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Abstract
In this article, a newly developed method for forming metal sheets together with long fiber-reinforced thermoplastics
(LFT) to hybrid parts is presented. The idea of combining two different materials in one part is nothing new, but
most of the existing processes use at least separate production techniques for each material and an additional joining
operation. The special characteristic of this new process is realized by a combined forming tool for both sheet metal
and LFT to create a hybrid part with only one necessary and simultaneously executed process step. Besides contact
to the punch, the metal sheet is also formed by the molten LFT material, which behaves like a hydraulic fluid in
hydroforming processes. With this method, it is possible to reduce the thickness of sheet metal components by
adding a LFT reinforcement structure. The interface connection between the metal sheet and LFT is realized by
using a bonding agent, which is previously applied to the metal sheet via coil or powder coating. To achieve this
hybrid forming process, new tool and sealing concepts have been developed and the corresponding process param-
eters were identified and optimized. As a result, the innovative process offers a cost- and time-efficient solution for
multi-material lightweight design.

Keywords Deepdrawing .Compressionmolding . LongFiber reinforced thermoplastics (LFT) .Hybrid forming .Multi-material
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Introduction and state of the art

Due to the shortage of natural resources and the air
pollut ion in urban areas as well as the global
warming, the fuel consumption and emission of ex-
haust gases like carbon dioxide (CO2) and nitric ox-
ides (NOx) must be reduced significantly. In addition
to post-treatments of exhaust gases and the electrifi-
cation of vehicles, weight reduction provides an im-
portant contribution. One possible way to achieve

lighter body structures is the usage of lightweight
materials. Besides the development of new steel
grades with ultra-high strengths and the corresponding
process technologies, multi-material design with metal
and fiber-reinforced plastics (FRP) is another effective
solution. On the one hand, the low density of FRP
helps to reduce the total mass in comparison to pure
metal parts and on the other hand, the rigidity of steel
or aluminum ensures local strength and stiffness, e.g.
at force transmission points or joints of the compo-
nent. Furthermore, the design freedom of FRP ribs
and its ability to integrate different uni- or multidirec-
tional reinforcements (e.g. UD-tapes) enable the crea-
tion of parts with high load capability. Therefore, new
and efficient manufacturing processes have to be de-
veloped. In the following, the current state of the art
and research concerning different production methods
for hydro-mechanical metal forming, technologies for
forming plastics and combined processes will be
described.
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Hydro-mechanical forming

Metal sheets can be formed not only by a rigid punch
and die, but also with the help of a fluid pressure me-
dium. The process developments have begun in the
1950s and are currently known as hydro-mechanical
forming (hydromec), deep drawing with counter-pres-
sure, hydraulic forming or just hydroforming – each
name represents different features [1]. Hydromec or
deep drawing with counter-pressure are primarily used
for flat sheet metal panels such as doors and fenders.
Compared to standard deep drawing processes, the fluid,
which is commonly water, oil or a mixture of both, can
be used in different ways. It replaces punch or dies and
in particular reduces friction. This leads to consistent
forming and allows higher limits of drawing ratios [1].
Instead of metal sheets, tubes or extrusions can be
formed by inner or outer hydraulic pressure as well
[2] . Typica l au tomot ive components made by
hydroforming processes are structural components like
chassis sub-frames and exhaust system components.

Injection vs. compression molding

Both injection and compression molding use similar ma-
chine (compounder/screw extruder) for the preparation
of the compound, but different machines and tools for
the part forming. While injection molding normally uses
horizontal machines, compression molding uses vertical
machines, which is comparable to hydroforming. Similar
thermoplastic matrix materials with different fiber rein-
forcements can be used for both processes. However,
the processes themselves and the final part properties
vary significantly. Although there are many variants
for each process, one of the major differences is the
way of mold filling. While injection molding uses small
injectors to fill the closed mold cavity at very high
pressures, the plasticized charge is placed directly into
the open mold cavity at compression molding. Here, the
forming is realized by the internal pressing force of a
punch or die onto the plastic material in a well-sealed
forming die. These process differences have a signifi-
cant influence on the achievable fiber lengths. A fiber
length of 2 mm is considered relatively long for the
conventional injection molding, but relatively short for
compression molding [3]. Here, a long fiber thermoplas-
tic begins at 10 mm [4]. Furthermore, there is a
process-dependent difference between fiber length in
the semi-finished compound and in the final part. At
injection molding processes, there is a high degradation
of fiber length during the plasticizing in the extruder
and especially during the mold filling due to the small
injector sizes. In contrast, at compression molding the

fibers are introduced to the plasticized compound as late
as possible to reduce fiber damage due to the extruder
sequence [4]. Since no injector is used and the move-
ment of the LFT materials in the mold is relatively
short in a compression molding process, the shortening
of fiber length is highly reduced.

