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Abstract Sheet metal hydroforming is a deep drawing
process that uses a pressure medium for load transmission.
The process is mainly influenced by the control of the
blank holder force and the fluid pressure. This report
describes investigations of a newly developed process-
control system. Process variables can be controlled by the
sealing state of the tool. The detection is performed by a
CCD-camera system that allows the continuous recording
of occurring leakages. Different control strategies can be
used to control the multiple process parameters. This paper
describes the performance and the limits of the aforemen-
tioned technology.

Keywords Production process - High-pressure forming -
Sheet metal forming

1 Introduction

Sheet metal hydroforming of single sheets belongs to the
area of deep drawing with fluids. In contrast to deep
drawing with rigid tools, an active fluid medium performs
the forming operation [1, 2]. A hydraulic pressure provides
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a sufficient clamping force to seal the system in every
stage. The process is mainly influenced by the control of
the clamping force and the increase of the fluid pressure
[3]. Although the optimal force—pressure progression is
closed to the sealing line and it depends on different system
parameters [3, 4]. Higher clamping forces cause increased
stretch-forming components and initial failures in critical
areas [4-6]. Lower forces could effect wrinkling in areas of
tangential buckling and leakage.

The process control is essential for the error-free pro-
duction of complex metal parts by high-pressure sheet
metal forming [4-7]. An optical detection system of the
sealing state combined with an active elastic tool enables
an on-line processing of the sealing line [8, 9]. This will
increase the process quality and the process stability as
measured by the cracking pressure.

Figure 1 shows a qualitative clamping force—pressure
diagram and its essential borderlines as well as significant
regions concerning the hydroforming of metal sheets. The
main objective is to enlarge the working area by decreasing
the required clamping force that is necessary to seal the
tool. The limit state between sealed and leaky is an
attainable target process state.

2 High pressure sheet metal forming

Figure 2 shows a high pressure sheet metal forming tool.
The blank sheet is positioned in between the upper and the
lower die. Sandwich plates of the lower die define the work
piece geometry and the draw depth. The docking plate
defines the upper border of the tool and enables the active
fluid medium supply.

Different configurations of the blank holder are possible
to improve the material flow. The traditional drawing plate
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Fig. 1 Schematic work diagram for internal high-pressure forming
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Fig. 2 Tool design for sheet metal hydroforming with CCD-cameras
for detection of leakage

concept is performed rigid. A new development of the
forming tool offers the possibility of a local elasticity of the
drawing plate (Fig. 3) by grooves below the surface.
Additionally to the pre-defined elastic behavior, there is the

Fig. 3 Design of the lower die
for parts with non-planar bottom
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possibility of applying a hydraulic pressure into the
grooves to stiffen the tool [3, 4]. The significant process
control parameters are the internal pressure p;, the clamp-
ing force Fg and the force—pressure function. In case of an
active-elastic tool, the groove pressures can be controlled
separately. An infinitely adjustable pressure setting enables
the optimum surface pressure at the selected flange areas.
The design and dimensioning of those tools is described in
detail in Ref. [3].

Another approach to influence the surface pressure is a
multipoint drawing tool introduced in Ref. [10]. The tool
unloads selected regions in the flange area. This results in
additional loading of the remaining areas.

Different control strategies can be used for sheet metal
hydroforming [8]. A first strategy is based upon constant
clamping forces during the forming process. Improvements
can be achieved by a linear clamping force—pressure
function. In this case, the pressure-factor f, describes the
relationship between the clamping force Fg and the internal
pressure p;

Jo =pi/Fs. (1)

The failure points in the work diagram produce the
characteristic curve of the analyzed tool and the applied
control strategy. According to Refs. [3, 5, 11] the cracking
pressure can be consulted for the evaluation of the pro-
cesses. In addition to that, the following characteristics will
be regarded:

e cracking pressure,

e the material flow from the flange area into the cavity
compared to the initial flange area, and

e the sheet thickness in the critical corner regions.
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The achievable final pressure with rigid dies (MW) and a
constant clamping force is low. The borderline can be
enlarged by using an active-elastic tool without (ACTEC 1)
or with (ACTEC 2) an applied groove-pressure. In general,
the higher the clamping force is the higher is the risk of
failure because of cracks at low internal pressures (Fig. 4).

The borderlines of all configurations show a character-
istic tendency at the transition from leaky to crack. An
increase of the constant clamping force results in a lower
cracking pressure. A decrease of the constant clamping
force causes leakages. The highest pressure can be reached
at the transition area where leakages and cracks occur
simultaneously. The application of the active-elastic tech-
nology in combination with activated groove pressure
(ACTEC 2) moves the border line at lower clamping forces
to higher maximum pressures. Hereby the active-elastic
tool achieves the requirement to seal the system and enable
higher internal pressures. The benefits of the activated
groove pressure examined at lower clamping forces vanish
at higher clamping forces. The active-elastic tool with
activated groove pressure (ACTEC’2) achieves similar
results as the rigid die. In contrast, the configuration
without groove pressure (ACTEC’1) achieves higher
pressure values. A linear increasing clamping force can be
applied instead of an initially adjusted high clamping force
to avoid early cracks. The material flow will be improved

6000

because of the lower clamping forces at the initial state of
the forming process. This results in a lower thinning in the
critical corner regions.

A linear increasing force progression in combination
with the active-elastic tool and activated groove pressure
enlarges the working area additionally (Fig.5). The
occurrence of leakages does not lead to failure. However, it
is possible to increase the internal pressure even though the
tool system is leaky. The forming process can run to higher
pressures with permitted leakages until the booster reaches
the volume charge limit. This limitation is a newly arising
process limitation and is mainly influenced by the clamping
force gradient expressed by the pressure-factor f,,. The total
volume of the booster is a limitation that arises here
additionally.

