flange surface. Solutions that influence the
stress state by building up tensile stresses during the for-
ming operation were developed for particular applications.
For other part geometries, that do not meet certain limita-
tions in part design, new strategies for the process have to
be developed. Here an extensive definition of design rules
has to be developed to give a guideline for the correct
design of hydroforming parts.

Besides the process integration, the enhancement of the for-
mability, especialy for lightweight materials, is another
important research field. The use of aluminium and magne-
sium, for example in the automotive industry, grows and the
temperature dependency of the formability is an aspect that
can lead to new process variants. Different material testing
experiments and first applications to manufacturing pro-
cesses demonstrated the benefits and first concepts for an
increase of the forming temperature (7) (8). Figure10
shows the effect of an elevated process temperature for two
chosen lightweight materials.

The lower forming forces and higher reachabl e strains show
the potential of this process variant. As a consequence of
these effects, current engineering work is carried out to
develop an equipment design with which hydroforming
processes at elevated temperature can be conducted.

The whole process of hydroforming of sheet metal pairsis
till at a pre-industrial state and the technological and eco-
nomical potential of this new manufacturing process cannot
yet be finally assessed. Regarding the application to com-
plex components, there is till a lack of basic knowledge
concerning the control and robustness. Analyses of risks
and chances and preliminary economic calculations (9)
have been performed to give indications on the fields in
which efforts have to be made for a successful introduction
into an industrial environment (fig. 11).

A new press design with acombination of a hydraulic press
with a mechanical locking unit and shorter cycle times
(powerful hydraulic units and multipleinjection points) can
be the improvement needed for further industrial applica-
tion. The integration of up-stream and down-stream opera-
tions such as trimming, joining and punching was already
pointed out, but additional work needs to be done on this
topic.

s CONCLUSIONS

The hydroforming of sheet metal pairs is a process that is
il at apre-industrial state. A certain number of investiga-
tions up to a prototyping stage are under research. The
special characteristics of this process were examined and
the potentials will be demonstrated in the near future. This
article presented the process, drew attention to some impor-
tant results of research work and gave additional informa-
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tions concerning the principal working directions that pre-
pare the implementation of the technology in an industria
environment.

s REFERENCES

(1) SCHIERL (G.), LINDNER (H.). Verfahren zum Herstellen
eines Hohlkdrpers. Brevet DE 4232 161 A1l (1992).

(2) GEIGER (M.), VOLLERTSEN (F.). Verfahren zum
Herstellen von schalenférmingen Hohlstrukturen aus
gedoppelten Blechzuschnitten mittels Innenhochdruck-
umformung. Brevet DE 195 35 870 A1 (1997).

(3) SCHMOECKEL (D.), DICK (P). High pressure forming of
sheet metal plates in producing hollow-formed parts. Prod.
Eng., Annals of the WGP 4 (1997), 1, p. 5-8.

(4) SUNKEL (R.), PAUTSCH (C.), ROLL (K.), TODERKE
(R.), FUCHS (F), STEININGER (V.). Numerical simula-
tion of metal forming processes in industry with INDEED.
Proc. of the 3rd Int. Conf. NUMISHEET '96, Dearborn
(USA) (29.9.-3.10.1996), p. 286-293.

(5) HEIN (P), VOLLERTSEN (F.). Hydroforming of sheet
metal pairs. Journal of Materials Processing Technology,
87, n° 1-3 (1999), p. 154-164.

(6) GEIGER (M.), HEIN (P), BOBBERT (S.). Finite element
analysis and process design for the hydroforming of sheet
metal pairs. Proc. of the 4th Intern. Conf. on numerical
simulation of 3D sheet forming processes NUMISHEET
'99, Besancon (13-17 September, 1999).

(7) MURATA (M.), ADACHI (Y.). Sheet metal bulging
using high temperature liquid. Advanced Technology of
Plasticity 1996, Proc. of the 5th ICTR, Columbus, Ohio,
USA (7-10 October, 1996), p. 761-764.

(8) SCHMOECKEL (D.), LIEBLER (B.C.), SPECK (FD.).
Deep drawing of aluminium alloysin partially heated tools.
Prod. Eng., Annals of the WGP 1 (1994), 2, p. 55-58.

(99 KIRMRBE (H.), WESSELMANN (L.), KRAUSE (D.),
PAUTSCH (C.), BAUER (A.). Manufacturing process
hydroforming. INPRO (edt.) : Project Report TEC-04
(1998) (in German).

Meik VAHL, 29, mechanical engineer. Since 1998, scien-
tific assistant at the Chair of Manufacturing Technology of
the University of Erlangen-Nuremberg (Prof. Dr.-Ing. Dr.-
Ing. E.h. mult. Dr. h.c. M. Geiger), working in the field of
process technol ogy.

Stefan BOBBERT, 29, mechanical engineer. Since 1997 at
the Daimler Chrysler AG, Sindelfingen Plant, Dept.
Materials and Process Engineering.

Philipp HEIN, 28, Dr.-Ing. in mechanical engineering.
From 1995 up to 1999, scientific assistant at the Chair of
Manufacturing Technology of the University of Erlangen-
Nuremberg (Prof. Dr.-Ing. Dr.-Ing. E.h. mult. Dr. h.c. M.
Geiger) and responsible for the research in the field of
hydroforming. Since 1999 at Vallourec Précision Etiragein
Boulogne, France.

1263