The mechanical properties of LFT are directly related
to the fiber orientation, fiber content (% w/w) and fiber
length in the final part. While the influence on stiffness
stagnates beginning at a fiber length of 1 mm, the
strength and impact resistance show a sharp increase
up to approximately 25 mm (see Fig. 1). One major
advantage of compression molding is that values of up
to 25 mm fiber length in the final part can be produced
easily [4].

Further advantages of compression molding in com-
parison to injection molding are the shorter cycle times
and the possibility of using reheated LFT instead of
directly compounded materials. Due to the usage of ver-
tical hydraulic press machines, compression molding can
be easily adapted by metal forming companies. The
LFT compound for compression molding can be han-
dled manually or automated by needle grippers.
Disadvantages are the surface quality and the lack of
applicability for multi-component or gas injection tech-
nologies [3]. The sealing and tool concepts as well as
the usable fiber types, matrix materials and achievable
geometries are quite similar for both processes.
Moreover, additional elements like thread inserts or end-
less fiber-reinforced products like organo sheets or tapes
can be integrated into both processes.

Combined processes

Currently, an increasing number of hybrid components
have been introduced in automotive structure applica-
tions [6]. To produce hybrid parts such as the B-pillar
in the BMW 7 Series, either post-molding or in-molding
can be applied. While in a post-molding assembly
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Fig. 1 Influence of fiber length on mechanical properties of FRP [5]
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(PMA) the metal and FRP parts are formed separately at
first and joined together in a second process step, the
forming of metal and the subsequent integration of
FRPs takes place in the same die at in-mold-assembly
(IMA) [7].

To reduce the cycle times, there are several ap-
proaches of process combinations based on IMA. All
these processes use injection molding to create differ-
ent types of bonding between plastic and metal parts
by over-molding, the creation of undercuts as form-fit
connections or with the help of adhesives. Sometimes
the melt is also used to form metal as a forming fluid.
For example, in [8] a process is described where cir-
cular metal sheets of aluminum and steel are stretch
formed by the pressure of molten polypropylene (PP).
The consecutive execution of deep drawing and injec-
tion molding in one specific mold is mentioned in [9,
10] for a small cup geometry. After the metal sheet is
formed by punch and die, in-build injectors on the
punch side are activated to create a rib structure and
to fulfill the sheet forming with the melt pressure.
With a suitable mold design, it is also possible to in-
tegrate the forming operation into a standard injection
molding process as described in [11]. Here, the metal
sheet can be formed partially during the mold closing
and the pressure of the melt injection finally completes
the forming.

Besides deep drawing, the combination of injection
molding and hydroforming of tubes can also be found
in current researches. In [12] an experimental setup
combining injection molding and hydroforming is pre-
sented. At first, aluminum tubes are formed by a hydro-
forming process at a pressure of about 185 bar. Then,
functional elements are injection molded to the outside
of the tubular part under a melt pressure of 1000 bar
while the hydroforming pressure remains constant. An
almost similar process, named hydroforming hybrid
technology (HFH), was developed in [13]. A cockpit
cross member and a frontend carrier are being produced
for series production with this process.

Bonding agents

Most of the previously described IMA-processes use
bonding agents as a pre-coating on the metal sheets to
create firmly bonded connections between thermoplastic
and metal. The physical mechanisms of the surface re-
action are quite complex and cannot be separated by
single effects. In comparison to standard adhesives,
bonding agents must have a molecular structure, which
allows the formation of secondary valency forces and
chemical bonding to both the metal and plastic compo-
nent [14]. In [14] the shear strengths of two bonding

agents (VESTAMELT® by Evonik + TESA HAF 8410
by TESA) were analyzed using pre-tempered lap shear
specimens, which were produced by injection molding.
In both cases, the achieved shear tensile strengths are at
about 20 MPa for the material combination PA6-GF30
and stainless steel (1.4301).

Vestamelt by Evonik has already been used in se-
ries productions [13]. The melt adhesive can be ap-
plied on metal sheets by powder or coil coating pro-
cesses. To generate a firmly bonded connection be-
tween thermoplastic and metal, Vestamelt needs to
be activated at elevated temperatures between 180
and 220 °C. Therefore, the coated metal sheet must
be pre-heated.

In summary, the rising number of hybrid components
in automotive applications leads to the development of
new and efficient manufacturing processes. All com-
bined processes described above have been developed
for injection molding and are based on the IMA to
reduce additional handling and assembly operations.
By using injection molding, there is a process-related
limitation of the maximum fiber length in the choice
of FRP. As mentioned before, only in compression
molded LFT, a fiber length of more than 10 mm in
the final part can be realized and thus higher strength
and impact resistance can be achieved [3]. Due to the
high viscosity of these compounds, a fully automated
handling with the use of needle grippers is feasible. In
[15, 16] a two-stage process is described where
preformed steel structures are reinforced with organo
sheets and LFT by compression molding. A production
line set-up ready for large-scale production was also
demonstrated for an automotive B-pillar.

