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Abstract: This study presents the development and process integration of an alternative demoulding
system for high-pressure die casting. The system is aimed at the removal of large structural castings,
which are becoming increasingly popular in the industry under the terms mega- and gigacasting.
The development differs from conventional systems in the fact that it completely avoids ejectors and
realises the demoulding via the principle of vacuum suction cups. Preliminary tests were carried out
in which various established materials for vacuum cups were initially identified and the suitability of
the selected cup concept was investigated by varying influencing variables from the high-pressure die
casting. These tests showed that a suction pad material combination of an elastomer with a thermal
barrier and an aramid felt on the surface provides the best results under the given process boundary
conditions. Based on this, a multi-segmented vacuum mask with contour adaptation to the casting to
be removed was developed. This vacuum mask is used to build up the holding force between the
casting and the removal device. The necessary removal force is applied via pneumatic cylinders. The
functional capability of the concept and the system integration was verified by experiments on a real
die-casting mould for test specimens. The shrinkage and demoulding process can be successfully
modelled in the simulation and the real measured demoulding force is only approx. 15% higher than
in the simulation. During demoulding in the high-pressure die-casting process, vacuums of up to
88.7% were achieved at temperatures up to 395 °C.

Keywords: demoulding system; ejector; high-pressure die casting; contoured vacuum mask;
processing innovation

1. Introduction

High-pressure die casting is an economical production process for manufacturing
automotive components efficiently in terms of quantity, costs, and the weight of the parts.
Aluminium and magnesium alloys are primarily used, which have a high potential for
lightweight constructions due to their low specific density. The potential of lightweight
constructions is decisively influenced by their wall thickness. The thinner the casting, the
greater the potential for weight savings. The current trends of light metal castings in the
automotive sector show a reduction in the number of parts in the drivetrain due to the
transformation of the type of propulsion. The compensation is driven by the search for
alternative products in order to continue to utilise production capacities in the future. This
has led to increased interest in structural car parts [1].

In particular, Tesla’s advance in the area of gigacastings, in which entire front and rear
bodies are produced as single castings, is leading to a strong trend in the foundry industry
that other manufacturers like Volkswagen, Volvo, Nio, and Xpeng are following [2—4].

The structural parts and mega- or gigacastings all have something in common. These
parts are characterised by the substitution of several small parts, functional integration,
large surfaces, and long flow paths in combination with thin wall thicknesses. After being
poured into a mould, the casting solidifies and undergoes volume contraction as cooling
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progresses, which leads to shrinkage onto the mould. The castings and their moulded
parts are designed in high-pressure die casting in such a way that the casting shrinks onto
the moving half of the mould in which the ejector system is located. This leads to surface
pressure and then contact pressure between the casting and the mould. Furthermore, the
aluminium adheres to the steel, which leads to an additional adhesive force [5].

However, distortion and damage can occur during the demoulding of thin-walled
castings. One reason for this is the punctual demoulding force of the ejector pins on
the component used in a conventional die-casting mould [6]. Several ejector pins that
are centrally driven via the ejector plate are used in these moulds. The positions of the
ejector pins are often determined by the installation space in the mould frame, which
is restricted by temperature control, guides, and the component’s geometry. Additional
material often has to be designed into the component in order to define a position for the
ejector, which is contrary to the lightweight construction potential. In order to solve these
and other problems associated with conventional demoulding systems, there is a need for
alternative demoulding concepts that do not use ejector pins, especially with respect to
very thin-walled castings.

2. Preliminary Investigations

The high-pressure die-casting process has some harsh conditions that distinguish it
from other common production or part-handling tasks. These conditions and the usable
materials must be determined in the first step. The aim of the preliminary tests is, on the
one hand, to investigate the suitability of the selected suction pad concepts to fulfil the
requirements of the HPDC process. On the other hand, the possible vacuums and the
maximum holding forces are determined. This is essential for designing the system and
calculating the possible holding and demoulding forces.

2.1. Boundary Conditions of the Application

The main factor influencing the demoulding system is the temperature of the casting
shortly before demoulding. The temperature varies locally on the casting and can reach up
to 400 °C in some cases [7]. Due to thermomechanical fatigue, cracks form on the mould
surface with increasing mould age until the mould fails. This failure leads to the formation
of burrs on the casting, which become more distinctive over time [8]. The surface condition
is another factor to be considered, as well as the release of agent residues or other process
additives that can adhere to the casting after the mould has been opened. In addition, the
angle at which the subsequent demoulding force is applied to the contact surface should be
taken into account.

