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Lightweight design is playing an increasing role in the automotive and aerospace industries due to the stringent emission
regulations. Hence it is necessary to produce parts with complex geometries from sophisticated high-strength materials. In this
context, and especially when high strength materials have to be formed into highly complex geometries, it is inevitable that new
manufacturing processes will need to be developed which meet these requirements. High speed forming processes have a very high
potential when it comes to shaping complex, sharp-edged parts and constitute a key means of reducing a component’s weight and
hence of complying with the stringent emission regulations and also saving on essential resources. These processes and, in this case,
pneumo-mechanical and electrohydraulic forming in particular, are a major subject of intense research at the University of
Paderborn's Chair of Forming and Machining Technology (LUF). To be able to bring these processes into industrial use, it is
necessary to identify the influence of different process parameters on the forming result. This will not only help to optimize the
process itself, but will also lead to a better understanding of the process phenomena.

This paper presents recent results relating to the influence of different process parameters, such as the acceleration pressure
and the filling level of the working media, on the forming result of sharp-edged, sheet metal parts and square-formed tube geometries
in aluminium using a pneumo-mechanical, high speed forming process. It is seen that the forming result can effectively be influenced
by varying the acceleration pressure and the filling level. Furthermore, this paper presents the results of basic research conducted
on pneumo-mechanical high speed forming and its comparison with conventional hydroforming.
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Introduction

The protection of the environment and resource saving are becoming increasingly important in manufacturing
industry as a whole, and especially in the automobile and aerospace industries. Several recent research projects have
thus been aimed at implementing lightweight concepts in production, using innovative materials and complex part
designs with an enhanced functionality. In addition to material development, it is also necessary to develop new,
innovative production processes which are able to meet the requirements for shaping new materials like high strength
steels into highly complex geometries, as well as permitting the integration of additional process steps like cutting or
joining while, at the same time, being highly cost and energy effective.

In this context, high-speed-forming processes have a high potential for meeting these requirements. As the
forming speed and the media pressure are very high by comparison to conventional stamping processes, such as deep
drawing or quasi-static hydroforming, the materials show improved formability, thus enabling conventional forming
limits to be significantly exceeded in a positive manner. This makes it possible to create very sharp-edged and complex
geometries by forming. [2]

The technology of high speed forming has been familiar since the 19™ century already and was intensively
examined in the United States, Germany and the Soviet Union up to the 1950s [1] when explosives and both
electrohydraulic and pneumo-mechanical pressurization [1-4] were used to form workpieces either in a die or freely.
High-speed forming includes all the manufacturing processes that release the necessary forming energy very quickly
and transfer it to the workpiece in a time range from a few microseconds to 1000 microseconds.

This paper presents recent research results from pneumo-mechanical high speed forming (PMF), where a plunger
is accelerated through a tube, by means of compressed air, into a forming die that contains a working medium like
water. Both the collision and the immersion of the plunger into the working medium create very high pressures over a
very short time, which are used to form the workpieces in a die. The influence of process parameters such as the
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acceleration pressure and the filling level of the media on the forming result is shown in this paper, together with a
comparison of conventionally formed parts with parts formed by PMF.

Research objective

Current research at the Chair of Forming and Machining Technology (LUF) is focused on fundamental
investigations of high speed forming processes, and especially of pneumo-mechanical (PMF) and electrohydraulic
forming (EHF). These investigations are to provide an overview of different process parameters and their influence on
the forming result as well as their interaction with each other. This will lead to a better understanding of the process
phenomena and will highlight the potential for boosting the effectiveness of these.

In the case of pneumo-mechanical high speed forming, key process parameters include the acceleration pressures,
the acceleration height, the working media type and its filling level, and also the tool clamp forces. The influence of the
acceleration height, the working media type and the tool clamp forces was described in [6] and [7]. This paper deals
with the influence of the acceleration pressure as well as with the filling level of the working media. Knowing the main
process parameters and their influence on the forming results, it is possible to ensure that the process is more efficient
and make it available for industrial use. A comparison of the forming result achieved by conventional forming
processes and high speed forming will highlight the potential that high speed forming has by comparison to
conventional forming processes. In addition to the sole use of PMF, it would also be conceivable to extend conventional
forming processes by high speed processes and thus to be able to form more complex, multifunctional parts.