Based on the knowledge of hydro-mechanical
forming of metal sheet with fluid pressure and the fact
that semi-melted LFT materials are formed by the pres-
sure of die or punch and kept inside the cavity by a
sealing concept during the compression molding, a new
hybrid forming process was invented [17]. In this work,
the detailed development of different concepts for the
hybrid forming tools and processes have been carried
out. The development of the combined process as well
as the corresponding tool and sealing concepts will be
presented as follows. By the use of a bonding agent,
this process meets the criteria of an IMA-process.

The new hybrid forming concept

The name “hybrid forming” was chosen since two dif-
ferent materials (thermoplastic and steel) are processed
and formed simultaneously in a single-stage process and
in one common die cavity. Figure 2 depicts the
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developed process scheme of this work: af ter
compounding the LFT in an extruder and introducing
the long glass fibers close to the end to minimize fiber
degradation (1), the LFT compound is placed directly
onto a pre-tempered metal sheet (2). Besides the direct
processing, it is also possible to reheat external LFT
compounds, when there is no extruder on site. In the
next step, the plasticized LFT and metal sheet are si-
multaneously formed (3). As shown in Fig. 2, the con-
tours of the punch and die do not only differ by an
offset of the sheet thickness – they also distinguish by
a volume, which must be filled out with LFT during the
process. The final forming of the metal sheet is only
completed by the LFT pressure, which is similar to
the hydro-mechanical forming. The molten LFT replaces
the function of a forming fluid. What is not shown in
Fig. 2 is the additional cutting operation, which is
obligatory after most of the sheet metal forming
processes.

When combining two such different processes like
deep drawing and compression molding to a simulta-
neous single-stage process, there are many challenges
need to overcome. In addition to the determination of
relevant process parameters, most effort must be applied
to the mold concept. When forming with molten LFT as
a medium, the mold must be sealed completely to main-
tain the forming pressure and to keep the LFT inside
the cavity. At first glance, this seems contradictory to
the concepts of standard deep drawing processes: to
avoid excessive thinning or cracks, the flow of metal
should not be hindered too strong at any time. The
following chapters will describe the boundary conditions

(materials and equipment) at first, before a detailed ex-
planation of the developed tool and sealing concepts is
given. In the end, the current experimental results will
be presented.

Materials and equipment

Materials

Among multiple conceivable material combinations,
steel and LFT have been chosen and investigated in
the project, because with this combination the highest
strength and stiffness compared to aluminum or short
fiber-reinforced compounds are expected. In this work,
the following steels were used for different tests: An
European mild steel (DC04), a high strength low
(micro-) alloyed steel HC340LA, a dual-phase cold
rolled high strength steel DP-K30/50 with targeted yield
strength of 300 MPa and tensile strength of 500 MPa, a
dual-phase cold rolled high strength steel HCT590X
with targeted yield strength of 330 MPa and tensile
strength of 590 MPa and finally an additional advanced
cold rolled dual-phase steel HCT780X with target ten-
sile strength of minimum 780 MPa.

DC04 and HCT590X steels were used for tests in section
“Tub geometry” (tub geometry), and DC04 and HC340LA
also for 4.2 (u-profile) while DP-K 30/50 was used only for
shear test sample in section “Interface and joining properties”.
HCT780X was applied for the demonstrator manufacturing in
section “Example of application”.

punch

die

1) Compounding 2) Positioning 

3) Simultaneous Forming4) Hybrid part

Fig. 2 Process chain of hybrid
forming
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Furthermore, polyamide 6 (PA 6) was chosen for the
matrix material due to its ability to withstand a cathod-
ic dip coating (CDC) process. The LFT used in this
work is a tailor-made compound for compression
molding. The mechanical properties of the selected ma-
terials are listed in Table 1. For the joining of steel
and LFT the bonding agent Vestamelt Hylink was pro-
vided and applied onto these steel sheets by company
Evonik.

Hydraulic press

In general, the required press technology for metal
forming and compression molding is almost the same.
The most important aspect for metal forming is a speed
controllable closing profile for the die or punch and the
functionality to apply variable blank holder forces. This
can be realized either by a hydraulic die cushion ap-
plied to the press or by using gas pressure springs in
the tool. In addition, the press system should be able to
hold the pressing force during the cooling process of
hybrid forming. In terms of construction, presses with
lateral guidance are preferred which may support lateral
forces throughout the forming process. The validation of
tool and sealing concepts as well as the production of
test geometries (see chapter 4) have been conducted on
the following press shown in Table 2.

Infrared radiation

As mentioned earlier, LFT can be processed in two
ways: directly after compounding or reheated for exam-
ple by the use of infrared radiation (IR). Generally,
there are three physical ways to reheat a semi-finished
plastic product like LFT from room to melting temper-
ature: contact, convection (e.g. in an oven) or radiation.
While heating by contact is not practical for many pro-
cesses, the use of IR-radiation instead of convection
offers many advantages. Because of a higher energy

density of the radiator, the heating times can be reduced
significantly, and the controllability of intensity and du-
ration leads to higher process stability and thus to better
product qualities [18]. The wave length of above 2 μm
in a medium-wave IR-radiator perfectly matches the ab-
sorption range of many thermoplastic matrix materials
(e.g. PP, PA 6) and thus ensures a high efficiency. For
this reasons, IR-radiation is increasingly being used for
the processing of organo sheets [18]. The characteristics
of the medium-wave IR heater used in this work are
listed in Table 3.