2.2. Material Selection

Elastomers are typically used as suction pads. Depending on the area of application,
different elastomers offer different levels of resistance in addition to their elastic deforma-
bility. They offer sufficient flexibility and good resistance to many media; for example,
FFKM offers good chemical resistance to most media such as lubricating or fuel oils, acids,
bases, alcohols, and hydrocarbons. Fluoroelastomers such as FKM or FFKM are suitable for
handling in the high temperature range. Fluoroelastomers can withstand limited exposure
to 300 °C. However, they should not be exposed to temperatures higher than 315 °C, as HF
emissions can occur [9].

To avoid this risk and to guarantee performance up to 400 °C, a suction pad made of an
elastomer with a heat barrier and an aramid felt covering the surface was used (Figure 1).
As a result, application temperatures of 400 °C during operation and peaks of up to
500 °C were realised [10]. When vulcanising the elastomer, the back of the suction pad can
be connected directly to a metal support body, e.g., aluminium, which is relevant with
regard to the development of a contoured mask, as shown later.
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Figure 1. Structure of the vacuum cup used in the preliminary tests.

2.3. Experimental Setup and Test Procedure

The test rig is set up as shown in Figure 2 to determine the vacuums and the maximum
holding forces, taking into account the process-relevant boundary conditions. The test
rig essentially consists of the base frame (1), the vacuum ejector (2) with an integrated
vacuum sensor, a linear unit (2), the test plate (5) and the force sensor (3). The vacuum
ejector provides the required vacuum at the suction pad, and enables a maximum flow rate
of 300 L/min and a maximum vacuum of 90%. The linear unit applies the required tear-off
force, which is detected by the force sensor. An aluminium die-cast plate and segments
from a real die-cast component, which can be heated up to 400 °C using an electric heating
element and a mounting with a changeable angle, are used as test plates.

1—Base frame
1 6 2 —Pneumatic cylinder
3—Force sensor
4—Vacuum suction cup
5 ! 5—Heated plate
6—Vacuum ejector
7—Vacuum suction tube
8 —Compressed air tube
9—Control unit
8
5
9

Figure 2. Setup of the test rig.

The following variables for the preliminary tests are derived from the boundary
conditions mentioned in Section 2.1 of the application:

e  Temperature: RT, 100 °C, 200 °C, 300 °C, 400 °C;
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Angle 0°, 5°,10°, 15° (at all temperatures);
Lubricant Chem-Tend SL 67867A (at 200 °C) (Chem-Trend, Maisach, Germany);
Surface roughness/burrs after mould age of 19 k and 115 k cycles (at 200 °C).

To analyse the effect of a rough surface, particularly from burrs due to the ageing of the
casting moulds, segments from a real die-cast component were used. The segments shown
in Figure 3 were taken from the area near the runner of a shock tower from a passenger
car. For all other tests, the aluminium die-cast plate with a smooth surface was used. The
surface corresponded to a new mould with 500 cycles.

Figure 3. Segments taken of a shock tower out of a mould with different ages and positions of the
suction cups indicated by dotted circles: (a) casting from a mould after 19,000 cycles; (b) casting from
a mould after 115,000 cycles.

The following procedure was used to realise the experiment:

Setting the required temperature and angle;

Moving the suction pad onto the test plate;

Switching on the vacuum and depressurising the linear unit;
Suctioning until maximum vacuum was reached;

Applying the pull-off force by the linear unit at approx. 120 N/s;
Ending when the suction pad was released from the plate.

2.4. Results of the Preliminary Investigations

As the vacuum and the effective area of the suction cup can vary during the test, the
maximum pull-off force before detachment occurs is defined as the target value. Each test
was carried out at least seven times and the mean value and standard deviation were taken
into account for the evaluation. Figure 4 shows the mean value and standard deviation of
the maximum holding force as a function of temperature and pull-off angle.