Experimental setups and measuring procedure

The experiments were performed on a pneumo-mechanical setup consisting of a pressure generation unit, a
vertically arranged acceleration tube and a forming die (Figure 1). Inside the tube, a plunger is accelerated by
compressed air and dives into the water-filled chamber, thereby generating very short pressure pulses of up to 60 MPa,
forming sheet metals or tubes in a die.
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Fig. 1. Pneumo-mechanical setup: 1 — pressure generation unit; 2 — lever valve; 3 - release mechanism; 4 — plunger;
5 — acceleration tube; 6 — light barrier; 7- SAE-flange; 8 - pressure chamber; 9 — working medium; 10 - membrane
pressure gauge (die); 11 - lower tooling adaptor; 12 — vacuum connection; 13 — sensor adapter; 14 — pressure
transducer (PCB 109C11 p=0-5500 bar)

Reference process (quasi static)

The maximum acceleration pressure is 1.5 MPa, the length of the acceleration tube is 5.1 m, and the tube
diameter employed is 38 mm. At the lower end of the tube is a device for measuring the plunger’s speed, which can
provide information on the plunger's energy. The pressure measurements inside the tool were performed using a high-
frequency ICP pressure sensor (109C11) from PCB, New York, USA. The recording of all the measured signals was
performed by a four channel digital oscilloscope from Agilent Technology 1000. The measurement of the forming level
was made using a coordinate measuring machine (Contura G2) from Zeiss, Oberkocken, Germany, and the part
geometry was defined by the optical 3D forming analysis system, Argus, from GOM, Braunschweig, Germany.

In addition to the pneumo-mechanical setup, conventional quasi-static hydroforming setups were used as a
reference process for the comparison of conventional and high speed forming processes. A sheet and tube tool setup
consisting of a two part forming die, intermediate or clamping plates and pressure intensifier (pm.x<400 MPa) was used
to this end, for more details see also [S]. To apply the necessary locking force, the tool for sheet forming was mounted
inside a 8000 kN hydraulic press. The sealing for both processes was reliably achieved by using of a simple O-ring (70
shore hardness) and a 1mm knife-edged ring.
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Results and discussion

The focus of this work is on analysing the influence of different process parameters such as the filling level and
the acceleration pressure on the forming result, with the aim of making the process more efficient and comparing
pneumo-mechanical high speed forming with conventional forming processes, like quasi-static hydroforming. This will
make it possible to work out the different potentials and properties of PMF by comparison with conventional
hydroforming. The chosen demonstrator geometries were a V-shaped groove with a wall angle of 90° and a width of 15
mm for sheet metal forming and a rectangular shape of 41x41 mm with a height of 40 mm for tube forming. These
geometries have only minimal acceptable geometry deviations, and the small radius on the V-shaped geometry, in
particular, is very hard to form by quasi-static forming processes but can easily be produced by high speed forming
processes and thus provides an opportunity to highlight the possibilities of PMF.

Comparison of sheet metal forming by pneumo-mechanical high speed and hydroforming processes

To achieve better characterization of the potentials of PMF and quasi-static hydroforming, a qualitative
comparison was performed, using a membrane as the forming die, in order to analyse the planar pressure distribution on
a sheet metal part. Furthermore, a V-shaped part geometry was employed so as to represent a complex sharp-edged part,
like a modern car body element. While the pressure distribution on the sheet metal was very homogeneous in both
processes, and its reproducibility was even very good, see also [6], the sharply contoured workpiece can be produced
more conveniently by the pneumo-mechanical process than by quasi-static hydroforming.