Tool concepts

In this work, tool and sealing concepts for a closed
profile (tub geometry, see Fig. 3) as well as an open
profile (u-profile, see Fig. 6) have been developed.
These two geometries relate to main interests in auto-
motive body and chassis applications. A combination of
an open and closed profile is also achievable by “re-
opening” the closed contour through post-cutting opera-
tions. The principle of most of the automotive body and
chassis components can be covered by these two geom-
etries with small adaptations.

Tub geometry

The tub geometry is a typical geometry for forming
processes and it was designed to analyze the maximum
achievable forming depth and the influence of the dif-
ferent transition radii. The final geometry has been op-
timized by finite element simulations of the pure metal
forming process and designed for a 2 mm HCT590X

Table 2 Characteristics of the hydraulic press

Wickert hydraulic press WKP 2000 S

maximum pressing force: 2250 kN

maximum force of die cushion: 500 kN

dimensions press bed: 1000 × 1,000 mm

other: 4-column guidance

Table 3 Specifications of the IR heater

KRELUS IR G14–25-2.5 MINI 7.5 (8 units)

maximum power: 2 × 10 kW

dimensions (2 fields): 2 × 500 × 500 mm

temperature control: 2x optical pyrometer

Table 1 List of materials and their specified mechanical properties

Rp0,2 [MPa] Rm [MPa] A80,min [%]

DC04 (1.0338) 140–210 270–350 38

HC340LA (1.0548) 340–420 410–510 21

DP-K 30/50 (1.0939) 300–370 500 24

HCT590X (1.0941) 330–430 590–700 20

HCT780X (1.0943) 440–550 780 14

LFT: PA6-LGF40 (also LGF30) / 25 mm fiber length

bonding agent: VESTAMELT Hylink by Evonik

Int J Mater Form (2020) 13:561–575 565



steel sheet. As shown in the following Fig. 3, the tub
geometry has two different levels of depth and is filled
with a constant LFT layer and a regular LFT rib struc-
ture. There are no mechanical requirements need to be
fulfilled with this geometry.

The tool for the tub geometry is a simple construc-
tion and can be divided into three main components:
punch, die, and blank holder plate. They are all guided
by a 4-column system. All components of the tool are
water-tempered and different temperatures can be adjust-
ed. For this work, an external tempering unit at constant
80 °C was found to be appropriate for the process. To
control the blank holder force with the hydraulic die
cushion (placed in the bolster plate of hydraulic press
system), the tool is arranged in “hat“-position, which
means that the punch is positioned in the lower fixed
mold half and the die in the movable upper one.
Therefore, the melted LFT cannot be placed directly
on a metal sheet – it has to be put on the tempered
punch instead. The blank holder plate has a thickness
of 86 mm to create a free volume for the LFT before
the punch immerses completely during the process and
thereby builds an enclosed space. The sealing concept
was realized by circumferential draw beads on the die
plate (see Fig. 3) and a converse contour on the blank
holder plate. This kind of contour is typically used in
metal forming processes to avoid wrinkles in the cor-
ners and to control the sheet metal flow.

First experiments with this tool in the hybrid forming
process caused a leakage of LFT in the corner areas due
to wrinkling effects of the metal sheet. Generally, wrin-
kling occurs when a metal sheet deforms in a strong
deep draw mode what happens in the corners of tub
geometries. A leakage of LFT occurs and prevents a
complete hybrid-forming process for two reasons: 1.)

there is not enough LFT left in the cavity to complete
the metal forming; 2.) the leaked LFT prevents the
complete closing of the mold halves. As shown in
Fig. 4a, the analysis of the curves for the pressing and
the blank holder forces for these initial trials reveals
that a LFT leakage happened at the time when the
pressing force slightly decreases (marked by a blue
circle).

37 mm
47 mm

circumferential 

draw bead

die

a)

b)

Fig. 3 Dimensions of the tub
geometry (a) and draw beads as a
sealing concept (b)

700

600

500

400

300

200

100

0

35

30

25

20

15

10

5

0

80 -70 -60 -50 -40 -30 -20 -10 0

set die velocity

actual velocity

set blankholder force

actual pressing force

Distance to bottom dead center [mm]

k
N

]

700

600

500

400

300

200

100

0

35

30

25

20

15

10

5

0

-80 -70 -60 -50 -40 -30 -20 -10 0

set die velocity

actual velocity

set blankholder force

actual pressing force

Distance to bottom dead center [mm]

V
e
lo

c
it
y

[m
m

/s
]