3 Objectives

The request for a process control arises from the need of
low clamping forces to increase the achievable maximum
internal pressure without causing any cracking, wrinkling
or leakage. This unknown curve of the clamping force is
the designated “sealing line”. It describes the optimum
force—pressure ratio. To run the process along this virtual
curve, there is a need for a measurement system that runs

Fig. 4 Force—pressure
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on-line to the process and detects occurring leakages. The
information of the sealing state will be used for feed back
control of the process and enables a curve progression at
the sealing line [3, 4, 6]. The implementation of the
monitoring system is realised by an optical camera system
and image processing software.

4 Process control strategy using a CCD-camera system

There are different combinations possible to influence the
process parameters through the sealing state ys. The results
of a sensitivity analysis in Ref. [12] deal with the capacity
of different control strategies based on a CCD-camera
system. The first objective was to find out the most suitable
control strategy. This analysis in Ref. [12] showed that a
linear increasing internal pressure in combination with a
CCD controlled clamping force enables the most promising
results. Figure 6 illustrates this control strategy where the
sealing state 1/ represents the control variable. A CCD-
camera system monitors the sealing state and provides an
insight to the tool system continuously. The clamping force
and the groove pressure are the manipulated variables. Due
to the different reflection behavior of the forming medium
opposed to the black painted forming tool, occurring
leakages appear white highlighted. The pixel of the CCD-
chip, which are arranged in a matrix form, create a grey
value respectively to the incident light intensity. The mean
value of all grey values represents the reference value for

leakages [13]. If this value passes a predefined tolerance
value, the image processing tool changes the sealing state
Y. The state varies from “sealed” to “leaky” (Fig. 6).

To ensure the full operation responsiveness of the press,
the initial level of the clamping force is targeted at
Fso =400 kN. After the starting level is reached, the
clamping force stays fix against the internal pressure which
has a steady increase. The first interaction of y occurs
when the sealing state changes from “sealed” to “leaky”
and the clamping force increases until the process achieves
the “sealed” state again. A process control at the sealing
line generates new process limitations in addition to the
established failures. The process is finished when the work
piece bursts or the leakages reach an uncontrollable level.

5 Experimental investigations

Figure 7 illustrates the force—pressure curve of the most
promising control strategy with CCD controlled groove
pressures and clamping force (ACTEC 2) in comparison to
a constant held or a manually adapted clamping force
without groove pressures (ACTEC 1).

The curve of the CCD controlled forming process shows
an increase of the internal pressure at the cracking limit or
a significant decrease of the required clamping force at a
forming pressure of p; = 16 MPa. The curve progression of
a CCD controlled forming operation results in an adjust-
ment to the static equilibrium line which is a physically

Fig. 6 Strategy for force
control loop using the sealing
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given borderline. The characteristic of a process control at
the sealing line is the different curve progression at each
attempt. This results in an inevitable different cracking
pressure from part to part. However, it expands the work-
ing area and permits higher internal pressures as shown in
Fig. 8. There is no explicit curve that characterizes the
process control in the working area like for constant or
linear clamping forces. Due to fluctuations in the system or
process parameters varying curve progressions arise.
Therefore, cracking points of a CCD-based process control
do not match each other in the working diagram but end up
in a statistical variance.

There arise additional limitations of the process like the
volume charge limit or the total volume of the booster. A
high rate of leakages depletes the booster in an early
forming stage or leads to uncontrollable process. However,

the process limit can be enlarged through a shape opti-
mized blank cut.

Figure 9 illustrates an overview of the cracking pres-
sures at different tool constellations and different control
strategies. The ACTEC 2 tool constellation shows an
improvement of about 25% compared to rigid dies at the
initial situation. An improvement of 45% can be achieved
additionally by adjusting a process control at the sealing
line. It is shown that an ACTEC system moves the cracking
limits to higher pressures and a process control at the
sealing line increases the cracking limit additionally.

Figure 10 illustrates a comparison of the material flow
and the sheet thickness with different control strategies. A
process control at the sealing line enables an enlargement
of the material flow of about 12% in comparison to a
constant clamping force. This leads to a significant
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decrease of the thinning in critical corner regions of about
25%. A lower thinning can be used to increase the forming
depths or to reach a higher process stability respectively. A
linear control strategy leads to almost similar improve-
ments like an CCD controlled process strategy respectively
to the bursting pressure or the material flow at reduced tool
complexity. However, the process is not reproducible but
highly instable.

6 Conclusion and perspectives

The process control of forming operations is essential
particularly with respect to the quality of the formed parts.
The investigations demonstrate, the higher the reached
internal pressure is the higher is the forming grade of the
sheet metal part. The CCD based optical detection system
in combination with an active-elastic tool offers new per-
spectives during sheet metal hydroforming. In comparison
to the concepts at the initial situation, the developed system
shows the following improvements:

e improved and homogeneous material flow,

e Jower thinning, higher drawing depth,

e Jower forces, lower required energy, lower laid-out
tools,

e active material flow control,

e higher process stability through higher cracking limits,
and

e a high grade of automation.

To ensure the full performance and the repeatability of the
described technology some improvements are still
required. Further arisen process limitations through the
volume charge limit and the total volume of the booster are
some of them. Further on the elastic behavior of the
ACTEC tool tends to result in plastic deformations if the
maximum clamping force is applied. The new challenges
might be solved through a pump system for the active fluid
supply at lower pressures where the main material flow
occurs. The limitation due to the volume charge limit and
the total volume of the booster would be avoided. The
booster could be used for calibration purposes at higher
internal pressures. However, the effects of a process control
at the sealing line to the parts quality by terms of sheet
thickness distribution and geometry tolerances are not
analyzed yet.
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