PMF Quasi-static
1 pMF \ Material Hydroformin,
"2 Hudrafarmm AA1050 Material
<_ Hydrof —_—
8 — yooormme " Thickness AAL050
S,= 0.5 mm Thickness
| Kinetic Energy $;=0.5 mm
E, =4kJ | Pressure
E Accelerating pressure P=80 MPa
£ | p=13bar || Working media
= | Plunger mass water
) m=624¢g Bottom radii
= | Working media | | rp=1.25mm
| water | Cross section |
| Filling level
V=1080ml
0 ' Bottom radii A
N R=1.25m|
rg = 0.2 mm |

16 L
| Cross section

ey
£t -
' Min 0 widih o)
120
=0.2mni

Fig. 2. Manufacture of a sharply contoured geometry by pneumo-mechanical high speed forming and conventional
hydroforming

Comparing the formed parts produced by these two methods, the difference in the forming level was less than
2%. But one key aspect is that, while pneumo-mechanical forming achieves bottom radii of rg=0.2 mm, which is
smaller than the initial blank thickness of 0.5 mm, quasi-static hydroforming only achieves radii of rz=1.25 mm (see
Figure 2). Nevertheless, quasi-static hydroforming showed a lower deviation of 60 pm over the whole length of
105 mm, compared to 80 um for pneumo-mechanical forming. The experimental investigation was conducted on
aluminium (AA 1050) blanks with an initial thickness of 0.5 mm.

During the experiments, it was found that, under specific conditions, the plunger collides with the blank,
destroying the surface of the blank and thereby making the blank unusable. There are several ways of preventing this
collision — for example, using a working medium with a higher density or non-Newtonian fluids (e.g. water with starch)
or an elastic membrane [6, 7] as well as increasing the filling level of the medium. To ensure comparability with quasi-
static forming, it was not possible to use a different medium or a membrane, which is why the filling level was
increased. Experiments showed that an increase in the filling level of up to 30 % has no influence on the uniformity of
the pressure distribution but does affect the forming level and prevents the plunger from colliding with the blank.

Due to the very short duration of the forming process of approximately 2 ms, the eightfold screw connection on
the pneumo-mechanical tool is enough for applying a sufficient closing force, while the tool for the quasi-static
hydroforming process has to be closed and kept shut by an expensive press, which is not necessary in this case.

Further investigations into the influence of process parameters such as plunger mass, the consistency of several
working media and the filling level are the subject of current research work at the LUF.

Comparison of tube forming by pneumo-mechanical high speed forming and hydroforming
Additional research work is focused on a detailed analysis of the influence of process parameters, such as the filling
level and the acceleration pressure, for the forming of tubes into a square-shaped geometry using PMF (see Figure 3).
This geometry was further employed for a comparison of PMF and quasi-static hydroforming, since it is a highly
complex geometry to form with quasi-static processes without the use of axial forces to push more material into the
major forming zone.
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Influence of the filling level. As mentioned above, previous work revealed an influence of the filling level on the
forming result during pneumo-mechanical sheet metal forming. Based on this knowledge, further experimental
investigations looked into the influence of the filling level on the forming results achieved with pneumo-mechanical
tube forming (see Figure 3). The first experiments using a filling level of 50 ml of pure water revealed hardly any
forming of the tube, on account of the very high impact speed of the plunger and hence the higher water splashes,
because there was not enough medium to fill the major forming zone after the splashes had occurred. Increasing the
filling level up to 100 ml leads to more pronounced tube formation and decreased edge radii. But, unfortunately, this
quite good forming result was associated with the occurrence of cracks in the corner region and a higher geometrical
deviation of up to 1 mm over the entire length of 105 mm. A rise in the filling level to above 100 ml (minimum level)
makes it possible to achieve edge radii of r. = 10 mm with a lower geometrical deviation of 90 um in the edges and also
in the forming level. To conclude, it can be stated that a minimum filling level is absolutely necessary for the

homogeneous and efficient forming of tubular geometries.
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Fig. 3. Influence of the filling level on tube forming
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A further increase in the filling level of 60 % leads to 40 % smaller edge radii (re==6 mm) compared to the radii
achieved with a minimum level of 100 ml (r. = 10 mm). A further increase in the filling level from 60 to 120 % has no
further effect on the forming result (r.=6 mm) in the radial and axial direction; the geometrical deviation is less than 2%
compared with the forming result using 100 ml (see Figure 3).