F
o
r
c
e
 [

k
N

]
F

o
r
c
e
 [

V
e
lo

c
it
y

[m
m

/s
]

a)

b)

Fig. 4 Process forces and velocity of the die with leakage (a) and without
leakage (b) for the forming of a DC04 (2.0 mm) steel together with 300 g
LFT. In the diagrams two vertical axes are used. The arrows point the
relevant axes with the corresponding color
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The solution to avoid this leakage is using a travel-
dependent and controllable hydraulic die cushion force.
The blank holder is attached to or supported by the die
cushion and can be pre-set depending on the press
stroke (displacement). The principle, i.e. the pre-
settings of the press parameters and the results after
optimization are depicted in Fig. 4a, b. At the process
beginning, the blank holder force was set low enough to
enable a smooth material flow of the metal sheet.
Towards the end of the process, especially between
−20 and − 10 mm distance to the bottom dead center,
the blank holder force was increased stepwise to 100
KN (Fig. 4b), so that no distinct decrease appears in
the blue circle. In this way, a constant sealing between
blank holder and metal sheet is ensured and LFT leak-
age is prevented. The reduction of the blank holder
force from 300 kN to 200 kN (Fig. 4a compared to
b) at the process end (−3 mm) is due to an
optimization of minimizing the necessary blank holder
force and has no further influence on the tightness.

Since the punch velocity of the press can only be
driven but not be controlled during the press process,
which is standard for many hydraulic presses, the actual
velocity of the die (upper mold half) is different from
the preset values. The pressing force is a reaction force
of the whole system, which depends on the preset ve-
locity and the die cushion force. It increases continuous-
ly until the whole cavity is filled up with LFT and the
metal sheet is almost completely formed – without any
leakage. At the end of the process, the LFT is used as a
forming medium and the forming force increases rapidly
to the set value of 1800 kN, which is not shown in Fig.
4 for reasons of clarity. All curves end up at around 2–
3 mm above the bottom dead center (horizontal axis),
which is the thickness of the constant LFT layer in the
tub geometry. The Thickness of this LFT layer depends
on the amount of inserted LFT.

U-profile

Obviously, the challenges of the sealing concept for an
open profile are at the lateral and open ends of the u-
profile in Fig. 5. At the process begin the unformed

metal sheet is planar. To realize the sealing concept, it
must “follow” the formed contour of the u-profile dur-
ing the hybrid forming to avoid LFT leakage at the
open ends. In this work, the investigations were on a
short u-profile with two LFT cross ribs and a constant
LFT layer. Its dimensions are shown in Fig. 5:

The tool for the u-profile is positioned with the die
in the lower fixed mold half and the punch in the upper
movable one. This arrangement enables a direct posi-
tioning of the LFT on the metal sheet. Due to the geo-
metrical simplicity of the u-profile and the low sheet
thickness (1.0 mm), only small blank holder force is
needed. Instead of using the hydraulic die cushion, the
blank holder force was realized by four gas pressure
springs (each 5.3 kN) in the forming die.

During this work, several different punch designs
were designed and investigated to ensure the sealing at
the lateral ends of the u-profile against LFT: for exam-
ple, a.) using identical dimensions for die and u-profile
sheet, b.) an integrated LFT reservoir inside the punch
for post-forming the part with LFT pressure, and c.)
lateral sealing elements with the same contour as the
punch, which were positioned with an offset to the
punch. None of them could avoid the LFT leakage be-
fore the end of the hybrid forming process. The same
problems occurred as in the above-described develop-
ments for the tub geometry: the leakage of LFT leads
to incomplete forming of the metal sheet and to incom-
plete closing of the mold halves.

Finally, a new effective lateral sealing concept was
successfully developed: At first, a geometrical step
(contour offset) in the lateral ends of the profile was
introduced into the part design itself. Through this part
design the punch was separated into a major punch in
the middle and two additional sealing elements at both
ends (see Fig. 6). The sealing elements are supported by
gas pressure springs and can deflect by an offset to the
major punch. The major punch is responsible for the
hybrid forming of metal sheet and LFT. During the
forming process, the sealing elements will move ahead.
They, in combination with counter holders of the lower
mold half (see Fig. 8), clamp and deform the metal
sheet before the main forming by the major punch and

40 mm

60 mm

Fig. 5 Dimensions of the
u-profile

Int J Mater Form (2020) 13:561–575 567



LFT pressure happens. It was assumed that if both lat-
eral ends of the profile were pre-formed, these under-
cuts may work as a mechanical sealing. The sealing in
the middle part uses draw beads, which has already
been shown on the tub geometry.

To investigate the influence of radius on the sealing
or the metal forming, different radius transitions in Fig.
6 at the sealing elements were chosen – both radii
worked properly. The transition on the left side is sharp-
er than the right side, which may reduce the formability
of the metal sheets. Therefore, sealing elements with a
smoother radius, like the right one, are preferred. The
offset between the major punch and sealing elements
depends on the amount of inserted LFT and can be
adjusted.