The maximum holding forces can be achieved at a pull-off angle of 0° and decrease
as the angle is increased. The results are plausible, as the pull-off force is divided into a
normal force to the surface and a shear force when the angle is increased. Assuming that
the force is divided into normal and shear force at an angle of 15°, the diagram shows that
the difference between the calculated and measured force deviates. This shows that the
force distribution of classical mechanics cannot be applied here and that the behaviour
is much more complex and must be taken into account in the subsequent design. The
behaviour with an increase in temperature is striking. The pull-off force increases with
increasing temperature in each series of tests.

If the maximum achievable vacuum is also considered, it can be seen that, at room
temperature (RT), only 72.6% vacuum can be achieved. At 100 °C, it increases to 75.0%,
and at 200 °C, it reaches 76.5%. From 300 °C, it stagnates at 78.8% and at 400 °C at 78.9%.
This trend occurs at all angles.
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Figure 4. Mean value and standard deviation of the maximum holding force as a function of
temperature and pull-off angle.

An explanation for the rise in the holding force and vacuum when the temperature is
increased may be that, in the present form, there is a random structure to the fibres in the felt
and in the properties of the aromatic polyamide (see also [11,12]). The aromatic polyamide
has a negative coefficient of thermal expansion and a decrease in Young’s modulus when
the temperature increases. When the temperature increases, the fibres become more flexible
and contract due to the negative coefficient of expansion. This means that the randomised
felt structure becomes denser on the one hand and has higher elasticity on the other. This
leads to a better seal on the surface, which results in a higher vacuum and lower permeation.
Again, the higher vacuum and lower permeation results in a higher holding force.

To compare the effects of release agent residues on the mould surface and mould
ageing, tests were carried out at 200 °C at an angle of 0°. The test with the smooth
aluminium plate from Figure 4 was taken as a reference. Table 1 shows the maximum
holding force. It is remarkable that neither the release agent nor the burrs have a strong
influence on the holding force.

Table 1. Maximum holding force at 200 °C influenced by release agent and mould ageing.

Reference With Lubricant 19 k Cycles 115 k Cycles

Mean 274.0 N 2779 N 271.3 N 271.0 N
Standard deviation 1.2 1.8 0.7 1.8

The sealing area of the suction pad is always subject to permeation, i.e., air is continu-
ously extracted during handling. The moisture present, or, in this case, the release agent
residue, is sucked away directly and does not have a negative effect.

The following explanation can be given with regard to castings from an aged mould.
Due to the random structure of the felt, the individual fibres can adapt well to the surface
texture, such as burrs. This also results in no reduction in the holding force.
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In summary, the selected vacuum gripper concept and material are suitable. The most
important influencing process factors such as temperature, release agent, and surface ageing
of the mould were examined and showed no negative influence on performance. Increasing
the temperature increased the possible holding force. When designing a contoured vacuum
mask, this should be taken into account to the effect that the design should be based on the
lowest temperature that could occur.

When designing the mould, however, it should be also considered that sealing surfaces
should be selected as close to the pull-out direction as possible. The greater the pull-off
angle, the greater the reduction in the possible holding force.

3. Methods
3.1. Calculation of the Shrink-On and Performance of the Demoulding System

In order to be able to demould the casting, the following equation must be fulfilled:

FDemoulding > Fshrinkage + Fadnesion 1

With increasing casting complexity, the manual calculation of shrinkage is no longer
feasible. The MAGMASOFEFT 6.0 casting simulation software offers a module that can be
used to calculate the shrinkage of the casting onto the mould, the resulting contact pressure,
and, taking into account static and dynamic friction coefficients, the demoulding of the
casting using ejector pins.

In conventional ejector systems, the force for demoulding is applied via a hydraulic
cylinder that is connected to an ejector plate, which, in turn, contains ejector pins that
transfer the force to the component at specific points. In the present case, the holding force
of the vacuum system is at least equal to the ejector force Fpepouiding-

Fholding > FDemoulding 2)

The holding force of the vacuum suction cup can be determined as follows:

Fholding = (pambient - pvacuum) x A )

The pressures papient and Poacuum are to be used as absolute pressures. A is the effective
area of the interior of the suction pad. A general parameter for the effectiveness of vacuum
cups is the contact pressure 0. This is calculated using the following equation:

y— Frolding —m(g +a)

S @

Most suction cups have a certain amount of leakage between the sealing element and
the workpiece; this is called permeation. It is decisive for the maximum achievable vacuum
and the required power of the system. This is calculated using the following equation:

6V P
V=—=— 5
6t o ©)

3.2. Simulation of the Ejection Process

The MAGMASOFT 6.0 casting process simulation software is used to estimate the
required demoulding force. In addition to the calculation of mould filling and solidification
via FDM, the software can also be used to calculate the demoulding force with conventional
ejector pins. MAGMASOFT 6.0 calculates the resulting contact pressures between the
casting and mould during solidification. This stress state is transferred to the following
FEM in MAGMASOFT 6.0. Meshing and mapping from FDM to FEM is, however, a black
box of the software. The casting is pushed out of the mould using the ejectors. In the
so-called evaluation areas between the casting and the ejector, the contact pressures are
logged during the demoulding process and the force occurring in the ejector is calculated
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via the existing surface of the ejector. Summing up the forces results in a force-time curve
of the ejector force.

In contrast to pushing the casting out of the ejector side of the mould using ejectors,
demoulding using suction pads was carried out by pulling on the other side of the casting.
The direct modelling of demoulding using suction pads was not implemented, which is
why the following substitute model was created (see Figure 5). Ejectors are placed on the
ejector side in the central area of the individual suction segments, with which the casting
is demoulded.

Ejector

Evaluation
Area

\J Casting
Figure 5. Geometric setup of the simulation of the demoulding process in MAGMASOFT with the

ejector pins placed in the central area of the individual suction segments. The evaluation surface
between the casting and the ejector is marked in the cross-section.

The demoulding process in MAGMASOFT 6.0 is calculated under the steady-state
thermal condition of the casting process. The main parameters of the simulation are shown
in Table 2.

Table 2. Main parameters of the casting simulation and calculation of the demoulding process.

General Parameters

Alloy Melt temperature Mould temperature Cycle time
AlSil0MnMg 680 °C 200 °C 82s
Ejection parameters
Element size Friction coefficient Duration Stroke
2 mm 0.2 20s 5mm

3.3. Design of the Demoulding System

The contour-adapted vacuum felt suction cups should have the properties of the
standard felt suction cups as far as possible. The aim is to create a segmented suction
mask that has sealing surfaces adapted to the contour of the casting. The geometry of the
sealing surfaces of the contour suction cups is initially limited to two-dimensional areas of
the casting.

In co-operation with Werner Vakuumsauger GmbH from Meckenheim Germany, a
manufacturing strategy for the production of the individual segments is being developed.
The concept has the structure shown in Figure 6. The sealing felt (1), the flexible layer
(2), the mounting plate (3), and the seal (4) are vulcanised together. For the vulcanisation
process, which creates a bond between the silicone and the felt, the felt and mounting plate
are placed in a prefabricated mould and encapsulated with a temperature-resistant silicone
and vulcanised. This creates a material bond between the components.
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L,_,.'

Figure 6. Basic structure of the developed contour suction cups.

The carrier plate (5), which has holes for the suction line and sensor connections (6), is
mounted to the mounting plate using screw connections (7). The unit, consisting of the seal, the
mounting plate, the flexible layer, and the sealing felt, is referred to below as the contour seal.

In order to determine the necessary width of the contour seal, the manufacturer
of the vacuum cups is consulted and the effective suction area is estimated from the
preliminary investigations. This is for estimation purposes only and assumes the same
vacuum distribution in the non-contact area. It only applies to the present case. Suction
pads have a contact and a non-contact area (see also [13]). This means that even flexible
suction pads only have contact with the workpiece to be handled in the outer area. The
smallest non-contact area and its diameter are thus calculated for the most conservative
case from the measured pressures and holding forces of the suction pad in the preliminary
test. At room temperature, a minimum holding force of 228.3 N was achieved with a 72.6%
vacuum. This corresponds to an area of 3144.6 mm? with an effective diameter of 63.3 mm.
The effective sealing width is, therefore, 13.4 mm. This is in line with the manufacturer’s
statement that a sealing width of at least 15 mm should be taken into account. For the
development of the segmented vacuum mask, the contour seal is set at 15 mm, so that a
safety factor of approx. 12% is taken into account in the design.