The experiments were performed with an acceleration pressure of 8 bar and virtually identical kinetic energy on
tubes of aluminium (AA 6060 T66) with an initial thickness of 2 mm. Future research work at the LUF will involve
investigations into the optimum filling level as a function of the acceleration pressure or kinetic energy, the
establishment of the filling level in different working media and also the reduction of these deviations and further
investigations into the influence of process parameters on the microstructure or part surface.

Influence of the acceleration pressure and pressure level. Due to the fact that the plunger is accelerated during
the free fall, it is obvious that the acceleration pressure has an influence on the kinetic energy and hence on the course
and result of pneumo-mechanical forming. Hence, different acceleration pressures (2, 4 and 8 bar) were used to analyse
this influence on the forming level and on the quality of the part. To demonstrate the potential of pneumo-mechanical
high-speed forming, these experiments were compared with corresponding results produced by quasi-static
hydroforming, without any axial pushing of the material to be formed (see Figure 4).

An analysis of the formed geometry using the coordinate measuring machine shows that an acceleration
pressure of 2 bar results in a comparable formed geometry to that achieved with quasi-static hydroforming for radii of
16 mm at a forming pressure of 45 MPa (see Figure 4). A further increase in the acceleration pressure from 2 to 8 bar
leads to smaller radii (r=6 mm) in the corners and a wider square shape of 41 mm x 41 mm. The hardness distribution
on the formed part increases by up to 15 % to 92 HV, being nearly the same in the radial and axial direction.

Especially at higher acceleration pressures, 20 % of the kinetic energy is dissipated by the air resistance and
friction in the tube during this process, contrary to the case in the theoretical observations. A higher energy is thus
needed to achieve a higher level of forming than that calculated theoretically. Reducing this wastage, plus further
investigations into the influence of process parameters on the microstructure, is the subject of current research work at
the LUF.

Analyses of the thickness distribution employing both forming analysis (GOM ARGUS) and measurements
under microscopes of parts produced by PMF that have undergone maximum deformation show a non-uniform
thickness distribution from the middle of the square area towards the corners in the axial direction.
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Fig. 4. Influence of acceleration pressure on tube forming

The highest thickness variations obviously result in the centre of the square area, at 22 %, and extend diagonally to the
outer corners, showing a 16 % decrease in thickness there (see Figure 5). The behaviour of the strains in the part can be
assumed to be the same. This phenomenon was confirmed by overload tests using very high kinetic energies of 2.8 kJ,
aimed at failure of the parts, which proved that cracks occurred mostly in the centre of the square area and/or in the
corners. A comparison of the analysis results obtained from the forming analysis and the measurement under a
microscope showed a deviation of 3.25%, which was seen to be identical.

Further experiments using PMF showed not only a fairly uniform pressure distribution but also good
repeatability. The reproducibility of the forming level and the achievable edge radii employing identical parameters was
less than 3%. Reducing the thickness deviations and developing improved process strategies is subject of current
research work at the LUF.
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Conclusion
1. A comparison was performed of the forming results produced by pneumo-mechanical high speed forming and

quasi-static hydroforming. It was shown that sharply contoured workpieces can be more conveniently
manufactured by pneumo-mechanical high speed forming. Furthermore, pneumo-mechanical processes achieve
80 % sharper edge radii and a 20-40% higher forming of sheet metal and tubular components than quasi-static

hydroforming.

2. It could be shown that that a minimum filling level is absolutely necessary for the homogeneous forming of sheet
metal and tubular geometries.

3. Furthermore, the results show that a certain increase of filling level (up to 60%) allows higher degrees of
deformation.