The performance of these sealing elements strongly
relates to its subtle design, which can be seen in
Fig. 7. In version 1, both the blank holder and the
sealing element have a regular geometry. Experiments
have shown that a leakage of LFT occurs exactly where

the metal sheet is formed over the die corner (see ar-
row). The LFT was already pressed out before the
sealing element could form the metal sheet at this point.
Therefore, both blank holder and die were redesigned
and aligned to the contour shape of the lower end of
the sealing element which is also modified (green
marking in v2 Fig. 7). This results in a previous
forming of about 5 mm, but the sealing result was al-
most similar to version 1. For this reason, a further
design change was necessary. In the final version 3,
all horizontal areas of the sealing element towards the
end of the sealing element were transferred to the blank
holder. For better understanding one should look also at
Fig. 8 in the 3-dimensional picture. Looking at Fig. 8
along with V3 compared to V2 in Fig. 7, one can see
that the blue blank holder V2 is extended by adding a
green part in V3. This means that the light grey sealing
element is partially removed at the end or outer side of
the sealing element. In a top view of the tool, the
sealing element has a step as is shown in Fig. 8. This
change was a breakthrough for the u-profile sealing
concept.

To make sure that the metal sheet being clamped by
the lateral sealing elements, two counter holders need to
be used, which are integrated into the die and supported
by coil springs (Fig. 8). These two counter holders are
completely moved out at the process beginning (for the
contact to the metal sheet) and immersed at the end.
Figure 8 shows the side view of the whole sealing con-
cept for the u-profile. This is the moment when the
metal sheet is formed following the contour of the die
and a sealing for the LFT from here on can be guaran-
teed. This stage is about 15 mm above the bottom dead
center of the sealing element, which is far before the
LFT is compressed by the major punch. It proves that a
slight geometrical sealing works as a barrier for the
LFT at the beginning of the process.

punch sealing elements

Fig. 6 Front view of the punch and the lateral sealing elements

v1 v2 v3

blank holder change by version

sealing elementdie

Fig. 7 Development steps for the
sealing concept (side view); green
areas show the modifications
compared to the previous version.
Please compare V3 also with
Fig. 8 for better understanding

Int J Mater Form (2020) 13:561–575568



Results

Test geometries

By using the developed tools described in chapter 4,
hybrid forming tests with different steel grades and
thicknesses were performed (Table 1). Figure 9 shows
the typical results. Due to the constrain of the tool, only
1 mm thick sheets can be used for the u-profile. The
tool for the tub geometry offers the possibility to test
sheets between 1 and 2 mm. The thickness difference
can be compensated by changing the thickness of the
LFT layer.

In the following, the forming behavior of a mild steel
DC04 and a dual-phase steel HCT590X were analyzed

by using the ARGUS system (GOM). This system uses
the optical forming analysis to determine 3D coordinates
of the part surface. At first, a pretreatment of the steel
blank is needed. A regular pattern of dots (point grid)
was applied to the flat blank by electrolytic etching.
After the forming of the metal sheet, the ARGUS soft-
ware evaluates high-resolution images and analyses the
relative displacement of all grid points. Both the 3D
geometry of the part and the deformation of the metal
sheet, such as major and minor strain or thickness re-
duction, can be determined.

With the 3D surfaces, it is possible to compare the
deviation between the formed sheet metal part and the
original CAD geometry (see Fig. 10). Due to excessive
friction, the point grid was destroyed in some areas so
that the data is missing in all white areas. While the
DC04 steel is almost perfectly formed except small
areas in the flat section of the tub geometry, the devi-
ation of the HCT590X shows an incomplete part
forming in almost all radius areas. Both results were
accomplished with the maximum available pressing
force of 2250 kN, which is equivalent to a fluid pres-
sure of circa 680 bar. To achieve better forming re-
sults, press systems with higher maximum force should
be used.

The final forming of the metal sheets can also be
analyzed by using steel forming limit curves (FLCs).
In Fig. 11 the part deformation in comparison to FLCs
are shown. FLC 10% or 20% are FLCs with a 10% or
20% reduced forming limit which cover the possible
steel material property scatters.

Since the hybrid forming die was only heated up to
80 °C and the preheated steel sheet (ca. 220 °C) may
fast cool down in the direction of 80 °C, the normal RT
FLDs of steel were used. According to Fig. 11, the
forming limit of DC04 has not been exceeded even in
the corner areas of the part with the maximum defor-
mation. However, in the same areas of HCT590X the
forming limit has already been exceeded, but the part
did not split. The reason could be that the used FLDs

a)

sealing element

die

blank holder

counter holder

blank holder

sealing element

die

counter holder

b)

Fig. 8 (a) Final sealing concept for the u-profile in isometric and (b) side
view; blue spots show the position of metal sheet

Fig. 9 Hybrid formed tub
geometry and u-profile with steel
(Table 1) and PA6-LGF40
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are measured at room temperature (RT). At higher tem-
peratures, the forming limits must be higher as well.
Another reason could be the influence of LFT on the
friction and forming of steels during hybrid forming.
Further investigations must be done in the future.