A test mould is available as a die-casting tool, which also has a conventional ejec-
tor system as a backup solution. The casting and the sealing surfaces applied to it are
shown in Figure 7a. The casting consists of a runner system, which is covered by two
segments, (3) and (4); two tensile specimens (1); one casting plate (2); and three fatigue
specimens, which are excluded due to their curvature. The contour-adapted vacuum felt
suction cups are mounted on a carrying frame, as shown in Figure 7b. The demoulding
force is applied via four pneumatic cylinders, which can apply a maximum of 11,222 N at a
pressure of 9 bar.

~ 910mm R
T J
| v

(a) (b)

Figure 7. (a) Segments of the vacuum suction mask and sealing surfaces (orange). (b) Carrying frame
for the suction mask with four pneumatic cylinders (5).
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The achievable holding force of the vacuum mask for connecting the casting and
the removal device is calculated using the inner surfaces of the contour-matched suction
surfaces at 70% vacuum. This results in a total holding force of 3922 N (see Table 3).

Table 3. Inner surfaces of the contour-matched suction areas with calculated holding forces at
70% vacuum.

No. Description Quantity  Single Area [mm?] ;ﬁ;:};grfgr[ﬁ] Holsctl:rrll‘g[ll;(;rce
1 Tensile specimen 2 2520 179.7 359.4
2 Plate segment 4 9490 672.8 2691.2
3 Runner, arm 2 3560 252.4 504.8
4 Runner, divider 1 5170 366.6 366.6
Total holding force 3922

3.4. Experimental Setup at the Die-Casting Machine

The complete structure of the removal device (6) is attached to an industrial robot
(2) of the type KUKA KR 180 R2500 extra, as shown in Figure 8. On the arm of the robot
is a control cabinet (4) in which the sensors and valves for logging and switching the
vacuum and pneumatic cylinders are located. The vacuum values and the pressures of
the pneumatic cylinders are recorded in a separate data logger via the measuring cable
(3). The vacuum is generated by the integrated vacuum system of the die-casting cell. This
has a maximum flow rate of 2583.33 L/min, a vacuum tank with 1000 L, and a maximum
achievable vacuum of 99%. The vacuum is generated by the integrated vacuum system
of the Biihler Carat 140. The vacuum tank is connected to a distributor in the extraction
device via a suction line (1). When dividing up the vacuum line, care is taken to ensure
that the cross-sectional area does not have any narrow points, that friction losses in the air
flow are minimised by the choice of geometry, and that the total cross-sectional area does
not change when dividing up the line.

Figure 8. Experimental setup on die-casting machine with removal device (6) on industrial robot and
the clamped mould in the background (5).
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The trials were carried out on a Biihler Carat 140 high-pressure die-casting system,
on which a fully automated and industry-oriented casting process was realised. In the
casting process, an aluminium alloy of the type AlSi10OMnMg with a melt temperature of
680 °C is used. The maximum pressure in the filling phase is 500 bar. The die-casting tool
is tempered to 200 °C using tempering oil. After casting and mould opening, the removal
process follows the following sequence:

Robot moves to removal position;

Vacuum on;

Check vacuum > target value (75%);

No -> Error and removal via ejector;

Yes -> soft switching of robot axes -> enables vector move in demoulding direction;
Pressurise pneumatic cylinder and wait until pressure is applied;

Part is demoulded;

Depressurise pneumatic cylinder;

Remove part from moulding area;

Place on component lock and switch off vacuum.

4. Results and Discussion
4.1. Simulation of the Ejection via Pins

The curve of the calculated demoulding force was plotted over the process time, as
shown in Figure 9. Two local maxima occur during the process. The first occurs during
the mould-opening process, in which the cover die is removed in the simulation. During
the process, the casting undergoes a small reversible deformation, which leads to a small
increase in the forces that act on the ejector pin. From 75.0 s, the demoulding process
takes place, during which the force rises abruptly to 1782.5 N within 0.3 s. Within this
short period of time, the static friction is overcome in most areas of the casting. In the
further course of the process, the casting is ejected when the sliding friction is overcome
and reaches its maximum force of 1952.2 N.

calculated ejection Force

e

ejection

forcein N

H
! 3 8
g 8

IIIIIIIIIIIIIIIIIII:IIIIIIIIIIIIIIIIIIIIIIII

die opening

0 ””I””I“ IIII[IIIIIIII:IIII:IIII:IIII{I!!I

T
70 71 72 73 74 75 76 77 78 79 80
timeins

m

Figure 9. Calculated demoulding force with marking of the process phases. During ejection, there are
locally different conditions with regard to static and dynamic friction.