4. Moreover, pneumo-mechanical high speed forming shows highly homogeneous hardness distributions in the

radial/axial direction and provides a very high repeatability for the selected part geometry.
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Anomauin. YV 36'13xKy 3 cygopumu HOpmamu 6UKUOY 6Y2IEKUCTIOB020 2a3y | eKOHOMIL pecypcié 8 agmomoOinbhill i aepoKocMiuHill
npomuciosocmi yce Oiibul GUPIUATILHY PONb 2paroms nojecuieni Konempykyii. Takum yuHoM, Ha cbO20OHIWHITI OeHb HeOOXIOHICMb
BUPOOHUYMBA KOHCMPYKYIU 13 CKIAOHOI 2e0MEMPIEI0 3 BUCOKOMIYHUX MAMePIaie € 8UCOKOAKMYAnbHOW. Y yboMy niawi, Hemunyua
PO3pOOKA HOBUX NpOYecié Oas BUCOKOMIYHUX Mamepianie mux, wo 6i0nogioaoms GuwesuKiadeHum eumozam. Ilpoyecu
BUCOKOUBUOKICHO20 POPMYBAHHA NOKA3YIOMb Oilbl GUCOKI NOKAZHUKU BIOHOCHO (HOPMYBAHMA KOMNIEKCHUX 20CMPOKPAUOBUX
Odemaneti i € BaXCIUBUM KIIOUEM OO0 3HUICEHHS 6dcU KOMNOHEHMIS, Npu YbOMY GIONOBIOAIOHU GUCOKUM BUMO2AM BUKUOY
8Y2NEKUCTI068020 2a3Y, A MAKONC CHPUAIOYU 30EPEINCEHHIO BANCIUSUX NPUPOOHUX pecypcis. JJocniodcenHs NHeBMOMEXaHIYHO020 i
eNeKmpoiOpasiiuno20 npoyecy QOPMYS8aHHsT MEmAny € GaANCIUGUM NPeOMEemOM [HMEHCUBHOI O0CIIOHUYbKOI pobomu Kagedpu
Gopmyeanns i 0bpobku mexuonozii ynieepcumemy Iladepbopn. [[ns inmeepayii 6Ka3aHux npoyecié 6 npoMuciosocmi, oyice
8AVICTIUBE BUSHAYEHHA BNIUBY DISHUX NAPAMEMPIE npoyecy Ha POPMYBAHHI Pe3YAbMany, AKUL He Tuue CNpUse OnmuMizayii camozo
npoyecy, ane i npu3e00UmMb 00 Kpaujo2o po3yMinHs A6ULY YUX npoyecis.

YV cmammi pozensoacmuvca énnue npuckopemHs cmucioco nogimps i pieHs 3anosHeHHA pob0Y020 cepedosuwa Ha
¢opmysannsa demaneti 3 aucmosoi i mpybuacmoi eeomempii. /lociouenum uiaxom 6y1a CMAaHOBIeHA MONCIUBICIb GUSOMOBILEHHS
CKAAOHUX ~ 20CMPOKPAllogux 1 KEaAOpamonooiOHux 2ceoMempuunux Oemanell 3 QIOMIHIEBUX CNIAGie 3d  0ONOMO20i0
NHE6MOMEXaHiuHO20 wmamnyeanns. Pesynomamu O0ocniodcents pobaams AGHUM (axkm epexmueHo2o 6naugy MucKy Cmucio2o
nosimpsi i PieHs 3aN0GHEHHS Kamepu MUCKY, W0 3MIHIOEMbCS, HA opmysarnis oemanei. Y yiti pobomi npedcmasieni pe3yismamu
IDYHMOGHUX OOCHIONCEHb NHEBMOMEXAHIUHO20 WUMAMNYEAHHS 6 NOPIGHAHHSA 3 KOHBEHYIOHANLHUM 2I0POQOPMIHEOM.