The major parts of the deformation (point clouds) are
far away from the forming limits and are therefore not
critical. It has to be mentioned that the forming process

of hybrid forming is different from the conventional
sheet metal forming. For hybrid forming, a high level
of blank holder force must be kept during the entire
process due to the sealing requirements. In some cases,
it has to be increased at the end of the process (see Fig.
4). The possibility for metal flow into the cavity at the
end of the process is very restricted. At this moment,
the process turns from deep drawing into stretch
forming and any further stretching causes excessive
thinning.

In Figs. 12 and 13, the thickness distributions on
three different sections of produced tub geometry spec-
imens for DC04 and HCT590X were analyzed. The di-
agrams in part a) were generated by the GOM ARGUS
software and the missing line sections due to destroyed
point grids were completed by manually measured
points. The black lines (sections A-A) show two peaks
of thinning at the corners and a smaller variation of
thinning in the depth transition of the tub geometry.
The sections B-B and C-C also show (blue and green
lines) peaks at the corner and a homogenous thickness
in between.

The thickness distributions of the LFT layers are
shown in Figs. 12b and 13b. While the DC04 sheet is
completely formed by the molten LFT (regular and con-
tinuous LFT layer) there are several areas (blue circles)
in the HCT590X geometry where the LFT could not
release the metal sheet completely from the punch.
The LFT thickness is also uniform in the flat areas of
the HCT590X sheet, but with a higher absolute thick-
ness compared to the DC04. The reason is the incom-
plete forming of the HCT590X sheet that leaves less
available volume for the LFT. In case of DC04 sheet,
the LFT in the corner areas is initially squeezed aside
by the punch during the hybrid forming and filled out
later at the end of the process.

2.0

1.0

0.0

-1.0

-2.0

-3.0

-4.0

HCT590X

0.6

0.3

0.0

-0.3

-0.6

DC04

[mm] [mm]Fig. 10 Comparison of the
geometric deviation between the
CAD design and the formed part

60.0

52.5

45.0

37.5

30.0

22.5

15.0

7.5

0.0

-22.5-36.0 0.0 7.5-7.5 15.0 22.5 30.0

minor strain [%]

r
oj

a
m

s
tr

a
in

[%
]

a)

-30.0 -15.0

FLC

FLC 10 %

FLC 20 %

45.0

37.5

30.0

22.5

15.0

7.5

0.0

-8.0

-30.0 0.0 10.0-10.0 20.0 30.0

minor strain [%]

r
oj

a
m

s
tr

a
in

[%
]

b)

-40.0 -20.0-51.5

FLC

FLC 10 %

FLC 20 %

Fig. 11 Distribution of part deformation in comparison to FLCs: (a) for
DC04, (b) for HCT590X

Int J Mater Form (2020) 13:561–575570



Interface and joining properties

In this work, the previously described bonding agent
Vestamelt Hylink provided by Evonik (chapter 1.4) has been
used. For compression molding processes, a coating thickness
of about 100 μm is recommended and applied by Evonik.
According to the requirements of the bonding agent activa-
tion, the precoated metal sheets need to be preheated in an
oven to a temperature of 220 °C. The interface of a hybrid
formed test sample, i.e. the interface between steel, bonding
agent and LFT was analyzed by optical microscopy and is
shown in Fig. 14. A firmly bonded connection between PA
6 and bonding agent without any imperfections like air inclu-
sions or separations can be recognized. Even the single glass
fibers (black spots) are visible.

The mechanical properties of the interface connection were
analyzed with the help of shear and cross tension specimens
(Fig. 15), which were especially developed for the hybrid
forming process. The shear specimen is based on the DIN

EN 1465 norm with small width adjustments due to process
requirements (minimum amount of LFT and a lateral sealing
face). The cross tension specimen is a completely new design
by the authors. The special geometry was chosen to ensure a
minimum of bending stress at the edge of the joining area
when cross tension test takes place. The dimensions of the
LFT parts for both samples are 50x100x5 mm, which corre-
spondents to an approximate weight of 36 g LFT. This is the
minimum amount of LFT to be used. Otherwise, the extreme
fast cooling speed of the LFT bulk will constrain the process
suitability. The steel used is a 1.5 mm thick DP-K 30/50. The
bonding area for the shear tension specimen is 625 mm2. For
the cross tension specimen it is 250 mm2. However, the bond-
ing area for cross tension specimen is enlarged by a chamfer,
which works as a transition between LFT and steel sheet to
450 mm2. The chamfer is unavoidable to make the specimen.

The tests were performed on a Zwick Z100 quasi-static
tensile testing machine with a testing speed of 2 mm/min.
The displacement was measured with the GOM ARAMIS
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system, which uses the principle of digital image correlation
(DIC) for a contactless and material-independent 3Dmeasure-
ment. As shown in Fig. 16, two points on the shear specimen
were used to measure the relative displacement. On the cross

tension specimen, only a single point was used to measure an
absolute displacement because the metal sheet was completely
covered by the specimen clamping devices.