At first look, the curve does not correspond to expectations. With an ideal cylin-
drical or cuboid body and a uniformly distributed application of force, the demoulding
force would initially rise to a global maximum and, after overcoming static friction and
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switching to sliding friction, would run on a lower plateau that decreases with time until
complete demoulding.

This deviation from the ideal can be explained as follows. On the one hand, the casting
does not have an ideal cylindrical or cuboid geometry and the demoulding force is not
evenly distributed over the component. When looking at Figure 5 in Section 3.2, it can be
seen that the force application points or ejectors are increasingly on the side of the tensile
specimen and that there are also geometries in the outer area of the barrel that favour
clamping. This leads to the static friction being overcome locally at different times and to
the casting tilting or jamming with the mould during the sliding process, which, in turn,
leads to a further increase in force.

Allin all, the calculated maximum demoulding force of 1952 N is below the achievable
holding force of 3922 N, thus fulfilling the condition from Equation (2) in Section 3.1. In
terms of calculation, demoulding with the present new demoulding system is given for
this casting.

4.2. Demoulding Process

The experimental implementation on the die-casting machine in the fully automated
casting process was successfully implemented. Demoulding using the segmented vacuum
mask worked. Figure 10 shows the measured pressures of the four grouped segments:
(1) tensile specimen, (2) plate segment, (3) runner, arm, and (4) runner, divider, and the
total demoulding force applied calculated from the pressure and effective areas of the four
pneumatic cylinders.

pressure in vacuum segments and demoulding force
1200 2500
VU S— - :
5 S . + 2000
g r ? : z
E 800 + i 1 k=
- ! 1 )
b - ! 1+ 1500 ¢
5 i ! 1 S
2 600 | ! ] &0
v i i 1 |
= I i + 1000 =
2 400 | | : 2
= C t ] =
: i F 1500
< 200 _: '_._'_.,.., T =
0+ 1o
0 5 30 35 40 45
segment ] ——-segment2 - segment3 ----- segment4 —=+— Force

Figure 10. Measured pressure in the grouped vacuum segments and demoulding forces of the
experimental investigation in the die-casting process for a representative cycle. The time is from
the beginning of the demoulding phase to placement on the sluice. The highlighted area shows the
process during the actual demoulding.

The pressure build-up in the cylinders takes approx. 6 s until the actual demoulding
begins. During this process, local minima occur at 11.5 s and 13.5 s, which can be explained
by the stick—slip effect. The stick—slip effect occurs when the static friction is significantly
greater than the sliding friction. The rod seal and the piston seal on the pneumatic cylinder
create a comparatively strong static and sliding friction [14].
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The actual demoulding process is shown in the highlighted area in Figure 10. The
local minimum in the highlighted area is the short pressure drop at which the static friction
is overcome. This exhibits the same behaviour as described in the simulation. As a result,
the casting is pulled out of the mould and, as seen in the simulation, is subject to jamming
and slight tilting. A total force of 2228.2 N was applied to demould the casting.

The vacuum is above the required target value of 75% or below 250 mbar in all groups
and, during the demoulding process, it is well above the maximum vacuum value of 78.9%
determined in basic tests. The vacuum curves are continuous, without local minima, which
is an indication that the suction segments do not lift off the casting. The maximum vacuum
values in the four grouped segments are 86.4% in the tensile specimen (1), 88.2% in the
plate segment (2), 88.7% in the runner, arm (3), and 86.6% in the runner, divider (4).

Three aspects have been identified as the cause of the discrepancy between the pre-
liminary test and the trials in the casting process and are discussed below. The first aspect
concerns the vacuum supply. In relation to the effective area of the suction cup, the ejector
in the preliminary test provides approx. 0.10 L/min per 1 mm? at a maximum vacuum
of 90%. The vacuum pump and the tank of the casting system provide a similar suction
capacity of 0.12 L/min per 1 mm?, but they enable a vacuum of 99% from the tank. This
can be used to compensate for possible leaks in the suction line system.