Knuouosi crosa: nuesmomexaniune wmamnysanns, 2iopogpopmine, popmyeanHs 1Ucmoso2o Memary, opmysants mpyo

Annomayun. B ceéa3u co cmpocumu HOpMAamu 6blOpOCa YeleKUCIO8020 2a3d U IKOHOMUU Pecypco8 6 aA6mOMOOUNbHOU U
AIPOKOCMUYECKOU NPOMBIUWLIEHHOCMU 6Ce Oollee peuwarwylo poib ueparom obnezueHHvie KoHcmpykyuu. Taxum obpazom, Ha
Ce20OHUWHUL 0eHb He0OX0OUMOCHb NPOU3B0OCMBA KOHCMPYKYUN CO CNOJNCHOU 2eomempuell U3 GblCOKONPOUHBIX MAMEpUAnos
ABAEMCS BLICOKOAKMYATbHLIM. B dmom nnane, neusbedxcna paspadbomka HOBbIX NpoOyeccos 05l GblCOKONPOUHBIX MAMEPUANOs
OMBEYAIOWUX  BbIUENOCMABNIeHbIM  mpebosanuam. IIpoyeccvl 6bICOKOCKOPOCMHOU (DOPMOSKU NOKaA3blearom 6ojee GblCOKUe
noxazamenu OMHOCUMENbHO QOPMUPOBAHUSL KOMIIEKCHBIX OCMPOKPAEsbIX 0emanell U AGIAIMCA 6AXCHbIM KIIOUOM K CHUNCEHUIO
6eca KOMNOHEHMO8, Npu IMOM COOMBEMCMBYs BbICOKUM MPEOOBAHUAM B8bIOPOCA Y2NeKUCTI08020 2a3d, d MAKXHCe CnOCOOCMEYs
COXPAHEHIO BANCHBIX NPUPOOHBIX pecypcos. Hcciedo8aHus NHEEMOMEXAHUYECKO20 U INEKMPOSUOPABTIULECKO20 NPOYeccd hopMOosKU
Memania ANAemcs GANCHbIM NPEeOMemoM UHMEHCUBHOU UCCIe008amenbCKoll pabomul Kagheopvl opmuposanus u obpabomku
mexHonozuil yrusepcumema Iladep6oph. s unmezpayuu YKA3aHvlX NPOYeccos 6 NPOMbIUIEHHOCIU, OYeHb BANCHO OnpedeieHue
GIUAHUA PA3TUYHBIX NAPAMEMPO8 Npoyecca Ha Gopmuposanue pe3yiomamad, KOMOpbll He MOIbKO CROCOOCMBYen OnMmuMUu3ayuu
camozo npoyecca, HO U RPUSOOUM K JIyHueMy NOHUMAHUIO AGNEHUT IMUX NPOYECCO8.

B cmamve paccmampusaemcsa 6nusHue YCKOPEHUs CHCAMO20 6030YXd U YDOSHA 3anoinenusi paboueil cpedvl Ha
@opmuposanue Oemaneil u3 IUCMOBLIX U mMpyouamvlx eeomempuil. OnvimHbiM nymem Oblla YCMAHOBNEHA 603MONCHOCHIL
U320MOBNEHUSL CTIOHCHBIX OCMPOKPAEBLIX U KEAOPAMHOOOPAZHBIX 2eOMEMPULECKUX Oemanell U3 aTioMUHUESbIX CRIA608 NPU NOMOWU
nHeeMomMexanuueckou wmamnosky. Pezynomamul  ucciedoeanus  0enaiom — OUeBUOHbIM — pakm  IP@PeKmusHozo  GNUAHUA
UBMEHAIOWe20Cs OABNEHUSL CHCATNO20 8030YXA U YPOBHA 3ANOTHEHU KaMepbl 0aeieHus Ha Gopmosky demaneti. B dannotl pabome
npeocmasnensvl pe3yibmamsl OCHOBAMENbHBIX UCCIeO08AHUL NHEBMOMEXAHUYECKOU WMAMNOBKU 8 CPAGHEHUe ¢ KOHBEHYUOHATbHbIM
2udpoghopmunzom.

Kuouesvie crosa: nnesmomexanuueckas wmamnoska, 2uopogopmune, popmosKa 1ucmoso2o Memaina, popmoska mpyo
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