The test curves for the shear specimens are close to each
other and the mean value of the shear tensile strength is at
about 10 MPa (625 mm2 bonding zone) with a standard devi-
ation of 0.33 MPa. For the cross tension specimens, the mean
value for the cross tension strength is about 11MPa (450mm2

bonding area) with a standard deviation of 1.43MPa. It would
reach almost 20 MPa if the 250 mm2 bonding area (without
the chamfer area) is being used for the calculation. Therefore,
considering the inhomogeneous stress distribution in a cham-
fer, the pure cross tension strength should have some value
between 11 and 20 MPa.

The maximum strengths achieved from the shear and cross
tension specimens are comparable to the manufacturer’s spec-
ifications [19]. Due to the smaller bonding zone, it is under-
standable that the cross tension strength is higher, because of a
more homogeneous stress distribution. At shear specimens,
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Fig. 14 Microscopic view of the connection zone of a steel-PA 6 GF
sample produced by compression molding
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there is always a certain amount of cross tension and bending
present due to the “s-shape” caused by a bending moment
during the test. In another research project, an even higher
shear strength up to 20 MPa was measured with a smaller
bonding area and the same bonding agent [14].

Example of application

To demonstrate the lightweight potential of this new material
combination and the hybrid forming process, one chassis
component has been investigated as an application example.
Nowadays, the application of FRP on chassis components is
very limited due to manifold requirements. On the one hand,
wheel-guiding components require high stiffnesses to with-
stand high load forces during vehicle maneuvers and to pro-
vide a good driving performance. On the other hand, these

components must be durable under fatigue and misuse loads.
This means that the component is not allowed to fail suddenly
under any misuse load cases, such as a curbstone crash. At the
same time, a certain amount of deformation must be notice-
able. In this way, the driver may recognize the damage since it
will lead to a different driving behavior of the vehicle and may
replace the damaged component soon. Until today, pure FRP
components cannot guarantee this kind of fail-safe-behavior
sufficiently.

The new material combination is characterized by a posi-
tive fail-safe behavior which means the failure of LFT com-
ponents does not lead to a complete failure of the whole com-
ponent. The metal sheet on the outside can guarantee a certain
amount of residual strength. Deformation on parts may take
place during extreme misuse load cases. In addition, mass
reduction can be achieved by decreasing the sheet metal thick-
ness and simultaneously implementing LFT rib structure rein-
forcements optimized by FEM. For the component shown in
Fig. 17, a trailing arm of a multi-link rear suspension, a total
mass reduction of more than 20% was realized. This weight
reduction was achieved without compromising any mechani-
cal requirement by joining the LFT all-over to the steel sheet
with a constant LFT layer and by using local rib enforcements.
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The design is enabled by the hybrid forming process and still
ensures enough bonding strength in the whole component,
although the shear and cross tension strengths are limited as
mentioned above (chapter 5.2).

The developed tool for the trailing arm is based on the
sealing concept of the tub geometry, which has been described
previously in chapter 4. An advanced HCT780X steel with
2.0 mm sheet thickness was successfully hybrid formed with
a PA6-LGF40. The following Fig. 17 shows the component a)
after demolding and b) after waterjet cutting process.

Summary

Multi-material design has increasingly been used in light-
weight design for the automotive industry. Generally, a
multi-stage production process is required, in which metal
and FRP parts are produced separately and joined together
in a subsequent process step. The new hybrid-forming tech-
nology offers a cost- and time-efficient single-stage process,
which can help to extend the application of hybrid parts in car
body and even chassis structures with further weight and cost
reduction. In addition, this kind of hybrid component meets
fail-safe requirements for wheel-guiding chassis components.

In this work, the idea of hybrid forming, a simultaneous
forming process of sheet metal and compression molding of
LFT, has been successfully realized. Different innovative tool
concepts have been investigated and developed. The corre-
sponding process parameters for both press forming and the
processing of LFT materials were identified. New sealing con-
cepts for LFT during the hybrid forming process have been
developed. Especially, an effective sealingmechanism has been
found and validated for open-end profiles, which can represent
many automotive structural parts. It contains a multi-section
punch, which is easily applicable. The results of this develop-
ment, which include the forming ability of hybrid forming, the
thickness distribution of the produced parts, and the joining
strengths of LFT-metal connections were rated positively.

By using the developed process and tool concepts, a real
wheel guiding chassis component, the trailing arm of a multi-
link suspension axle, was produced in an industrial-similar
press line. Aweight reduction of more than 20% was realized.

In the future, further developments for automotive body
structures should focus on crash-relevant components, which
require high energy absorption. Besides steel, the combination
of aluminum and LFT should also be investigated due to the
improved forming ability of aluminum at elevated tempera-
tures provided by the molten LFT in hybrid forming.
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