The second aspect is the pressing of the suction cup onto the substrate. In the pre-
liminary test, the contact pressure was based solely on the weight of the suction cup,
connecting parts, and piston with piston rod. The output of the axis torques of the robot
showed 1130 Nm for the axis with which the part was pressed on, with a lever of 2.59 m;
this corresponds to a contact force of 436 N.

The third aspect is the temperature of the casting before removal. For this purpose,
the temperature of the casting was measured tactilely in the areas of the segments after the
part had been ejected and deposited. These values are shown in Table 4 and were recorded
after 40 s, as illustrated in Figure 10.

Table 4. Measured temperature of the casting after extraction and transfer out of the casting cell.

Temperature in °C

No. Top Plate Bottom Plate Tensile Specimen Runner, Arm Runner, Divider

1 210 320 280 320 380

2 230 340 305 340 375

3 235 350 315 365 395

4 215 320 290 325 345

5 225 335 310 320 370

6 220 330 300 325 340

7 220 330 300 320 355

Mean 222 332 300 331 366
Standard deviation 8.0 9.9 11.0 15.5 18.4

The temperatures in the divider of the runner reach their maximum values in the peak
up to 395 °C, while the coolest areas are in the upper part of the plate with a min. of 210 °C.
On average, the temperatures measured are mainly between 300 and 360 °C. Due to the
time elapsed between suction and deposition, it can be assumed that the parts are slightly
hotter at the start of the demoulding process. The temperatures of the parts are all within
the range of the maximum vacuum of the preliminary tests, with the exception of those
in the top of the plate. The analysis of the temperatures shows that the prerequisite for
a maximum achievable vacuum is given here, but is not the cause of the higher values
compared to the preliminary tests. It can be assumed that the combination of take-off angle,
temperature, and volume flow provides ideal conditions and that the pressure and the high
available vacuum decisively improve the vacuum.
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4.3. Further Discussion

The demoulding forces measured in the experiment are approx. 15% higher than
those in the simulation. The prediction of the necessary forces using MAGMASOFT 6.0 can
initially be rated as good. The discrepancy in the results can be explained on the one hand
by the high dynamics and the extreme boundary conditions of the die-casting process, and
on the other hand by the modelling of the demoulding process using ejector pins. The basic
behaviour during demoulding with static and sliding friction as well as jamming can be
observed in both the simulation and experiment.

The feasibility of a vacuum extraction system based on a two-dimensionally contoured
mask has been demonstrated. The next step is to increase the geometric complexity and,
thus, adapt it to a three-dimensional contour. In particular, the manufacturing process of
the contour seal with Werner vacuum cups must be determined and its limits identified.

A further research approach is the investigation of the sealing width and its influence
on achievable vacuums and holding forces, as the vacuum mask, in contrast to conventional
round or rectangular suction pads, only has a contour seal and no variable flexible seal over
the entire area. Existing investigations such as [15,16] can be consulted for this purpose.

With regard to large-area structural parts, the influence of the system on the distor-
tion of the cast part due to demoulding can be investigated in contrast to conventional
demoulding systems based on ejector pins. The extent to which the uniform application
of negative pressure to a large area can be advantageous compared to the punctual force
transmission of pins must be examined.

If the internal ejector system can be completely dispensed with in moulds, this opens
up further degrees of freedom in terms of mould design. On the one hand, far-reaching pos-
sibilities are conceivable in the design of the cooling process, such as mask cooling [17,18],
or, on the other hand, greater stability of the mould can be achieved.

5. Conclusions

This paper shows the development and successful implementation of an alternative
demoulding system for the die-casting process. The basis is the calculation of the necessary
force on the one hand and the performance of the demoulding system on the other.

A suitable material concept is identified in the preliminary investigations and its per-
formance capability is analysed, taking into account the application-specific requirements.
The suction pads are made of an elastomer with a thermal barrier and the surface is covered
with an aramid felt. This enables application temperatures of 400 °C during operation and
peak values of up to 500 °C.

MAGMASOFT 6.0 was used to set up an equivalent model and estimate the shrinkage
force. Together with the calculation of the possible holding and demoulding force, a
segmented vacuum mask for the removal system was developed, built, and successfully
tested in the die-casting process. Higher performance was achieved with regard to the
achievable vacuums of up to 88.7%.

6. Patents
EP4168194-VACUUM MASK, DEVICE AND METHOD FOR DEMOLDING A CAST PART.
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